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ABSTRACT 

The National Aeronautics and Space Administration is planning for long-duration 

manned missions to the Moon and Mars. For feasible long-duration space travel, 

improvements in exercise countermeasures are necessary to maintain cardiovascular 

fitness, bone mass throughout the body and tlie abiUty to perform coordinated movements 

in a constant gravitational environment that is six orders of magnitude higher than the 

"near weightlessness" condition experienced during transit to and/or orbit of the Moon, 

Mars, and Earth. This research provides insight for maintaining the abiUty of astronauts 

to perform coordinated, bipedal locomotion activities, following transitions between 

gravitational acceleration fields. In addition, a unique enviromnental simulator has been 

developed which enables further research regarding the complex interactions between 

humans and the environments in which they move. 

In order to investigate methods of improving postural control adaptation during 

these gravitational transitions, a treadmiU based precision stepping task was developed to 

reveal changes in neuromuscular control of locomotion foUowing both simulated partial 

gravity exposure and post-simulation exercise countermeasures designed to speed lower 

extremity impedance adjustment mechanisms. The exercise countermeasures included a 

short period of mnning with or without backpack loads immediately after partial gravity 

mnning. A novel suspension type partial gravity simulator incorporating spring balancers 

and a motor-driven treadmiU was developed to facilitate body weight off-loading and 

various gait pattems in both simulated partial and fuU gravitational environments. 

Studies have provided evidence that suggests: (1) the environmental simulator 

constracted for this dissertation effort does induce locomotor adaptations following 

partial gravity ranning; (2) the precision stepping task is a sensitive test for illuminating 

aspects of these adaptations; and (3) musculoskeletal loading improves the locomotor 

adaptation process. 
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CHAPTER 1 

INTRODUCTION 

Long-duration space fravel wiU require improvements in exercise 

countermeasures so that asfronauts wiU be able to maintain cardiovascular fitness, bone 

mass and the ability to perform coordinated movements in a terrestrial environment 

following extended periods of "near weightlessness" encountered during fransit to and/or 

orbit of the Moon, Mars, and Earth. Ui such gravitational transitions feedback and 

feedforward postural control strategies must be recalibrated to ensure optimal locomotion 

performance. The need for improving the speed at which postural control fransitions are 

achieved among astronauts primarily involves issues such as crew escape, general 

locomotion safety (i.e., with respect to trips, falls, etc.) and productivity once on a 

terrestrial surface such as the Moon or Mars. Previous ground based studies support the 

proposition that specific, short duration musculoskeletal loading, foUowing ranning in 

simulated Martian gravity (i.e., 3/8 of Earth's gravity [G]) using a vertical suspension 

type simulator, reduces the tíme required for re-adaptíng to steady-state performance of 

the postural control system. These previous results were important for motívating the 

research presented in this dissertation. 

There are a number of reports of postural control decrements foUowing space 

flight. The most immediate and potentially severe decrements occiu: due to ortUostatic 

intolerance. Orthostatic intolerance ranging in severity from increased Ueart rate or 

dizziness to fainting has been reported among a number of US and Russian crewmembers 

throughout the history of manned space flight (Hoffler and Johnson 1975; Charles, 

Bungo et al. 1994; Buckey, Lane et al. 1996). Other sources of postural control deficits 

upon retum from space flight are those having neurovestibular and neuromuscular 

origins. A number of astronauts have reported a heavy legs syndrome, characterized by 

decreased muscle activation levels, that accompanies readaptation to locomotion on the 

Earth. It has been stated by astronauts that they must consciously 'command' their legs to 

walk or step (Homick and Miller 1975; Apsell 1999). Deficits in balance during standing 



with both eyes open and eyes closed has also been reported (Homick and MiUer 1975; 

Homick and Reschke 1977; Young and Oman 1984) as have walking paftems with wide 

stance, shorter steps, more shifting of the body's center of mass (CM) toward the support 

leg and exaggerated use of the arms (Chekrda et al. 1971; Young and Oman 1984). Such 

postural control deficits and others to be discussed in this dissertatíon likely have 

multiple neurophysiological origins. This dissertation follows a line of researcU in wUich 

only neuromuscular loading aUerations are induced, avoiding confounding effects caused 

by muscle afrophy, fluid shifts, disturbances to the otolitU organs and otUer actual effects 

of partial and microgravity environments. 

This research uses a vertical suspension simulator to off-Ioad a significant portion 

of a subject's bodyweight (i.e., an approximate simulatíon of Martian locomotion) during 

ranning. A subsequent countermeasure involving ranning with a backpack load is used to 

accelerate the re-adaptation to pre-offload, 1 G performance of a novel, treadmill based 

obstacle stepping task. Running with a backpack load was chosen instead of using a puU-

down loading metUod to avoid imparting artificial stability that would occur from 

multiple loading points on the subject. Other recent studies have used vertical suspension 

simulators to induce neuromuscular changes that approximate those seen in astronauts 

foUowing space fligUt and to attempt improvement in readaptation tUrough some type of 

loading activity (Newman 1996; Jackson 1997; Wu 1998). TUis dissertation effort is 

unique in tUat it is tUe first to investigate different magnitudes of loading on the postural 

control process and the first to use a locomotion task that is slightly more challenging 

tUan quiet standing, walking on a level treadmill or executing a single downward jump. 

TUe repetitive, obstacle stepping task presented in tUis researcU is offered as a novel third 

party test to reveal how the postm-al control system adapts muscle activation pattems and 

limb configurations to musculoskeletal loading cUalIenges. 

The repetitive, treadmiU-based, precision obstacle stepping task was chosen as the 

defmitive postural control assessment tool for this dissertation effort due to six important 

facts: 



1. It is similar to typical locomotion tasks encountered during terrestrial 

locomotíon, thus it is easy for subjects to leam. 

2. Stepping over an obstacle requires trajectory planning (feedforward control) 

before the step is initíated. 

3. It is more challenging than walking on a dry, level treadmill belt, thus 

functíonal relevance to more difficult over ground locomotion tasks is increased. 

4. The task requires not only rhythmic stability as in typical locomotíon, but 

adds the factor of a speed-accuracy trade-off due to instractions for minimizing obstacle 

clearance distance. 

5. Once leamed, this type of stepping task becomes very automatic, yet it stiU 

requires interaction between high-Ievel components of the CNS (e.g., the cerebral cortex) 

and lower levels (e.g., spinal cord and brainstem) influenced by sensory feedback. 

6. It is a non-fatiguing activity, thus many steps can be performed sequentially 

witUout tmdue energy expenditm-e. 

A general review of stepping movements is provided in chapter 2 of this 

dissertation with special emphasis on obstacle avoidance and the regulation of gait in 

section 2.2.6. Specific information regarding the development and characteristics of the 

precision stepping task used in this dissertation is provided in detail in section 3.4. 

A review of human motor control and movement leaming theories, hypotheses 

and approaches is presented, along with experimental data to support an understanding of 

both feedforward and feedback mechanisms, which result in postural control adaptations 

to extemal loading. It is suggested that reduced musculoskeletal loading, such as 

encountered during simulated partial gravity locomotion causes the CNS to reconfigure 

mappings between sensory feedback and motor commands with intemal models or 

representations of a postural control task-in this case precision stepping. This 

reconfiguration process involves a reduction in muscle activation and alteration of limb 

movement pattems sucU tUat extemally observed impedance is decreased. In this thesis, 

impedance is defined as the process of transforming movements into extemally exerted 

forces. That is, the activation pattems of a person's musculature, combined with the 



person's musculoskeletal configuration present an impedance, which generates forces 

(i.e., ground reaction forces during bipedal locomotion). This impedance generatíon may 

be extemally observed to produce positíon dependent changes in force (i.e., mechanical 

stiffhess) and/or velocity dependent changes in force (i.e., viscosity) based on a 

simplified biomechanical representation of the moving body. This definition of 

impedance has been used before to describe movements in mammals and for robotic 

manipulators (Hogan 1985a, 1985b, 1985c). Furthermore, it is suggested that during 

increased loading of the musculoskeletal system, such as when subjects egress the partial 

gravity hamess to locomote in the normal Earth environment, a second remapping occurs 

to re-establisU tUe proper levels of muscle activation and movement pattems. These 

transitions, though largely immediate, appear to involve transient impedance adjustments 

that are biased toward the previous loading environment. 

A basic foundation driving the research presented in this dissertation is not to 

establish a specific, optimal value for any biomechanical index of stepping performance, 

but to generate loading based countermeasures that enable the CNS to more rapidly 

respond to nemomuscular challenges imposed by the environment such that a retum to 1 

G performance metrics is achieved. This 1 G level of performance on the stepping task 

wiU be determined by eacU subject in accordance with the defined goals of the task and 

their intemally derived assessments of stability and task directed performance. Sections 

2.1, 2.2.1, 2.2.2, and 2.2.6 provide a significant review of the functíons of the postmal 

control system along with many examples of the context dependent postural confrol 

performance displayed by humans to support the foundation for the present postural 

control adaptation research. 

Figure 1.1 shows the idea behind the loading countermeasure approach to 

improving postural confrol performance. The 1 G performance level shown in Figure 1.1 

is considered the distributíon of an observed biomechanical parameter during the leamed 

precision stepping task (e.g., minimum heel clearance with the obstacle, overall vertical 

impedance of the body, ground reaction forces by the support leg as a step over the 

obstacle is made, etc). The do nothing performance indicated by the dashed line curve 



represents tUe distribution of tbe particular stepping performance metric of interest for 

several steps after an environmental challenge (i.e., ranning in simulated partial gravity) 

is conducted. Over time, it is expected that the subject's performance wiU migrate back to 

the baseline such that the mean and variation of the distribution will reflect tUe successful 

remapping of sensorimotor processes witU tUe intemal model for tUe stepping task. It is 

expected that the application of exercise countermeasures (i.e., ranning at normal 1 G 

with or without loads) following tUe partial gravity ran wiU enable a faster transition back 

to tUe baseline distribution of a given performance metric due to a precision stepping 

intemal model improvement. TUe three loading countermeasures used in this research 

consist of rmining at normal 1 G without a load (Cl), running at 1 G with a backpack-

mounted mass equaling 10% (C2) or 25% (C3) of tUe subject's mass. 

This improvement in tUe intemal model is such that the gross impedance 

modulatíon abilities of the CNS are enhanced so that remappings or retuning between 

environmental loading challenges and desired performance may be commanded within a 

smaller time period (i.e., within fewer precision step cycles). Furthermore, it is proposed 

that greater levels of loading (i.e., exposing the person to a greater range of mappings 

between commanded impedance and postural control performance) wiU result in an 

adaptatíon sequence tUat is faster and better witU respect to tUe location and variation of 

performance metrics. TUerefore it is argued tUat smootU, contínuous mappings are formed 

by the human CNS between environmental inputs and postural control outputs. Ui 

additíon it is argued that increasing the range of variatíon between environmental inputs 

and postural control outputs enables the CNS to achieve desired postural control 

performance quantitatively better and in less time than when a smaller range of variation 

Uas been presented. 

This view of CNS processes is not entirely different from the discoveries of 'after 

effects' by Held (1962, 1965) in which subjects wearing prisms in front of their eyes 

initíally pointed in tUe wrong direction, but soon leamed to point in tUe right directíon, or 

of Wolpert et al. (1995a, 1995b) who demonstrated smooth, generalized sensory motor 

adaptatíons to visual perturbations during arm movements. A number of studies have also 



revealed CNS adaptatíons to extemal loading. Flash and Gurevich (1991) foimd that 

humans can adapt to different loads on their limbs. Futbermore, adaptations Uave been 

shown for differing viscous loads (SbadmeUr and Mussa-Ivaldi 1994), CorioUs forces 

(Lackner and Dizio 1994), and inertial perturbations during reacUing movements 

(Sainburg, Ghilardi et al. 1995). Gandolfo et al. (1996) sUowed tUat movements are 

generaUzed witUin tUe space where they are executed. Further review and discussion 

regarding such CNS adaptabiUty is presented in sectíons 2.1-2.2 and a more detailed 

examination of postural control adaptation that is closely related to this dissertation is 

presented in sections 2.5 and 3.4.4. 

Affected by Partial G Improvement with countermeasures 
Biomechanical Performance IVIetrics 

Figure 1.1. Proposed progressive improvements in readaptation performance based on the 
magnitude of musculoskeletal loading during countermeasure activities. The 
thickness of arrows implies tUe rate at which readaptation to baseline 
performance is acUieved in terms of locatíon and variation. 

A central biomecUanical index of stepping performance tUat is used in this 

dissertation is an overall measure of extemally observed vertical body impedance 

determined from tUe movements of a virtual Uip center defined by tUe midpoint between 



markers locating tUe greater trochanter of each leg. A system identification procedure 

incorporating an auto regression approach and a simple dynamical model of the subject is 

used to reveal alterations in the overall impedance of tUe postural control system 

following simulated partial gravity ranning and exercise countermeasures. Based on 

converging evidence, it appears tUat CNS modulation of movement pattems is composed 

primarily of stiffhess alterations. Thus it may be the case that the CNS uses sensory 

information across modalities along witU botU gamma and alpUa motor neuron drives to 

create position dependent changes in force (i.e., tunable springs) within muscle-tendon 

units and across linkages of many muscles, bones and connective tissue (Fehnan 1966; 

Rack and Westbmy 1969; NicUoIs and Houk 1976; Feldman 1986; Bizzi, Hogan et al. 

1992; Jackson 1997; Newman and Jackson 2000). Of course, it must also be recognized 

tUat CNS control of velocity dependent cUanges in force can also occur (FaviUa, Hening 

et al. 1989; Mclntyre and Bizzi 1993). The body of evidence regarding CNS control is 

presented in sections 2.1.1-2.1.3, 2.2.1-2.2.3, 2.3.3, 2.5, and 3.4.4 with specific 

informatíon regarding the formulatíon of the system identíficatíon model and impedance 

calculation procedmes in section 3.4.4.1.5. 

1.1 Specific Aims 

A Ust of the specific aims addressed in this dissertatíon are listed below. 

1. Document the transient postmal control changes that occur due to simulated 

partial G ranning on a post-ran precision stepping task versus pre-ran stepping task 

performance. 

2. Suggest ways in which these transient postural changes may occur in ligUt of 

CNS sfrategies for modulating body impedance during locomotion tasks. 
3. SUorten the time required for these fransient changes to subside using exercise 

countermeasures. 

4. Draw analogies between this ground-based research and the fransient heavy 

legs phenomenon experienced by asfronauts retuming from space flight to generate 

suggestíons for improving post-flight exercise countermeasures. 



1.2 Hypotheses 

A Ust of tUe hypotheses tested in this dissertatíon is presented below. 

1. A vertical suspension type partial gravity simulator is effective for inducing 

the heavy legs sensation and alterations in impedance, not unlike postural confrol changes 

reported by astronauts upon retum from space flight, which can be described using 

variables measuring kinematic, kinetic, and overall body impedance characteristics 

during execution of a precision stepping task. Stated in an inferential format for a subject 

exhibiting decreased impedance: 

HO:BVB = BVD, 

H I : B V B > B V D . 

Stated in an inferential format for a subject exhibiting increased impedance: 

HO:BVB = BVD, 

H , : B V B < B V D , 

where (BV) is the impedance sensitive biomechanical variable of interest, subscript 

(B) indicates baseline stepping performance, and subscript (D) indicates tUe delay or 

do notUing countermeasure following partial gravity raiming. 

2. SUort duratíon gross musculoskeletal loading (i.e., running with or without a 

backpack load) speeds the transient readaptation of the postural confrol system to pre-run 

1 G precision stepping task performance foUowing ranning in a simulated partial gravity 

environment. Stated in an inferential format for a subject exhibiting decreased 

impedance: 

H O : B V P C - B V D , 

Hr.BVpc>BVD. 

Stated in an inferential format for a subject exhibiting increased impedance: 

HO:BVPC = BVD, 

H I : B V P C < B V D , 

where subscript (PC) indicates post-countermeasure stepping performance. 

3. Higher levels of gross musculoskeletal loading speeds the transient 

readaptatíon of the postural control system faster than lower levels of gross 



musculoskeletal loading to pre-ran 1 G precision stepping task performance following 

ranning in a simulated partial gravity environment due to loading sensitive mechanisms 

that cause sensorimotor carry-over effects of body impedance between locomotíon tasks 

as intemal models linking afferent expectations witU efferent CNS commands are refined 

witU respect to desired postural control objectives. Stated in an inferential format for a 

subject exhibiting decreased impedance: 

Ho: BVD = BVci = BVc2 = BVca, 

Hi: BVD < BVci < BVc2 < BVc3. 

Stated in an inferential format for a subject exhibiting increased impedance: 

Ho: BVD = BVci = BVc2 = BVc3, 

Hi: BVD > BVci > BVc2 > BVc3. 

4. The highest level of musculoskeletal loading (i.e., ranning with a backpack 

load equaling 25% of subject's bodyweight) speeds the transient readaptatíon process of 

the postural control system such that no statistically significant difference can be detected 

between baseline stepping performance values and post-countermeasure stepping 

performance values. Stated in an inferentíal format for a subject exUibitíng either 

decreased or increased impedance: 

Ho: BVB ?ÍBVC3, 

H I : B V B = BVC3. 

The above-mentioned hypotheses are given with respect to subjects displaying 

either decreased or increased musculoskeletal impedance due to partial gravity ranning. It 

is suspected that a tendency for displaying the decreased musculoskeletal impedance is 

the typical underlying response of lower levels of the CNS. Of course, based on the 

results of previous evidence it is suspected that some subjects may use strategies that 

reveal an increase in musculoskeletal impedance due to simulated partial gravity. A more 

detailed exposition of the specific biomechanical variables and anticipated alterations in 

stepping performance due to simulated partial gravity running and post-suspension 

exercise countermeasures is presented in section 3.4.4 of this dissertation. 



1.3 Dissertation Overview 

The remainder of this dissertation is divided into five chapters. Chapter 2 provides 

extensive background and a literature review of areas related to this dissertation. Chapter 

3 describes the development of the highly complex altered gravity and multidfrectional 

loading simulator with a virtual environment component incorporating the projection of 

computer generated imagery and details the two pilot studies performed in advance of the 

major dissertatíon experiment. Chapter 4 describes the major experiment that was 

conducted, which was a natural extension of the techniques used and data discovered in 

the second pilot study. Chapter 5 provides a discussion of the resuUs of the major 

experiment. Chapter 6 presents the conclusions of this research and provides 

recommendatíons for both improvements to NASA's post-flight exercise countermeasure 

protocols and recommendations for future research. A more detailed exposition of the 

contents and need for each of the chapters is presented below. 

1. Chapter 2 begins with a description of the emergence of modem 

neurophysiological understandings that play an important role during any complex 

human behavior. The need for an extensive review is due to the fact that so many diverse 

fields of study, including an array of experimental paradigms have converged in recent 

decades to provide the contemporary picture of perception and action phenomena. This 

historical development is foUowed by detailed, specific reviews of tUe most important 

and well-studied postural control actions including standing, walking, ranning, and 

obstacle negotiation. The latter portions of Chapter 2 focus in on the effects of space 

flight and previous partial gravity studies that this research effort was influenced by and 

improves upon. 

2. Chapter 3 describes the development and testing of a brand new virtual 

environment, incorporating very novel partial gravity simulation teclmiques. Given that 

the simulator which emerged from this effort represents a significant contributíon to the 

Human Factors and Ergonomics Laboratory at Texas Tech University and that many 

future research studies wiU be UigUIy dependent upon the capabilities it provides, 

thorough documentation regarding all pUases of design, development, and testing were 
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needed to ensure an accurate assessment of its capabiUties so that the design of future 

research and issues related to the protection of human subjects in future studies may be 

expedited. The latter portions of Chapter 3 are also very cracial for introducing the 

development of the precision stepping task and bringing together important theoretical 

and analytical techniques to enable the accompUsUment of the specific aims of this 

dissertation. 

3. Chapter 4 is devoted to the descriptíon of the major experiment of this 

dissertation effort, which extends from the knowledge gained from pilot study work and 

enables proper testing of the proposed hypotheses. 

4. Chapter 5 provides a thorough review of the data with respect to priori 

hypotheses along with discussion regarding the implications of the fmdings with respect 

to CNS control mechanisms and how insights regarding those mechanisms may be used 

to improve the benefits of the manned space flight program. 

5. Chapter 6 provides a concise review of the approach, conclusions, limitations 

and benefits of tUis research effort to the body of scientífic knowledge with respect to the 

proposed aims. Recommendations for future research are also presented. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

2.1 Motor Control and Movement Learning 

The acquisitíon and maintenance of motor skiUs in tUe intact human is an 

expansive topic which can be informed by detailed examinatíons of neural science, the 

study of movement stereotypes throughout stages of human development, movement 

complexity (e.g., number of body parts involved, symmetrical vs. asymmetrical 

movements, rhythmical pattems, ranges of motion, speed, force levels, acceptable ranges 

of movement variabiIity-stabiUty, etc), levels and types of practíce, attentíon and even 

psycbosocial issues sucU as confidence, fear, and motivation levels. Disciplines including 

neuroscience, psycUoIogy, pUysioIogy, kinesiology and engineering (to name some) Uave 

created a wealtU of data, descriptive taxonomies, UypotUeses and some tUeories regarding 

tUese topics. This discussion will provide a brief overview of motor control and motor 

leaming biased toward approacUes wUicU provide insigUt into tUe acquisition and 

maintenance of gross upper and lower extremity movements, especially tUose for postural 

control, locomotion, and goal-directed reacUing movements among well-trained and 

highly motivated subjects. 

2.1.1 Historical Development 

The approach taken in this section is to provide an historical development of early 

approaches, theories, and experiments that have pointed toward modem views regarding 

movement and motor control. Some contemporary understandings are provided, but the 

major delineatíon of modem theories and hypotheses is presented later. InsigUts into 

perception and cognition are included Uere as tUey are essential components for making 

goal-directed movements in a dynamic environment. TUe material is presented in rougUly 

a cUronoIogical order with some movements back and forth in time to improve continuity 

in describing parallel developments. U is important to note tUat early 'philosophers' or 

'natural philosophers' had wide academic interests including what now has become 
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specialized fields of anatomy, physiology, philosophy of the mind, economics, 

mathematics, physics, etc. 

The concept of a radical dualism between body and mind (or soul) Uas been 

documented from ancient times with thinkers such as Plato (427- 347 B.C.), Aristotle 

(384^322 B.C.), Galen (129-201 A.D.) and later by Andreas Vesalius (1514-1564), 

Alfonso BorelU (1608-1679) and Isaac Newton (1642-1727). During the French 

EnligUtenment, pUiIosophers encouraged a scientific approacU that began to reduce the 

importance of the soul (Meijer 2001). Rene Decartes (1596-1650) is often credited with 

beginning the move toward a modem approach to consciousness. His famous statement: 

cogito ergo sum (I think, therefore I am) emphasized his belief tUat all was umeliable 

except for Uis own perception of Uimself and the surrounding environment (Schwartz 

2000). Thus, Newton's notion of the human as being an elegant clock, which does not 

deny a creator setting it in motion, leaves little for the creator to do once the motion has 

begim. This type of thinking would eventually inspire a reductionist view of all biological 

pUenomenon. As stated by Onno Meijer (2001), "It was only after discarding the soul that 

science started to realize tUat matter must be more surprising tUan we Uad tUought" (p. 

38). This vantage point of mainstream modem science is stated clearly by the 

neuroscientíst James Schwartz (2000), "Philosophically disposed against dualism, we are 

obliged to find a solutíon to the problem (i.e., mind and consciousness) in terms of nerve 

cells and neural circuits" (p. 1318). 

Early observatíonal or experimental developments included tUe dissectíons of 

both live and dead animals, and observatíons of live dissectíons of Uumans (i.e., 

vivisections of criminals). Leonardo da Vinci (1452-1519) and Giovanni Alfonso Borelli 

(1608-1679) often incorporated mechanical explanations into thefr understanding of how 

the body works, altUougU dualism was stíll present in tUeir thinlcing (Kroemer, Kroemer 

et al. 1994). Borelli noted that turtles, frogs and snakes could move for a short while after 

having both thefr head and heart removed (Borrelli 1989). Later, Jolm Locke (1632-

1704) noted in Uis medical writings tUat a frog could leap about for some time witU Uis 
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Ueart removed (Meijer 2001). Therefore, it seemed that neither the brain nor the heart 

were necessary for some types of behavior. 

Locke, in the role of a highly influential Britísh empiricist, proposed that sensory 

perception was an atomistic process such that sensory elements (e.g., color, shape, and 

brightness) were combined in an additíve way, piece by piece. This view began to change 

with John Stuart MiII (1806-1873) and Wilhelm Wundt (1832-1920). Both believed that 

complex mental process should be studied as a combinatíon of smaller elements (i.e., in 

tUe atomistic manner of pUysicists and cUemists), but tUey also recognized tUe 

".. .emergence of new properties as mental elements combine..." (LeaUey 1994, p. 55). 

This type of thinking would be extended by the GestaU school of psychology and develop 

into the contemporary view of perceptíon as being an active and highly creative process 

(Kandel and Wurtz 2000). At this point, before delving fiarther into the complexitíes of 

perception, and the formal development of the psychology field, it is appropriate to step 

back and review more developments in neurophysiology. 

According to Leahey (1994), Franz Joseph Gall (1758-1828) was the founder of 

neuropsychology due to his serious conviction that the brain was the seat of the soul. 

Furthermore, he proposed that all beUavior originated from tUe brain and tUat different 

regions of the cerebral cortex controUed particular functions (Kandel 2000). 

Unfortunately, his views led him to the doctrine of phrenology, which associated bumps 

on the outside of the head to personality traits. Phrenology was easily disproved by Pierre 

Flourens, who supported the competing perspective of a brain in which all of tUe parts 

could perform every type of mental actívity. This understanding that all brain stractures 

were uniform in íunctional ability developed into tUe aggregate-field view of tUe brain 

(Kandel 2000). Of course, there was evidence that challenged tUe notíon of tUe brain as 

tUe instigator of all beUavior and furtUer evidence would soon be found to cUalIenge the 

aggregate-field view. 

After two centuries of sporadic documentation regarding movements of 

decapitated animals, Eduard Pfluger (1829-1920) engaged this topic carefully and made 

several remarkable observations. When he dropped some acetic acid on the back of a 
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decapitated frog, it would wipe off the acid with one of its legs. But that was not aU, if the 

wiping leg was cut off and more acid was applied, tUe stump of the original leg would 

move for a while and tUen the other leg would be used to wipe off the acid (Meijer 2001). 

This type of intriguing experiment led to many lively debates regarding the natme of the 

'soul' and inspired speculation about the inherent 'intelligence' of biological matter. U 

would appear that neither the brain nor the heart was the seat of all beUaviors; even for 

some beUaviors that required coordinated responses to sensory input and a measure of 

sfrategic adaptation. 

The English neurologist, John Hughlings Jackson (1835-1911) was the first to 

seriously challenge the aggregate-field view of the brain through his detailed studies of 

focal epilepsy (Kandel 2000). This type of epilepsy involves seizures often originating in 

the fingers which progress in a predictable manner toward proximal parts of the body; 

this is clinically known as tUe ' Jacksonian marcU' (Krakauer and GUez 2000). Jackson 

demonstrated that different sensory and motor functions can be traced to specific areas of 

the cerebral cortex (Kandel 2000; RothweU 2001). Ui France, Pierre Paul Broca (1824-

1880) was also seeking to prove tUat sensory and motor íunctions could be localized in 

tUe brain. Broca studied nine patients witU a similar deficit, eacU could understand 

language, but they could not speak properly. Autopsies revealed that all of tUese patients 

Uad lesions in tUe posterior region of tUe frontal lobe in tUe left cerebral Uemisphere. This 

discovery inspired Broca's famous principle of brain function: humans speak with the left 

hemisphere (Guyton 1971; Weiner and Levitt 1983; Leahey 1994; Kandel 2000). 

Later work done by the German neurologist and psychiatrist Karl Wemicke 

(1848-1905) gathered even more support for localized functíon within the brain. His 

research involved patients who could speak but not understand language. These patients 

had cortical lesions in the posterior part of the temporal lobe (Weiner and Levitt 1983; 

Kandel 2000). Wemicke attempted to merge and improve upon both the aggregate-field 

view and the phrenological approacU by proposing tUat only basic sensory and motor 

functíons were locaUzed to specific areas of tUe cortex, whereas complex mental 

functions involved interconnections among multiple regions of the brain. This implied 
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that distributed processing occurred in the brain. Eventually, this understanding would 

evolve into the contemporary view of UierarcUical, parallel distributed processing to 

describe the functíonality of the central nervous system (Kandel 2000). 

Stepping back once again, it is tíme to explore tUe origins of tUe modem field of 

psycUoIogy. The study of mental actívity was originally a subspecialty of pUiIosophy in 

which introspection was the primary tool used to gain access to mental processes. This 

specialty developed into the discipline of psycUoIogy that was focused mostly on 

observable behavior using a reductionist experimental technique (Kandel 2000). During 

this early period in the history of the psychology field, there was a straggle for 'scientific 

identity' that led many to focus primarily on sensations and the awareness of simple 

perceptions as opposed to other physiological or biomechanical topics including the 

detailed study of human movements (Newell and VaiUancourt 2001). Of course, there 

were notable interdisciplinary-minded exceptions including Ernst Weber, and Hermaim 

HelmUoltz. In describing tUe complex origins of psycUoIogy, matters wiU be simplified 

by dicUotomizing tUe field into two main groups according to tUe degree of mechanistic 

simplicity witU which they defined the hmnan being. 

The first and most dominant group consisted of the empiricists steeped in British 

and French philosophy and culture who viewed perception and behavior as resulting from 

atomistic processes in which stimulus-response associations were linked togetUer 

(LeaUey 1994; Kandel and Wurtz 2000). TUis perspectíve would inspire tUe 

psycUopUysicists and behaviorists through the 19"' century and into the first part of the 

20"" century. The second group stenmied mainly from German culture, which largely 

rejected the notion that human beings were simply machines or assemblages of simple 

components. From this perspective emerged GestaU psychology whose adherents 

recognized that perception was more complex than merely the sum of discrete perceptual 

elements. To tUem, tUe basic unit of interest was a perceptual wUoIe (e.g., seeing a square 

as opposed to seeing four connected lines) (Meister 1989; Lealiey 1994; Kandel and 

Wurtz 2000). 
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The first experimental paradigm of interest, dominated by the more atomistic 

psychological fradition, is that of psychophysics pioneered by Weber, Fechner, 

Helmholtz, and von Frey (Gardner and Martin 2000). Psychophysics is the branch of 

psychology dealing with the relationship between stimuli and the resultant sensations. 

According to Stevens (1958, p. 177), psychophysics can be described as, "seeking the 

laws that relate the responses of men and animals to the energetic configurations of the 

environment..." These 'laws' take the form of mathematícal relationships. Ui 1834, 

Weber presented his discovery that sensitivity to stimuli was dependent upon its 

magnitude. TUus Weber's law relates AS (tUe iust noticeable difference or jnd) as tUe 

difference in strength between a reference stimulus S and the next stimulus that can be 

discemed, with K being a constant: 

AS = KxS. Eq.2.1 

In 1860, Gustav Fechner provided a new law that related stimulus strength S and the 

intensity of the experienced sensation / , with S^ being threshold amplitude: 

I = K\og 
^S^ 

\^oJ 
Eq. 2.2 

TUe benefit of tUis formulation was to represent the jnd's as the units for the perceptual 

scale as they represent equal increments of perception for all intensities. 

Weber and FecUner's law dominated psycUopUysics until tUe mid 1900s (Gardner 

and Martin 2000). It was not until the 1950s that Stanley Stevens suggested the use of a 

power function to explain different types of sensory experiences in a more parsimonious 

fashion. By changing the value of n, both linear and nonlinear relationships could be 

described Stevens (1953; 1957): 

I = K{S-S,y. Eq.2.3 

It is very important to note that the simple form of these relationships disguises the 

diffículty of assigning numerical values to these parameters. For an excellent review of 

procedural issues and necessary assumptions, see Stevens (1958). 

FoIIowing tUe success of psychophysics to describe simple stimulus intensity-

response relationships, another paradigm began to arise that allowed development of 
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simple building-block understandings of Uigher mental processes involving perception, 

memory and simple behaviors (Leahey 1994). Behaviorism is the term often used to 

describe this paradigm, although an altemative categorízation will be suggested 

momentarily. Ivan PetrovicU Pavlov (1849-1936), a physiologist who, ".. .never realized 

he had become a psychologist" (Miller 1962, p. 175), is associated with the classical 

conditioning portion of this paradigm, which involves the study of associating two 

stimuU. An example of classical conditioning would be tUe pairing of an innocuous 

visual, auditory or tactile stimulus (e.g., tuming on a ligUt or touching the subject ligUtly) 

with an attention-demanding stimulus such as an electric shock or a food item. By 

aUering the appearance, timing, number of stimuli, etc, classical conditioning researcUers 

could observe cUanges in simple leamed beUaviors and reflexes as subjects leamed to 

predict upcoming events in tUe environment (LeaUey 1994; Kandel, Kupfermann et al. 

2000). 

A second portion of tUis paradigm, developed by Edward Lee TUomdike (1874-

1949) and pursued notably by Jobn Broadus Watson (1878-1958) and BurrUus Frederick 

Skirmer (1904-1990) is known as operant conditioning. TUis approacU, also known as 

trial-and-error leaming, involves rewarding an animal subject for performing a specific 

action. TUomdike would place an animal in a maze and allow it to find the exit via trial 

and error. The animal was immediately rewarded with food upon successful navigation 

tUrougU the maze (Leahey 1994). Another example of this technique would be placing a 

pigeon in a box with a lever activated food dispenser. During the course of normal 

exploration activity (or random behavior), the pigeon would eventually Uop on the lever 

and subsequently receive food. Quickly, the pigeon leams to perform the newly acquired 

behavior of lever pushing when it desires food (Kandel, Kupfermann et al. 2000). 

Thomdike's experiments led him to formulate the lawof effect which states that 

behaviors that produce satísfaction in a given situation tend to be repeated when a similar 

situatíon arises (MiIIer 1962). Many experimental psychologists believe tUat tUis simple 

concept dominates mucU of voluntary beUavior (Kandel, Kupfermann et al. 2000). 

Leahey (1994) suggested that the well-wom term behaviorism ought to be replaced by 
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the term behavioralism so that important distinctíons between the beliefs and approacUes 

of behaviorists past, and present will be maintained. According to Leahey, some 

behavioralists including methodological behaviorists and cognitive scientists develop 

hypotheses and theories regarding unconscious facultíes (i.c, intemal, causal agents) that 

produce behavior. Many modem researchers adhere to this perspective. In contrast, other 

behavioralists may be classed as trae behaviorists, along the lines of Skinner, who do not 

consider any nonobservable activitíes or processes. "However, any influence that is 

observed-even if to only one person, as with a toothache-may be legitimately invoked in 

explaining behavior" (Leahey 1994, p. 139). This type of behavioraUsm describes the 

stereotyped behaviorism most influentíal in the 1950s (Kandel 2000). 

At this point, it is helpful to continue the joumey toward contemporary views of 

motor control and leaming by revisiting the origins of neurophysiology foUowed by tUe 

development of botU Gestalt and tUen cognitive psycUoIogy. TUis intertwining of 

pUysioIogical insigUts witU certain psycUoIogical perspectives will illuminate tUe 

foundations supporting modem discussions regarding perception and action. As is often 

tUe case during the birth of new fields of study, exceptional scientists stand at the hehn; 

leaders in multiple disciplines wUo manage to merge tUeir insights to produce one or 

more new specialties. The two scientists of special interest here are Hermann Ludwig 

Ferdinand von Helmholtz (1821-1894) and Sfr Charies Scott Sherrington (1857-1952). 

HelmUoltz was UigUIy regarded in physics, physiology, medicine, biology, mathematícs, 

philosophy and engineering (Gielen 2001) and has been called the greatest natmal 

scientíst of the 19* century (Leahey 1994). Sherrington was a great neuroscientist, 

mentor, humanist and philosopher who maintained a vigorous scientific career imtil age 

79 and kept current in the neuroscience field, including publisUing papers, until his death 

at age 95 (Stuart, Pierce et al. 2001). 

As mentioned previously, Helmholtz was one of the scientists who pioneered the 

area of psychophysics, although his theoretical insights stretched far beyond simple 

understandings of stímulus-response couplings. HelmUoItz was one major foimder of the 

action-perception theory, which states that neither perception nor action can be studied 
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independently since each one affects the other. Ui fact, it has been stated that, 

".. .perceptíon without action on the one hand, and action without perception on the other 

hand, would be completely useless. ft is because we have both that they both become 

meaningful" (Gielen 2001, p. 224). HelmUoItz was certainly not a proponent of duaUsm, 

yet Uis materialistic views did accord powerful faculties to unconscious operations tUat 

enabled tUe inference of perceptíon-actíon relationsUips. 

For example, Helmholtz (1925) beUeved that the perception of the three-

dimensional world proceeded from an imconscious computational mechanism that 

allowed one to combine various two dimensional retinal images witU tUe coUection of 

prior sensory experiences to arrive at specific inferences sucU as: tUe coffee table is tUree 

paces from me. TUis mecUanism, although autonomous from consciousness, was rational 

and not tmlike inferences tUat are consciously performed (LeaUey 1994). Thus, 

HelmUoItz gives us a perspective in wUicU botU afferent information and efferent motor 

commands are used to teacU tUe subject how to interpret their interaction with the 

environment in an effective manner (Gielen 2001). Helmholtz's investigations provided 

impetus for both the Gestalt psycUoIogists wUo delved into the nature of unconscious 

perceptual stmctmes and for later theories including Gibson's ecological paradigm. 

Sir Charles Sherrington, the great nemoscientist, performed many investigations 

that led to modem understandings of neuromuscular functioning. As summarized by 

Stuart et al. (2001), Sherrington's major contributions to neuroscience included the 

notion of the synapse into reflexology and behavioral science, active inhibition as a 

coordinative mechanism of the CNS (for which he was awarded the Nobel prize in 1932), 

extensive understanding of the functional anatomy of spinal cord-muscle connectivity, 

the concepts ofmotorunit and final common pathway, orderlv motor unit recraitment, 

the size principle. and reciprocal innervation. Charles Sherrington was one of the first to 

recognize the importance of sensory information for the initiation and control of 

movements. One of the key experimental tools that allowed Uim to gain so many insights 

was the development of the decerebrate animal model. This model, typically using cats, 

involved surgically transecting tUe brain stem at tUe level of tUe midbrain between tUe 
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superior and inferior colliculi to allow investigation of neuromuscular confrol witUout 

descending input from the brain (Pearson and Gordon 2000). 

In the decerebrate cat, which exhibits heightened spinal reflexes due to the loss of 

descending inhibitory signals, Sherrington noted that when he attempted to flex the 

extended hind limb, tUe muscle being stretched increased its contraction while the 

antagonist muscle relaxed. This was the discovery of stretch reflexes and reciprocal 

innervation (Pearson and Gordon 2000). Ui 1906, Ue proposed that all movement 

consisted of cUaining sucU simple, stereotyped reflexes togetUer (Sherrington 1906). This 

perspective, supporting the reflex-chaining hypothesis proposed earlier by tUe 

psycUoIogist WiIIiam James, became the dominant principle in motor physiology for 

much of the 20"" century (James 1890; Pearson and Gordon 2000). Contemporary 

researchers have modified this view due to the fact that many coordinated movements 

can be performed without sensory feedback (Bizzi, Hogan et al. 1992; Ghez and 

Krakauer 2000). 

It is also from Sherrington that the terms proprioceptors and exteroceptors 

originate to distinguish between sensors located in the muscles and joints for detecting 

body position-proprioception; and sensors that detect motions of objects outside the body 

(e.g., receptors in the skin, the auditory sense and the visual sense) enabling-

exteroception (SUerrington 1906). In Uis view, proprioception was used for the automatic 

regulation of movements such as stepping, whereas exteroception could be used to 

modify the basic stepping pattem with respect to external stimuli. It will be shown later 

that this terminology is still Uelpful today, even tUougU researcU Uas disproved some of 

Uis initial assumptions (Pearson and Gordon 2000). Contemporary motor control 

researcUers are also indebted to SUerrington for Uis early insigUts regarding muscle 

spindles and Golgi tendon organs. Muscle spindles are now laiown to be complex sensors 

of muscle length and rate of change of length; and Golgi tendon organs sense changes in 

muscle tension (Houk, Singer et al. 1971; Houlc 1979; Schmidt 1999; Pearson and 

Gordon 2000). Both of these sensors are important for motor control hypotheses and 

theories, therefore they receive extensive coverage in the following section of tUis review. 
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Before leaving SUerrington, it is important to remember tUe successes of Uis 

former frainee's and collaborators. TUree of tUese individuals tUat deserve mentíon Uere 

include Robert S. Woodworth, Thomas Graham Brown, and Wilder Penfield. Woodworth 

(1869-1962) was a psychologist who combined his passions of psychology and 

physiology during his doctoral research by studying the accuracy of arm movements. His 

very famous paper, "The Accuracy of Voluntary Movement," published in 1899 

describes the insights he gained regarding research problems to be solved, experimental 

techniques, and theoretical advances. With regard to identifying important problems to be 

solved, Woodworth noted that elements of perceptíon had been studied, but not 

movement. He identified intentíon as the essential link between consciousness and 

perception; and he stressed the need for studying the accuracy of movement as opposed 

to maximal exertion type tasks (Newell and VaiUancourt 2001). 

WoodwortU's contribution to experimental tecUniques for motor control research 

was substantial. He explained his rationale and approach for using three types of 

measures: mean movement accuracy, movement variability and wUether a movement was 

simply a hit or miss with reference to a standard. To illustrate Uow to determine tUe 

standard Ue described practical industrial examples in addition to tUose developed for Uis 

specific experiments (WoodwortU 1899). TUerefore, WoodwortU's paper is an excellent 

tutorial for tUe student of motor control. Finally, it is from WoodwortU that we gain the 

theoretical insights of the trade-off between speed of movement and accmacy of 

movement (i.c, an increase in speed results in a decrease in accuracy) as well as the 

notion that a movement consists first of a ballistic initial impulse and a subsequent 

current control phase. The initial impulse is used to initiate limb movement in tUe right 

direction and provide approximately the right amplitude wUereas tUe subsequent current 

control pUase allows for precision guidance of tUe end effector (e.g., fmger tip, or tip of 

tUe Uand Ueld stylus, etc) to tUe destination (WoodwortU 1899, 1938). 

GraUam Brown, anotUer student/collaborator of SUerrington, provided early 

evidence of central pattem generators and demonstrated tUat movements could be made 

witUout sensory feedback. In 1911, be discovered tUat rUythmic, altemating stepping 
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motions could be acUieved in deafferented Uind leg muscles of tUe cat immediately 

foUowing transectíon of tUe spinal cord (GraUam-Brown 1911, 1912). Graham-Brown's 

work provided compelling evidence for networks of neurons in tUe spinal cord that could 

initiate and regulate movements independently of sensory inputs and inspired futtire 

research on central pattem generators. Grillner (1975) provides an extensive review of 

researcU involving tUe contributions of both reflex activity and cenfral pattem generators 

in the locomotion of vertebrates. 

According to Pearson and Gordon (2000), the eariy animal studies conceming 

locomotion have led modem neuroscientists to recognize the foUowing: (1) supraspinal 

stractures are not required for producing basic motor pattems for stepping; (2) the basic 

rhythmic pattem of stepping is produced by neural circuits solely within the spinal cord; 

(3) these spinal circuits can be activated by descending signals from the brain; and (4) the 

spinal circuits do not require sensory input, although they are strongly regulated by input 

from limb proprioceptors in tUe intact subject. FurtUermore, researcU in Uumans wUo Uave 

sustained spinal cord injuries and researcU in normal infants is beginning to show that the 

neural mechanisms for the control of human locomotion is similar to those in quadrapeds 

(Thelen 1985; Dietz, Colombo et al. 1995; Dietz 1997; Wickelgren 1998; Pearson and 

Gordon 2000). 

The last of Sherrington's collaborators to be presented here is the nemosmgeon 

Wilder Penfield (1891-1976). As a student, Penfield leamed of Sherrington's 

experimental techniques for mapping the motor cortex of anesthetized monkeys by 

electrically stimulating tUe cerebral cortex and documenting tUe resulting activity of 

motor neurons (SUerrington 1901, 1917; Kandel, Kupfermann et al. 2000; Stuart, Pierce 

et al. 2001). In tUe 1940s, Penfield was applying similar techniques to humans during 

brain smgery for the treatment of epilepsy. His studies were the first to map motor, 

sensory, and language functions and to provide some evidence that memory processes 

were localized to specific areas of the brain (Penfield and Rasmussen 1950; Kandel, 

Kupfermann et al. 2000). These combined efforts of mapping cortical areas in monkeys 

and humans have led to the modem description of the homunculus (Amaral 2000). 

23 



As mentioned earlier, there had been many debates regarding the aggregate-field 

view and connectionist or distributed processing view of the brain conceming the 

activities of perception, formation of intentions, movement control, and memory. By the 

1950s it was becoming quite clear that reductionist approach would continue to reveal 

functional localizations in tUe human brain, spinal control of complex movements, and 

that extensive communication between functional areas was the root of complex human 

abilities. But, localization of specific functional areas was only sUedding light on various 

components of perception-action phenomena; the method of 'binding' these units 

together was still a great mystery. Having discarded overtly dualist tendencies long ago, 

scientísts were in a straggle (and still are today) to build mecUanistic tUeories capable of 

describing complex, coordinated Uuman beUavior. Toward tUis end it is time now to re-

explore the approach of the GestaU psychologists, continue forward to the emergence of 

cognitive psychology and present the precmsors to modem theories of motor control. 

The GestaU psychologists led by Max Wertheimer (1880-1943), Wolfgang 

Kôhler (1887-1967), and Kurt Kofflca (1887-1941) believed tUat perceptíons and 

beUaviors have characteristic properties that could not be reduced to the element-by-

element combinatíon of component parts (MiIIer 1962). According to Leahey (1994), the 

brain was not to be seen as a sensorimotor association machine, but it was proposed that 

there was a psychological field, analogous to an electric field, which guided perceptions 

and actíons accordmg to configurations influenced by intemal needs, desires and the 

extemal environment. ft was from the GestaU fradition that a number of principles of 

perception (primarily visual) were discovered such as foreground-background 

distinctíon, proximity, similarity, contínuity, closure, common region, object recognitíon 

biases, perceived length, overhead ligUtíng bias and connectedness (Sanders and 

McCormick 1993; Proctor and Proctor 1997; Kandel and Wurtz 2000). 

The modem view of perception as an actíve, holistic, and creatíve process 

borrows much from the ideas of GestaU psycUoIogists. TUe contemporary view is tUat 

perception is derived not only from stimulation of tUe senses, but by a brain that makes 

assumptions about what is to be encountered. These expectatíons appear to be denved 
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partly from experience and partly from genetically defined neural patUways (Kandel and 

Wurtz 2000). Precursors to the contemporary view include the founders of cognitive 

psvchology and the informatíon processing approach which buiU upon tUe prior efforts of 

HelmUoUz, Woodworth, Barlett, Tolman, and MiUer, as well as Gestalt psycUoIogy, 

psycUoanalysis, European neurology, tUe matUematical tUeory of communication, 

computer programming, and systems analysis (Bartlett 1932; WoodwortU 1938; Wiener 

1948; SUannon and Weaver 1949; Bartlett 1958; MiUer 1962; Neisser 1967; Schmidt 

1999; Kandel 2000; Wickens and HoIIands 2000; Gielen 2001). 

According to Kandel (2000), tUis growtU of tUe cognitive sciences assisted in tUe 

emergence of several understandings: 

1. Om ability to gain knowledge about tUe world is based on biological 

mecUanisms, tUat is, perception is a constractive process tUat depends botU on tUe 

stímulus and tUe mental stracture (e.g., memories, expectations, etc) of tUe perceiver. 

2. Research needed to be shifted away from simple reflex actions as studied by 

many behaviorists toward actívities requiring complex mental operatíons. 

3. The information processing analogy could be used to describe the fransitíon of 

sensory information to eventual use in memory and action. 

4. Motor actíon relies on some type of intemal representatíon or motor program. 

FurtUermore, since tUe brain is a physical organ, this intemal representatíon should be 

encoded as a distinctive paftem of neural activity in a specific set of interconnected nerve 

cells. 

The early application of tUeories and approacUes based on information processing 

led to some matUematícal formulations for describing reaction times to stimuli requiring 

decision maldng and relationsUips tUat described movement time during precise limb 

movement tasks. WitU regard to tUe cognitive process of making decisions, it is possible 

to define an increase in information as simply tUe reduction of uncertainty. For equally 

likely outcomes, tUis can be represented as Â  binary bits of information fransmitted wUen 

2^ altematíves are reduced to one possible outcome (Regan 1997). Hick (1952) and 

Hyman (1953) appUed this notíon in their reactíon time equation: 
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RT = a + b\og^N, Eq.2.4 

where a and 6 are constants and N is the number of choices available to the subjects. 

Fitts was the first to apply Shannon and Weaver's (1949) theory of informatíon 

processing to the motor system. He developed a very robust quantUative relationship 

linking movement time with experimentally controllable variables. TUis not to say tUat 

Uis appUcatíon of information tUeory to movement processes was an accurate way of 

describing how the human motor control system works, but his work did stimulate íurther 

research which has led to better forward dynamics models (Kelso 1992). As pointed out 

by Kelso (1992, p. 260), ".. .task defined variables like amplitude and movement time are 

not necessarily tUe essential intemal parameters used by tUe motor system to control 

movement." Despite issues witU regard to its tUeoretical imderpinnings, Fitts Law Uas 

proven to be a good way to quantitatively describe Uuman movement in a number of 

specific situations since Uis pioneering work in tUe 1950's. 

In Uis 1954 paper, Fitts used the analogy of a communication channel fransmitting 

information at particular frequency, which is only perturbed by gaussian distributed white 

noise, and assembled a model which incorporated a binary index of difficulty 

corresponding to tUe limits of a person's motor control system (Fitts 1954): 

Id = - l o g 2 lA 
bits I response, Eq. 2.5 

where W^ equals the target width or the space between the target location pole and a 

circular disk placed over the target pole (i.c, W^ quantífies the positional accmacy 

requirements at the target or 'goalpositíon' location). The amplitude {A) equals tUe 

distance between the two target locatíons. Note: this experimental paradigm requires the 

subject to perform reciprocal movements between two identícal targets spaced some 

distance apart (A) , using only one hand/arm linkagc TUe index of difficulty is used to fit 

a linear relationship to movement data gathered from experiments such as those tasks 

shown in Figure 2.1. 
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Figure 2.1. Reciprocal tapping task and washer placement task (Fitts 1954). 

Fitts reasoned that by having a subject make rapid and uniform movements that 

have been highly over-Ieamed, to statíonary targets with non-changing end effectors (i.c, 

same stylus or consistent washers) an experimental situatíon should be created in which 

performance is limited primarily by the capacity of the subject's motor system (Fitts 

1954). The information per se that the subject processed was deemed to be a functíon of 

the physical variables W^ and A; noise was introduced as a result of tUe motor system 

dynamics carrying out tUe end effector's movement task as 'accurately and quickly as 

possible'. Given modem understandings, trying to present a simple binary model to 

accmately represent tUese perceptual-motor system mecUanisms may be problematic 

given tUe known complexity of tUe neuromuscular and visual perception systems and the 

problem tUat once a subject Uas performed a movement several times is tUere may now be 

an intemal 'simulation' occurring tUat Uelps guide tUe movement (i.c, a kinestUetíc 

response tUat may occasionally be guided by visual information) (Guyton 1971; Kelso, 

SoutUard et al. 1979; BertUoz 2000). NonetUeless, Fitts assmned tUat tUe movement time 

results could be fitted well witU a straigUt line Uaving tUe independent variable equal to 

tUe Ij (his quantity for the informatíon level) and surprisingly, he was largely correct. 

The linear relationsUip is expressed as: 
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MT = a + b\og. 
2A_ 

Eq. 2.6 

wUere tUe average movement time {MT)is related to tUe index of difficulty with a 

(intercept) and b (slope) being constants that vary for different types of tasks and 

different individuals performing the motíons (Schmidt 1999). The slope of the line 

impUes tUe sensitívity of tUe effector to cUanges in tUe I^. For example, tUe slopes of the 

lines for movement times plotted for targeted movements executed by tUe finger, wrist 

and arm reveal an increasing trend. TUis implies tUat tUe fingers are less sensitíve to 

cUanges in /^, the vmst is more sensitíve and the arm is the most sensitíve of the three to 

changes in /^ (Langolf, Chaffin et al. 1976). Other mathematícal formulations, which 

improve upon Fitts' original insights using altemative tUeoretical foundations Uave been 

developed (Welford 1960; Fitts and Peterson 1964; Drary 1975; ScUmidt 1999). 

Fitts Law has been proven to be robust in a variety of movement situations. In 

1964, Fitts and Peterson showed that the relationship held for discrete hand movements 

as it had in the continuous repetitive movements (Fitts and Peterson 1964). This means 

that the phenomenon was not simply a result of averaging times over a number of 

repetitions, but the core relationship held for each discrete movement as well. The 

relatíonship has also proven to hold for all age groups, from children to older adults. Fitts 

law also holds for other extremities such as the foot moving between two pedals (Drary 

1975) and when movement takes place imder water (Schmidt 1999). Hand movements 

made by electronic assemblers working under a microscope obey the relationship 

(Langolf, Chaffin et al. 1976) as well as tasks tUat are simply imagined and not actually 

performed (Decety and Jeaimerod 1996). Movements of computer input devices (mice, 

track balls, digitízer pens, etc) and those using head pointing devices also follow the Fitts 

equation (Schmidt 1999). 

One final, but important note regarding the Fitts equation is that the slope term 

can be reduced dramatically following extensive practice. In an extreme example, Kelso 

(1984) found that the slope of a Fitts-type task was reduced nearly to zero following 

40,000 trials conducted over a 20-day period. This highlights the fact that highly skiUed 
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individuals performing well-practiced tasks can produce mucU different results tUan tUose 

predicted by Fitts Law. For an excellent review of speed/accuracy trade-offs, see 

Plamondon and Alimi (1997). 

It is also from Paul Fitts that the progression-regression hypothesis originated, an 

early description for the leaming of a tracking type motor skiU task. In tUis UypotUesis, 

Fitts reasoned that as a person practices the task they progressively become more like a 

complex tracking system in tUe use of visual cues. That is, initially tUe person is 

confrolling tUeir movement based on simple position information from tUe display. Later, 

tUey leam to control movement using velocity cues. Finally, witU sufficient practice, tUe 

subject becomes able to control tracking movements using acceleration cues. Regression 

to simpler strategies of control are suggested to occur wUen tUe subject encounters stress 

or has forgotten aspects of the task due to intervening time without practice (Fitts, 

BaUrick et al. 1959; Schmidt 1999). 

At this point, it is important to consider developments in motor control and 

leaming that occurred in Russia during the first half of the 20'*' century that deviated from 

Pavlov's dominant behavioral conditioning paradigm. Nikolai Aleksandrovich Bemstein 

(1897-1966) was a physiologist who conducted important research involving motor 

control during the 1930s and 1940s, but his work was largely unknown in the EnglisU-

speaking world until Uis work was translated into EnglisU in tUe late 1960s. Bemstein is 

credited for clearly illuminating tUe degrees of freedom problem and suggesting 

hierarchical control concepts as a framework for understanding the coordination of 

movement. That is, given that the human body consists of many multi-articular joints 

controlled by muscles whose innervation pattems depend on a complex interaction of 

extemal and intemal conditions, when given the task of moving a limb from point A to 

point B, the large number of degrees of freedom which are possible during the production 

of the movement must be reduced to a fractable number that can be handled by the central 

and peripheral nervous system (Bemstein 1967). 

Bemstein suggested that the process by which the degrees of freedom problem is 

transformed by the central nervous system into coordinated movement pattems is through 
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a process of leaming involving constraints on movement that are gradually 'released.' Ui 

1940, Bemstein described tUis process by noting tUree pUases of development for 

coordinated movement. First, tUe novice performer of a complex movement pattem (e.g., 

sportsman, musician, factory worker) displays rigidity, and spasticity in tUe limb involved 

or even tUe entfre body. Second, as confrol of tUe skiU improves, rigidity is reduced and 

more degrees of freedom are allowed until all possible degrees of freedom tUat may be 

advantageous have been explored. Third, as mastery is achieved, the many degrees of 

freedom are orchestrated in such a way as to make the movements smooth and 

economically effective. Additionally, this orchestration was to be understood as a 

coherent whole or 'functional synergy' such that alterations to one component part alter 

tUe entire synergy (Bemstein 1967). 

Evidence for tUese UigUly coordinated and consistent functional synergies can be 

found in the observation that people perform highly stereotyped movements when 

accompIisUing similar tasks. For example, it is often easy to identify a person at a 

distance (or wUen visual detail is otherwise obstracted) simply from the person's gross 

movement pattems as they walk. This type of motor movement similarity, as 

demonstrated in the popular case where a person writes their name using a pen in hand, 

mouth or attached to the foot was referred to as motor equivalence by Hebb (1949). 

Further experimental evidence has also shown that people move in highly consistent 

ways when confronted with various repetitive movement challenges (FlasU and Hogan 

1985; Kawato 1996; ScUmidt 1999). In addition to movement consistency, it has also 

been foimd that people remember final positions (when performing a task) better than the 

movements used to reach those positions (Marteniuk and Roy 1972; Rosenbaum, 

Meulenbroek et al. 1999). 

Bemstein provided mathematical arguments supporting the claim that there 

cannot be an invariant relationship between iimervational impulses to single muscles and 

the movements they producc For example, identically appearing rUytUmical movements 

of tUe arm Uolding a pencil, Uammer, or book would require mucU different innervation 

levels. Therefore, he thought it umeasonable that an executive controUer could execute 
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sucU computations. Uistead, Ue argued tUat motor representations at tUe UigUest level of 

control must specify only an outline of the movement or modes of interaction between 

relatively autonomous lower levels (Turvey 1977). This ties in closely to the 

experimentally based, modem understanding of reflexive pathways and central pattem 

generators mentioned previously. Bemstein's work also insisted upon a moment-to-

moment feed-forward understanding of coordinated movement in which the executive 

controller was actively pre-planning movements based on information provided by more 

peripheral sensors and coordination stractures (Bemstein 1967). 

A final contribution to the origins of motor control and leaming to be presented in 

this background section is the ecological approach to perception and actíon. Pioneered by 

James Jerome Gibson (1904-1979), the ecological approach to perceptíon and action 

focuses on the concept of'affordances' (Gibson 1966, 1979). Affordances are the 

opportunities for perception and action enabled by the environment to an animal through 

the surfaces, layouts, objects, and events contained within that environment (e.g., water 

enables a person to swim and an insect to walk). Furthermore, Gibson proposed that the 

'values' and 'meanings' of everything in the environment were directiv perceived. In 

otUer words, to perceive something was to immediately perceive the affordances for that 

animal. Stated another way, ".. .information must be meaningful and specific to the 

control and coordination requirements of action" (Kelso 1995, p. 37). 

This perspective was distinct from the information-processing view that separated 

stages of processing such that the person received sensory input, discovered the pattem 

revealed by that input, retrieved memories that enabled them to use that information to 

create a goal-directed action plan and then sent out commands to the periphery. Gibson 

saw this entire action-perception constract as a single entity. This view was not entirely 

alien from HelmUoItz's action-perception understanding, the Gestaltist's 'perception of 

wholes', or Bemstein's coordination of movement using fimctional synergies. To 

generate support for his perspective, Gibson focused primarily on the visual system by 

examining the information contained within the optical flow field that provided 

meaningfiil 'affordances' independent of the visual apparatus possessed by the observer 
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(cg., a pigeon or human pilot moving through a path in space). U is also important to 

note that the direct perceptíon of affordances he proposed did manifest a type of 

development over time (Gibson 1979): 

Knowledge of the environment, surely, develops as perception develops, 
extends as the observers travel, gets finer as they leam to scratinize, gets longer as 
they apprehend more events, gets fuller as they see more objects, and gets richer 
as they notice more affordances. Knowledge of this sort does not "come from" 
anywhere; it is got by looking, along with listening, feeling, smelling, and tasting. 
(p. 253) 

At tUe end of tUis review of tUe Uistorical development of motor control and 

movement leaming section we Uave arrived at a view of tUe motor control system in tUe 

mid twentietU century tUat Uas discarded tUe early view of tUe aggregate field concept of 

tUe brain and arrived at more of a Uierarchical, parallel distributed processing 

understanding of tUe entire nervous system. Yet, it is clear tUat the interactions among the 

components of the CNS are extremely complex and it is difficult to imagine Uow tUe 

coUerent perception of tUe extemal world and our own bodies are integrated and 

manipulated to enable successful movement and leaming. A hierarchical stracture is seen 

to emerge in the study of both the operation of the central nervous system and in the 

'hierarchy of habUs' (Bryan and Harter 1899; Bemstein 1967) displayed by those 

leaming and executing movements. The specific details regarding the production of 

coordinated movement and adaptations or transitions between movement pattems is stiU 

unclear. This dissertation seeks to provide additíonal insights regarding adaptation 

phenomena by studying the gross postural control system during simulated gravitatíonal 

transitions using various loading countermeasures to 'speed' the adaptation process. 

2.1.2 Additíonal Neurophvsiological Insights 

Throughout this dissertation, important physiological and neurological concepts, 

principles and data are presented to help in explaining the perception and movement 

abilities tUat humans display. This section highligUts a few of these items that wiU prove 

Uelpful in tUe discussions to foUow regarding Uierarchical control of movement and what 

it means for postmal control 'adaptatíon' to be occurring. The specific items of interest 
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here are the layouts of the sensory and motor homunculus; various sensors employed by 

the CNS, especially the muscle spindles and the Golgi tendon organs; generic processing 

delays displayed during the course of perceptíon and action; the types of coordinated 

reflexive behavior that appears to be sfrongly tied to genetically defmed parameters; and 

a brief overview of motor skiU leaming. 

TUere are seven major divisions of tUe central nervous system including tUe spinal 

cord, medulla, pons, midbrain, cerebellum, diencepUalons (tUalamus and hypothalamus) 

and the cerebral hemispheres (see Figure 2.2). Within and between these stractures are 

many functional systems that enable sensory perception and motor action. 

Cerebellum 

Spinal cord 

Cerebral cortex 

Diencephalon 

Midbrain 

Pons 

Medulla 

Brain 
stem 

Cerebellum 

Spinal cord 

Figure 2.2. The seven major divisions of the central nervous system 
(Kandel, Schwartz et al. 2000, p. 320). 

According to Amaral (2000), there are five basic principles that govem the 

organizatíon of the functíonal systems within the CNS: 

1. Every fimctíonal system involves several brain regions that carry out different 

kinds of processing. 
2. Identifiable pathways connect the components of a fimctíonal system. 

3. Every part of the brain projects in an orderiy fashion onto the next, thus creatmg 

topographic maps. 

4. Functíonal systems are hierarchically organized. 
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5. Functional systems on one side of the brain control the other side of the body. 

The basic organization and location of the sensory and motor maps residing in the 

cortical regions of the brain are illusfrated in Figure 2.3, (A) and (B), respectively. 

A Sensory homunculus B Motor homunculus 

<<-
"'t^y.^ 

Lower lip 
Teeth, gums, and ) a w — Û 

'''ongue • 1 

°°'í), 

Medial 

Figure 2.3. The basic organization and location of the sensory and motor homunculus 
(Amaral 2000, p. 344). 

Complex human behaviors such as postural control movements undoubtedly 

involve many combinations of both reflexive and volitional functional systems witUin the 

CNS. Many researchers investigating postural control focus on a small set of sensory 

information types tUat are available to the CNS to help regulate these activities in both 

feed forward and feedback capacities. An example would be the equilibrium point 

models of movement planning and control to be discussed in tUe next section. TUose 

models tend to focus on information made available tUrougU muscle spindles (i.c, 

sensors of muscle lengtU and rate of lengtU cUange) and Golgi tendon organs (i.c, sensors 

of muscle-tendon tension) wUiIe not directly addressing tUe vast array of additional 

sensory inputs to tUe CNS. Although it is desirable to include only the minimum amount 

of complexity into a model such that the model can prove relevant to experimental data, 

one must not lose sight of the fremendous complexity and redundancv of the human 

CNS. The human has a sea of information streaming througU multiple modalities from 
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wUicU interactions witU tUe environment can be ordered. Table 2.1 sUows tUe many types 

of sensors located in just tUe somatosensory (i.c, body sense) system. TUis Ustíng does 

not include tiie specialized sensors for vision, vestibular fimction, taste, etc 

Table 2.1. Somatosensory receptor types adapted from Gardner et al. (2000) 

Receptor type 

Cutaneous and subcutaneous mechanoreceptors 
Meissner's corpuscle 
Merkel disk receptor 
Pacinian corpuscle 
Ruffíni ending 
Hair-tylotrich, hair-guard 
Hair-down 
Field 

Thermal receptors 
Cool receptors 
Warm receptors 
Heat nociceptors 
Cold nociceptors 

Nociceptors 
Mechanical 
Thermal-mechanical 
Thermal-mechanical 
Polymodal 

Muscle and skeletal mechanoreceptors 
Muscle spindle primary 
Muscle spindle secondary 
Golgi tendon organ 
Joint capsule mechanoreceptors 
Stretch-sensitive free endings 

Conduction 
Velocity (m/s) 

36-120 
36-120 
36-120 
36-120 
36-120 
4-36 

36-120 

4-36 
0.4-2.0 

4-36 
0.4-2.0 

4-36 
4-36 

0.4-2.0 
0.4-2.0 

72-120 
36-72 
72-120 
36-72 
4-36 

Modality 

Touch 
Stroking, fluttering 
Pressure, texture 
Vibration 
Skin stretch 
Stroking, fluttering 
Light stroking 
Skin stretch 

Temperature 
Skin cooling (25°C) 
Skinwarming(41°C) 
Hot temperatures (>45°C) 
Cold temperatures (<5°C) 

Pain 
Sharp, prickling pain 
Buming pain 
Freezing pain 
Slow, buming pain 

Limb Proprioception 
Muscle length and speed 
Muscle length 
Muscle tension 
Joint angle 
Excess stretch or force 

As can be seen from Table 2.1, tUe muscle spindle and Golgi tendon sensory 

receptors are typically tUe fastest to be fotmd within muscle tissue, which implies tUat 

tUey would be very important components for regulatíng movements. Of comse, 

receptors in tUe skin can also be very fast and of prime importance during movements. 

Since SUerrington's early researcU into reflexive movements and tUe motor unit itself, 

mucU more Uas been leamed about muscle spindles and Golgi tendon organs. Muscle 
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tíssue is actívated by the efferent drive communicated to the groups of muscle fibers via 

large diameter (i.c, fast conducting) alpha motor neurons. The fibers activated by alpha 

motor neurons are called extrafusal muscle fibers. These are the fibers responsible for 

creating muscle contractions that create moments about joints-they enable movement. 

A second efferent drive, the small diameter (i.e., slower conducting) gamma 

motor nemon pool causes contraction of intrafusal muscle fibers. These intrafusal fibers 

are connected to each end of a muscle spindlc Each muscle spindle is made up of a small 

capsule that wraps around a section of a parallel arrangement of intrafusal fibers. Within 

the small capsule there are several afferent or sensory nerve endings and several efferent 

(i.c, gamma neurons) nerve axons. The stracture of the intrafusal fibers within the 

muscle spindle capsule varies among three types: dynamic nuclear bag fibers, static 

nuclear chain fibers, and nuclear chain fibers. Two types of gamma motor endings 

innervate the intrafusal fibers: static gamma neurons for the static and nuclear chain 

fibers and dynamic gamma nemons for the dynamic nuclear bag fibers alonc 

This highly speciaUzed muscle spindle stracture allows for detailed sensation of 

tUe muscle lengtU and muscle lengtU rate of cUange in additíon to providing a way to aUer 

the sensitivity or gain of the muscle spindle apparatus. An important note is that the 

activatíon of the intrafusal fíbers only modifies the sensitívity of the muscle spindle; 

these fibers do not generate enough force to create moments about the joint. U has been 

suggested and some evidence has shown that the muscle spindle is an important 

component used by the CNS to help maintain muscle stíffiiess as the muscle is stretched 

so that it will act like a spring to Uelp aid in confroUing posture and otUer limb 

movements (Nichols and Houk 1976). 

Golgi tendon organs, the other fast sensor within the muscle, are stracttirally less 

complex tUan muscle spindles. TUe tendon organ consists of an encapsulated stracture 

tUat is located at the muscle-tendon junction. Within this stractme is a single afferent 

nerve that enters and branches out into many fine endings tiiat wrap in and around an 

array of collagen fibers that ran through the capsulc As loads are applied to tUe muscle-

tendon umt, tUe afferent nerve endings are literally squeezed. ft was once tUough that 
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Golgi tendon organs were only sensitíve to very large loads and that they served as a type 

of 'kill switch' for movements generatíng dangerous tension levels. More recent evidence 

has shown that Golgi tendon organs are very sensitive to loading and have even been 

shown in some studies to display a linear relationsUip between tension applied and tUe 

discharge rate of Us afferent neuron (Houk, Singer et al. 1971; Crago, Houk et al. 1982). 

It is very interesting to note that reflexive stiffness, modulated by the actívity of 

muscle spindles, Golgi tendons and the descending signals that influence them has been 

shown in a number of cases. On the individual muscle level it has been found in the 

soleus muscle of a decerebrate cat such that forcibly stretching the muscle will cause 

increased stiffhess witU force at low levels, but soon tUe stiffhess levels off as force is 

increased (Hoffer and Andreassen 1978,1981; McMahon 1984). The same phenomenon 

has been found in humans controlling tUeir posturc In a study wUere subjects supported 

various weigUts wUiIe executing small amplitude vertical movements, Greene and 

McMahon (1979) discovered that the person's stiffhess increased by less than 10% as 

shoulder supported loads went from zero to more than double body weight. This has led 

to the conclusion that the postmal muscles behave together like a spring of relatively 

constant stiffiiess over a wide range of forces produced by gross body loading (McMahon 

1984). 

One final interesting note regarding the actions of spindles, tendon organs, and the 

descending alpha and gamma neuron drives controlling reflexive stiffhess is tUe stiffhess 

response in the legs of humans during raiming. McMahon and Cheng (1990) discovered 

that during ranning, subjects keep leg stiffhess relatively constant yet they vary the 

impact angle of the leg with the ground (i.c, increasing stride length) to generate a higher 

effective vertical stíffiiess for stabilizing tUe upper body. TUis insigUt and otUers will be 

examined in more detail in later sectíons of tUis tUesis. Figure 2.4 sUows a simplified 

representation of tUe stracture and type of information supplied by tUe muscle spindles 

and Golgi tendon organs. For detailed information regarding botU tUe stractme of muscle 

tíssue and tUe stracture and fimction of muscle spindles and Golgi tendon organs refer to 
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Houk, Singer et al. (1971); Houk (1979); McMaUon (1984); Astrand and RodaUl (1986); 

ScUmidt (1999); Guyton and HaU (2000); Kandel, ScUwartz et al. (2000). 
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Figure 2.4. Basic stractme and íunctíon of muscle spindles and Golgi tendon organs. 
Adapted from Astrand and RodaUl (1986), ScUmidt (1999), and Kandel et al. 
(2000). 

In tUe previous section conceming tUe Uistorical development of motor control 

and leaming, it was found tUat tUere is a wealtU of evidence for tUe regulation of 

movement by a hierarchical stractme of CNS components ranging from the 

monosynaptic stretch reflexes in the spinal cord to higher level perception and action 

plans in tUe cortex. It was also mentioned tUat with repeated performance of an action, 

that is, the development of skill, it appears that fewer higher-Ievel cognitíve or attention 

resources need to be reserved for task execution. This basic hierarchical view, supported 

by research from many scientific communities wiU be addressed from several different 

directions in tUe next section conceming modem motor control and leaming theories, 

hypotheses and approaches. In the remainder of this section, an analogy is drawn in part 

from the perspectives of Bemstein (1967) and Whiting (1984) that the CNS can be 

likened to a military tmit. 

Figure 2.5 sUows tUe analogous relationsUips of tUe parts of tUe CNS with the 

command stracture of a miUtary forcc In this analogy it is apparent that the cortex is in 
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charge with regard to high-Ievel perceptíon and movement planning strategies, yet the 

'mission' cannot be accompIisUed witUout the faithfiil support of the lower rankûig 

officers and enlisted personnel. For Uighly familiar tasks in a stable environment, it is 

expected tUat tUe UigUer levels of the CNS would only issue general initiation commands 

with the lower levels coordinating the details. This would leave the higher centers in the 

cortex able to focus attention elsewhere with only periodic checks being engaged to 

assess the status of a movement. 
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- Future planning 
- Feed-forward control 

Majors 
Captalns 

Lleutenarts 
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expectations with 
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Brainstem 

Figure 2.5. Simple analogy of hierarchical CNS control to a military forcc 

In addition to presenting a simplified analogy of Uow UierarcUical, distributed 

parallel processing with varying levels of attention may be visualized, more quantitative 

information is given below. Figure 2.6 provides plausible patUways and latencies tUrough 

tUe CNS of a monkey wUo is sUown to identify an object of interest in its visual field (i.c, 

a banana), made tUe decision to grab tUe object, and initiated movement to accompIisU 

tUe goal. TUe processing centers identified in tUe fígure are tUe foUowing: LGN-tUe 

lateral geniculate nucleus (an important visual signal patUway); Vl-tUe primary visual 

cortex; V2 and V4-stages of processing along the ventral visual pathway; PIT and AIT-

posterior and anterior inferior temporal cortex (the realization that this is a banana arises 
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from memories stored here); PFC-the primary frontal cortex; and PMC-the premotor 

cortex; and MC-the primary motor cortex. The motor homunculus shown in Figure 2.3 

(B) is an expanded topographic descriptíon of the MC area identífíed in Figme 2.6. 
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Figure 2.6. Plausible route and latencies from the retina to the muscles of the hand in a 
categorization task performed by a monkey. Adapted from a fígure created by 
Carin Cain for an article in the joumal Science (Thorpe and Fabre-Thorpe 2001). 

In addition to seeing the overall processing sequence and delays of a 

categorization/reaction time task as in Figure 2.6, it is Uelpíul to tmderstand tUe range of 

latencies tUat are associated witU a range of botU reflexive and goal directed movements. 

Table 2.2 reveals tUese latency ranges for four types of responses tUat one can make to 

tUe extemal environment. Myotatic reflexes, or monosynaptic reflexes involve only one 

synapse in tUe spinal cord. TUese actions are employed during tUe course of a movement 

wUen an unexpected perturbation is encountered (e.g., tUe wineglass effect-when 

someone sneakily grabs a filled vessel off the tray of a waiter); they are automatic and 
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only capable of producing small amounts of forcc Long-Ioop reflexes involve more tUan 

one synapse and can involve inputs from UigUer centers witUin tUe CNS. 

The long-Ioop reflexes are those termed 'functional stretch reflexes' since they 

are rapid, but can be affected or tuned by expectations. One example of a long-Ioop reflex 

would be the extensor response in a person who is dropped from a height unexpectedly. 

This response to dropping is signaled by the vestibular apparatus and is fully engaged in 

less than 100 ms. Provided the height of the fall is five to six inches above the ground 

(and not too far above that level), a non-fraumatíc deceleration will occur (MelviU-Jones 

and Watt 1971; MelviII-Jones 2000). It will be sUown later in tUis section tUat the 

vestibular apparatus is very important in reflexive behavior due to the high-speed 

corrections that it enables versus the slower, visually mediated responses that may require 

180-300 ms. Interestingly, tUere are examples of botU monosynaptic and long-Ioop 

reflexes tUat appear able to make sligUt adjustments in muscle forces due to sligUt 

environmental perturbations that are not consciously perceived (Henry 1953; Jeka, 

Schoner et al. 1997). 

Another reflex reaction that illustrates the combined action of monosynaptic and 

long-loop reflexes is the familiar knee jerk reaction in response to a patellar tendon tap. 

WUen a physician uses a reflex hammer to tap the patellar tendon of a patíent's leg that is 

dangling passively as the patient sits on an examinatíon table, the patellar tendon is 

stretched, thus causing stretch sensitive muscle spindles to contract the muscle (m this 

case the quadriceps femoris muscle group). This response involves only one synapse in 

the spinal cord. AddUionalIy, the afferent signal from the muscle spindles will be 

transmitted via one or more intemeurons to inhibU the flexor activity in the hamstring 

muscles, which would normally oppose lengthening due to muscle spindle responses in 

the hamstring muscles. Furthermore, even longer-Ioop reflexes, incorporating additional 

synapses and communicatíon with higher centers in the CNS allow reflex regulatíon 

based on more complex understandings of tUe appropriateness of tUis particular reflex 

behavior. A patíent who does not follow the doctor's command to 'relax' before the taps 

are initiated easily demonstrates this higher-Ievel influence as knee jerk is suppressed. 
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Triggered reactíons are very similar to the long-Ioop reflexes, but they encompass 

more actíons that can be tailored to expectations or to goals for movement. Movements 

that fall into the long-Ioop and triggered reflex categories will be discussed tUorougUIy in 

tUis tUesis in tUe later sections on postural control. TUe movement activities discussed in 

tUe previous sectíon regarding the speed accuracy trade-off experiments of Fitt's and the 

choice reactíon times of Hick and Hyman are activitíes that would be grouped into the 

triggered reaction and reaction time categories of Table 2.2. 

Table 2.2. Four kinds of responses to environmental stimuli during movement, and some 
of tUeir differing characteristics. Adapted from Schmidt (1999). 

Response type 

Myotatic reflexes 
(autogenic) 
Long-loop reflexes 
(autogenic) 

Triggered reactions 
(not autogenic) 

Reaction time 
(not autogenic) 

Loop time 
(ms) 

30-50 

50-80 

80-120 

120-180 

Category of Analysis 

Stmctures involved 

Spindles, gamma loop 
same muscles 
Spindles, cortex or 
cerebellum, same 
muscles 
Various receptors, 
higher centers, and 
associated musculature 
Various receptors, 
higher centers, any 
musculature 

Modifíed by 
instructions 

No 

Yes 

Yes 

Yes 

Affected by 
number of choices 

No 

No 

Yes 

Yes 

The next portion of this section concems reflexive movements that are 

stereotypically found in humans and other mammals and are imtiated by a variety of 

sensory modalities. To say tUat tUese movements are stereotyped is not to say tUat tUey 

cannot be consciously modifíed based on tUe person's goal or from prior experiencc 

These are simply behaviors that are highly stereotyped and appear to be heavily 

genetically defined and universally present among intact subjects. The reflexive aspects 

of stepping movements are not addressed here dfrectly due to their inclusion elsewhere in 

this dissertation. These reflexive movements, summarized from (Goldberg and Hudspeth 

2000; MelviII-Jones 2000; Pearson and Gordon 2000) include: 
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1. Reciprocal innervation-This involves the excitation of one group of muscle 

(i.c, the agonist) and inUibitíon of anotUer group (i.c, tUe antagonist). An example of tUis 

would be tUe inhibUion of tUe triceps muscle wUen tUe biceps inuscle is used to flex tUe 

elbow. 

2. StretcU reflex-TUe response caused by tUe muscle proprioceptors to an 

unexpected stretcU in wUicU muscle activation is increased to oppose tUe extemal forcc 

3. Crossed-extension reflex-TUis reflex engages wUen one is avoiding painful 

stimuli (e.g., witUdrawing the foot from a painful stimuli by flexing tUe ipsilateral leg and 

increasing confraction of the extensors of the contralateral leg to support the body). 

4. Rotational vestibulo-ocular reflex-This compensates for head rotation and 

receives its input mainly from the semicircular canals. This allows one to visually focus 

on a point when the head is rotated. 

5. Translational vestibulo-ocular reflex-This compensates for linear head 

movement and receives input from the otoIitU organs (i.c, linear movement of the head) 

and the visual organs (i.c, distance to the object being focused on). 

6. Ocular counter-rolling response-This compensates for head tiU in tUe vertical 

and also receives input from tUe otoIitU and visual organs. 

7. Vestibulospinal reflex-TUis causes opposition to a lean, or fall by 

flexing/extending limbs appropriately to maintain or regain uprigUt posture witU Uead and 

trank aligned with the gravitationally defíned vertical. Vestibular inputs and the spinal 

stretch reflexes of the limbs initiate this reflex. 

8. CervicocoIIic reflex-This reflex uses neck muscle stretch and joint afferents to 

keep the head aUgned witU the trank regardless of the trunks position in spacc 

9. Vestibulocollic reflex-Error activated, negative feedback system to stabilize 

tUe Uead in space. U uses vestibular inputs and neck afferents to keep tUe Uead vertical 

without regard to the trank position. 

10. Cervicospinal reflex-TUis reflex uses neck afferents and stretcU reflex input 

to keep the head vertical while the trunk moves beneath. Note: if the head became 

pertmbed then the Vestibulospinal reflex would also be engaged. 
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The final portion of this section concems modem understandings of leaming, 

primarily motor skill leaming. The topic of motor skill leaming is complex as it involves 

the formatíon of memories. Discussion regarding memory can become very contentious, 

especially among psycUoIogists. Various researchers have different ideas regarding the 

establishment and retrieval of memories based on their models of how perceptual and 

movement systems function and a major challenge lies in defming what exactly 

memories consist of and how they affect performance of tasks (Schmidt 1999). This brief 

discussion will focus on the adherents to the hierarchal and information processing 

conceptual model of the central nervous system that is supported by data from the 

nemoscience and cognitive psychology fields. 

First, it appears that memory systems can be categorized into a short-term sensory 

store, short-term or working memory and long-term memory (Schmidt 1999; Kandel, 

Kupfermaim et al. 2000; Wickens and HoIIands 2000). Second, long-term memory can be 

explicit (i.c, declarative) or implicit (i.c, nondeclarative). Explicit memories consist of 

facts and events, sucU as tUe memory of a telepUone number or how your last exam went. 

Implicit memories include items sucU as priming, skills and Uabits, associative leaming 

(e.g., tUe operant and classical conditioning mentioned earlier), and nonassociative 

leaming (i.e., Uabituation and sensitization). 

The short-term sensory store (STSS) is a temporary type of memory that holds the 

raw sensory data streaming in through the various modalities. Different sensory 

modalities retain data for different amounts of timc For example, tUe visual sensory store 

is tUought to hold data for possibly no more than half of a second where the auditory 

sensory store may hold data for 2-4 seconds (Wickens and HoIIands 2000). TUere also 

appears to be some type of somatosensory store tUat allows for brief storage of sensory 

information related to rapid movements (i.c, less tUan 200-300 ms) (ScUmidt and WUite 

1972; Rubin 1978), but not slower movements (ScUmidt 1975; 1999). TUe reason for the 

differences in storage times is again due to the distributed parallel processing nattire of 

tUe CNS where physically different areas are responsible for different modalitíes (Kandel, 

Kupfermann et al. 2000). 
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Working memory is comprised of the limited number of ideas, sounds, or images 

tUat can be mentally maintained and manipulated (Wickens and Carswell 1997). TUis 

Uarks back to the famous paper by MiUer (1956) in which the amount of separate Uems a 

person can store in working memory is five to nine, but the amount of information 

contained within that set is dependent upon how it is 'chunked' or linked together. Uems 

in working memory are soon lost if they are not attended to and rehearsed (Peterson and 

Peterson 1959; Atkinson and Shiffiin 1971). Long-term memory is just as the name 

implies, it is tUe store of botU explicit and implicit information that can be stored for very 

long periods of time and it does not appear to have limited capacity. Of course, tUe 

fransitíon from working memory to long-term memory appears to take tíme and tUe set of 

stored memories is susceptible to loss through trauma to various parts of the brain or 

simply with time and possibly disuse of a given memory (Halsband and Freund 1993; 

Kandel, Kupfermann et al. 2000). 

Stractmally, the hippocampus is credited witU importance for consolidatíng 

recently acquired explicit information into tUe long-term memory store (Maguire, 

Frackowiak et al. 1996). Interestingly, tUe hippocampus does not appear necessary for the 

long-term storage of implicit memories sucU as motor skills (Milner, Squire et al. 1998). 

Functionally, it appears tUat tUe formation of implicit motor skiU type memories is 

generally improved with the amount of practice (Sweezey and Llaneras 1997) and 

variability in task execution can aid in motor skill development (ScUmidt 1975; SUea and 

Morgan 1979; ScUmidt and Bjork 1992). Of course, continually increasing practice levels 

provides diminisUing incremental gains in performance (Glover 1966; Fitts and Posner 

1967). TUe rate at which gains diminish appears dependent upon the type of task, 

difficulty level, degree of prior leaming, and tUe training metUod used (Lane 1987). 

Finally, transfer of leaming between different motor tasks is minimal unless tUe tasks are 

nearly identícal (ScUmidt and Young 1987; ScUmidt 1999). 

TUe task used in tUis tUesis to asses postmal control adaptation foUowing a brief 

period of simulated partial gravity ranning is a precision stepping task. TUe stepping task 

is a motor activity tUat is very similar to otUer types of stepping movements (e.g.. 
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climbing stafrs, stepping over an obstacle in tUe walking patU, etc), yet it is performed on 

a slow moving treadmill belt. Due to tUe fact tUat tUe task is based on previously well-

leamed stepping behaviors and that it is a relatively slow task (i.c, compared to rapid 

ballistíc tasks), it will be argued tUat tUe period designated for familiarization and fraining 

of tUe task is sufficient for attaining a performance baseline for reference purposes. 

Ui reviewing tUe topograpUical layout of tUe CNS, sensors employed by tUe CNS, 

processing delays encountered during various perception and action behaviors, 

coordinated reflexive behaviors, and some aspects of leaming it is hoped that a solid 

foundation Uas been provided for tUe following sectíons. TUis dissertation is concemed 

witU postural confrol adaptation phenomena associated with impedance retuning carried 

out by the CNS foUowing various musculoskeletal loading pattems. An understanding of 

the stractme and control characteristícs of the human CNS is deemed essentíal for 

gaining insights into that retuning process. 

2.1.3 Modem Theories, Hvpotheses. and Approaches 

In the previous sections, both historical and contemporary psychological and 

nemophysiological insights were given to set the stage for modem theories, hypotheses 

and experimental approaches regarding the acquisition and performance of motor skiUs. 

TUis section presents some of tUose tUeories, UypotUeses and approacUes, witU an 

empUasis on postmal and locomotion applications. TUe first item of interest is not 

actually a tUeory, but a formal conceptual approacU to understanding tUe Uuman as an 

information processor tUat articulates (in a general fasUion) contemporary understandings 

of Uow perceptual and motor skiUs are executed by tUe CNS. TUe form of tUe information 

processor model presented Uere, adapted from Card et al. (1983) and Wickens and 

HoIIands (2000), is sUown in Figure 2.7. 
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Figure 2.7 TUe conceptual framework of tUe Uuman as an infomiation processor. Adapted 
from Card et al.(1983) and Wickens and Hollands (2000). 

TUe information processing framework includes tUe sUort-term sensory store 

(STSS), separate perceptual mechanisms the interactions between attentional resources, 

long-term and working memory, along with mechanisms for response selection and 

execution. The looped stracture of the model indicates that perception/action sequences 

can be driven by extemal factors, intemal factors or a combination of both. The benefit of 

this conceptual framework is that it represents the separate aspects of perception/action 

stages, whose locations in the CNS and functional parameters have been, to some degree, 

described through experimentation. Within this framework one can easily see the general 

idea of hierarchical and distributed parallel processing elucidated by researcU from tUe 

neuroscience and human performance communities. Plausible values for processing time 

delays from Card et al. (1983) have been added to enhance Wicken's basic informatíon 

processing description. 

The first actual theory of interest is Adam's (1971) closed-loop theory, which in 

accord with the information processing approach involves a system with the elements of 

feedback, error detection, and error correction. Adams suggested that movements were 
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dictated by comparing feedback from the limbs to a reference of correctness. Two 

references were suggested, the first was termed the perceptual trace and it developed 

tUrougU leaming. Ui tUis tUeory, repetítíons of a movement, guided by active conscious 

control, generated fraces consisting of sense perceptions tUat formed a neural model of 

tUe movement. Of course, Adams recognized tUat the subject's knowledge of resuUs was 

combined witU tUe previously performed perceptual trace so tUat tUe coUection of traces 

would improve relative to the goal. This leads to the second reference, the memorv trace 

that was used for selecting and initíating the response, prior to using the percepttial trace 

(Adams 1971). 

Problems with this closed-Ioop theory, identified by Schmidt, include tUe 

implication tUat errors produced during tUe course of training are not beneficial, as they 

would distmb the production of the perceptual tracc Ui addition, the theory did not 

account for the observatíon that deafferented animals were capable of skilled movements 

and even leaming. Finally, adequate consideration of rapid, open-Ioop types of 

movements was lacking (Schmidt 1975, 1999). Therefore, Schmidt developed the schema 

theory incorporating generalized motor programs as an improvement upon closed-Ioop 

theory. 

Schema theory states that there are two states of memory: recall and recognition. 

Recall memory is responsible for tUe production of movement and recognition memory is 

esponsible for tUe evaluation of movement. For rapid movements recall memory is used 

to engage tUe appropriate motor program and specify context dependent parameters. 

Immediately following tUe movement, recognition memory can be used to evaluate the 

movement-produced feedback. Recall memory plays no important role in slow 

positioning movements as it is thought the mechanism for producing the movement is the 

same used to evaluate it (Schmidt 1999). 

An underlying element of schema theory is the concept of a generalized motor 

program, which is an intemal representation for a class of actions stored in memory. It is 

comprised of invariant featmes or parameters including tUe order of events (i.c, actions 

to be performed not specifíc muscle commands), pUasing (i.c, tUe temporal stracture of 
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events), and the relative force proportions for wUicUever muscles end up executing tUe 

movement. To illustrate Uow tUis motor program is used we follow a description provided 

by ScUmidt (1999). Immediately after a movement is made from a motor program, four 

types of informatíon are stored: initial conditíons (e.g., limb positíons, objects thrown, 

etc); the motor program parameters; the outcome of the resuU (i.c, knowledge of 

resuUs-"yes it worked" or "no it didn't"); and tUe sensory consequences of tUe event 

(e.g., appearance, sound, pressure against tUe skin, etc). TUis collection of informatíon is 

only stored briefly, just long enougU to abstract two relationsUips: tUe recall scUema and 

tUe recognition scUema. 

The recall schema is concemed with movement production as it forms mappings 

between the magnitude of tUe motor program parameters and tUe nature of tUe movement 

outcome given a set of initial conditions. TUe recognition scUema is similar altUougU it 

maps sensory consequences of a movement to environmental outcomes given specific 

initial conditions. TUus tUe recognition rale or schema is used before initiating a 

movement to enable one to estimate the sensory consequence, therefore establishing a 

reference for evaluating the movement-much like Adam's perceptual tracc Schmidt 

(1999) summarizes his theory in the foUowing way, ".. .we leam skiUs by leaming rules 

about the ftmctioning of our bodies-forming relationships between how om muscles are 

actívated, what they actually do, and how those actions feel" (p. 373). Figure 2.8 

represents Schmidt's schema theory in the form of a flowchart. 
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Figure 2.8. Flowchart representation of Schmidt's (1999) schema theory. 

Implications of scUema tUeory include tUe foUowing: if knowledge of results are 

not provided, no strengtUening of eitUer scUema wiU occur; if sensory information is not 

provided, no development of tUe recognition scUema will occur; in passive movements no 

commands are issued to a motor program (i.c, tUe GMP is not necessary); tUe practice of 

many movement outcomes witU tUe same program (i.c, increasing tUe number of 

repetitíons and encomaging variability) provides an improvement of tUe scUema; novel 

movements can be performed well once a scUema Uas been establisUed; and no error 

detection capability exists after slow movements, due to tUe use of error-detection 

mechanisms for productíon of the movement. Limitations of tUe tUeory, identífíed by 

ScUmidt himself, include the argument that the structme of a motor program, schemas, 

and the details of how they are formed are quite vague (Schmidt 1999). Despite the lack 

of specifícs, it is suggested that the straggle to conceptualize tUe formation and stractme 

of a scUema, motor program or otUer intemal representatíon of a movement is not only 
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Uighly admirable, but essential. This route provides insight for understanding movement, 

and perhaps may shed ligUt on otUer processes of consciousness and memory. 

Of course, tUere are those who spum the use of such concepts such as the 

enigmatic 'motor program'. Kelso has sought explanations using dynamic pattem 

generators that coordinate certain types of rhythmic movement in biological systems; 

specifically by modeling behavior using nonlinearly coupled nonlinear oscillators. His 

oppositíon to the 'motor program' concept is strong (Kelso 1995): 

I have to admit that one of the main motívatíons behind these experiments 
was to counter the then dominant notion of motor programs, which tries to explain 
switching (an abrapt shift in spatiotemporal order) by a device or a mechanism 
that contains "switches". This seems a cheap way to do science, kind of like 
attributing tUunder to tUe Norse god TUor. I Uave tUe same problem witU ascribing 
words sucU as "schizophrenic," "alcoholic," and "depressive" to genes, but tUat's 
anotUer book. (p. 57) 

The dynamic pattem perspectíve shares some aspects of Gibson's direct 

perception of affordances in that it steers clear of dualist tendencies by ascribing mucU 

more ricUness to material objects themselves and to materialistic organism-environment 

interactions. In tUe dynamic pattem view, it is argued that the generic process of self-

organization (i.c, from the level of neurons to complex human behavior) arises from the 

coupling of many oscillating components (e.g., firing of neuronal networks) such that low 

order behaviors emerge which can be described by a small number of parameters. The 

relationships describing these low order behaviors incorporate stochastic elements to 

explain transitíons between behaviors. Kelso (1995) describes these pattems as open, 

nonequilibrium systems: open in the sense that they can interact with their environment, 

exchanging energy, matter or information; nonequilibrium in the sense that without this 

energy, matter or information they cannot maintain their stracture or functíon. 

Proponents of dynamical pattem techniques have studied the coordinatíon of 

rhythmical movements of various effectors such as fingers, hands, legs, etc. (Kelso 1984; 

Kelso, Buchanan et al. 1991; Tref&ier and Turvey 1996), the coordination of animal 

locomotíon (CoIIins and Stewart 1993) and even the coordinatíon of leg movements 

between two people (Schmidt, Carello et al. 1990). Due to tUe oscillating natme of tUese 
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movements, tUe matUematícal formulations describing them have been frequency based, 

such as the Haken, Kelso, and Bunz (HKB) model (Haken, Kelso et al. 1985; Fuchs and 

Kelso 1994). These frequency-based approaches, based on successfial models of open, 

nonequilibrium systems studied by pUysicists (Haken 1983, 1984) Uave provided new 

tools in quantifying tUe properties of coordinated beUavior. But, tUere is stiU controversy 

on Uow self-organization within the CNS can resuU in intentional complex Uuman 

beUaviors. TUe study of self-organization provides tremendous insigUt into tUe 

'tendencies' of tUe CNS macUinery, but it may not be able to replace some type of central 

executive or controUer (ScUmidt 1999). Even Kelso (1995) notes that the process of self-

organization in humans is highly context (i.c, goal) dependent. 

The effort to elucidate schemas, motor programs, and other types of intemal 

representations has stimulated many researchers to focus on discovering the invariant 

elements that do govem perception and action. These invariants, or fundamental 

parameters can be used to improve motor control and leaming theories, and/or develop 

helpful quantitative techniques for solving practical problems. Specific invariants or 

fundamental parameters that apply to locomotion will be presented later in the sections of 

this thesis specifically devoted to their description. At this time we tum to recent attempts 

to discover how the central nervous system may reduce computational burden (i.e., the 

degrees of freedom problem) by examining the equilibrium point hypotheses for 

movement control. 

The equilibrium point Uypothesis, first proposed by Feldman (1966) and proposed 

in a different form by PoUt and Bizzi (1979) and tUe subject of reviews (Feldman 1986; 

Bizzi, Hogan et al. 1992; Mclntyre and Bizzi 1993) is based on the idea that the 

nemomuscular system displays positíon independent properties that allow limbs to be 

commanded to desired equilibrium postmes (Jackson 1997). TUis presents an aUemative 

to requiring tUe CNS use inverse dynamics to explicitly derive tUe muscle forces 

necessary for moving limb segments about particular joint trajectories to achieve desired 

movements. A foundational assumption of the equilibrium point UypotUesis is that 

muscles resemble tunable springs; therefore, given a particular level of nemal activatíon 
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tension varies linearly as muscle lengtU is cUanged (Rack and Westbury 1969; NicUoIs 

andHoukl976). 

The appUcation of tUe equilibrium point UypotUesis to movements involves tUe 

determination of the frajectory that is being used to guide the movement. Trajectories can 

be based on the actual path of a relevant body part, such as the motion of the hand or 

fingers from one location to another during reaching; or they can be virtual trajectories 

(i.c, not necessarily mapping the movement of a point on a limb) wUose control results in 

tUe desired spatio temporal movement of tUe relevant body part. Two basic equilibrium 

models, tUe lambda and alpUa models, have been presented to describe the movement of 

the motor system between equilibrium points along a trajectory. TUe lambda version of 

tUe equilibrium point hypothesis is based on the idea that changes in the equilibrium state 

of tUe motor system are due to cUanges in tUe threshold {Å) of the stretch reflex 

(Feldman 1986). At each level of Å there exists an invariant relationship between muscle 

length and muscle tension. Therefore, the muscles become nonlinear springs that are 

controlled reflexively by perturbations in muscle length or by centrally dictated changes 

in /L. 

Feldman and Levin (1995) proposed that the threshold length Å for antagonist 

muscles are determined by descending commands regulating reciprocal activation due to 

the agonist reflex actívity and descending coactívation (i.c, reflex gain control) 

commands. Ramp changes in these descending commands resuU in equilibrium point 

shifts. Varying the dmatíon of the ramp changes dictates movement speed. Critícisms of 

the Å model include Us central dependence on reflexive activity, which contradicts 

evidence of movement control in deafferented monkeys and other animals (Graham-

Brown 1911; 1912; Grillner 1975; Bizzi, Accomero et al. 1984; Hogan 1984), and tUe 

evidence revealing tUe small gain and time delays of tUe sfretch reflex (MelviII-Jones and 

Watt I971a; 1971b; Bizzi, Hogan et al. 1992; MelviII-Jones 2000). 

The alpha (a) model of the equilibrium point UypotUesis is based on tUe 

instantaneous response of activated muscles to cUanges in loading. TUat is, tUe 

mecUanical properties of tUe muscle, at a particular nemal activatíon level allow tUe 
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muscle to beUave somewUat like a spring wUen passively displaced (Rack and Westbury 

1969; Nichols and Houk 1976). When several muscles are actíve about a joint, there 

exists an equilibrium positíon wUere tUe agonist and antagonist torques would be equal 

(i.c, no net torque or movement). TUus, tUe location of tUe equilibrium point is dependent 

upon the muscle lengths and relative stiffiiess (Bizzi, Chapple et al. 1982). If the limb is 

pertmbed from the goal defined equilibrium position, tUe spring-Iike properties of the 

muscles provided the necessary restoring torques. Therefore, in the a model, all that 

needs to be specified for movement is the reference trajectory describing the equilibrium 

position of the joint as a fimctíon of time and muscle stífíhess ratios-complex inverse 

dynamics calculations are mmecessary. 

Although the a model is able to roughly explain movement behavior when 

afferent information is denied (i.c, cutting the reflex loop), it fails to incorporate any 

reflex activity at all and relies Ueavily on high levels of stiffhess about ajoint to cause 

movement (Mclntyre and Bizzi 1993). It is UigUIy unlikely tUat a redundant system like 

the CNS would ignore the rich afferent feedback it has access to during the control of 

movement. AltUougU experiments witU monkeys Uave lent support to tUe a model 

formulation, experimenters Uave also reported tUat tUe arm trajectories of deafferented 

monkeys are mucU more erratic tUan normal monkeys and Uuman movements are also 

greatly impoverisUed wUen sensory feedback is impaired (Feldman 1986; GUez and 

Krakauer 2000; Pearson and Gordon 2000). TUe data on impoverisUed stepping 

movements among decerebrate cats also supports tUe necessity of afferent feedback for 

proper movement (SUerrington 1906; Grillner 1975). 

As an improvement to tUe basic equilibrium point UypotUeses, Mclntyre and Bizzi 

(1993) have proposed a servo model that incorporates reflexive feedback. In this 

formulation the central controller specifies the desired limb trajectory, wUicU is 

communicated to tUe muscles as in tUe a model, Uowever, reflexive feedback is included 

to assist with movement executíon. In contrast with the a and /l models that both 

include centrally understood reference positíons along the desired movement frajectory, 

the servo model incorporates a velocity reference signal. Therefore, the CNS is 
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IS specifically dictating both position and velocity goals for the movement. This concept i 

in concert with experimental evidence showing independent specificatíon of movement 

direction and movement amplitude (FaviIIa, Hening et al. 1989) and evidence of sucU 

representations in tUe cortex (Schwartz and Anderson 1990). Figme 2.9 shows the servo 

model highligUting cenfral goals of positíon and velocity along with commanded 

stif&iess, reflexive contributions to stíf&iess and the passive dynamics of the limb. 

Desired 
Velocity 

Figure 2.9. TUe servo equilibrium point model proposed by Mclntyre and Bizzi (1993, p. 
199). Where (B) represents a damping parameter, (K) represents a stiffhess 
parameter, (Gvei) represent the velocity goal, (Gpos) represents the positíon goal, 
(I) represent limb inertia, and (s) is tUe Laplace operator. 

TUe models arising from tUe equilibrium point UypotUesis Uave a common 

desirable feature, in tUat tUey offer explanations for Uow tUe CNS may reduce tUe need to 

calculate tUe specifíc muscle forces required to produce tUe torques tUat result in tUe 

specific spatiotemporal details of a movement. TUat is, tUe equilibrium point UypotUesis 

takes some of wUat is known about tUe functioning of tUe CNS and retums a model 

enabling complex movement tUat obeys tUe imperative to simplify tUe 'degrees of 

freedom' problem framed eloquently by Bemstein (1967). Unfortunately, tUe success of 
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tUe equilibrium point models Uas largely been restricted to single or two joint movements. 

TUese models have not yet been able to explain complex, muUijoint movement 

frajectories (Jackson 1997; Schmidt 1999). 

Overall, it appears that the equilibrium UypotUesis provides tUe best explanation 

currently available of how movement endpoints are achieved by the CNS (Schmidt 

1999). In fact, this type of simplification may explain why people remember final 

positions (i.e., when performing a movement task) better than the movements used to 

reach those positions (Marteniuk and Roy 1972; Rosenbaum, Meulenbroek et al. 1999). 

But, it seems quite likely that more complex movement coordination strategies are 

employed for complex, multijoint movements sucU as the postural control task 

investigated in this thesis. 

At this point in this section, the information processing conceptual framework, the 

closed-Ioop and schema theories, the dynamical pattem perspective and the equilibrium 

point UypotUesis have been briefly reviewed. In the previous sections of this chapter, 

evidence revealing the hierarchical, distributed parallel processing nature of the CNS has 

also been presented. It is time now to smnmarize how the theories, hypotheses, 

approaches presented relate to this dissertation. The immediate goal of this dissertation is 

to seek ways in which nemomuscular aspects of postural control adaptation foUowing 

simulated partial gravity ranning may be improved. In pursuU of tUat end, a precision 

stepping task (i.e., a tUird-party test to assess postural control) and a countermeasme 

protocol (i.e., ranning witU or witUout backpack loads) have been developed. The tasks 

described in this dissertation fit into the presented perspectives as foUows: 

1. Information processing conceptual framework-Using familiarization and 

training trials, subjects are taught the precision stepping task, treadmill rannmg and 

partial gravUy ranning tasks, tUese movements are represented in long-term memory. 

Feedforward and feedback components are employed to enable successful control of tUe 

movement. This framework is ideal for separating out tUe general categories of goal-

directed perception and action, including rougU processing latencies tUat occm during 

execution of tUese tasks. 
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2. Schema theorv-Subjects have a GMP or several GMPs (i.c, intemal models, 

or memories with parameters) that is/are associated with the locomotion pattems used in 

this study (e.g., precision stepping, simulated partial gravUy locomotion, mnning at 

normal Earth gravity with a load). TransUions between locomotion pattems involve 

transitions between GMPs and/or changes in GMP parameters (i.c, general muscle 

pattems, phasing, relative force requirements). Individual steps executed during the 

performance of the stepping task are performed in a slow mamier such that error 

detection involving the recognition schema (i.c, the relationship between initial 

conditions, sensory consequences and movement outcomes) are not available after the 

movements-what consciously remains is knowledge of success/failurc 

3. Dynamical pattems-The need for a 'central executive' to control all of the 

specific mechanisms leading to the oscillating properties of the cenfral pattem generators 

that are likely to be involved in bipedal locomotion may be mitigated by self-organizing 

behavior resulting from the physical stracture of nerve cells and nerve cell networks. 

TUus some primitive insights are suggested as to how the 'generals' (i.c, cortical regions) 

within the CNS hierarchy may distribute processing requirements to lower levels during 

the execution of skilled movement. 

4. Equilibrium point hvpothesis-The impedance modulation of the limbs tUat 

allows for successful postural control in different musculoskeletal loading environments 

may be controlled by a combination of goal directed trajectories generated by tUe CNS 

using associated muscle activation and muscle reflex sensitivUy parameters to simplify 

the computational difficuUies posed by inverse dynamics control strategies. Regardless of 

the lack of evidence supporting the equilibrium point UypotUesis for describing complex 

muUijoint movements-tUe concept of impedance modulatíon by tUe postural confrol 

system for tUe tasks in tUis dissertatíon is encomaged by equilibrium point modeling 

efforts. 

5. Hierarchical CNS control in general-This dissertation strongly supports the 

hierarchical, distributed parallel processing nature of the CNS demonsfrated through 

evidence from the neuroscience, cognUive psychology and movement science Uteratmc 
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It is argued that the successful control of posttire displayed by subjects during the ranning 

and stepping tasks performed for this dissertation is a resuU of a cooperation of goal-

directed objectives from the highest levels of the CNS, carried out primarily by lower 

levels with periodic monUoring and influence from tUe highest levels. Furthermore, 

although it is observed that subjects accompIisU tUe precision stepping task following 

partial gravity ranning, identífiable decrements in postmal control performance tUat do 

occur can be influenced positívely (i.e., retum to I G performance quicker) via gross 

musculoskeletal loading tUat acts upon tUe impedance modulation faculties within the 

CNS. 

This section has presented some of the modem perspectives regarding motor 

control and leaming theories, hypotheses and approaches. These perspectives, combined 

with the historical and contemporary psychological and nemophysiological insights 

provided earlier elucidate some of the scientific foimdations upon which the present study 

is built. Specific connections between tUe reviewed topics and the tasks within this 

dissertation have also been shown. It is now time to explore the biomechanics of bipedal 

locomotion to provide the grotmdwork for identifying and analyzing the biomechanical 

parameters of interest for the locomotion used in this dissertation, especially tUose for tUe 

precision stepping task. 

2.2 BiomecUanics of Postural Control and Locomotíon 

Successful human postmal control is an impressive feat when compared to the 

stance and locomotor abilities of many otUer creatures sucU as quadrapeds. Humans find 

tUeir most important stractme, tUe head, accompanying other important Uems sucU as the 

arms and trank far above the smfaces on which they stand and supported over a small 

base of support formed by two narrow limbs. Furthermore, healtUy Uumans are able move 

witU ease over a variety of irregular terrains using locomotíon pattems (e.g., walking and 

ranning) in which their center of mass is in a constant state of falling and is often 

positioned outside tUe statícally defined base of support (Patia, Prentíce et al. 1991). 

Many sensory systems including visual, vestibular, auditory, proprioceptive and baptic 
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modalities are integrated and trained over a fairly long developmental cycle to enable 

tUese complex bipedal beUaviors. 

TUis section reviews Uuman postmal control starting witU tUe skills of standing, 

walking and ranning, mostly over level ground, and progressing to more complex 

movements such as stepping over obstacles. The approach taken here follows previous 

studies in tUat it focuses primarily on tUe description of tUe beUaviors with reference to 

hypothesized goals for these activities. Some approaches to modeling tUe beUaviors sucU 

as walking and ranning are also presented to illustrate Uow relatively simple modeling 

approaches have led to insights regarding the performance of these activities. 

2.2.1 Standing 

Human standing requires the constant and coordinated activation of various 

muscle groups extending from the neck to the ankle; the muscles enabling tUis activity 

are referred to as the postmal muscles (Nordin and Frankel 2001). This activation is 

necessary to carefully control the center of gravity tUat is mucU higher than the width of 

the base of support. This delicate balancing act results in a fine body sway even witU 

normal subjects Uaving intact sensory and motor systems (Yoneda and Tokumasu 1986). 

Any impairment to tUe visual, vestibular, and somatosensory (i.e., proprioceptive and 

Uaptic) systems can adversely affect tUe ability to stand and/or stand with minimal body 

sway. 

In beginning this discussion, it is important to distinguish the concepts of center 

of gravity (COG), which is the vertical component of the center of mass (CM) and center 

of pressure (COP), which are often used to describe the state of motion and stability of 

tUe standing or moving person. The COG is the net location of tiie body's center of mass 

in the vertical direction (a displacement measure independent of the velocity and 

accelerations of the total body). The COP is also a displacement measure and it is the 

location of the vertical ground reaction vector from a force platform - "it is equal and 

opposite to a weighted average of the location of all downward (action) forces actmg on 

tUe force plate" (Winter 1990, p. 94). TUese forces are under tUe control of tUe 
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neuromuscular system; therefore they can be understood as the neuromuscular response 

to imbalances of the body's COG. The location of the center of gravity for individual 

body segments and the entire body has been determined using a variety of techniques 

including: a double suspension technique in cadavers, use of a balanced beam or twin 

scales for living subjects and by calculation of volume contour maps (Braune and Fischer 

1889; Dempster 1955; Bemstein 1967; Clauser, McConviIIe et al. 1969). In adults 

standing erect, the center of gravity can be estimated to be in the midline of the body at a 

distance from the ground approximately 55 percent of total stature height. With respect to 

the vertebral column, the COG is typically just anterior of tUe second sacral vertebra 

(Saunders, Inman et al. 1953). 

To gain an understanding of tUe relative contributions of tUe sensory modalities to 

standing performance among normal and patUoIogical subjects, it is typical to remove or 

modify sense data to one modality and see Uow it impacts tUe postural control system 

(CoIIins and De Luca 1995). A number of quantitative and qualitative experimental 

paradigms Uave been used to examine standing posture in Uumans including: (1) tUe 

Romberg test in wUicU subjects stand quietly on a force platform witU eyes open and tUen 

witU eyes closed (Black, Wall et al. 1982; Paulus, Straube et al. 1984); (2) tUe 

posturograpUic approacU wUere subjects stand quietly on a force platform (eyes opened 

and tUen closed) wUicU is rapidly translated posteriorly, rotated about tUe ankles (forced 

dorsiflexion), or translated posteriorly and rotated about tUe ankles (forced plantar 

flexion) at an unexpected time to discover tUe reactions made to prevent falling and 

maintain uprigUt stance (NasUner 1972, 1973, 1976, 1985; Nashner and Berthoz 1978); 

(3) the moving environment paradigm in which the visual scene surrotmding a subject 

standing on a stationary floor is moved (Lishman and Lee 1973; Lee and Aronson 1974; 

Lestienne, Soechting et al. 1977; Nashner and Berthoz 1978; Lee 1980); and (4) 

permutations of the former paradigms such as one in which subjects stand on a force 

plate with optic flow directions of visual imagery manipulated (Bronstein and Buckwell 

1997) and one that has subjects standing on a force plate with eyes closed while UgUtly 
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touching a nearby surface that oscillates so slowly and with such small amplitude tUat 

tUey are generally not consciously perceived to be moving (Jeka, Schoner et al. 1997). 

In an early study of standing by Begbie (1967) described by Nashner (1981), two 

components of postural sway were found, a slow osciUation in the range of 0.5-1 Hz and 

a faster component between 1.5 and 2.5 Hz. Alterations to tUe visual input available to 

tUe subject tended to increase tUe motion of the fast sway component. Subjects with 

vestibular deficits displayed reduced sway in both frequency ranges when they were 

given visual feedback of their movements. Begbie attributed the fast oscillations due to 

sfretcU reflexes tUat supplemented somatosensory inputs when visual or vestibular inputs 

were disrapted, and the slow component was presumably controlled using vestibular 

information (Nashner 1981). Additional subtle movements during standing are made to 

compensate the changes in the center of mass (CM) that accompany respiration. These 

movements are generally not detected using a force plate due to precisely timed 

antiphasic contractions of the torso and hip musculature (Gmfinkel, Kots et al. 1971). 

Yoneda and Tokumasu (1986) evaluated the percentage of oscillations occurring 

in the low and high components of noraial subjects who went from quiet standing with 

eyes open to quiet standing with eyes closed. The percentage of osciUations in tiie range 

of 0.2-0.3 Hz and 1.0-1.2 Hz increased, where percentages below 0.2 Hz decreased in 

the mediolateral direction and percentages between 0.7-0.8 Hz increased in the anterior-

posterior direction. In addition to analyzing the frequency spectram of sway movements 

via a force platform, quantification has also included determining the maximum 

displacement, mean squared displacement, and/or total distance traversed by tiie COP on 

the force plate beneath the subjects feet (Collins and De Luca 1995). Of course, tUe 

position of the COP is a complex function of gravitational, inertial, and muscular forces 

so that one cannot dUectly determine metrics such as angles of body sway, muscle 

generated torques, or the location of the CM from force plate records (Nashner 1981; 

Winter 1990). Eklund (1969), cited by Nashner (1981), discovered that vibration of 

various postmal muscles of the legs caused large sway distmbances implying a sfrong 

influence of reflex activity via muscle spindle afferents. These sway disturbances were 
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twice as large when the subjects had eyes closed highligUting tUe importance of 

proprioception in tUe absence of vision. 

In the experimental paradigm using the moving visual scene around the stationary 

subject, U appears that compensatory movement is made to keep head motion congraent 

with scene movement. Lestienne et al. (1977) found that subjects swayed slightly in the 

same direction as the visual scenc Lee and Lishman (1975) showed that these 

movements became large when somatosensory inputs were altered. Anterior movement 

of a tUree-sided room about a stationary subject caused adults to sway forward and small 

cUiIdren to stumble forward; and posterior movement of tUe room caused rearward sway 

in adults and a sudden sitting response among tUe cUildren (Lee and Aronson 1974). 

During electrical vestibular stimulation, alteration of somatosensory and visual inputs 

cause 3-5 fold increases in sway amplitudes, suggesting tUe supremacy of visual input 

when other modalities become umeliable (Nashner and Wolfson 1974; Nashner 1981). 

After reviewing the evidence on postmal control, and noting how robust subjects 

are in preventing destabilization when conflicting sensory data is provided, Nashner 

(1981) concludes that the postmal control system receives a great deal of redimdant 

sensory information, is able to rapidly recognize when one modality Uas been perturbed 

and switches to a more reliable sourcc TUis UigUIy adaptable system enables successful 

performance tmder a wide variety of pUysiological and environmental conditions-

necessary capabilities for avoiding ones predators and capturing prey. It appears that 

certain modalities dominate postmal control under certain conditions, but a clear 

hierarchy has yet to emergc Young (1970) has suggested that vestibular signals dominate 

in the short-term perception (i.c, less than 200 ms) of motion and that visual signals 

dominate in long-term perception (i.c, 200 ms to several seconds) whenever tiiere are 

conflicts between these cues, but studies have also shown that vestibular sense dominates 

over the long term when subjects are tilted (Dichgans, Held et al. 1972). One new 

experimental paradigm being used to elucidate the interactions of the visual, vestibular, 

and somatosensory systems in accomplishing postural control uses a support smface in 

which both pitch and roll is manipulated (Carpenter, Allum et al. 2001). Uiitial evidence 
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suggests that spatiotemporal processing in the vestibular system is affected to different 

extents based on pitch and roll components. 

The results of Lee and Aronson (1974) suggest tUat vision is most important while 

subjects are leaming new postural tasks but vestibular, proprioceptive and haptic inputs 

are most important once the task has been leamed. This may correspond with Fitts 

Progressive-Regressive hypothesis mentioned earlier and ScUmidt's scUema theory in 

which position related information (richly available through the visual sense) is more 

important during early stages of leaming/re-leaming where velocity and acceleration 

information (richly and rapidly available through the somatosensory systems) gains 

importance during planning and execution of skiUed movement. Some aspects of vision 

Uave been shown to affect rapid postmal control movements. Nashner and Berthoz 

(1978) fotmd that visual information could be used to attenuate postmal adjustments 

(involving somatosensory and vestibular stimulation) in as little as 100 ms, although in 

repeated trials the response diminished. Thus, vision can influence rapid postmal 

adjustments, yet visual inputs are quickly discarded by the postmal control system when 

they prove deceptive (Nashner 1981). 

As mentioned before, visual inputs to humans older than 2 years of age do not 

significantly contribute to postural control muscle responses (90-120 ms) caused by 

moving support smfaces, but they do come into play via longer neural pathways after 200 

ms (WooIIacott, Debu et al. 1987). This may be sligUtly different for infants wUo Uave 

recently leamed to stand. Stmdermier and Woollacott (1998) have presented some data 

showing that infants (7-9 months old; and 12-13 months old) display postmal control 

muscle responses (95-125 ms) with possibly more forceful muscle contractions when 

vision is allowed. This further supports the view that aspects of vision play a more 

important role in the acquisition of postmal control skiUs. 

Multimodal sensory integration regarding posture is thought to occur in the range 

of 6-7 years of age (Shumway-Cook and WooIIacott 1985). RiacU and Starkes (1993) has 

fotmd that the range of lean and percentage use of available base of support increases 

dramatically in the range of 7-8 years of agc Kirshenbaum et al. (2001) used COP 

63 



velocity to infer control sfrategies during quiet stance of children analyzed in a 

longitudinal study foUowing development from ages five to eight. They discovered non-

monotonic changes in control strategy from a ballistic approacU (speedy retum to upright 

stance following any deviation) to an excessive feedback-based correction mode 

(emphasis on accmate maintenance of upright stance-not losing control; reduction of 

velocity and variability) before the appearance of a dual mode equilibrium response in 

wUich speed and accuracy are balanced. This is logical if one assumes that the young 

person has gained confidence of their mastery of feedback sensory mechanisms that 

allow more movement variability during standing, which allows for more rapid and 

flexible transitions of the CM (e.g., to walk, ran, jump, lunge, etc). Thus the healtUy, 

young adult postmal control strategy becomes a blend of static stability and preparedness 

for movement. TUis not unlike tUe tradeoffs made in the design of maneuverable fighter 

aircraft or sailing vessels for racing. 

AnotUer interesting recent experiment regarding postmal control strategies has 

fotmd that a group of normal subjects quietly standing with eyes open seem to fall into 

one of two modes witU regard to visual input (standing with eyes closed movements were 

similar across the two groups). There is either a significant modification of the steady-

state behavior of the open-Ioop postmal control mechanisms, or an alteration of tUe 

closed-Ioop feedback mecUanisms tUat are involved in balance control based on tUe 

presence/absence of vision. In botU types of response, it is UypotUesized tUat visual input 

serves to decrease stiffhess of tUe musculoskeletal system. TUat is, in the first mode, 

subjects display decreased stochastic activity of the COP on a force plate in both 

mediolateral and anteroposterior directions. This alleged decrease in stiffness may be 

caused, by decreasing tUe level of muscular activity (e.g., less alpUa motor nemon 

activity via more inUibition from UigUer centers) across tUe joints of the lower limb. Ui the 

second mode, subjects display increased stochastic activity and uncorrelated behavior of 

the closed-Ioop control mechanisms in the anteroposterior direction only. This alleged 

decrease in stiffness may be caused, by reducing the threshold (e.g., the sensitivity of the 

spindle organs via decreased gamma motor neuron activation, etc.) of the proprioceptive 
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and vestibular systems. The jury is still very rauch out on these hypotheses, but the new 

approach using what is now called stabilogram diffiision analysis, borrows from tUe 

concepts infroduced by Einstein (1905) to analyze the random movements of a particle 

along a straight line (i.e., Brownian motion) offers exciting new ways to investigate 

Uuman movement (CoIIins and De Luca 1995; Chiari, Cappello et al. 2000; Peterka 

2000). 

At this point, it is necessary to discuss the concept of functional or sensorimotor 

set. "Sensorimotor set refers to the influence of prior experience or context on the state of 

the sensorimotor system" (Chong, Horak et al. 1999, p. 513). This ties in directly with 

hierarchical models of motor control. According to Bemstein (1967), the estabUshment of 

a task or movement specific pattem of intemal reflex controls is always necessary before 

the initiation of a movement. Functional sets are similar to Bemstein's (1967) 'synergies' 

described earlier. TUis implies that a person constantly prepares for movement, that is, a 

moment-to-moment simulation is performed that anticipates expected reactions to the 

environment based on previous states (Berthoz 2000). 

With regard to postural control on a support smface that is suddenly translated 

backward: ankle-muscle responses occur in the range of 50-70 ms due to monosynaptic 

stretch reflexes; stretched plantar flexors (i.c, gastrocnemius, soleus) respond in the 

range of 70-120 ms via polysynaptic (i.c, long-Ioop reflex) activity; and tUe sUortened 

dorsiflexors (i.c, tibialis anterior muscles) respond at 140-160 ms also due to 

polysynaptic connections. TUese responses are assumed to be automatic because they are 

difficult to modify, yet tUe amplitude of a subjects responses depends upon tUeir 

functional or sensorimotor set (CUong, Horak et al. 1999). Nashner (1976) noted that 

large responses in the first translation or rotation were followed by progressive reductions 

in response as successive trials were administered. This type of preparation of reflex 

activity, mediated by experience, has also been demonstrated in the gastrocnemius 

muscles with an ingenious experimental protocol involving four scenarios that varied the 

support surface as well as support and force application to tUe upper extremities tUrough 

the arms (Cordo and Nashner 1982). 
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Chong et al. (1999) further elucidated temporal characteristics of the fiinctional 

set with the moving platform paradigm in an experiment where two groups of subjects 

were exposed to an identical series of backward franslations of a support surface foUowed 

by a series of toes-up rotations. One group was given a latency of 19-24 seconds between 

tiials, and tUey changed set immediately by suppressing gastrocnemius activity by 51%, 

whereas the second group experienced latencies of 10-14 seconds and required two or 

more rotations to suppress gastrocnemius responses. Thus the immediate time history is 

cracial for these reflex-priming behaviors. Nashner (1976) presents several quasi-

theoretical explanations which are still quite valid today to explain functional sets: 

TUe pre-establisUed pattem reflects a central "model" of tUe movement 
task, including tUe anticipation of extemal loads and disturbances. WUen tUe task 
is well reUearsed and conditions are predictable, the "model" is correct and the 
pattem of controls will appropriately and automatically assist in the compensation 
of any executional errors. Welford (1974) suggested that when performing under 
unexpectedly changing conditions, the motor system progressively adapts its 
"model" of the task, this by seeking changes in the pattem of intemal controls 
which will reduce the executional errors in subsequent responses. Pew (1974) and 
Sears (1974) proposed quite another adaptive strategy; under changing conditions 
the intemal pattem is altered so as to delay compensatory responses. TUe delay 
allows additional time dming eacU response for central mecUanisms to assess the 
significance of more sensory inputs before responding. Inappropriate responses 
can then be largely eliminated. (p. 71) 

TUe above suppositions compare well witU tUe modem motor control perspectives 

presented previously. In summary, tUe intact, mature postural control system enables 

complex responses for successful standing on eitUer level stationary ground or tmstable 

smfaces sucU as tUe deck of a small boat in rougU seas. TUis amazing feat is tUe resuU of 

rich sensory integration and the acquisition of movement skill via life experience. TUe 

following sections address tUe Uuman postural control system as it enables movement 

from point to point instead of oscillating slowly about a fixed location. 

2.2.2 Walking 

TUis section provides a review of Uuman walking gait so tUat it can be contrasted 

witU tUe raiming gait and precision stepping pattems used in this study. The way humans 
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move from one place to another is extremely coraplex. Bipedal walking is the type of 

locomotion pattem that people choose up to about 1.9 m/s (Thorstensson and Roberthson 

1987), altUough walking dynamics are more-or-Iess stable up to about 3 m/s (Alexander 

1995). U is possible to walk faster than 3 m/s as shown by the sport of race walking, 

which has produced athletes capable of walking at average speeds of 4.4 m/s for men and 

4.0 m/s for women (Alexander 1995). Adults generally prefer to walk at speeds close to 

1.3 m/s (Turvey, HoU et al. 1996). 

According to Saunders et al. (1953), the primary objective of locomotion is to 

translate the body from one point to another by raeans of a bipedal gait. Jacquelin Perry, 

MD, the Chief of Pathokinesiology at Rancho Los Amigos Medical Center in Downey, 

CA expands on this by stating that the function of the locomotor system (comprised of 

the pelvis and lower exfremities) is to: (1) provide propulsion; (2) maintain upright 

stability; (3) minimize the impact forces sustained at the onset of each stride; and (4) 

conserve energy during the exchange between potential and kinetic energy forms (Perry 

1992). Another outstanding and comprehensive list of ftmctions required by the postural 

control system with regard to locomotion is given by Patla (1995) and restated in Patla 

(1997, p. 55): 

(a) Set up the initial body posture needed to initiate locomotion 
(b) Initiate and terminate locomotion where and when needed 
(c) Produce and co-ordinate the rhythmic activation pattems for the muscles of 

the limbs and tUe trank to propel tUe body in tUe intended direction 
(d) Maintain dynamic stability of tUe moving body counteracting tUe force of 

gravity and other forces (expected and unexpected) 
(e) Modulate the pattems to maintain or alter tUe speed of locomotion, to avoid 

obstacles, select appropriate stable foot placement, accommodate different 
terrains and change the direction of locomotion 

(f) Guide locomotion towards endpoints that are not visible from the start 
(g) Use minimal fuel to maximize distance covered before stopping for 

replenishment of nutrients 
(h) Ensure the stractmal stability of tUe locomotor apparatus to minimize 

downtime or permanent damage during tUe lifespan of tUe animal 
TUese requirements are not desirable but necessary featmes, altUougU on a sUort-
term basis the system may be able to function, for example, if the last two 
requirements are not rigidly satisfied. 
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The remainder of this section will provide a brief history documenting the early 

expansion of locomotion investigations in the first half of the 20'*̂  century followed by a 

detailed description of the postural control system's execution of the objectives 

mentioned abovc 

2.2.2.1 Kinematics and Basic Kinetics 

The beginning of modem descriptions of human walking and ranning can be 

found in the works of Etienne Jules Marey (1830-1904) and the teara of Christian 

Wilhelra Braune (1831-1892) and Otto Fischer (1861-1917). Marey was a very 

productive scientist who developed the first reasonably accurate force platform and the 

approach of synchronizing force measmements with photographs of human movement 

(Marey 1972). Braune and Fischer analyzed in great detail the masses and moraents of 

inertia of the body segments of four cadavers to provide data that was later used to 

estimate the forces and moments created dming the swing phase of norraal walking 

(Cavanagh 1990). The raore recent scientific and clinical literature regarding waUdng has 

focused primarily on describing gait characteristics using methods of stride analysis, 

angular kinematic analysis, force plate and foot pressme analysis, and electromyographic 

(EMG) studies (not unlike tUe studies mentioned previously wUere COP raovement and 

electrical activity in tUe postural muscles during standing was discussed) (Nordin and 

Frankel 2001). 

ScUwartz and VaetU (1928) developed an interesting wearable device, tUe 

basograpU, which used a pen coupled to a pendulum to leave continuous marks on paper 

moving between two rollers to docuraent hip movements primarily in the frontal plane. 

Schwartz and Heath (1932) later developed shoes with afr cUambers to gather pressure 

information under the heel, fifth raetatarsal and great toe as part of their new 

pneumatographic method of recording gait. Ui 1934, tUe tecUnique was fiirtUer improved 

by using electrodes placed under the same three locations of the foot instead of the air 

chambers, and data was beginning to emerge regarding the duration of weight bearing 

during walking, weight acceptance and delivery between tUe tUree locations along with 
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easy measurement of cadence (Schwartz, Heath et al. 1934). Starting in 1937, and with 

further equipraent improvements in the early 1940s, this group produced more detailed 

understandings of the role played by the lower leg, ankle, and foot stractures during 

weight bearing (Schwartz and Heath 1937; 1947). 

After 1945, with a focus on developing improved prosthetics for veterans of 

World War II, a landraark document by Eberhart, Inman, Saunders, Levens, Bresler, and 

McCowan regarding normal and pathological gait emerged at UC Berkeley (Eberhart, 

Inman et al. 1947). It was during this period that more sophisticated techniques using 

glass walkways, greatly improved photographic/illuminated skin-placed marker 

techniques, photographic/bone pin raarker techniques, high-speed photography (3000 

frames per second), EMG, strain gauge based force plates, and strain gauge instramented 

prosthetics allowed for the a major iraproveraent in the accuracy and reliability of 

raeasmements of limb movements (e.g., position, velocity, acceleration of specific points 

and angles), muscular coordination pattems, force profiles, and energy excUanges 

between lirabs (EberUart, Inraan et al. 1947, 1951). On the East coast, Herbert Elftraan 

also contributed to the understandings of both walking and ranning during the post-WWII 

era (Elftman 1951). Many innovations in documenting the kinetics and kinematics of 

walking were also developed in Russia during the 1930-40s, but knowledge of these 

improvements were not widely known imtil decades later (Bernstein 1967). 

Saunders et al. (1953) pubUsUed an outstanding summary of tUe insigUts gained 

dming the UC Berkeley investigations using the taxonomy ofsix major determinants in 

gait. This summary wiU be one of the foundational works for the detailed description of 

walking to follow in this section. In the 1960s, the speed, tiraing, and dimensional 

parameters for free cadence walking pattems among men of many ages and heights were 

studied (4 tall, 4 medium, and 4 short subjects in each of 5 age categories: 20-25; 30-35; 

40-45; 50-55; and 60-65) (Murray, Drought et al. 1964); and for over 100 men, women 

and children (Grieve and Gear 1966; Grieve 1968); as were the specifíc actions of the 

ankle and foot motions during walking (Wright, Desai et al. 1964). 
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As mentioned in the section addressing the skill of standing, researchers studying 

locomotion often focus on the COG or CM in order to describe how it moves and 

speculate on the nemorauscular raechanisms at work. During waUcing the CM is 

constantly in motion such that balance is maintained by keeping the CM medial to the 

supporting foot along a path that tends toward the centerline of forward progression 

(MacKinnon and Winter 1993). At almost any instant in time tUe CM would be in a 

position of static instability, yet successful, coordinated movement, in accord witU tUe 

Patla's eigUt functions of the postmal control system raentioned above, enables dynaraic 

stability most of tUe timc Figure 2.10 below portrays typical moveraent of tUe CM in tUe 

direction of raoveraent during walking on a level surfacc 

^ C<.o< v ^ 

p 
. / 

Figure 2.10. TUe patU of tUe CM with explicit representation of projections on tUe 
horizontal and vertical planes (Saunders, Uiman et al. 1953, p. 546). 

As can be clearly seen, the CM raovement follows a path comprised of 

superimposed sinusoidal curves displaying approxiraately 4.6 and 4.4 cm of vertical and 

horizontal excmsions respectively. The maximum amplitudes of tUese curves occm at 

25-30 percent and 70-75 percent of the stride cycle (Saunders, Uiman et al. 1953; 
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Murray, Drought et al. 1964). The stride or gait cycle being defined as the occurrence of 

a sequential stance phase and swing phase by one limb (Nordin and Frankel 2001). 

TUe use of such subtle motions implies a strategy for minimizing energy excUange 

by minimizing abrapt transitions in moving tUe mass of tUe body. That is, articulated 

movements executed by a series of nemomuscular events acts in concert with 

gravitational and inertial forces to miniraize the reaction forces of the body impacting the 

ground. Elevating the CM more than necessary would require an unnecessary exchange 

of kinetic for potential energy and accelerating the CM too fast toward the ground via the 

subsequent exchange of potential energy for kinetic energy would entail destabilizing 

forces tUat must be resisted with high levels of muscular cocontraction (i.c, increasing 

body impedance) in order maintain upright forward progression. Therefore, it is 

reasonable to support the postmal control functions (g) and (h) suggested by Patia (1995). 

Figure 2.11 shows ankle, knee, hip, and pelvis rotation in the sagittal plane for men of 

various ages walking on level grotmd. 
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Age Gmups 

«-- « 20-25 yrs. 

Û---Û 30-35 yrs. 

D- -0 40-45 yrs. 

-.---+ 50-55 yrs. 

60-65 yrs. 

10 20 30 40 50 60 70 80 90 100 
PER CENT F WALKING CYCLE 

Figure 2.11. Ankle, knee, hip, and pelvis rotation in the sagittal plane for men of various 
ages walking on level ground (Murray, Drought et al. 1964, p. 346). 

Another key characteristic of understanding human locomotion, especially during 

walking, is to recognize the relationship of the upper body to the lower body during 

movement. The head, neck, arms, trank and pelvis often referred to as the HAT can be 

seen primarily as passengers riding on top of the locomotor system comprised of the 

pelvis and both legs (Perry 1992). This helps with function (f), to guide locomotion 
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towards endpoints that are not visible from the start, by dampening motions of the head 

that affect both the visual and vestibular sensory apparatus. 

A description of walking by Perry (1992) divides the gaU cycle into two periods, 

three tasks, and eigUt pUases as sUown in Figure 2.12. TUe stance pUase occupies roughly 

60 percent of the stride and consists of two occasions of double Urab support or double 

limb stance and one pUase of single limb stancc TUe initial double stance, comprising tUe 

first 10 percent of the stride occurs during initial contact and the fírst part of the loading 

response or weight acceptance task. Single lirab support, coraprising the foUowing 40 

percent of the stride occurs during raidstance and part of terminal stance. The terminal 

double stance, comprising the next 10 percent of the stride occurs during the pre-swing 

phase beginning with heel contact of the contralateral foot and ending with the ipsilateral 

toe-off 

The tmloading of the ipsilateral leg occurs just after push-off and throughout heel 

rise during the terminal stance and simultaneously witU the loading response of the 

contralateral leg. Forward progression is maintained through a combination of the forces 

generated by the active push-off from the ipsilateral leg and the inertial forces generated 

by the swinging of the contralateral leg (Saunders, Inman et al. 1953). It is also 

instractive to reaUze tUat tUe single limb support pUase of one leg (i.c, 40 percent of the 

stride) coincides exactly with the swing phase of the opposite leg (Perry 1992). 
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Figure 2.12. Divisions of the gaU cyclc Adapted from Perry (1992). 

At this point, a raore detailed description of the sequential phases in the gait cycle, 

adapted frora Perry (1992), is presented (see Figure 2.12). The initial contact is defíned as 

the precise instant at which the foot makes contact with tUe floor. TUe loading response 

pUase begins witU initial contact and continues until tUe contralateral foot is lifted for 

swinging. Midstance begins tUe single support phase and starts when the confralateral 

foot leaves the floor and continues tmtil the body weight is aligned over tUe forefoot. 

Terrainal stance begins witU ipsilateral Ueel rise and continues until tUe otUer foot strikes 

tUe ground (i.c, contralateral initial contact). Pre-swing, tUe second double stance 

interval, begins witU initial contact of tUe contralateral foot and ends at ipsilateral toe-off 

Initial swing begins with ipsilateral toe-off and continues until the swinging foot 

is directly opposite the contralateral stance foot. Mid-swing starts with the feet passing 

one another along the line of forward progression until tUe orientation of tUe long axis of 

tUe ipsilateral tibia is perpendicular to the ground. Terminal swing, the fínal phase of the 

gait cycle, begins when the ipsilateral tibia is vertical with respect to tUe grotmd and ends 

as tUe ipsilateral foot strikes tUe groimd. Figure 2.11 from Murray et al. (1964) nicely 

summarizes tUese gait cycle raovements in a pictorial percentage format. 
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As demonstrated in the previous fígures, the rhythmic pattem of vertical 

displaceraent of tiie body is readily evident. To magnify this effect, one can waUc out of 

step with someone who is side by side (Saunders, Uiman et al. 1953). Ui fact, due to the 

determinants of gait, which minimize excmsion of the CM, the head clearance of the 

walking person is approxiraately 1.25 cm less than the same person standing erect. U is 

now time to examine closely tUe factors tUat confribute to tUe energy saving tecUniques 

tUat dictate tUe patU of the CM during walking by examining the six deterrainants of 

normal walking gait (Saunders, friman et al. 1953) augmented by insights from Barr and 

Backus (2001): 

1. Pelvic Rotation-During waUcing on level ground, the pelvis rotates altemately 

to tUe rigUt and left relative to tUe line of progression. Rotation of 4° to the right and left 

(8° total) is typical. The effect of this pelvic rotation is to flatten the arc of the passage of 

the center of gravity (gradually trading kinetic energy for potential energy and vice 

versa). Figme 2.13 shows a coraparison between a hypothetical compass type gait that 

does not allow pelvic rotation and a gait model benefiting frora pelvic rotation. The 

raaximum pelvic rotation occms at initial contact where the hip is flexed approximately 

30° and the contralateral hip is extended approximately 10°. 

2. Pelvic Tilt-TUe pelvis tilts downward (typically 5°) relative to tUe horizontal 

or fransverse plane on the side opposite to the weight-bearing lirab. TUerefore, an 

adduction at tUe Uip joint occurs on tUe stance limb side and abduction occms on tUe 

swing limb side (furtUer reducing tUe increase of potential energy by reducing vertical 

displaceraent). TUe maximura pelvic tilt occurs at tUe end of tUe loading response pUase 

or at tUe very beginning of tUe midstance pUasc At tUis time tUe contralateral knee is 

flexing to allow botU pelvic tilt and swinging of tUe non-weigUt bearing limb. The passive 

swinging of the contralateral leg is faster due the raising of the CM of the leg (i.c, 

shortening the length of a pendulum formed by the swinging leg; hence a lower moment 

of inertia about the rotational axis located in the ball and socket joint at the hip). Thus, 

the period of the swinging limb decreases, as does tUe amotmt of single limb stancc 

Figure 2.14 (a) shows the effect of pelvic tilt on vertical placement of tUe CM. 
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3. Knee flexion in the stance phase-The supporting leg enters the stance phase 

with the knee joint in neariy fiiU extension. Shortly thereafter, the knee joint begins to 

flex (typically 15-20°) until the foot is flat on the ground. This action further reduces the 

vertical displaceraent or the 'suramit' of the arc reached by the CM during midstancc 

During late midstance, the knee extends almost fully once again and remains tUis way 

tUrough terminal stance. Beginning with pre-swing the knee flexes quickly with flexion 

angles reaching their maxiraum (approx. 60-70°) during initial swing. Figure 2.14 (b) 

shows the combined effects of the fírst three determinants of gait on the movement of the 

CM during walking. 

4. & 5. Foot and Knee Mechanisms-Together they comprise the fourth and 

fífth determinants of gaU. In Saunders et al.'s (1953) original formulation of the 

determinants of gait, only two motions occurred at the foot. The fírst was the motion of 

the ankle about a radius formed by the heel and the second was the rotation of the foot 

about a point near the fore foot during heel risc Later, Perry (1992) divided the actions 

into three sections. The first section is a heel rocker action occurring at the moment of 

heel strike, where the tibial muscles that are contracting to dorsiflex the foot prior to 

impact yield sligUtly to tUe abrapt acceleration causing a plantar flexion of tUe foot of 

about 10°. During tUe following instants of time, tUe foot is lowered by controlled 

deactivation of tUe pretibial muscles. Once the foot is flat, a second rocking action 

proceeds at the ankle which is facilitated by graded contractions of tUe soleus to provide a 

stable platform for tUe flexing knee wUile still remaining pliable enougU to dampen sUock 

forces. TUe tUird rocker is visible at Ueel rise where rotation at the forefoot becomes the 

raethod of continuing forward progression. Through the coordination of the three rockers 

at the foot (heel, ankle, and forefoot) along with knee extension, flexion, and then knee 

extension again at push-off ensure a smooth, sinusoidal path for the body's CM, which 

dampens shock forces. 

6. Lateral displacement of the pelvis-This works in close conjunction with 

pelvic tilt to reduce lateral deviation of tUe CM. TUis movement of tUe CM over tUe 

weigUt bearing extremity is assisted by tUe tibiofemoral anglc Interestingly, tUe knee 
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Figure 2.13. Gait efficiency mecUanisms. In (a) we see tUe UypotUetical compass type gait 
in wUich the CM follows a simple arc motion in the sagittal plane; (b) shows the 
benefit of pelvic rotation to flatten the travel path of the CM with respect to the 
theoretical raodel. Adapted from Saunders et al. (1953). 
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Figure 2.14. Further gait efficiency mecharúsms. In (a) tUe effect of pelvic tiU on tUe 
weigUt bearing side flattens tUe arc traveled by the CM; (b) reveals the corabined 
effects of knee flexion, pelvic rotation, and pelvic tilt in flattening tUe arc. 
Adapted from Saunders et al. (1953). 
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may abduct up to 10° (i.c, genu valgum) during tUe pre-swing and initial swing pUases as 

tUe weight is shifted toward the opposite lirab, but at initial contact and tUroughout stance 

tUe knee adducts 2-3° (i.e., genu varam). Figme 2.15 (a) sUows gait using nearly paraUel 

limbs and (b) sUows gait using the timbiofemoral angle to reduce lateral excmsion of the 

CM. 

Figure 2.15. The advantage of lateral displacement of the pelvis for reducing CM 
movement is shown by contrasting a gaU pattem with neariy parallel Iimbs (a) to 
one in which the tibiofemoral angle is prominent (b). Adapted from Saunders et 
aU (1953). 
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Ui Figure 2.16, an accmate phase relationship of a normal walking gaU stride highlights 

the additive effects of the determinants of gait for minimizing both horizontal and vertical 

movement of the center of mass. 

? '̂̂ 'ífi3 

Figure 2.16. The effects of all six determinants of gait on the movement of the CM during 
normal walking (Satmders, Inman et al. 1953, p. 552). 

In addition to tUe fraditional exposition of the determinants of gait listed above, 

we now examine more closely the subtleties underlying the shock absorbing and energy 

saving mechanisms of the ankle and foot. Thus expanding the factors involved in the 

fourth determinant of gait. Slight rotation occurs at the subtalar joint during both stance 

and swing phases that affects the weight bearing alignment of tUe entire leg (Barr and 

Backus 2001; Sammarco and Hockenbmy 2001). TUis small motion is very important for 

allowing tUe foot to adapt its position to a variety of walking smfaces. Maim (1993) 

describes tUe action of coordinated movement involving the ankle and subtalar motion as 

a mitered hinge in which eversion of the foot is translated into intemal rotation of the 

tibia and inversion of the foot is translated into extemal tibial rotation. Likewise, the 

intemal or extemal rotation of the tibia causes eversion or inversion of the foot 

respectively. Figures 2.17-2.19 show the bone stracture of the foot, the main axes of 

moveraent in the ankle region and the very clever mitered Uinge description. 
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Figure 2.17. Bone stracture of tUe foot (Samraarco and Hockenbmy 2001, p. 224). 
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Dorsiflexion/ 
piantarflexion 

Abduclion/ 
adduction 

Figure 2.18. Major axes of movement at tUe ankle complex. Note tUat tUe abduction/ 
adduction may also be termed toe in or toe out and can occur through a small 
range before intemal or extemal rotation of the tibia occurs (Sammarco and 
Hockenbmy 2001, p. 226). 

Figure 2.19. The mitered hinge model for the lower leg and foot in which inversion and 
eversion of the foot result in extemal rotation and intemal rotation of tUe tibia, 
respectively (and vice versa). Taken from Mann (1993, p. 21). 
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During tUe loading response, subtalar eversion increases up to a raaximura of 4-

6° by early midstancc FoIIowing tUe peak, a gradual inversion ensues reacUing its 

maximum at pre-swing. As the swing progresses the foot retums to a neutral position 

which transitions into very sligUt inversion prior to tUe next Ueel contact. TUe eversion 

occurring at heel strike is due to the fact that the body of the calcaneus is located laterally 

to the long axis of the tibia, which is transferring the load of the body toward the foot. 

This eversion, which also causes some intemal rotation of the tibia, changes bone 

aUgnments in tUe foot such that the raidtarsal and forefoot becorae raore flexible (Barr 

and Backus 2001). Ankle rotation and subtalar rotation are shown in Figure 2.20 (a). 

This increased flexibility is helpful in allowing the longitudinal arch of the foot to 

flatten so that both passive and active tissues (i.c, bone, connective tissue and muscle) 

act as another impact absorbing mechanism. As the CM translates laterally during the 

mid stance phase, the foot now fransitions to inversion which tends to rotate the tibia 

extemally and provide stability and corapliraent tUe raoveraents at tUe knee and hip 

joints. When terminal stance commences the heel rises and the metatarsophalangeal joints 

(also called the raetatarsal break; shown in Figure 2.20 (b)) extend to approximately 21°. 

This extension is primarily caused by the gastrocsoleus muscle complex puUing on the 

posterior aspect of the calcaneus via the AchiUes tendon, which in tum pulls on tUe 

plantar aponeurosis (i.c, a tougU band of connective tissue extending from tUe posterior 

and inferior portion of tUe calcaneus up along the bottom of the foot to the digits) to 

reinforce the arch of the foot iraparting more rigidity for push-off (Barr and Backus 

2001). 

It is not the goal of this thesis to provide an exhaustive description of all tiie subtle 

details conceming the bone, connective and soft tissue articulations occurring at the 

ankle, knee, and hip during walking, but simply to provide sufficient background for 

larger scale analysis. The interested reader is referred to Nordin and Franlcel (2001) for 

greater discussion regarding these complex interactions. One final point of interest with 

regard to minimizing excmsion of the CM is that when altemaíing arm swing is present 

during waUdng, the motions tend to reduce CM movement and improve stability 
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(HinricUs 1990). TUe contribution of arm swing to locomotion is mucU raore pronounced 

in running, tiierefore more discussion on tUis topic will appear Ui section 2.2.3, wUicU is 

devoted to tUe running gait. 

ANKLE 
ROTATION '• 

SUBTALAR 
ROTATION: 

•STANCE PHASE 

- F O O T IMMOBILE-^I 

HEEL OONTACT 

t 

20 40 60 80 

PER CENT OF WALKING CYCLE 

Figure 2.20. Ankle and foot contributions to gait. In (a) tUe angles of ankle and subtalar 
rotation are given throughout the phases of the stride cycle; (b) ranges for the 
angle of the raetatarsal break in norraal aduUs. Adapted frora WrigUt et al. (1964) 
andMann(1985). 

Now that the six determinants of waUcing gait have been introduced along with 

other kinematic descriptions and a brief mention of kinetic aspects, it is time to take a 

look at the raetabolic costs of walking, metUods used to calculate work performed during 

walking, insigUts regarding joint torques and joint energy pattems resulting from inverse 

dynamics approacUes, muscle activation pattems causing tUe extemally observed 

movements and tUe inverted pendulum model of tUe walking gait. It is again empUasized 

tUat tUis detailed discussion of walking, along witU tUe later reviews of ruiming and 

stepping provide beneficial background material for the locoraotion pattems used for this 

thesis. 

Early energy expenditme experiments required tedious experimental procedmes 

involving Douglass bags for collecting expired gases from wUicU oxygen consuraption 

was deterrained. To exaraine walking and rarming, experiments were typically conducted 

witU a subject on a treadraill (as is still coraraon today), witU occasional experiments 
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requiring subjects to carry the large Douglass bag apparatus with tUem as tUey moved 

over ground. Ogasawara (1934) documented tUe increases in oxygen consumption due to 

walking at UigU speeds as opposed to ranning. His measmements revealed 4% mcreased 

oxygen consuraption for waUdng over running at 2.2 m/s, 15% at 2.5 m/s, and 20% at 2.9 

in/s. He also noted that, when walking at high speeds, energy expenditme tended to be 

less when subjects wore ligUt rabber sUoes as opposed to leatUer walking sUoes. 

According to Winter (1979), Fenn (1930) was likely tUe first researcUer to provide 

an accotmt of mechanical exchanges that occur dming locoraotion. He used an inverse 

dynamics approach to calculate potential and kinetic energy changes from movmg picture 

data of a sprinter, but his calculations did not include energy exchanges between 

segments. Bresler and Berry (1951), as part of the Advisory Committee on Artificial 

Limbs formed by the National Research Council (part of the post-WWII project 

mentioned earlier), developed a very insigUtfuI matheraatical formulation and 

experimental procedme for determining the energy input, energy output, and energy 

fransfer mechanisms involved in human walking from ground reaction force data and 

motion picture data. These researchers developed the Newtonian equations for analyzing 

three-dimensional gait and recognized the important role of energy exchanges within 

segraents. Figme 2.21 shows an excellent grapUical representation of tUeir fmdings 

regarding power (i.c, energy excUanges rates) developed or absorbed during tUe walking 

cycle at tUe hip, knee, and ankle joints from the study of four yotmg, normal male 

subjects. 

In their analysis, Bresler and Berry (1951) correctiy noted that mediolateral 

oscillations were negligible sources/absorbers of energy yet they unfortunately neglected 

both the rotational inertia of the limbs (by cUoice) and tUe motions of the HAT 

(unintentionally). Regardless of their errors, their work represents an excellent step 

forward in explaining the energy exchanges during walking. Their knowledge of muscle 

mechanics and the dynamics of huraan movement allowed them to formulate good rales 

for determining intemal and extemal work done by the body which would be refined by 

futme researchers as raore analysis techrnques became availablc 
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Figure 2.21. Power developed at the ankle, knee, and hip joints for right and left legs. The 
input refers to work performed on activated muscles being forced to lengthen by 
rotation at a joint (i.c, intemal work, eccentric muscle activUy) and the output 
refers to the work performed by muscles that are creating a torque in the same 
direction as the extemally visible joint rotation (Bresler and Berry 1951, p. 35). 

86 



Booyens and Keatinge (1957) sttidied ten men and ten woraen walking at 1.52 

m/s and 1.79 m/s and discovered tUat the woraen expended less energy (i.c, an average 

of 8.9 % and 12.6% less at 1.52 ni/s and 1.79 m/s, respectively), presumably due to 

taking shorter steps at a higher frequency. The raechanism for energy reduction was 

assuraed to be the reduction in work performed on the body due to reduced vertical 

excursions of the CM. Tables 2.3-2.6 shows the important findings between 

anthropometry, sex, energy expenditme, and some stride pararaeters found by Booyens 

and Keatinge (1957). Another iraportant itera to note frora this study is that considerable 

individual variations in energy expenditure existed tUat were not correlated witU 

variations in stride length. 

Cotes and Meade (1960) analyzed eleven subjects during level, inclined and 

declined treadmiU waUdng to discover insigUts regarding energy expenditurc They found 

a relationship between the vertical lift of the trank (Z), as measured frora the rise of a 

waist belt, to the leg length (/), foot length {d^^) and stride length {SL): 

{SL-dff 
L = — . Eq. 2.7 

8/ 

They also noticed a nearly linear relationsUip between energy expenditure and vertical lift 

work, but only at tUe naturally cUosen step frequency. Furthermore, they found that the 

energy expenditure of horizontal waUcing at the chosen step frequency was linearly 

related to tUe square of tUe forward velocity. TUese relationsUips were interesting, but 

required tUat (Z), (/), {dj.), and {SL)he known for every treadmill beU velocity. TUey 

presented some interesting argmnents for accoimting for the energy expended based on 

mechanical work performed. Unfortunately, they did not include a nuraber of energy 

sources to be discussed shortly. Figure 2.22 shows representative data for the energy 

expenditme of one subject walking at several speeds and at several surface gradients. 
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Table 2.3. Anthropometric characteristics from study by Booyens and Keatinge (1957). 

Mean 
SD 

Age 
(yr) 

26.8 
10.1 

Woraen 

Height Weight 
(cm) (kg) 

163.3 56.8 
4.8 8.1 

Height/ 
Leg length 

1.91 
0.03 

Age 
(yr) 

32.6 
12.6 

Men 

Height Weight 
(cm) (kg) 

178.4 69.3 
5.1 13.5 

Height/ 
Leg length 

1.88 
0.03 

Table 2.4. Energy expenditme, cadence and stride lengtU for feraale subjects frora study 
by Booyens and Keatinge (1957). 

Mean 
SD 

Energy 
expended 

(kcal/kg/min) 

4.49 
0.4 

1.52 m/s 

Cadence 
(stride/min) 

126.4 
4.7 

Stride 
Length 
(cm) 

72.2 
2.6 

Walking 

Energy 
expended 

(kcal/kg/min) 

5.12 
0.3 

1.79 m/s 

Stride 
Cadence Length 

(stride/min) (cm) 

141.1 76.2 
6.7 3.8 

Table 2.5. Energy expenditme, cadence and stride length for male subjects from study by 
Booyens and Keatinge (1957). 

Walking 

1.52 m/s 

Energy Stride 
expended Cadence Length 
(kcal/kg/min) (stride/min) (cm) 

Mean 
SD 

4.93 
0.5 

106.7 
4.0 

85.6 
3.0 

1.79 m/s 

Energy Stride 
expended Cadence Length 
(kcal/kg/min) (stride/min) (cm) 

5.86 
0.5 

114.9 
3.7 

93.3 
3.1 
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Table 2.6. Ratio between the lengths of subjects' strides and the lengths of their legs from 
study by Booyens and Keatinge (1957). 

Mean 
SD 

Women 

Stride length/leg length 
1.52 m/s 1.79 m/s 

0.86 0.91 
0.05 0.06 

Men 

Stride length/leg length 
1.52 m/s 1.79 m/s 

0.91 1.00 
0.05 0.05 

12 10 e 
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Figure 2.22. The relationship between energy expenditme and gradient for one of the 
subjects studied by Cotes and Meade (1960, p. 112). 

One item in Table 2.3 that should be noted is the apparent consistency of the 

mean proportion of leg length to staturc This consistency is also noted in the works of 

Boje (1944), Booyens and Keatinge (1957) and more recently by Woodson (1981) and 

Pheasant (2001). There certainly are differences in that proportion as children grow into 

aduItUood and tUere are variations between different races, yet tUis observation may 

suggest a reason wUy women Uave been noted to use higher step frequencies dming 
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walking. Workman and Armstrong (1963) even found a reasonable correlation between 

step frequency and stature for eight subjects over the range of waUcing velocity (v„) from 

1-4 miles per hour (MPH). The relationship for the group, expressing the step frequency 

as a function of the walking velocity displayed at 4 MPH took the form: 

fraction = 1.92v^°"' -1.445 . Eq. 2.8 

Dean (1965) used a similar line of reasoning to begin Uis examination of the 

fluctuations of mechanical efficiency of walking to walking velocity and leg length. First, 

he examined a number of studies (Atzler and Herbst 1927; Ogasawara 1934; Boje 1944; 

Erickson, Simonson et al. 1946; Hogberg 1952; Scholtz 1953; Booyens and Keatinge 

1957; Bobbert 1960; Cotes and Meade 1960), and found that step frequency in steps per 

second ( / J varied approximately with the square of the walking velocity in cm per 

second (v^^). By normalizing subject stature {S) as a percentage of tUe arbitrary height of 

172 cra, he arrived at the following equation: 

/ A = o . l57v/ ' . Eq.2.9 
Js ^^2 

TUis expression was very successful for velocities below 200 cra/s and becarae less 

accmate as speed increased. 

After establishing the mathematical fit of the data in Eq. 2.8, Dean (1965) then 

approached the topic of energy expenditure using a simple model including rigid legs 

raoving in simple harmonic, pendular motion such that the axis of rotation (at the hip), 

kinetic energy maintaining (v^), pendular motion of the arms, kinetic energy associated 

with the small mediolateral oscillations of the body, and changes in energy due to vertical 

motions of the body. Table 2.7 shows the calculated energy expenditme values 

compared to the observed energy expenditure values using quantUative relationships from 

experiments performed by McDonald (1961), Ralston (1958), and Margaria et al. (1963). 

A large difference exists between the calculated values and the observed values. The 

discrepancy between the observed energy expenditme values and the predicted values 
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cleariy reveals that this modeling approacU did not explain the phenomena well and was 

not an improvement over tUe inverse dynamics approacU by Bresler and Berry (1951). 

Dean recognized tUat botU positive and negative work was being done as the 

person walked and he supposed that some transfer of energy raust have been contributing 

to the differences in values. Unfortunately he was unable to devise a solution to this 

problem. Inhis reflections he stated that, "...Fenn (1930) estimated the limb-ti^nk 

interaction by assuming tUat moraentum is conserved, but sucU calculations are difficult 

to interpret owing to tUe continuous generation of momentum by muscular action" (Dean 

1965, p. 43). 

Table 2.7. Calculated energy expenditme versus observed net energy expenditme for 
level walking of a 70 kg subject at various speeds (Dean 1965). 

Walking velocitv (m/s") 
0.50 1.00 1.50 2.00 2.50 

Calculated 
energy 
expenditure. 
(kcal/min) 
due to: 

Leg swinging 
Arm swinging 
Forward progression 
Mediolateral osciUation 
Vertical motion 

0.091 
0.003 
0.12 
0.01 
0.084 

0.54 
0.03 
0.48 
0.005 
0.32 

1.49 
0.12 
1.07 
0.01 
0.64 

3.13 
0.30 
1.90 
0.02 
1.05 

6.0 
0.7 
3.0 
0.04 
1.4 

Total calculated energy expenditure 0.31 1.38 3.33 6.4 11.14 

Total observed energy expenditure 

Percent Error = ((calc- obs.)/obs.)(100) 

0.24 

29 

0.44 

214 

0.81 

311 

1.50 

327 

3.0 

271 

Grieve and Gear (1966) conducted extensive studies of tUe relationsUips between 

stride lengtU, step frequency, time of swing, and speed during level, over grovmd, 

barefooted walking using fifty males and fifty females ranging in age from 1-35 years. 

EacU subject was asked to waUc 'very slowly' tbrougU tUe data collection area and tUen 

'sIigUtly faster' on eacU addUional trial until the subject was waUdng as fast as possible 

witUin 8-12 trials. They determined in most cases, a log-Iog regression relationship (Eq. 

2.10) described the relationship between step frequency and speed for adult waUcing 
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better than a linear regression. Unfortunately, tUe fit reqmred subject specific constants 

such that different subjects often had considerably different pattems. Ui addition, tUey 

found tUat tUe product of tUe maximura step frequency and tUe square root of the stature 

is approximately constant after five years of agc In general, time of swing was also 

found to be much shorter than that predicted by passive pendular motion of the leg. 

f = a{YY, Eq.2.I0 

where / = relative speed in statures/sec; a is characterized by the individual with values 

ranging from 61-65 for males and 65-73 for females; p was approximately 0.58 but 

differed among individuals with lower values for males and higher values for females. 

More recent studies have also attempted to determine the relationships between 

stride length, and speed for both a range of frequencies and the preferred walking 

frequency, but generally applicable predictive relationships across individuals have not 

been found (McMahon 1984; Holt 1998). There has been sorae success with deterraining 

the approximate point at which a person transitions from walking to ranning, as will be 

discussed later in the section on gait transitions. It is suggested from these studies that the 

factors dictating the specific walking gait used in a given situation are deterrained based 

on a coraplex combination of the previously mentioned goals for locomotion given by 

Perry (1992) and Patla (1995). 

2.2.2.2 Kinetics and Energetics 

Figure 2.23 shows the manner in which the locomotor systera accorapIisUes 

bipedal gait during normal walking in terms of joint torques, muscle activation, and 

grotmd reaction forces for key events in tUe gaU cyclc It is important to note in Figure 

2.23 that the resuUant ground reaction force vector is generally in line with the leg, 

especially during the first part of the loading phase and the push-off phasc Figme 2.24 

shows the vertical force profile versus time taken from force plate records of a subject 

during normal walking on the instrumented treadmill used for the experiments presented 

in this thesis. Figure 2.25 shows representative vertical, horizontal (i.c, anterior/posterior 

or braking/propulsive), and horizontal (i.c, mediolateral) ground reaction force profiles 
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Heel Strlke (Initial Contact) 
Weight Acceptance(lnitial Loading Response) 

Beglnning of Terminal Swlng Heel StrJke (Initial Contact) 

Figure 2.23. Important events in the gait cycle revealing joint torques (blue; larger 
ellipses represent larger magnitudes), muscle forces (red rauscles are active) and 
resultant ground reaction forces (green arrows; longer arrows indicate greater 
force) for the right leg as viewed from a sagittal planc Adapted from Vaughan et 
al. (1992). 

93 



for both running and waUdng from Nigg (1994). Figure 2.26 provides a representation of 

how the vertical and horizontal (i.c, braking/propulsive) ground reaction force resuUant 

vectors appear when they are shown from actual COP origin points in relation to a heel-

toe contact phase during walking. 
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Figure 2.24. Vertical force versus time profile for normal waUcing gait showing some of 
the critical components of the gait cyclc 
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Figure 2.25. Vertical and horizontal (i.c, anterior/posterior and mediolateral) ground 
reaction force profiles, presented in units of static bodyweight, for both running (4.8 
m/s) and waUcing (1.5 m/s) from Nigg (1994, p. 220). 
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Figure 2.26. A butterfly diagrara showing the raagnitude and direction of ground reaction 
force vectors when drawn from the center of pressure origin points as the foot 
raoves across a force plate during waUring (Cavanagh and Dingwell 2000, p. 66). 

TUe tecUniques of Cavagna and coUeagues (Cavagna and Margaria 1966; 

Cavagna, Komarek et al. 1971; Cavagna, TUys et al. 1976) used force plate data to 

directly calculate energy excUanges of tUe body's CM. TUe Uorizontal ground reaction 

force profile was integrated witU respect to time and divided by body mass to arrive at the 

average forward velocity of the CM. Horizontal work (£•) was calculated using: 

E = — (body massXUorizontal velocity)^ Eq.2.11 

Calculation of the vertical work (íF) was obtained by taking the vertical reaction force 

profile minus body weight such that: 

W = mgh, Eq.2.12 

and the total body energy was calculated asW + E. This technique does account for some 

energy exchange between components, yet it fails to state a major assumption: that the 

CM energy represents the sum of all lirab segment energies. Unfortunately, tUis approacU 

neglects the fact that reciprocal limb movements in tUe planes of analysis, requiring 

energy expenditme by tUe subject, are not reflected in the energy calculation; nor does it 
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account for any of the rotational kinetic energy components inaccessible to the force plate 

approach (Winter 1979,1990). 

Winter (1979) presented a new technique of calculating raechanical work during 

huraan movement that incorporated not only the extemal work of the body, but also the 

intemal work performed by the limbs. TUerefore, tUe total body energy E^{t) is equal to 

the summation of the energies of aU {N) body segments as represented in equation 2.13: 

N N N 

E,{t) = 2\PE{i,t) + ^S\ E{i,t) +^RKE{i,t), Eq. 2.13 

1=1 1=1 1=1 

where PE{i,t), TKE{i,t), and RKE{i,t) are the potential energy, translational kinetic 

energy, and rotational kinetic energies of the z th segment at time í, respectively (Winter 

1979). Figme 2.27 shows the contributions of energies from the legs, and HAT to the 

total body energy during level over ground walking. Figure 2.28 shows a comparison 

between the total body energies as calculated from the CM and sum of segment energies 

approach. 

B o d y s e g m e n t e n e r ^ i e s 

tolQl 

Timels) 

Figure 2.27. The energy contributions of the leg and HAT to total body energy during 
level overground waUdng. RHC and LHC stand for right and left heel contact 
respectively, and LTO and RTO stand for left and right toe off, respectively 
(WinterI979,p. 81). 
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0- SUM o r S E O M i N T ENEKOIES 

Figure 2.28. A comparison of total body energies calculated using the CM technique 
versus the sirai of segment energies tecUnique (Winter 1979, p. 82). 

The improved total body energy calculation provided by Winter (1979) was a 

significant improvement upon earlier attempts to reconcile inverse dynamics energy 

calculations with observed energy expenditures by showing that the CM approach could 

underestimate the energy costs of waUdng by 14-40% (Winter 1979). Although, there 

was still a limitation in tUis approacU in tUat tUe siraultaneous energy production and 

absorption effects at different joints were not included. TUerefore, Æ̂  {t) still 

underestimates tUe positive and negative work performed (Winter 1990). WiIIiams and 

Cavanagh (1983) created an approach that used estiraation techniques to account for the 

discrepancies. 

Williams and Cavanagh (1983) noted that Winter's (1970) total body energy 

formulation would allow for energy exchanges between any limb segraents, even when 

this would be unlikely. For exaraple, if tUe rigUt foot decreased its extemally observed 

total energy during a given tirae and tUe energy of tUe left forearm increased by tUe same 

amount the calculations would assume that coraplete energy transfer had occurred 

between these widely separated segments. In reality, tUe decrease in energy of tUe foot 

would likely be due to energy absorption of the muscles in the leg (i.c, eccentric, 

negative muscular work) and the increased energy of the forearm would lUcely be due to 

active contraction of forearm muscles (i.c, concentric, positive muscular work). 

Therefore, the differences in energy changes raust account for reduced raetabolic costs of 
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negative work and increased raetabolic costs for positive work (Abbott and Bigland 1953; 

Nagle, Balke et al. 1965) and the release of elastic energy that is previously stored in the 

elastíc tissues of the musculoskeletal system (Cavagna, Sabiene et al. 1964; Asmussen 

and Bonde-Petersen 1974; Cavagna, Heglund et al. 1977; Alexander 1984,1991). 

WiIUams and Cavanagh (1983) provided improved insight into the factors that 

raust be taken into account during calculation of the energy expenditure mechanisras 

during both walking and running, but their values for mechanical power (work/time) 

varied widely based on subtle assumptions and nuraerical methods. Due to the difficulty 

in properly determining consistent estimations for the contribution of negative muscular 

work, positive muscular work, and elastic properties of musculoskeletal tissues on total 

energy expenditme during movement, some investigators have chosen to focus only on 

the calculation of extemal work using CM movement as reflected in ground reaction 

force profiles (Kram 1991; Griffin, Tolani et al. 1999; Cavagna, WiIIems et al. 2000; 

Minetti, Moia et al. 2002). 

An exception has been the recent atterapt to partially account for positive and 

negative energy transfers by looking at the individual leg contributions when exaraining 

force plate records during walking (Donelan, Kram et al. 2002). That is, the leading leg is 

assumed to be performing negative work (i.c, eccentric contraction during weight 

acceptance) and the trailing leg is assmned to be performing positive work (i.c, 

concentric confraction during pusU off). Using this technique the traditional CM energy 

values were sUovm to be 33 percent less tUan using tUe individual leg metUod. Ui addition 

they found that the frailing leg perforraed raore tUan 97 percent of tUe double support 

positive work and the leading leg performed raore than 94 percent of the double support 

negative work (Donelan, Kram et al. 2002). 

Despite difficulties in creating calculation approacUes tUat accurately reflect the 

energy requirements of human locomotion, the inverse dynamic approach and EMG 

studies have been beneficial for estimating joint torques and relative rauscle contiibutíons 

to movement. Figure 2.23 graphically presented some of the joint torques and muscle 

actívation pattems observed in normal waUdng, at this point more detail will be given. 
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The following descriptions of joint moraents and joint power during waUcing are 

summarized from Barr and Backus (2001): 

1. Hip-At the initial contact of the heel with the ground there is a fluctuating 

extensor moment in the sagittal plane that quickly stabiUzes at approxiraately 5 Nra/kg. 

TUis extensor moment is raaintained through early midstance and reverses to a flexor 

raoment during the last third of midstance. During terminal stance, the hip flexor moment 

remains, peaking near the end of terminal stance at approximately 1 Nra/kg. The extensor 

raoments through early midstance are caused by concentrically contracting Uip extensors 

generating a peak power of approximately 1 watt/kg. From midstance to terminal stance, 

power absorption by the eccentrically contracting hip flexors control the backward 

acceleration of the thigh imtil approximately 50 percent of the stridc From pre-swing to 

mid-swing, power generation by concentrically contracting hip flexors acts to lift tUe 

swinging limb. WitU respect to tUe frontal plane tUere is an adductor moment at initial 

contact that quickly reverses to an abductor moment of approximately 0.7 Nm/kg during 

the loading responsc As the contralateral limb reacUes mid-swing, the stance limb Uip 

moment decreases to approximately 0.4 Nin/kg, but increases back to 0.7 Nra/kg during 

terminal stance. At the end of the loading response, the peak hip extemal rotator moment 

of approximately 0.18 Nm/kg is reached. This extemal rotator raoment decreases until the 

raiddle of terrainal stancc During the reraainder of terrainal stance and pre-swing, a 

slight hip intemal raoment occurs. 

2. Knee-At initial contact, a small knee flexor moment occms. The eccentrically 

contracting quadriceps absorbs power tUroughout this loading responsc During early 

midstance, an extensor moment peaking at approximately 0.6 Nm/kg is achieved. This 

extensor moment is the result of power generation by tUe concentrically contracting 

quadriceps. Throughout terrainal stance, a second sraall extensor raoraent of 

approxiraately 0.2 Nm/kg occurs. During pre-swing, power absorption by tiie 

eccentrically contracting quadriceps controls the knee flexion. Throughout terminal 

swing, power absorption by the eccentrically confracting hamstrings controls tiie forward 

acceleration of the swinging leg. Adduction and abduction moraents of the knee are 
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controUed primarily through bone and soft tissue constraints. An abductor raoraent exists 

at the knee throughout stance with two peaks of approxiraately 0.4 Nm/kg during the 

loading response and the terminal stancc Through midstance the knee abductor moment 

decreases to approximately 0.2 Nm/kg. For individuals who achieve abduction (i.c, genu 

valgum), the moraent profile may be shifted toward adductor moraents, and raidstance 

adductor moments may be present. An intemal rotation moraent peak of 0.18 Nm/kg 

occms at the fransition between loading response and midstancc The moraent then 

reverses to extemal rotation during late raidstance, reaching a peak of approxiraately 0.15 

Nra/kg during terminal stancc 

3. Ankle-Immediately after initial contact, a slight dorsiflexor moment of 

approximately 0.2 Nm/kg is seen that quickly reverses to a plantarflexor moment for the 

remainder of the stance phasc The plantarflexor moment peaks at approximately 1.6 

Nm/kg at 45 percent of the stride (i.c, near the end of terminal stance). Throughout 

midstance, power absorption by the eccentrically contracting plantarflexors controls 

rotation of the tibia over the stationary foot. During pre-swing, a high-magnitude power 

peak of 2-3 watts/kg is generated by the concentrically contracting plantarflexors. TUis 

power generation pUase is tUougUt to represent approximately two tliirds of tUe energy 

generated dming walking and is considered to be a raajor contribution to forward 

propulsion (Winter 1983). 

To finisU this summary exaraining the raoments and power generated at tiie 

various joints during walking we tum briefly to the analysis of knee raoraents during 

swing perforraed by Winter and Robertson (1978). Figure 2.29 shows the model they 

used to estimate knee moment contributions due to muscular, gravitational, and Uiertial 

components. The abbreviations in the raodel include: mass (m); moment (M); 

acceleration (a); shank (sh); radius (r); knee (k); thigh (th); moment of inertia (I); angle 

{û); and angular acceleration ((9). Figme 2.30 shows the resuUs discovered for tiie 

components of total knee raoraent during the swing phase of normal gaU. 
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KNEE DURING SWING 

Mk = Wquads" Mham 

Ish©sh=Mk+mshTsh"gcosesh*mshTsh-ak*sin(earesh) 

Figure 2.29. Model of the knee joint used to determine the contributions to knee moraents 
frora muscular, gravitational, and inertial components during walking (Winter and 
Robertson 1978, p. 138). 
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Figure 2.30. Components that contribute to the total knee moments observed at the knee 
during the swing phase of normal level walking. Inertial load of the shank (A), 
predicted rauscle moment (•), moraent due to gravity (•), and moment due to the 
inertia of the accelerating knee (o). Taken from Winter and Robertson (1978, p. 
139). 

2.2.2.3 General Muscle Activation Pattems 

Descriptions have been provided regarding the basic joint torque and power 

relationships found in normal walking on level ground. Figures 2.31-2.34 augment this 

information by graphically presenting both the phasic pattems of EMG activation, 

relative activation levels, and the origins and insertions of the muscles used during 

walking. In Figure 2.31, parts (a), (b), and (c) are the phasic activatíon pattems of the hip, 

knee, and ankle respectively at different portions of the stride cyclc Relative actívation 

levels are also included. Figures 2.32, 2.33, and 2.34 display the origins and insertions of 
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Stride events IC 
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Ankle 
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Gluleus maxlmus (upper) 

Gluleus maximus (lower) 

Blceps femoris (long head) 

Semimembranosus 

Semitendinosus 

Adductor magnus 

Gluteus medius 

Tensor fascia lata 

Adductor longus 

Rectus íemorjs 

Gracilis 

Sartorius 

lliacus 

Vastus intermedius 

Vastus lateralis 

Vastus medlalls longus 

Vastus medialis oblique 

Ftectus femorís 

Biceps femoris (long tiead) 

Biceps femoris (short head) 

Semimembranosus 

Semitendinosus 

Popliteus 

Gaslrocnemius 

Gracilis 

Sarlorius 

Tc 

Tibialjs anlerior 
Extensor hallucis longus 
Exlensor digitorum longus 
Soleus 
Gastrocnemius 
Posterior tibialis 
Flexor digitorum longus 
Flexor hallucis longus 
Peroneus longus 
Peroneus brevís 
Abductor digiti quinti 
Abductor hallucis 
Extensor digiiorum brevis 
Flexor digitorum brevis 
Flexor hallucis brevis 

Figure 2.31. The phasic pattems of EMG actívity for the muscles of the hip, knee and 
ankle during level walking. Gray represents activation less tUan 20% of max 
voluntary contraction; black represents activation greater tUan 20% of max 
voluntary contraction. IC, initial contact; TO, toe off; LR, loading response; MSt, 
midstance; TSt, terminal stance; PSw, pre-swing; Isw, initial swing; MSw, 
mid-swing; and TSw, terminal swing. Adapted frora Barr and Backus (2001). 
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f-'iriform s muscle 

Pectineus muscle 

Adductor longus muscle 

•Adductor brevis niuscle 

Adductor magnus muscle 

Pes anserinus 

—Semitendinosus muscle 

Figure 2.32. The origins and insertions for the muscles along the anterior portion of the 
upper leg. Taken from Netter (1997, p. 456). 
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Figure 2.33. The origins and insertions for the muscles along the posterior portion of the 
upper leg. Taken from Netter (1997, p. 457). 
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Figure 2.34. The origins and insertions for the muscles along the anterior and posterior 
portions of the lower leg. Talíen from Netter (1997, p. 480). 

the muscles of the anterior portion of the upper leg, the posterior portion of the upper leg, 

and the anterior/posterior portions of the lower leg. 
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This section has provided a review of human walking gait so that it can be contrasted 

with the running gait and precision stepping pattems used in this study. The necessary 

functions of the locomotor system have been presented along with a description of 

walking kinematics and kinetics. The great complexity of human walking is shown to 

enable dynamic stability and efficiency of movement during steady-state environmental 

conditions. In sections 2.2.5 and 2.2.6, an examination will be provided of gait transitions 

and the features of the postural control system when movement through a more 

challenging envirormient is required. 

2.2.3 Running 

Ruiming is one locomotion pattem of particular interest in this study and it is 

quite different from a walking gait. The mnning gait pattem is typically adopted when 

people seek to maintain a forward velocity of 1.9 to 2.06 m/s or greater (Margaria, 

CerreteUi et al. 1963; Thorstensson and Roberthson 1987; Hreljac 1993; Holt 1998). An 

obvious distinction between the two gait styles results firom the aerial phase of running 

where both feet are off the ground as one leaps from one foot to the next (Alexander 

1995). This aerial phase (i.e., step length) tends to increase as a person increases mnning 

speed. 

Another way of distinguishing between walking and mnning is to note that while 

walking, the CM reaches its highest point above the groimd near midstance, whereas in 

mnning the CM reaches its lowest height near midstance-at the same time that the 

forward velocity is lowest (Cavagna, Thys et al. 1976). Therefore, instead of the very 

smooth and steady exchange of potential and kinetic energy seen in walking, the mnning 

gait involves large, sudden fluctuations in mechanical energy (McMahon 1984). The 

functions of the postural control system during mnning are the same as those mentioned 

at the begiiming of the previous section of this dissertation. Running gait is simply a 

much different type of gait used during the performance of those functions. 
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As with walking gaits, there can be a number of gait styles adopted during 

mnning such as the traditional styles in which flexion and extension at the hip, knee and 

ankle is moderate, or the 'Groucho' type of mnning characterized by deep knee flexion 

that can reduce or eliminate the aerial phase (McMahon, Valiant et al. 1987). The mnning 

pattems to be described in this section will be generalized pattems seen in mnning, 

typically at distance mnning speeds in the range of 3-4 m/s. 

The excellent reference by Cavanagh (1990) has been the staríing point for this 

section regarding mnning gait. Furthermore, only the general kinematics of the body 

during running wiU be discussed here. The detailed discussions of ankle, knee, and hip 

kinematics and kinetics with respect to multiple reference planes that was provided in the 

previous section were intended to allow familiarization with the tremendous complexity 

of human movement and to provide a basis for enriched discussion regarding the 

precision stepping task used in this thesis. It is not the goal of this section to provide a 

similarly detailed review of the running gait as can be gleaned from other works (Mann 

and Hagy 1979; Cavanagh and Kram 1990; Norkin and Levangie 1992; Bergmann, 

Graichen et al. 1993; Chan and Rudins 1994; Rodgers 1995; Nordin and Frankel 2001). 

2.2.3.1 Kinematics and Basic Kinetics 

Li contrast with walking, normal running does not have a double stance phase. It 

only has a single stance phase and a single swing phase for each leg. The beginning of the 

swing for the stance leg starts before the leg already swinging contacts the ground so that 

an aerial phase exists. At this point it is helpful to summarize the sagittal plane 

kinematics of level treadmill running at 3.83 m/s from Milliron and Cavanagh (1990). 

Figure 2.35 shows the angle reference system used for the following summary. It is 

important to note that the reference line for the ankle in Figure 2.35 is with respect to the 

foot, not the horizontal plane. 
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Ttiigti 0 

KneeØ 

Ankle 0 

Figure 2.35. The angle reference system for thigh, knee, and ankle angles used by 
Milliron and Cavanagh (1990). 

As the foot strikes the ground, the thigh displays a flexion angle of approximately 

25°. The knee is not fuUy extended at this time, but is flexed between 10-15". The ankle 

is at approximately 90° with a slight amount of plantar flexion occurring immediately 

after foot strike. Following foot strike is the cushioning phase in which the knee 

continues to flex up to 35-40° by midstance. After the maximum support knee flexion has 

been reached, a simultaneous extension of both the thigh and knee occur at approximately 

the same rate. The ankle angle decreases concurrently with the knee flexion since the foot 

is generally flat on the ground. Therefore, approximately 110° of dorsiflexion is observed 

up to midstance. Individual variations in ankle range of motion affect maximum 

dorsiflexion and thus, wiU affect the timing of heel rise in preparation of toe-off. 

Toe-off occurs either right before or concurrently with the point of maximum 

back swing of the thigh (i.e., approximately-22°), which is simultaneous with maximum 

knee extension (i.e., approximateIyl5°) during this late support or early swing phase. 

Shortly after toe-off the ankle plantar flexes up to about 55-60°. At the beginning of the 

swing phase, the thigh motion reverses direction suddenly and then the hip flexes at a 
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slower average rate than the simultaneous knee flexion. The rate of knee flexion is 

similar to that observed during the cushioning phase with maximum flexion of 

approximately 103-110° at mid-swing. Near mid-swing the knee begins extending at 

roughly the same rate as during swing flexion up to an extension of about 10°. 

hnmediately before foot strike the knee flexes approximately 5°. At the ankle, following 

the plantar flexion occurring just after toe-off, dorsiflexion ensues to reach 90-93° by 

foot strike. Occasionally, a slight overshoot in ankle dorsiflexion is made such that a 

slight plantar flexion occurs just before foot strike. 

The orientation of the torso during mnning is generally slightly flexed forward. 

The torso is flexed forward more during acceleration to a higher speed and then may be 

decreased considerably when running at a constant speed (Cavanagh and Kram 1990). 

The torso also moves rotationally (slightly) in concert with the arms. Very little research 

has been conducted conceming the contribution of arm swing to mnning, but the work of 

Hinrichs (1990) provides some important insights. Arm movement consists of aUemating 

flexion and extension of both the upper arm with respect to the tmnk and the included 

elbow angle. Distance mimers often bring the arms toward the midline of the body during 

flexion (i.e., forward arm movement), although many sprinters are prone to try and keep 

the arms moving closer to a line parallel to the line of progression. Altemating 

movements of the arms and trunk are 180° out of phase with the tmnk. The contributions 

of tmnk rotation and arm swing for enabling the mnning gait are very interesting and wiU 

be discussed later in this section. 

Now that the typical kinematic profile has been described for running at 3.83 m/s, 

it is time to examine some of the influences that may determine why specific parameters 

within the running range of 3 ^ m/s may change from one person to the next. In this 

examination it is time to tum away from joint angles and toward more global descriptive 

parameters describing the locomotion pattem. At a particular running velocity, 

individuals chose a combination of stride length (SL) and stride frequency (SF)-SF being 

the reciprocal of stride time (ST). The reasons for choosing one combination out of the 

many available is not completely understood. It has been established that humans 
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increase both SL and SF as mnning speed increases (WiUiams 1985). Some other factors 

that may also play a role include grade, footwear, surface properties, anthropometric 

dimensions (i.e., stature, leg length, bodyweight, etc), developmental status, muscle fíber 

composition, and injury history (Cavanagh and Kram 1990). 

In a study of ten subjects running between 3.15^.12 m/s, Cavanagh and Kram 

(1990) found that there was a positive linear relationship between stride length in meters 

and velocity (V) in m/s with correlation coefficients >0.99. The slope of the relationships 

varied between 0.528 and 0.708. The group equation shown in Eq. 2.14. 

5 Z = (0 .599)F +0.387, Eq. 2.14 

The relationships between ST in seconds and V showed a negative linear relationship that 

was much more variable. Lidividual correlation coefficients ranged from 0.87 to 0.99 and 

the slopes varied from -0.0004 to -0.0531. Group equations relating ST and SF are given 

inEq. 2.15 andEq. 2.16. 

5 r = (-0.029)^ + 0.815, Eq. 2.15 

5 F = (0 .0575)F +1.203, Eq.2.16 

where SF is in Hz. In general, subjects were found to increase SL by 28% and SF by only 

4%. The reason for varying SL more than SF is likely due to issues of metabolic cost 

(Cavanagh and WiUiams 1982) via minimizing the sum of extemal and intemal 

mechanical power requirements for moving the limbs (Kaneko, Matsumoto et al. 1987). 

If it were due to impact force, subjects would display higher SF and lower SL so that 

more time would be available for distributing the same force impulses (Cavanagh and 

Kram 1990). 

In a second experiment, Cavanagh and Kram (1990) selected a group of subjects 

representing a wide range of stature and leg lengths (LL) centered on the mean stature 

and leg length for U.S. males to investigate anthropometric influences on SL. Data on 

subject mass was used to determine segment masses according to Clauser et al. (1969) 

and moments of inertia for the leg segments according to Dempster (1955). None of the 

correlations between anthropometric variables were statistically different from zero (p > 

0.05). The highest correlation was for LL at 0.31. Therefore, it was determined that one 
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cannot accurately predict running stride lengths for a particular individual at a given 

speed using anthropometric variables. Of course, they were able to determine 

relationships between the ratio of SL to LL incorporating velocity, gravitatíonal 

acceleration, and leg length to establish dynamic similarities among individuals at 

different speeds. This type of dynamic similarity scaling wiU be examined in section 

2.2.5 later in this dissertation. 

At this point, it is time to provide a general discussion regarding the effect of 

adding mass to a mnner. It has been shown that for many animals including humans, 

running SF is not significantly affected by carrying loads on the back (Taylor, Heglund et 

al. 1980). Kram et al. (1987) have also shown that a human ruiming with backpack loads 

up to 30% of body mass does not increase SF, although it does cause substantial increases 

in ground contact time. That is, the person distributes the force over a longer period of 

tíme, presumably to reduce impact forces (Cavanagh and Kram 1990). Rumaing with 

loads on the back also causes a directly proportional increase in energy expenditure 

relatíve to the added load (Cureton, Sparling et al. 1978; Taylor, Heglund et al. 1980). 

That is running with a load equal to 20% of body weight increases energy expenditure by 

20%). Another basic energetic finding for miming is that the metabolic energy cost for a 

given unit of distance during mnning at the fireely chosen speed is approximately double 

that of walking the same distance at the freely chosen speed (Cavagna, WiUems et al. 

2000). Finally, with regard to kinematic parameters it has been shown that mnning with 

ankle weights that double the mass of the foot does not alter preferred stride length 

(Cavanagh and Kram 1990). 

2.2.3.2 Kinetics and Energetics 

This section presents the ground reaction forces generated by the mnning gait 

foUowed by some general discussion of the energetics involved. Figure 2.36 shows the 

vertical ground reaction force profile for a subject mnning at 3.0 m/s. This is 

approximately the same speed used in the running phases of the major experiment 

presented by this thesis. In Figure 2.36, the impact peaks that are often present during the 
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weight acceptance phase are clearly visible as the sharp peaks in the 1100-1400N range. 

The maximum support/push-off force is over 2 times subject body weight. For general 

comparison between walking and mnning gaits, Figure 2.37 summarizes typical force 

profiles in the vertical, fore-aft (i.e., braking/propulsive), and mediolateral directions. 

Due to the ballistic nature of running there is only one main vertical force peak as 

opposed to the double-peaked profile characteristíc seen in walking. Forces labeled FIO 

and Fl 1 describe the general appearance of the horizontal braking and propulsion forces 

that are generated to control weight acceptance upon the stance limb (i.e., flexion of the 

leg) and to launch the body back into the air (i.e., extension of the leg). 

Force vs. time for unloaded running at 3. rn/s (one cornplete stride for each leg) 
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Figure 2.36. Vertical ground reaction forces for treadmiU ranning at 3.0 m/s, forces 
resulting from right leg support are in red and from left leg support are in blue. 
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Figure 2.37. Summary of relative vertical, fore-aft (i.e., braking/propulsive) and 
mediolateral ground reaction forces for walking and mnning. AU force scales are 
in units of body weight (Cavanagh and Dingwell 2000, p. 67). 

The shape of the force profiles showing the horizontal forces in the fore-aft (i.e., 

braking/propulsion) directions are quite consistent among individual mnners, yet they can 

differ considerably between mnners (MiUer 1990). The mediolateral force component is 

by far the smallest component of the force and it can be highly variable between 

individuals. Therefore, analyses using ground reaction forces in mnning have tended to 

focus on vertical forces with some emphasis on fore-aft forces. One of the reasons for this 

focus has been the difficulty of recording horizontal forces during treadmiU based 

mnning studies. Recenfly, Kxam and Powell (1989) have mounted a treadmiU to a large 

force plate capable of recording both vertical and horizontal forces that is providing new 

insight into the magnitudes of forces and metabolic costs of braking and propulsion 

during mnning. Using a novel method of applying various extemal horizontal forces to 

mnners on a treadmiU, Chang and Kram (1999) have estimated that generating horizontal 

forces constitutes over one-third of the total metabolic cost of normal running. 
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The COP of the time varying ground reaction force vector during mnning can 

typically take two paths with regard to the bottom of the mnner's shoe. The first path 

would be typical of a rear foot striker in which the lateral rear portion of the shoe sole 

impact first with the COP migratíng both medially and anteriorly from foot strike to toe-

off. The second common path is that of the mid-foot striker in which the COP is found 

initially near the lateral aspect of the mid portion of the sole and migrates forward. There 

is some debate as to whether mid-foot strikers actually impact the ground with the mid 

portion of the foot or if they simply impact with the rear and forefoot simultaneously 

which makes the overall force vector appear to originate in the mid-foot region (MiUer 

1990). Figure 2.38 shows a representation of GRF's applied to the shoe sole during 

ruiming for both rear foot and mid-foot strikers. 

1 B.M 

1 B.M 

Figure 2.38. Ground reactíon force resultants drawn at the instantaneous COP undemeath 
the right shoe of a ranner who strikes the ground in the rearfoot (a) and in the 
mid-foot (b) (Cavanagh and Dingwell 2000, p. 66). 
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As noted by Cavagna et al. (1976), forward kinetic and gravitational potential 

energy are in phase during ranning and therefore they are not exchanged during a step. 

Although they did suggest that elastíc energy can be stored at midstance in the form of 

muscle-tendon and bone deformations to be retumed during the second aerial phase of 

the mnning gait cycle. This idea has since gathered great support (Cavagna, Heglund et 

al. 1977; McMahon 1984; McMahon and Cheng 1990; Alexander 1991) and is in concert 

with Nichols and Houk (1976) who described CNS control of muscles along with passive 

tissue characteristics as resembling tunable springs. 

Given that the CM osciUates vertically during mnning and that both passive and 

active musculoskeletal tíssues exhibit spring like properties, it is not surprising that 

human mnning is typically modeled as a mass spring system in which the overall vertical 

stiffiiess of the body is modulated by the person to reverse the downward velocity of the 

body during each contact period and to allow for aerial time in which the next leg is 

positioned for weight acceptance. Interestingly, when McMahon and Cheng (1990) 

compared observed increases in SL that occurred with increases in running speed to an 

elegant simplified model of the human rurmer, they provided a very convincing argument 

that the actual stif&iess of the mnners leg changes very little as speed increases. Increases 

in vertical stif&iess, necessary for minimizing movements of the HAT as ground impact 

forces increase, are accomplished by changing the angle of the leg with respect to the 

ground at impact. It is important to note that this consistency leg stiffiiess is likely an 

energy saving mechanism, as humans demonstrate great flexibility in being able to 

control leg stiffhess (Ferris and Farley 1997; Ferris, Liang et al. 1999). 

McMahon and Greene (1979) found that when running tracks are made with 

different levels of compliance, the person could attain a contact time nearly three times 

that found on a hard surface. In addition, at a particular level of track compliance, mnners 

were able to attain greater maximum speeds, presumably due to improved propulsive 

force generatíon (McMahon 1984). Also, in a study of deep knee flexed mnning 

(Groucho running), McMahon found that increased knee flexion increased contact time 

(nearly eliminating the aerial phase) by greatly increasing the compliance of the vertical 

117 



stiffiiess at the cost of increasing oxygen consumption by as much as 50% (McMahon, 

Valiant et al. 1987). Therefore, it is noted that in running gait, the 'catching' and 

'throwing' of the body by the stance leg is characterized by a moderate amount of 

extension/flexion at the hip, flexion/extension at the knee, and dorsiflexion/plantar 

flexion at the ankle presumably to optimize damping of impact forces, spring actíon of 

active and passive tíssues, and energy expenditure (Cavanagh and Kram 1990). 

Much of the research regarding the energetics of miming has focused on the 

contributíons by the legs, although it is interestíng to note that miming would not be 

possible without the energetíc actíons of the torso and the arms (Hinrichs 1990). Of key 

importance are the out of phase motíons of the torso and arms that generate moments 

reducing mediolateral and anterior/posterior excursion of the CM and increase vertical 

excursions of the CM. That is, the rotation of the torso and arms in the transverse plane 

increases mediolateral stability by creating a moment about the vertical axis that balances 

the moment created by leg movement. The torso increases the forward momentimi of the 

body via small flexion, extension, and flexion movements that occur during foot strike, 

midstance and the beginning of the aerial phase, respectively (Hinrichs 1990). 

Translational arm movements (i.e., anterior/posterior) tend to reduce the anterior 

and posterior speed fluctuations of the entire body as the legs are involved with both 

braking and propulsion though each step. In addition, momentum due to arm rotation in 

the sagittal plane may contribute 4-7.5 %> to the overall Uft of the body (i.e., more lift at 

higher forward speeds) during mnning (Hinrichs 1990). Figure 2.39 shows the manner in 

which angular momentum due to the arms and torso versus the legs about the vertical 

axis promotes ranning stability. 
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Figure 2.39. Balance of angular momentum during running by opposing rotational 
motion of the torso and arms versus the legs as shown by the two segment model 
of a ranner (a) and angular momentum for the upper body, lower body, and total 
body (b) (Enoka 2002, p. 101). 
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2.2.3.3 General Muscle Activatíon Pattems 

In this sectíon, a brief descriptíon of muscle actívity pattems during mnning is 

summarized fi-om McClay et al. (1990) to provide some explanatíon of muscular sources 

causing the observed kinematícs and kinetics. Figure 2.40 summarizes some of the data 

on muscular contributions to mnning. It is helpftil to refer back to Figures 2.32-2.34 to 

review the origins and insertions of the muscles described in this section. 

The gluteus maximus (GM) becomes active during late swing and throughout the 

fîrst third of stance. ft appears that the GM eccentrically decelerates the thigh during 

swing. It also assists with stabilization of the thigh and pelvis while at foot strike and 

initiates hip extension throughout early stance. The tensor fasciate latae (TFL), which 

inserts into the iliotibial tract, can apparently be seen as containing two ftmctional groups. 

The TFL anteromeidal (AM) fibers and the posterolateral fibers (PL). The PL fibers 

intemally rotate and abduct the hip, whereas the AM fibers flex the hip. During ranning 

the PL fibers are active just before and after the foot strike. An apparent synergy exists 

between the GM and PL as the GM extemally rotates the thigh while the PL intemally 

rotates it at foot strike. At higher ranning speeds a second phase of GM and PL activity is 

observed at toe-off and into swing. 

The AM fibers of the TFL are active during toe-off to flex the hip and are inactive 

at foot strike. The abductors (ABD) work in concert with the GM and the PL fibers of the 

TFL as they too can be distinguished into anterior fibers that assist intemal rotation and 

posterior fibers assisting extemal rotation. The adductors (ADD) display continuous 

actívity throughout the entire gait cycle. It is suggested that they stabilize the pelvis with 

respect to the thigh during stance and the thigh to the pelvis during swing. 

The hamstrings muscle group consists of the semitendinosus (ST) and 

semimembranosus (SM) medially and the biceps femoris (BF) laterally. This fimctional 

unit creates a two joint muscle group, which is able to extend the hip and flex the knee. 

The hamstrings are active through the final 25^0% of swing. During early and mid-

swing, the knee is apparently flexed passively due to the acceleration of the thigh. By late 

swing, the hamstrings activate to decelerate hip flexion and control knee extension as 
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momentum is transferred to the shank. Once the thigh completes its forward swing and 

begins moving slightly backward before foot strike, the hamstrings concentrically extend 

the hip and flex the knee. The hamstrings remain very active through the first half of 

stance and it has been suggested that the hamstrings are contracting isometrically during 

this period as the hip and knee are simultaneously extending. The BF appears to be 

maximally actíve at heel-off and toe-off 

The quadriceps muscle group consists of the rectus femoris (RF), vastíis lateralis 

(VL), vastus intermedius (VI), and the vastus medialis (VM). Only the RF is a two-joint 

muscle crossing the hip and and knee. Therefore, it is not surprising that the RF is active 

during early swing to assist with hip flexion. The VL and VM sometimes show actívity 

during swing, presumably to help control knee flexion. It appears that quadricep actívity 

to extend the knee occurs almost simultaneously with hamstring activation during the 

slight flexion that precedes foot strike. The quadriceps muscle group becomes highly 

active between foot strike and heel-off as eccentric muscle actíon occurs during knee 

flexion. The maximum activation of the quadriceps occurs at the transitíon between knee 

flexion and extension, but is quiet during the extension phase. 

The tibialis anterior (TA) is active throughout most of the gait cycle with maximal 

activity at foot strike as the TA acts eccentrically to slow the lowering of the foot. During 

the stance phase the TA concentrically assists in bringing the shank forward. The TA 

displays periods of silence shortly after foot strike and during the last half of stance. The 

TA activity throughout swing helps controls plantar flexion and initiates dorsiflexion. 

The gastrocnemius (GAS) and the soleus (SOL), although separate muscles, tend 

to act as a fimctional unit. This gastrocsoleus (GS) unit is active from late swing to 50-

80% of stance. During late swing, the GS is coactivated with the TA to prepare for foot 

strike, it then begins to act eccentrically to decelerate the forward motíon of the shank. 

FoUowing this eccentric phase, it begins acting concentrically to plantar flex the ankle. 
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Figure 2.40. Summary of literature for the phasic activity of the hip, knee, and ankle 
musculature during mnning. GM-gluteus maximus, ABD-abductors, ADD-
adductors, TFL (am)-Tensor fascia latae (anteromedial fibers), TFL (pl)-tensor 
fasciae latae (posterolateral fibers), RF-rectus femoris, VM-vastus medialis, 
VL-vastus lateralis, BF-biceps femoris, SM-ST-semimembranosus-
semitendinosus, GAS-gastrocnemius, SOL-soleus, TA-tibialis anterior, FS-
foot strike, TO-toe-off Adapted from several sources (Brandell 1973; Mann and 
Hagy 1980; Mann and Hagy 1980; Pare, Stem et al. 1981; Schwab, Moynes et al. 
1983; Nilsson, Thorstensson et al. 1985; Maclntyre and Robertson 1987) by 
McClayetal. (1990). 
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In general, the proportion of muscle activation time for the aU of the pattems 

described increases as the mnning speed increases. The muscles also tend to actívate 

sooner with increasing speed. One example of a relative magnitude shift at high running 

speeds is found in the RF, which becomes more active during the swing phase (i.e., to 

extend the leg rapidly) than during stance at high ranning speeds. 

This section has provided a brief review of human ranning gait, which is a very 

important gait pattem used in this dissertatíon. Running in a simulated gravitatíonal 

environment has been shovm to decrease EMG actívatíon magnitudes of the postural 

muscles. This adaptatíon is likely a response to the reduced levels of musculoskeletal 

impedance required for braking or impact absorptíon and actíve propulsion within each 

step. It wiU be argued that the CNS becomes better able to use musculoskeletal loading 

cues for rapid tuning of the impedance of the postural control system when additional 

loading adjustments of sufficient magnitude are imposed. In this dissertation, brief mns 

with or without backpack loads are the challenges used to enable faster adaptation from 

simulated partial gravity mnning to normal Earth gravity, or 1 G (i.e., 1 times Earth's 

gravitational acceleration of approximately 9.8 m/s) performance of a precision stepping 

task. That increase in adaptation performance is thought to be mediated through a number 

of information sources available to the CNS, including feedforward and feedback 

mechanisms influencing muscle activation timing and gain pattems that result in the 

extemally observed kinematíc and kinetic interactions with the environment. 

2.2.4 TreadmiU Locomotíon 

The motorized treadmiU offers tremendous advantages to both the researcher and 

clinician for analyzing gait pattems and providing a compact well-controUed environment 

for testing, conditioning, or rehabilitatíon activities. Unfortunately, the remarkably 

consistent treadmiU belt and the fact that the surface moves forcefiiUy undemeath tiie 

individual's feet certainly creates an experience that differs from actual over ground 

locomotíon. Although treadmiU locomotíon has proven itself as an effective conditioning 

and research tool, it is worthwhile to note the differences between over ground and 
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tireadmiU locomotion. During treadmiU mnning there is less energy expended at the same 

speed as opposed to over ground ranning; this is due in part to the lack of wind resistance 

(approx 8%) less energy for distance ranning, and 16% less for a 10 second 100 m sprint) 

(Pugh 1970). Stride length is generally shorter for a given cadence when ranning on a 

tieadmiU; the difference is marked for novice treadmiU users and gradually decreases 

with treadmiU running experience. Also, EMG pattems in the leg musculature are 

surprisingly similar for both over ground and treadmill miming. In a study by Arsenault, 

the only exception was for the biceps femoris, which proved to be shghtly more active 

just before heel strike (Arsenault, Winter et al. 1986). 

For gait analysis applications, it appears that habituation to treadmiU locomotion 

can be best obtained through three or four distributed training sessions totaling 

approximately one hour of treadmiU time. FoUowing habituation, two minutes of 

locomotion 'warm-up' should be allowed before the first set of data is coUected (Wall 

and Charteris 1980; WaU and Charteris 1981; Schieb 1986). With regard to treadmiU 

based, suspension type partial gravity simulators (to be discussed in detail in section 2.4), 

Donelan and Kram (1997) found that five minutes of ranning at 25%, 50%, and 75% of 

noraial body weight enabled habituation. FoUowing habituation, data could reliably be 

coUected after a one minute 'warm up' at any of the off-load levels. Despite issues 

regarding the ecological or functional validity of having the 'groimd approach the 

individual', the treadmiU offers many advantages, especially when the goal is a detailed 

examination of the adaptability of human locomotion pattems. 

2.2.5 Gait Transitions 

Determining the precise speed at which a person wiU transition from walking to 

mnning is not easy, which is not surprising given the fact that the connections between 

stiide length, and step frequency for a particular speeds of locomotion are quite variable 

among individuals and specific locomotor contexts. It is possible that a number of cost 

fimctions contribute to the transitions between gaits in order to accomplish the objectives 

(a)-(h) mentioned previously (Patla 1995). These cost fimctions may include 
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minimization of energy expenditure, injury avoidance, maximizing head stabihty, 

minimizing jerk, minimizing torque, minimizing perceived effort, and maximization of 

perceived comfort to name some (Latash 1993; HoU 1998). 

Previous research has found that gait transitions in horses appear to be triggered 

by metabolic constraints as speed is increased (Hoyt and Taylor 1981). This has led to the 

assumption that metabolic constraints likely determine gait transitions in humans 

(Grilhier, Halbertsma et al. 1979; Cavagna and Franzetti 1986). Although, when horses 

are carrying additional loads, gait transitions occur sooner such that critical impact force 

levels are not exceeded (Farley and Taylor 1991). Impact force modulation is also found 

in humans running with extemal loads (Kram, McMahon et al. 1987). Margaria et al. 

(1963) also discovered early on that metabolic cost may not be the trigger for 

transitioning to running in humans as walking remains more metabolically efficient up to 

approximately 2.36 m/s, yet people tend to start ranning at 2.0 m/s. Hreljac (1993) also 

found preferred tiansition speeds (PTS) below those indicated by metabolic efficiency 

criteria, yet he found that perceived exertion was higher for walking than mnning at the 

PTS. Therefore subjects 'felt' that ranning would be less effortful at that speed. 

At this point, it appears challenging to determine exactly why a person transitions 

from waUãng to ranning and at what precise speed that wiU occur. But fortunately, if one 

is not overly concemed with determining the exact transition speed, the fact that 

transitions speeds are contained within a fairly narrow region (i.e., 1.9-2.06 m/s) has led 

to a simple model highlighting the potential importance of leg length and gravitational 

force in explaining the transition range. In 1976, R. McNeiU Alexander developed the 

minimal biped model of walking which he redescribed recently (Alexander 1995). This 

model of walking assumes that the mass of the body is lumped at a point and supported 

by massless legs. As the model walks, the lumped mass rises and falls as does the CM of 

a walking person viewed in the sagittal plane (Saunders, Inman et al. 1953). 

In the model, the velocity of the CM fluctuates within each stride but it reaches 

velocity ( VQ ) and is directed horizontally when the support leg of lengtii (/) is vertical. 

125 



The centripetal acceleration caused by this motion cannot exceed the acceleration due to 

gravity as shovm in Eq. 2.17: 

y - ^ ' Eq. 2.17 

solving for horizontal velocity gives: 

V o ^ W - Eq.2.18 

Therefore, the necessity of keeping the foot planted on the ground sets an upper bound on 

the walking speed. Substituting 9.81 m/s for ( g ) and the reasonable value of 0.9 m for 

the leg length reveals that the speed limit for normal walking is essentially 3.0 m/s. as is 

generally observed (Alexander 1995). As mentioned eariier, faster speeds are obtainable 

by race walkers, but those require unusual hip movements that prevent excessive rise of 

the CM (Alexander 1984). To reinforce the walking speed constraints imposed by leg 

length and gravity, Alexander (1992) stated, "the maximum speed is lower for children 

because their leg length is shorter-and small children often have to mn to keep up with 

their walking parents" (p. 23). 

In addition to modeling gait transitions, Alexander (1992) also provides insights 

into the similarity of locomotion dynamics for various animals including bipedal humans. 

He started with a physical principle from fluid mechanics that proposes that movements 

under the influence of gravity can only be similar if their Froude numbers are the same. 

The Froude number {Fr) relationship is shown in Eq. 2.19. 

^ ^ ^ (shipspeed)^ Eq.2.19 

(gXship length) 

This principle, first applied by naval engineer WiUiam Froude, enabled the testing of 

small-scale ship models before the constraction of fuU sized ships using new designs 

(Alexander 1992). Alexander's modification to Eq. 2.19 was to use the speed of 

locomotion and the leg length as the defining parameters as shown in Eq. 2.20. 

_ (speed of locomotion)^ P ^ ^^ 

(gXleg length) 
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As an example, a camel's legs are roughly nine times as long as those of cats, so the 

Froude number of these animals are equal when the camel's speed is three times as fast as 

the cat. Analysis of locomotion data from humans, kangaroos, dogs, camels and 

rhinoceroses have supported this claim (Alexander 1992). Furthermore, this measure of 

dynamic similarity has been used in numerous studies of human locomotion (Cavagna, 

Franzetti et al. 1983; Cavanagh and Kram 1989; Moretto, Pelayo et al. 1996; Newman 

1996). Therefore, in this dissertation, the Froude number is used to maintain dynamic 

similarity between subjects during treadmiU locomotion. Of course, due to the relatively 

small differences between leg lengths of subjects, normalization using the Froude number 

adjusti ients wiU not cause subjects to perform stepping tasks at different speeds nor wiU 

nmning speeds vary by more than 0.2 m/s. 

2.2.6 Regulation of Movement and Obstacle Avoidance 

The previous discussions of walking and mnning have mainly focused on the 

performance of steady state locomotion activities. That is, locomotion in a familiar and 

predictable environment where little is changed except maybe the speed of movement. In 

the gait transition section, possible mechanisms were discussed for explaining why 

different tiansitions between steady state walking and running occur when they do. This 

section addresses what variables may be used to regulate locomotion pattems when the 

environment demands a bit more than simply walking or running on level ground, such as 

when stepping over obstacles in the travel path. Recalling the fimctions of the postural 

contiol system, presented previously in section 2.2.2, items (e), (f), and (h) (restated 

below) are the main focus of this section (Patla 1997, p. 55): 

(e) Modulate the pattems to maintain or alter the speed of locomotion, to avoid 
obstacles, select appropriate stable foot placement, accommodate different 
terrains and change the direction of locomotion 

(f) Guide locomotion towards endpoints that are not visible from the start 
(h) Ensure the stractural stability of the locomotor apparatus to minimize 

downtime or permanent damage during the lifespan of the animal. 
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As with the research involving quiet standing, experimental paradigms used to 

probe gait regulation often involve sudden perturbations, challenging goal directed tasks 

or the deprivation of sensory data from one modality or another to assess its impact on 

system function. Also in accord with the research on standing, sudden, small and 

unexpected disturbances introduced during locomotion activities result in ftmctionally 

adaptive responses that enable the safe continuation of locomotion (Berger, Dietz et al. 

1984; Patla, Prentice et al. 1991). The primary information sources that wiU be addressed 

by this brief summary are those provided by supraspinal input from the visual modality 

due to its ideal capacity for allowing feed-forward anticipation to upcoming events. 

FoUowing the insights from Lestienne et al. (1977) and Lee and Lishman (1975) 

on how visual information affects the control of standing, along with later developments 

describing optical invariants that may be critical in movement control (Lee 1976; 1980), 

Warren, Young, and Lee (1986) investigated the control of step length during running. 

By studying subjects ranning on a treadmiU on a series of irregularly spaced targets, they 

discovered that step length was adjusted to strike the targets mainly by adjusting the 

vertical impulse applied during the stance phase. This alteration of aerial time to hit the 

target was consistent with their theory that the time to contact ( r ) was the optical 

invariant used for control (Warren, Young et al. 1986). In practical terms, the time to 

contact is the time it takes for the retina of the eye to make contact with an object it sees 

travehng towards it at a constant speed. In Lee's (1976) terminology, r is equal to a 

proportionality constant times the ratio of the size of the object's image on the retina 

divided by the rate of expansion of that image. 

Laurent and Thomson (1988) found that subjects were able to walk to targets, 

varying stride lengths as dictated when only periodic visual sampling was allowed. 

Furthermore, when these visual snapshots were provided, they only resulted in smooth 

movements when the snapshot allowed the subject to see their target-pointing limb on the 

ground. If the snapshot was provided during the swing phase, movements were clumsy. 

Laurent and Paul (1988) found that manipulation of peripheral visual movement 
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information relative to subjects walking to targets degraded performance of foot 

placement on the target. 

Patla et al. (1989) found that walking subjects were able to modify their step 

length based on visual cues within the step that needed to be modified. Patia et al. (1991), 

conducted four experiments investigating the time required to change walking directions 

based on the time allowed using visual cues. They determined that mediolateral direction 

changes must be planned during the preceding step (i.e., 200-300 ms before initiation of a 

step taking 500-600 ms to complete) in order to be effective. By conducting such an 

extensive series of experiments they were also able to conclude that the hmiting factor in 

making direction changes, aside from perceptual reaction, was the ability of the hip 

rotators and ankle invertors-evertors to generate adequate torques. 

In the same study, Patla et al. (1991) conducted two more experiments 

investigating obstacle height and the time of obstacle appearance during waUdng. 

Subjects were able to successfully clear obstacles 2 cm in height when the contralateral 

stance foot made contact right before the ipsilateral foot was required to go over the 

obstacle (step diuration 550 ms and 8 cm represented approximately 10% of subject's leg 

length). Subjects had greater difficulty clearing obstacles 8 cm in height when they 

appeared at contralateral foot strike (i.e., late cue condition). Increased hip, knee, and 

ankle flexion was only observed for the 8 cm obstacle in the late cue condition. 

Interestingly, subjects only exhibited increased hip and knee flexion when the 8 cm 

obstacle was presented with additional time (i.e., two steps before ipsilateral obstacle 

clearance). 

These kinematic changes due to obstacle presentation time, led to the suggestion 

that given enough time, subjects prefer to introduce an upward bias to the limb frajectory; 

when time is short they aUer the trajectory severely. Additionally, these last two 

experiments revealed that subjects increased the horizontal braking force of the 

contralateral stance leg in proportion to the obstacle height, that is, they slowed down 

more to clear the higher obstacles. OveraU, Patia et al. (1991) have made clear tiiat 
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adaptive changes in step length, direction, and foot clearance can be made within a stride, 

but some of these changes cannot be made within one step. 

More recently, Patia et al. (1996) allowed subjects to control the amount of visual 

sampling they could perform as they walked over terrains of equal distance (9.1 m) 

including holes and obstacles in which they had to modulate step length, step width, 

steering, and foot clearance. The visual sampling was controUed using LCD glasses 

tiiggered with a hand-held switch by the subjects. Without glasses the travel time was 

approximately 9 seconds and during sampling with glasses it was approximately 9.4 

seconds. Mean sampling frequency was 0.5-1 Hz, with mean sample duration of 500ms. 

Subjects never sampled more than once per step. It was found that the duration of visual 

samples as a percentage of movement time was 10% when no foot placement 

requirements or obstacles were present in the straight path and 40%) when a hole was 

present. Furthermore, when sampling the path with the hole, the samples were not 

regularly spaced, but increased when subjects were near the hole. 

In a second experiment, also part of the Patla et al. (1996) study, visual sampling 

was examined as subjects walked through terrains requiring steering, obstacle avoidance, 

or precise foot placement indicated by foot shaped targets. The goal of the experiment 

was to determine if visual sampling occurred before step modifications (i.e., feedforward 

control) or during step modifications (i.e., on-line control). From the steering task 

requiring either a 45° or 90" tum it was found that visual sampling time was 4 times 

greater than the straight control path. The same increase in sampling time was seen for 

the task in which an obstacle of 0.5 cm, 18 cm, or 38 cm in height had to be cleared. The 

foot placement trials required subjects to make normal, short, long, narrow, or wide steps 

and the visual sampling analysis suggested that specific foot placement caused an 

increase in sampling time that was unaffected by the magnitude of step length or width. 

FoUowing the insights gained regarding the frequency, timing, and duration of 

visual sampling used when approaching an obstacle, Patia and Vickers (1997) decided to 

examine the exact gaze pattems of subjects as they approached 1 cm, 15 cm or 30 cm tall 

obstacles, placed at a random distance 4-6 m in front of them. Starting with eyes closed, 
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upon the command 'go' they opened their eyes, walked down the path, stepped over the 

obstacle and continued on. Eye movements were studied using an eye tracker. 

Results showed that during approach, subjects fixated on the obstacle 

approximately 20%) of the time. Fixations one and two steps before the obstacle increased 

in frequency due to obstacle height. hicreased frequency, not duration of sampling was 

found for the 1 cm obstacle, and the 30 cm obstacle. Greater sampling frequency for the 1 

cm obstacle was presumably to enable accurate detection, and greater sampling frequency 

for the 30 cm obstacle was due to focusing on the landing area behind the obstacle, 

presumably to ensure proper foot placement. No obstacle fixations were made during the 

step over the obstacle, therefore, visual sampling is shown to act in a feedforward manner 

for the control of obstacle stepping (Patla and Vickers 1997). 

A more recent study by Emi and Dietz (2001) used a treadmill-based stepping 

task, not entirely different from the precision stepping task used in this thesis, to assess 

the significance of specific afferent information during motor leaming. Visually 

obstracted subjects stepped over an obstacle on a treadmiU while various afferent stimuli 

(i.e., acoustic, somatosensory, and light flash) were used to signal the approaching 

obstacle. In each case, knowledge of results (i.e., amount of clearance) after a step was 

provided using acoustic signals. The effects caused by the stimuli were compared with 

normal, fuU visual obstacle stepping performance. The performance variables included 

foot clearance, leg muscle EMG activity, and the shape of movement trajectories during 

three successive, 100 step trials. In this novel experiment, a motor driven and retractable 

foam-padded stick created an obstacle 11 cm high that moved at the same speed as the 

treadmiU belt. Figure 2.41 shows the experimental set up. 
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Figure 2.41. Obstacle stepping task developed by Emi and Dietz. A, shows the subject 
walking and the movement of the motor driven obstacle. B, shows the timing of 
events during the obstacle stepping task (Emi and Dietz 2001, p. 304). 

Emi and Dietz (2001) selected this task due to the assumption that it was a typical 

automatically performed fianctional movement that required interaction between central 

CNS commands and proprioceptive feedback input to achieve an adaptation to the 

specific extemal demands. The acoustic condition involved the wearing of glasses that 

restricted visual information from the lower visual field while obstacle approach was 

indicated by a short 'beep'. The somatosensory condition also used the special glasses 

while obstacle approach was signaled by a small, non-noxious electrical stimulation 

along the tibial nerve. The light flash condition used a small LED mounted inside the 

special glasses in front of the right eye. Subjects were asked to move their limbs as close 

as possible to the stick without touching it. The time between appearances of the obstacle 

varied randomly between 9-16 second (i.e., approximately 20 min per trial, 60 min for 

the entire experiment). 
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In order to determine the cross-modaUty effect between successive mns, mean 

values for the last four steps in a ran were compared to the mean of the first four steps in 

the next ran as a measure of the relative tiansfer of performance between ran. Eq. 2.21 

below was used: 

^ current trial first 4 steps - previous trial last 4 steps 

current trial first 4 steps ' 

The analysis revealed that the best obstacle clearance performance at the beginning of 

each mn occurred with the normal vision condition. When normal vision was foUowed 

with acoustic or somatosensory stimuU, little cross-modal transfer occurred. When the 

first run consisted of acoustic stimuU, and the second used somatosensory, ahnost fiiU 

transfer occurred. Also very important, it was found that the absolute level of 

performance achieved after the second or third run was similar in both the normal vision 

and altemate modality conditions. Therefore, it was concluded that the course of motor 

leaming appeared to depend on specific types of afferent input and the type of 

feedforward control had a special influence on the stepping performance only at the onset 

of the experiment, not on the overall rate of leaming over the three trials. Furthermore, 

the lack of transfer between the normal vision to non-visual stimuli suggested that visual 

input is processed differently from non-visual stimuli. 

Overall, this section has illustrated the robust nature of the CNS in responding to 

environmental challenges during locomotion. Vision appears to be best modality for 

providing feedforward information regarding obstacles in the stepping task. Visually 

mediated modifications to step length during normal waUdng can be made within one 

step, while movements requiring more complex movement (i.e., direction changes, 

precise foot placement, and obstacle clearance) require planning before the step is 

executed. Specific gaze pattems during obstacle stepping have also been discussed. In 

this thesis, subjects are required to perform a precision stepping task involving obstacle 

clearance. It is suggested that visual information gathered prior to stepping (i.e., not 

during the stepping motion) is most important for successful obstacle clearance, whereas 

133 



successftil landing of the stepping foot is aided by visual fixation on the treadmiU belt 

following step initiation. 

2.3 Phvsiological Effects of Space Flight 

Humans have been venturing into space for over forty years. It began with Yuri 

Gagarin's flight on April 12, 1961, continued with the space programs of Russia and the 

United States, and is currently conducted through the efforts of intemational space 

agencies headed in large part by the National Aeronautics and Space Administi-ation of 

the United States. Most of these space flights have involved stays ranging from hours to 

many months in orbit around the Earth where astronauts are exposed to a microgravity 

environment (i.e., experiencing less than one-miUionth of Earth's gravitational 

acceleration-essentially weightless). Six of those flights, ApoUo 11,12, 14,15, 16, and 

17 enabled twelve men to experience and perform work activities in the partial gravity of 

the Moon (i.e., 1/6* G) (Nicogossian, Pool et al. 1994). The majority of the review in this 

section is concemed with the effects occurring in the human exposed to microgravity. 

2.3.1 General Physiological Responses 

Humans exposed to the microgravity environment display neurovestibular 

symptoms, fluid loses, cardiovascular deconditioning, loss of bone, and loss of muscle. 

The database documenting these effects is relatively small, only a few himdred people 

have been in space and many of those have only flown short duration flights. 

Furthermore, the astronaut population is a special subset of the general population and 

nearly all astronauts have taken part in some type of countermeasure(s) during their flight 

time in order to mitigate some of the symptoms mentioned above. The only experiments 

that have been properly controUed have been short duration experiments with animals 

(e.g., rats, mice, chick embryos) on Space Shuttle flights (Holick 1998). Therefore, only 

general understandings have been formed about the effects of the microgravity 

environment (Nicogossian, Sawin et al. 1994). 

134 



Neurovestibular symptoms such as space motion sicloiess (SMS) and 

visual/vestibular tilt problems often occur immediately or within hours of reaching space 

and may last for several days (Young and Oman 1984; Oman, Lichtenberg et al. 1986; 

Young, Shelhamer et al. 1986). Extracellular fluid decreases by 10-15% soon after 

entering microgravity (Watenpaugh 2001). The cardiovascular system is deconditioned 

approximately 10% in the first month and then continues very slowly from there on. 

Decreases in red blood cell (RBC) mass proceed steadily, peaking within 60 days and 

stabilizing thereafter. Bone and muscle losses begin gradually throughout the first month, 

during months 2-4 the loss rate appears to increase and then it decreases considerably so 

that very gradual losses in bone and muscle continue (Nicogossian, Sawin et al. 1994). 

Of course, by this time bone losses may have reached 15-20 %. Individual 

variations regarding bone loss are significant and it appears that bone loss occurs 

primarily in what are normally the weight bearing limbs (i.e., lower extremities and 

spine) but not in the upper extremities (Stupakov, Kazeykin et al. 1984; Rambaut and 

Goode 1985; Oganov, Grigoriev et al. 1992; Rittweger, Gunga et al. 1999; Vico, CoUet et 

al. 2000). There have even been reports of increased bone in the skuU (Groner 2001). 

Earth based studies involving long periods of bed rest have also been used to generate 

understanding of these bone loss effects (Chase, Grave et al. 1966; Issekutz, Blizzard et 

al. 1966; Leblanc, Schneider et al. 1990). The recovery time for regaining bone after 

space flight can take many months, in a few cases years (Vico, CoUet et al. 2000). 

Muscle losses can also be dramatic. Combined data from U.S. and Russian space 

crewmembers have exhibited 20-50% decrements in force development of various leg 

muscles post flight (Grigoriev and Kozlovskaya 1988; Convertino 1990; Convertino 

1991; Convertino 1996). The reduced ability to generate force has been associated with 

6-8% decreases in the volume of the legs (Convertino 1996). Furthermore, declines in 

force production do not appear to be caused solely by reductions in cross-sectional area 

of the muscle; various stractural abnormalities and neuromuscular aUerations may be 

contributors (Convertino 1996). 
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2.3.2 hi-flight Exercise Countermeasures 

A number of exercise countermeasure have been used during space flights in an 

attempt to stave off bone and muscles losses and maintain cardiovascular fltness. The 

countermeasures have included: penguin suit (i.e., a suit constmcted with tension bands 

tiiat creates forces that the astronaut must resist during movements); cycle ergometers; 

treadmiUs incorporating tension bands to puU the astronaut down while mnning; spring 

resistance devices; an isokinetic pulling device; arm crank devices; seated rowing 

devices; and low body negative pressure (LBNP) enclosures (Nicogossian, Sawin et al. 

1994; Watenpaugh, Ballard et al. 1994; Convertino 1996). With respect to cardiovascular 

deconditioning issues, it appears that regular exercise countermeasures can enable the 

maintenance or restoration of preflight maximal aerobic capacity (Convertino 1996). 

Unfortunately, no effective countermeasure has been identified to prevent the loss of 

muscle and bone, although it is suspected that some type of loading exercise will 

eventually be foimd to help mitigate the muscle and bone losses (McCrory, Lemmon et 

al. 1999). 

The current exercise countermeasures on board the Intemational Space Station 

(ISS) include: the treadmiU vibration isolation system (TVIS); the cycle ergometer 

vibration isolation system (CEVIS); the interim resistive exercise device (iRED); and 

handgrip equipment. The TVIS allows a mnning type of locomotion and is designed to 

provide: aerobic/anaerobic training, neuromotor conditioning, high-impact skeletal 

loading, and strength/endurance training of postural muscles. The CEVIS is designed for 

aerobic/anaerobic training, arm exercise training and for aerobic/anaerobic fitíiess 

assessments. The iRED is somewhat like a universal exercise machine that uses special 

torque springs for applying constant loads via cables to either a shoulder hamess, bar, or 

handles. It is designed for aerobic/anaerobic training, strength/endurance training for 

many skeletal muscles and for axial high-stiain skeletal loading. The handgrip equipment 

includes spring mechanisms so that hand strength can be maintained as required for EVA 

activities (Groner 2001). 
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The TVIS is a very interesting device that actually 'floats' within the ISS. It is 

able to accompUsh this floating activity through the use of heavy masses, connected to 

springs and linear motors positioned at the four comers at the base of the device to damp 

out the impact forces created by the mnning astronaut. A gyroscopic guidance system and 

force-torque sensors provide the necessary information to control the linear motors 

correctly. In an experiment on a space shuttle flight, the TVIS performed very well 

opposing the movements of the ranning subject, rarely did the device wander out to the 

limits of it's tether to the shuttle huU. The astronaut is coupled to the TVIS using the 

hamess apparatus shown in Figure 2.42. One problem with this device, as with an earlier 

treadmill machine used on the Space Shuttle, is that astronauts do not load themselves 

with the hamess to levels that approach fuU bodyweight loads on Earth. The simple 

reason is apparently due to discomfort caused by transmitting high levels of tension to the 

body through relatively few contact points (McCrory, Lemmon et al. 1999). 
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Figure 2.42. The haraessing mechanism used to couple astionauts to the TVIS exercise 
apparatus (McCrory, Lemmon et al. 1999, p. 301). 

In this thesis, treadmiU based ranning with or without backpack loading is used to 

improve postural control adaptation. The ultimate goal of this type of research is to 

provide techniques for assisting astronauts in quickly regaining their pre-flight postural 

control abihties, although it is conceivable that similar types of over-loading 

countermeasures could be applied using a pull-down hamess system, such as on the 

TVIS, to assist either with locomotion readaptation to the Earth environment or for 

exercise countermeasures to be used at a Lunar or Martian astronaut base. 
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2.3.3 Postura Control Readaptatíon to Earth's Gravitv 

There are a number of reports of postural control decrements foUowing space 

flight. The most immediate and potentially severe decrements occur due to orthostatic 

intolerance. This is a reductíon in blood pressure and perfusion throughout the 

cardiovascular system due to reduced overall fluid volume, decreased cardiac output and 

decreased vasoconstriction. Orthostatic intolerance ranging in severity from increased 

heart rate or dizziness to fainting has been reported among a number of U.S. and Russian 

crewmembers throughout the history of manned space flight (Hoffler and Johnson 1975; 

Charies, Bungo et al. 1994). 

Orthostatic intolerance has been reported in 10-30%) of astronauts retuming from 

4-14 day Space Shuttle flights in the form of subjective reports of dizziness, higher heart 

rate and/or difficulty standing (Frisch-Yelle, Charles et al. 1994; Buckey, Lane et al. 

1996). In an effort to minimize orthostatic intolerance, Space Shuttle astronauts have 

used periods of LBNP exposure and fluid loading in flight to keep intemal blood pressure 

sensors partially adapted to 1 G fimctioning. In addition, fluid loading is carried out by 

astionauts in the hours before reentry. Fluid loading involves drinking one liter of an 

isotonic salt solution in order to increase blood fluid volume (Charles, Bungo et al. 1994). 

The emphasis of this dissertation is on the investigation of countermeasures that 

may improve the neuromuscular adaptation of astronauts for postural control activities 

foUowing space flight. Therefore, the remainder of this section focuses on 

neurovestibular and neuromuscular phenomena, not specifically related to orthostatic 

function, which affects the postural control abilities of astronauts retuming to Earth. 

Astronaut Jim Lovell described the experience of having to consciously command 

his legs to waUc upon retuming from a 14-day flight aboard Gemini-7 (Apsell 1999). 

FoIIowing the ApoUo 16 space flight, astronauts exhibited difficuUy in maintaining 

balance with eyes closed (Homick and Miller 1975). Astronauts retuming from the 

Skylab 2, 3, and 4 missions, also demonstrated postural control decrements post flight 

(Homick and Reschke 1977). The manner in which balance was tested involved quiet 
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standing heel-to-toe in a Romberg stance on metal rails of different widths with either 

eyes open or eyes closed. 

All three of the Skylab 2 astronauts, after 28 days in orbit, experienced 

considerable difficuUy maintaining balance during the eyes closed condition, but little 

difficulty with eyes open. The Skylab 3 astronauts exhibited some decrement of 

performance with eyes open and more severe decrements with eyes closed after their 59-

day space flight. The three astronauts of Skylab 4 displayed no decrements during eyes 

open performance, but very large deficits with eyes closed foUowing their 84-day 

mission. In general, all three crews required 10-11 days to retum to baseline postural 

control performance (Homick and Reschke 1977). 

According to Homick and Reschke (1977), astronauts subjectively reported the 

need to consciously initiate and control walking movements in the hours foUowing retum 

to Earth-just as had been reported by the Gemini astronauts. Furthermore, they exhibited 

a walking posture incorporating a wide-stanced shuffle gait with the upper torso flexed 

slightly forward. Conscious effort was also required to keep from falling to the outside 

when rounding comers. Of course, one very important point that must be remembered in 

conjunction with these observations is that unlike in recent years where astronauts 

typically retum to Earth by landing on solid ground, all of the early U.S. space flights 

involved water landings. Therefore, the astronauts postural control system was forced to 

adapt to locomotion on a ship for 1-2 days before they reached port. 

Postural control deficits were also reported among Russian cosmonauts during the 

early days of space flight. Chekirda et al. (1971) observed changes in the contact phase of 

waUdng such that the foot was accelerated onto the ground with greater force post flight-

a so-called 'stamping gait'. The walking gaits had a wider stance, shorter steps, more 

shifting of the CM toward the support leg and exaggerated use of the arms. Furthermore, 

cosmonauts displayed some difficulty maintaining straight walking paths on tíie day of 

retum to Earth. 

Research conducted as part of the first several Space Shuttle flights revealed that 

astronauts had difficuUy maintaining balance when landing from falls for a few days 
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post-flight. They also displayed the wide-stanced shuffle gait, had difficulty balancing on 

a moving posturographic platform with eyes closed, and displayed reduced gain in the 

vestibulo-ocular reflex (Young and Oman 1984). Astronauts post-flight also showed 

increased H-reflex amplitudes and balance deflcits that required more than 6 days to 

subside (Reschke, Anderson et al. 1984). Otolith tiU-translation reinterpretation has also 

been noted in some astronauts, that is rolling motions are incorrectly perceived as linear 

translations for at least 2 hours post-flight (Parker, Reschke et al. 1985). 

Neurovestibular studies performed on four Space Shuttle astronauts participating 

in the SpaceIab-1 experiments showed greater variability in detecting the onset and 

direction of linear acceleration post flight. Interestingly, a couple of astronauts displayed 

improved ability to track and nuU their motion on a linear sled in the dark post-flight. 

This interesting sensorimotor improvement did not persist long after retuming to Earth 

(Arrott and Young 1986). Postural control abilities of four astionauts were also tested 

using both a tilting posture platform and a modified Romberg test. EMG responses in the 

gastiocnemius and soleus during unexpected forced plantar flexion and dorsiflexion on 

the platform showed no post flight differences in the early (<500 ms) response, but higher 

EMG amplitudes for the late (>500 ms) responses. As with previous groups of astronauts, 

decrements in standing stability with eyes closed were present for days post-flight 

(Kenyon and Young 1986). 

Additional studies performed on the Spacelab-1 astronauts demonstrated gain 

reductions in the ocular counter-rolUng reflex post flight, which provided more evidence 

for modification of otolith function during flight (Vogel and Kass 1986). One study 

exposed the astronauts to brief falls before, during, and after flight. Early in the flight, the 

astronauts subjectively reported a feeling of falling like that on Earth, later in tiie flight 

they felt them to be just sudden, hard translations. hnmediately post-flight the drops were 

not described as producing a falling sensation, but it was perceived that the ground came 

up to meet them instead. 

Testing of the H-reflex of these astronauts before, during, and after the flight 

revealed slow adaptations to microgravity (i.e., several days) and rapid readjustment (i.e.. 
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most changes in hours, some in days) upon retum to Earth (Reschke, Anderson et al. 

1986). OveraU, the Spacelab-1 experiments provided evidence of reduced gain in otohth 

mediated reflex activity during flight; reinterpretation of rolling movement as 

translatíonal movement; increased weighting of visual cues during flight; did not find a 

reliable method of predicting space motion sickness; and supported previous evidence of 

postural control deficits following flight (Young, Oman et al. 1986). 

Further evidence regarding postural control ability among 16 astronauts foUowing 

several Space Shuttle flights with flight durations from 5-10 days was gathered using 

dynamic posture testing incorporating six sensory organization tests. These are the same 

types of tests described earlier in this thesis in section 2.2.1 with regard to standing. AU 

16 astronauts exhibited a significant decrease in postural stability (i.e., increased postural 

sway) upon landing. Decrements were most dramatic during posture tests in which visual 

and/or proprioceptive cues were altered. It appeared that the interpretation of vestibular 

signals posed the greatest difficulty. AU astronauts recovered to preflight performance 

within eight days (Paloski, Black et al. 1993). 

Stabilogram analysis of quiet, eyes open, standing posture of four astronauts 

following a 14-day flight revealed increased random movement of the COP among three 

of them. This was interpreted as an adaptation by the CNS in which tonic muscle actívity 

is increased such that body stiffhess or impedance is increased to ensure successful 

postural control as retuning to the IG environment occurs (Collins, De Luca et al. 1995). 

Overall performance during the standing tasks was quite successful, presumably due to 

the success of the visual system for enabling compensatíon for vestibular/proprioceptíve 

deficits. It is important to mentíon that these tests were performed the day after landing, 

thus many transient postural control adaptation effects had likely occurred before this 

time (CoUins, De Luca et al. 1995). 

McDonald et al. (1996) studied the lower limb kinematics of seven astionauts 

from three Space Shuttle flights during tieadmill walking. Post-flight, some astronauts 

showed joint dependent increases in phase plane variability (i.e., joint angles versus joint 

angle velocitíes) throughout the gait cycle and there were statistically significant 
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increases in knee joint variability at heel strike and higher hip joint variability at toe-off 

Furthermore, Layne et al. (1997) found that relative EMG actívation amplitudes for 

selected muscles of the lower limbs were altered during post-flight freadmiU waUdng at 

heel strike and toe-off. 

ft was suggested by McDonald et al. (1996) and Layne et al.(1997) that these 

changes could have functional significance on both the impact attenuating abiUtíes of the 

postural control system for the skeletal system and the ability to stabilize the head and 

eyes for feedforward use of visual/vestibular modaUtíes. McDonald et al. (1997) further 

emphasized the importance of adaptive changes in musculoskeletal impedance during 

post-flight locomotion with respect to impact absorption and sensory stabilizatíon given 

the reports of visual disturbances including osciUopsia (i.e., objects on which one is 

fixating appear to move back and forth, jerk, or wiggle) during post-flight treadmiU 

walking (Bloomberg, Peters et al. 1997; Layne, McDonald et al. 1997). 

Newman et al. (1997) directly tested the hypothesis that musculoskeletal 

impedance is altered foUowing space flight by having nine astronauts perform downward 

jumps. Kinematic parameters including phase planes of the hip, knee and ankle joints 

along with movements of the estimated body CM were compared between pre and post-

flight jumps. It was found that four of the nine astronauts displayed a compliant impact 

absorption profile with expanded phase planes and lower downward displacement of the 

CM. Two of the astronauts displayed stíff impact behavior with contracted phase planes 

and less downward excursion of the CM. Three subjects did not show a significant pre 

versus post-flight change. The authors of this study suggested that the compliant response 

reflected a transient adaptatíon from the low impedance requirements of space flight to 

the higher impedance requirements on Earth. The stiff response was suggested to be the 

result of a conscious overcompensatíon for recognized reductíons in post-flight Umb 

impedance due to transient CNS adaptations. 

In summary, the postural control readaptation effects described in this section 

appear to be the result of many influences on the human during space flight. These 

influences include a variety of CNS adaptations to the reduced/modified musculoskeletal 
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loading experienced in space such as reinterpretatíons of vestibular input, deconditíoning 

of the cardiovascular system, and bone and muscle atrophy. The degree to which these 

factors affect the adaptation/readaptatíon response of the postural control system is 

unclear. It does appear that the magnitude of disturbances and time required for 

readaptatíon is roughly related to space flight duration, with the important caveat of 

tremendous individual variatíon (Reschke, Bloomberg et al. 1994). This dissertatíon 

investígates the effects of gross musculoskeletal loading patterns on the performance of 

postural control tasks as a ground based analog to the microgravity to 1 G adaptatíon 

process which does not include the confounding effects of neurovestibular 

reinterpretations or sensory dismptions caused by the lack of a gravitational reference. 

2.4 Microgravitv and Partial Gravitv Simulation Techniques 

Many different approaches have emerged to simulate aspects of the microgravity 

environments experienced during orbit and interplanetary transits and the partial gravity 

environments such as at the Lunar and the Martian surfaces. The differing approaches are 

selected based on the type of information or training experience that is desired. For 

example, bed rest studies involving human subjects laying supine or with downward head 

tilt have been very effective for inducing similar levels of bone and muscle loss, 

cardiovascular deconditioning, redistribution of fluids, and decreases in plasma volume 

and red blood cell mass as seen in flight (Chase, Grave et al. 1966; Issekutz, Blizzard et 

al. 1966; Nicogossian 1994). Individual limb suspension in humans or hind limb 

supension in animals have also been employed (Roy, Bello et al. 1987; Berg, Dudley et 

al. 1991; CoUeran, Wilkerson et al. 2000). 

Underwater simulations have also been found to be outstanding for evoking many 

of the same physiological responses of microgravity and have proven to be the best way 

to prepare for extravehicular activities in microgravity (Duddy 1969; Trout and Bmchey 

1969; Greenisen and Edgerton 1994). Some underwater experimentatíon has also 

investigated partial gravity locomotion pattems using an imderwater treadmiU and special 

ballasting techniques (Newman and Alexander 1993; Newman, Alexander et al. 1994). 
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Other types of microgravity and partial gravity simulatíon include: 

1. Parabolic flights-These flights achieve periods of microgravity for 20-30 

seconds for use in familiarization, testíng of hardware, testing movement through 

spacecraft mockups, etc. Modified parabolas can be flown to enable 30-45 second 

simulations of partial gravity such for Lunar (1/6 G) or Martian (3/8 G) locomotion 

studies. A typical KC-135 (i.e., the most common aircraft used for this type of 

simulation) flight wiU consist of a series of 40-60 parabolas foUowing the time course 

trajectory shown in Figure 2.43 (Simons 1959; Gerathewohl 1961; Roberts 1963; Moran 

1969; Greenisen and Edgerton 1994). It is important to note that parabolic flights, 

although very nearly approximate partial gravity conditions, unexpected deviations in 

flight paths due to air currents, turbulence, etc, can introduce inaccuracies into the 

simulation. 

2. Frictionless Plane-This method of simulation involves a device on which a 

person stands or sits that floats above a surface by ejecting pressurized air. Permutations 

of this kind of apparatus have been used to familiarize a person with some types of 

human-equipment interactions that occur in a frictionless microgravity environment 

Three degrees of freedom within a plane (i.e., translation in two directions and rotation) 

are typically available (Gerathewohl 1961; Springer, Stephens et al. 1963) although some 

designs have allowed five to six degrees of freedom (Deutsch 1969). 

3. Suspension systems-These devices have incorporated springs, air bearings, 

constant tension electric motors, different types of gimbals and various attachment 

schemes depending upon the types of objects suspended. Suspension devices measuring 

73 m by 12 m by 110 m have been used to simulate maneuvering and landing actívities of 

the ApoUo lunar module (Hewes 1969). Smaller devices incorporating various degrees of 

freedom have enabled either inclined or vertical suspension of humans for studying 

extended periods of partial gravity locomotíon (Hewes, Spady et al. 1966; Letko, Spady 

et al. 1966; Wortz and Prescott 1966; Sanbom and Wortz 1967; Letko and Spady 1968; 

Robertson and Wortz 1968; Hewes 1969; Spady 1969; Wortz 1969; Cavagna, Zamboni et 

al. 1972; Davis 1991; He, Kram et al. 1991; Farley and McMahon 1992; Donelan and 
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Kram 1997; Kram, Domingo et al. 1997; Griffm, Tolani et al. 1999; Chang, Huang et al. 

2000; Donelan and Kram 2000; Chang, Hammerski et al. 2001; Ferris, Aagaard et al. 

2001). Figures 2.44-2.47 show some examples of the different types of suspension 

simulators that have been used for human locomotion studies during the past forty years. 
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Figure 2.43. Typical paraboUc flight pattem flown by NASA's KC-135 aircraft during 
microgravity simulations (Greenisen and Edgerton 1994, p. 203). 
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Figure 2.46. Suspension type partial gravity simulator from 1991. Latex cords are 
attached such that the line of action is approximately through the CM for each 
major body segment (Davis 1991, p. 70). 
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Figure 2.47. Recent suspension type partial gravity simulators. In (a) freadmill 
locomotion using bicycle type hamess with very limited vertical excursion (He, 
Kram et al. 1991, p. 864); (b) also freadmiU locomotion using bicycle type 
hamess with minimal vertical excursion allowed (Kram, Domingo et al. 1997, p. 
823); (c) treadmill locomotion using modified rock climbing hamess with limited 
vertical movement (Ferris, Aagaard et al. 2001, p. 169); and (d) freadmiU 
locomotion using modified rock climbing hamess allowing some 
anterior/posterior movement with limited vertical excursion possible (Chang, 
Hammerski et al. 2001, p. 680). 

The various types of suspension type partial gravity simulators all have the 

common feature of approximating reduced gravity conditions by off-loading a certain 

percentage of a person's body weight using some method of hamessing (i.e., slings, 

gimbaled seats, etc), cabling (i.e., wires coimected to trolleys, elecfromagnetíc air 

bearings coupled to a steel ceiling, etc), and tension application (i.e., long springs, 

constant tension motors, etc). For example, if the experimenter wishes to simulate 

walking on the Moon, where the gravitatíonal force at the surface is 1/6' G, then the 

device must support 5/6'*̂  of the subject's bodyweight so that the load supported by the 
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legs is nearly equivalent to actual loading requirement on the Moon. It is important to 

note that the simulations are generally performed to approximate a 'shirt-sleeved' 

environment. That is, inertial and hysteresis effects due to a massive, pressurized space 

suit are not usually incorporated unless the specific goal of the study is to examine energy 

costs or mobility of those particular suit designs (Roberts 1963; Hewes, Spady et al. 

1966; Wortz and Prescott 1966; Sanbom and Wortz 1967; Robertson and Wortz 1968; 

Wortz 1969; Kosmo 2002). 

Some of the suspension type partial gravity simulators have focused on applying 

bodyweight off-Ioading tension near the overall body CM, i.e., near the waist of the 

subject. Others have been configured so that tension application is limb-specific so that 

that segmental momentum characteristics associated with the actual 1 G environment are 

minimized. Figure 2.44 shows early examples of limited attempts to off-Ioad separate 

body segments. Figure 2.45 shows an outstanding recent attempt by Davis (1991) to off-

load many different body segments separately. The benefit of using additíonal segmental 

suspension points is to offset IG acceleratíon effects, yet the tremendous disadvantage of 

having many suspension points is that freedom of movement is restricted and basic 

locomotion strategies may be significantíy aUered. 

IncUned suspension methods such as those shown in Figure 2.44 parts (c),(d), and 

(e), although they were used extensively in the 1960's, are no longer used for bipedal gait 

studies due to the bilateral hip asymmetries these devices cause as discovered by Harris 

(1975) and cited by Davis and Cavanagh (1993). Other problems caused by the inclined 

systems (see Figure 2.45) involved firictíonal effects of the troUey from which cables 

were suspended, air resistance effects on the 12 or 46 meter long cables, momenttim 

effects due to the mass of the cabling and unusual vestibular signals due to the body 

being oriented nearly perpendicular to the 1 G reference (Hewes, Spady et al. 1966; 

Letko, Spady et al. 1966). One additíonal limitation to the inclined suspension technique 

that was completely overiooked by researchers studying the metaboUc costs of partial 

gravity locomotíon (Sanbom and Wortz 1967; Letko and Spady 1968; Robertson and 
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Wortz 1968) was the fact that the energy expenditure differs depending upon the body's 

orientatíon to the force of gravity (Astrand and Rodahl 1986). 

A comparison of the capabilitíes of different types of partial gravity simulatíon 

devices was prepared by NASA's Langley Research Center and presented by Deutsch 

(1969). This comparison is shown in Table 2.8. Table 2.9 shows a basic cost versus 

benefit relationship between more general categories of microgravity and partial gravity 

simulation techniques. 

Table 2.8. Comparison of reduced gravity simulation techniques (Deutsch 1969, p. 416). 

Water 
Capabilities Immersion 

Six degrees 
of freedom 

Long test times 
Unrestricted 

body motions 
Stable 
reference frame 

No data bias 
from anxiety 

Low drag or 
friction effects 

Luggage handling 
capabilities 

Large masses 
accommodated 

Delicate equipment 
handling 

Valid propulsion 
testing 

Stability system 
tests possible 

X 
X 

X 

X 

X 

X 

X 

X 

Overall effectiveness 
rating 8 

Parabolic 
Flight 

X 

X 

X 

X 

X 

X 

5 

Sling 
Suspension 
Inclined 

X 

X 

X 

X 

X 

5 

Shng 
Suspension 

and Gimbals 

X 
X 

X 

X 

X 

X 

X 

X 

8 

Air 
Pads 

X 

X 

X 

X 

X 

5 

Air Bearings 
Air Pads, 

and Springs 

X 
X 

X 

X 

X 

X 

X 

X 

8 
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Table 2.9. General cost versus benefit for common simulation techniques. 

Parabolic Flight Water Immersion Suspension Systems 

Advantages 

Achieves close Achieves similar extemal 
micro and partial G micro and partial G 

Largely unhindered Long durations 
movement 

Achieves similar extemal 
partial G for lower limbs 

Moderate duration 

Low cost 

Disadvantages 

Very expensive 

Very short duration 

Nausea common 

Limited space for 
locomotion studies 

Expensive 

Technically complex 

Viscosity dampens 
Movement 

Hindered movement 

Discomfort due to hamess 

In additíon to bed rest studies, underwater simulations, parabolic flights, 

fiictíonless devices, and suspension devices, other techniques involving drop towers, 

centrifiiges, gas-fiUed balloons, hover-type craft, and rocket powered back packs have 

been used to simulate aspects of microgravity and partial gravity (Gerathewohl 1961; 

Wortz and Prescott 1966; Hewes 1969; Davis and Cavanagh 1993). A couple of novel, 

yet largely unsuccessful studies even investígated the use of magnetic shoes for waUcing 

along the inside or outside of a spacecraft in a microgravity environment (Simons 1959; 

Spady and Beasley 1972). The next sectíon explores the resuUs of locomotíon sttidies 

performed primarily using suspension simulators, although some data from underwater 

locomotíon and parabolic flight studies is presented. 

2.5 Locomotíon in Simulated Partial Gravitv Environments 

There have been relatively few studies that attempt to simulate partial gravity 

conditíons for the purpose of examining 'Earth-like' locomotion pattems such as waUcing 

and ranning. Thus, very little data exists regarding partial gravity locomotion pattems. 

According to Margaria and Cavagna's (1964) theoretical paper, there was work done as 

153 



early as 1935 with respect to techniques of off-loading body weight. Margaria and 

Cavagna's paper was an excellent attempt at taking knowledge about locomotion in 

Earth's gravitational environment and extrapolatíng that down to the Lunar gravity 

environment. Their technique involved a simplified pendulum concept of the person, 

along with an understanding of paraboUc baUistíc flight paths. 

This method enabled interesting speculation regarding the maximum speed at 

which a person could walk on the Moon, assuming that the person acted as a simple, 

inverted pendulum during walking (much like Alexander's model that appeared later in 

1976). They stated, "the change of the potential energy into kinetíc and vice versa, a 

fundamental characteristic of walking as described above, wiU therefore not be possible 

on the moon surface, except at a speed of progression lower than 1 km/hr" (Margaria and 

Cavagna 1964, p. 1143). Their approach also enabled quantitative speculation regarding 

the minimum available dynamic coefficient of friction of the Moon's surface such that 

specific locomotion strategies can be employed. Furthermore, Margaria and Cavagna 

speculated on what the most effective locomotion pattems would be for a desired speed. 

After reviewing the locomotion pattems adopted by the ApoUo astronauts 

(numerous video clips can be accessed at http://wrww.nasa.gov), it is quite apparent that 

Margaria and Cavagna's early theoretical assumptions were correct-astronauts generally 

chose to skip or lope using a bounding type of gait in which the potential and kinetic 

energy exchanges occurred in phase (i.e., what is seen in ranning and jumping on Earth). 

Only at very slow speeds did the astronauts adopt something resembling a waUdng gait 

involving a double stance phase. The ballistic 'walking' that the astronauts displayed is 

now referred to as loping due to its characteristic aerial phase in which both feet are off 

the ground (i.e., as in ranning on Earth). Margaria and Cavagna's early thoughts on Lunar 

locomotion were very insightful. Of course, simplified models are not sufficient for 

describing all of the trae complexities of human gait, thus experimental models were 

developed to gain important practícal understandings of both 'shirtsleeve' partial gravity 

locomotion and more realistic locomotion involving a pressurized life support suit. 
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The eariy experimental work focused specifically on simulation of partial gravity 

environments for locomotion studies began in the 1960s. These studies were initíated in 

advance of the ApoIIo Moon landings and a few were conducted throughout the ApoUo 

program. After the ApoUo missions were completed, virttially no research actívity 

occurred until the early 1990s. hi the eariy 1960s, there were a few lunar locomotion 

studies performed in aircraft executing parabolic flight paths. The two sttxdies of interest 

here are Roberts (1963) and Beebe (1964). Many astronauts received partial gravity 

familiarizatíon during parabolic flights throughout the 1960s and up to the present, but 

very few actual Lunar or Martian locomotion studies have been carried out. The majority 

of partial gravity locomotíon studies performed during the 1960s used the various types 

of suspension simulators mentioned in the previous section. 

When research interest in partial gravity locomotíon re-awakened in the early 

1990s, the primary research environment continued to be permutations of the suspension 

type simulators. A couple of exceptíons include the work of Newman et al. (1993, 1994, 

1996) in which underwater locomotion was employed and Newman (1996) and Cavagna 

et al. (2000) who used parabohc flight. During the studies of both the 1960s and 1990s, 

very small numbers of subjects were involved and as mentioned before, each simulation 

method lacks certain realistic aspects of 'tme' partial gravity environments. Therefore, 

the current understandings of actual partial gravity locomotion are approximate at best. 

This section will focus on data from several early studies and several recent studies in 

order to elucidate some characteristics of partial gravity locomotion. 

Roberts (1963) conducted a study using two male subjects who walked at various 

speeds down a painted walking way during multiple parabolic flights in which simulated 

gravity levels were varied (i.e., 0.10, 0.17, 0.25, 0.4, 0.7, andl.O G). Roberts' subjects 

were instracted to walk comfortably at whatever speed they deemed optimal for 

maintaining body control at a particular gravity level. Figure 2.48 shows the combined 

data for the duty factor (ratío of contact time to stride time) versus gravity level for both 

subjects. Lower duty factors indicate a ranning type gait, and duty factors greater than 0.5 

imply a walking type gait in which there is always one foot planted on the ground. Figure 
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2.49 shows the relatíve stride lengths (stride length/leg length) used by the subjects. 

Roberts did not actually normalize stride lengths by leg lengths, but for ease of 

comparison with more recent studies, subject height and regression relationships from 

Chaffin and Andersson (1991) were used to determine approximate leg lengths for 

normalization. 

The walking speeds chosen by the two subjects varied between 0.8-1.26 m/s. 

Probably due to head clearance constraints, neither subject was compelled to move 

significantly in the vertical direction, but preferred to maintain an Earth-type waUdng 

gait. Roberts described the walking gaits as appearing much like a fast Earth-type walk 

performed in slow motion. That is, the ratio of swing time to stance time resembled that 

seen in a fast 1 G walk, but presumably due to the lower natural frequency of the 

swinging limbs (i.e., less potential to kinetic energy conversion), partial gravity walking 

had the slow motion appearance. 
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Figure 2.48. Duty factor versus gravity level (percentage of Earth's G) adopted by the 
two subjects in Roberts' (1963) study. 

156 



0.4 0.6 
Gravity (G) 

0.8 

Figure 2.49. Relative stride length (stride length/leg length) as calculated from Roberts 
(1963) study. 

Shortly after Roberts completed his study using film records, Beebe (1964) 

employed an aircraft mounted force plate to obtain the first GRF profiles for partial 

gravity walking inside an aircraft. Figure 2.50 shows representative data for both vertical 

and horizontal forces at the simulated gravity levels indicated. Figure 2.51 shows a 

comparison of Beebe's data with that of GRFs for a slow walk at Lunar and Martian 

gravity levels in a device much like the inclined suspension simulator, except that the 

subject is suspended parallel to the ground within a rotating chamber so that gravity 

levels are simulated using centrifugal force via centripetal acceleration (Letko and Spady 

1968). 
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Figure 2.50. Horizontal and vertical GRFs from Beebe (1964) as presented by Letko 
(1970, p. 71). 
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Figure 2.51. Horizontal and vertical GRF comparison between Beebe (1964) and Letko 
and Spady (1968, p. 349) for slow, partial gravity walking. 
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Hewes, Spady, and Harris (1966) conducted a study using the inclined suspension 

simulator previously shown in Figures 2.44 (e) and 2.45. Using this device, they had 

three subjects locomote at various speeds in both IG and simulated lunar gravity 

conditíons. This study was very much an exploratory exercise, they wanted to gain 

insight into the possible locomotíon pattems (i.e., gait styles and speeds) that could be 

attained in the lunar environment and to find out which were most 'comfortable' to 

maintain. There were few constraints placed on this exploratory process and the major 

quantifications from this study were limited to the kinematics of movement. Additional 

qualitative statements were provided. Figure 2.52 shows the most prominent feattire of 

partial gravity locomotion in this simulator study-the forward lean. Additíonal 

observations from this study were that the subjects tended to walk stíff-Iegged in Lunar 

G, the natural or most comfortable Lunar gait corresponded to loping at 3.0 m/s, and 

stride lengths increased and stride frequency decreased in Lunar G. 

Figure 2.53 shows the relative stride lengths for the gait pattems adopted by the 

three subjects from Hewes et al. (1966). As in the Roberts' study, relative stride lengths 

were determined by taking the reported subject height and applying anthropometric 

scaling per Chaffin and Andersson (1991) to facilitate visual comparisons with recent 

studies presented later. As can be clearly seen in Figure 2.53, subjects preferred to lope, 

taking very large strides with significant vertical excursion when locomoting in the range 

of 2.5—4 m/s. One tremendous benefit of this particular inclined suspension simulator was 

the availability of more vertical space (i.e., relative to the subjects orientation) than could 

be possibly used during loping or jumping activities. Many suspension simulator studies, 

including the majority of the recent studies, employ devices that allow very little vertical 

excursion. Thus 'realistic' partial gravity gait pattems cannot be attained; the subject 

must conform to the limits of the device. The simulator used for the research in this thesis 

allows subjects to move vertically nearly one meter depending upon the subject's height. 

In addition to gaining an understanding of the kinematics and kinetics of partial 

gravity locomotion, space mission planners were very interested in leaming about the 

energy expenditure requirements. In 1966, Wortz and Prescott conducted an experiment 
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looking at the metabolic cost of walking (without a pressure suit) in two slightly different 

vertical suspension simulators. The walking speeds examined were 0.9 m/s and 1.8 m/s; 

the simulated gravity levels were 1/4, 1/6, and 1/8 G. It was found that the metabolic cost 

for walking at those speeds was significantly less in partial gravity than 1 G and that there 

were significant differences in the energy cost of the two simulators. Additíonal 

experiments in the next couple of years fiirther highlighted the differences between the 

energy cost of walking in various suspension simulators at Lunar off load levels with and 

without different types of pressure suits, on different ground surfaces, with various 

extemal loads and at different locomotion speeds (Sanbom and Wortz 1967; Letko and 

Spady 1968; Robertson and Wortz 1968). 

hi 1969, Wortz provided a summary of these studies. Figure 2.56 shows the 

metabolic cost of locomotion at various speeds in both 1 G and simulated Lunar gravity 

environments. The Lunar gravity data was compiled from several studies. As expected, 

partial gravity locomotíon on sandy soil versus a hard surface required greatly increased 

metabolic costs (Letko and Spady 1968). U was also generally found that the metabolic 

cost of locomotion in the inclined partial gravity simulator was less than in the vertical 

simulators (Letko and Spady 1968; Wortz 1969). Interestingly, the effect of adding loads 

to the subject, up to 181 kg (i.e., 400 Ibs at Earth gravity, 67 Ibs in the Lunar simulation) 

did not result in a significant increase in energy expenditure at locomotion rates above 4 

km/hr. It was suggested that improved traction due to the extra mass enabled a more 

efficient gait pattem so as to offset the energy required for increased vertical loads (Letko 

and Spady 1968; Wortz 1969). 

One important finding that was identified by Wortz (1969) and can be seen 

clearly in Figure 2.56 is that slow speed locomotion in simulated partial gravity is 

proportionately less metabolically efficient than at higher speeds. This coincides with the 

predictions of Margaria and Cavagna (1964) in that altemating potential and kinetic 

energy exchanges, as used to walk on the Earth, become ineffective on the Moon except 

at extremely low speeds. Therefore, slow speed partial gravity locomotion generally 

involves the less metabolically efficient strategy of keeping kinetic and potential energy 
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exchanges in phase in order to enable quick changes in locomotíon speed and enhance 

stability. 

3 4 
Vel city (rn/s) 

Figure 2.53. Relative stride length versus velocity for the three subjects exploring 
different walking, loping, and ranning pattems in both 1 G and simulated lunar 
environments during the Hewes, Spady, and Harris (1966) study. Relatíve stride 
lengths were calculated using leg length regressions from subject height using 
methods from Chaffin and Andersson (1991). 
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Figure 2.54. Body angle reference for the Hewes, Spady, and Harris (1966, p. 19) study. 
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Figure 2.55. Body angle {i.e.,S^ as shown in Figure 2.54.) versus locomotíon speed for 

the subjects of Hewes, Spady, and Harris (1966). 
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Figure 2.56. Energy cost of walking and mnning at varíous speeds at 1 G and simulated 
Lunar gravity. The simulated lunar gravity data is combined from several studies 
to reveal the general trend in metabolic rate across a wide range of locomotion 
speeds. Adapted from Wortz (1969). 

The early partial gravity locomotion studies often did not closely address the 

specific inaccuracies present in the simulators. In the study by Hewes, Spady, and Harrís 

(1966), some discussion was included regarding the masses of the support components, 

forces required to overcome the inertia caused by these masses, air drag caused by the 

subjects profile along with the 45.7 m cables, írictíon forces at the troUey/gantry 

interface, and leg cable resistance to leg motion dynamics, but even this level of 

quantification was rare in the early studies. For example, in the novel vertical suspension 

simulator using air-bearing supports connected to constant tension motors developed by 

Spady (1969) and shown in Figure 2.44 (a) and (b), support force fluctuations were never 

reported in detail. It was stated, "tests to determine the linearity and the hysteresis of the 

constant force motor system have not been completed" (Spady 1969, p. 445). 
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FoIIowing the studies in the 1960s, almost no partial gravity locomotion research 

can be found untíl the early I990s. This resurgence of interest began to appear in the 

works by He, Kram and McMahon (1991), Davis (1991), Fariey and McMahon (1992) 

and Newman and Alexander (1993). The He et al. and Fariey and McMahon stíidies 

employed the same type of vertical suspension simulator as shown in Figure 2.47 (a). 

These two studies were focused on leaming more about the overall characteristícs of 

walking and mnning by seeing how IG understandings of locomotion applied to 

simulated partial gravity levels. After having subjects ran at 3.0 m/s under conditíons of 

simulated partial gravity from 0.2-0.7 G, it was found that the stiffriess of the leg and the 

vertical excursion of the CM did not change due to gravity level (He, Kram et al. 1991). 

This finding supports tiie concept of relatively constant leg stíf&iess for ranning 

that was mentíoned in section 2.2.3 of this thesis. He et al. also found comparable 

changes in decreased contact time, stride frequency, vertical landing velocUy and leg 

kinematics for partial gravity ranning as in the earlier suspension studies. It is important 

to note, however, that subjects were constrained to ran and not lope due to both physical 

constraints of the device and the requirements of the experimenters. In Farley and 

McMahon (1992), it was rediscovered that walking at simulated partial gravity levels 

below 0.25 G results in proportionately less energy efficient locomotion than loping or 

ranning. That is the metabolic cost of walking a specific distance in a low gravity 

environment would be greater than the cost imposed by loping. 

The simulator used by He et al. and Farley and McMahon accomplished tension 

application to the subject through a series arrangement of steel springs. The spring 

constant for the device was reported to be 229 N/m, which was small compared to the 

estimated stifíhess value of 23 kN/m for the ranning subject. The mass of the bicycle seat 

type hamess was 1.3 kg, which was less than 2% of the bodyweight of the subjects in the 

studies. Tension fluctuations in the support cable were reported for one subject to be ± 

9.5 % at 0.7 G, ± 6.5 % at 0.5 G, and ± 2.6 % at 0.2 G. 

In 1991, Davis conducted a study using a supine suspension simulator (see Figure 

2.46) to determine the feasibility of using tension mechanisms on an orbital freadmiU for 
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replicating the GRFs experienced during mnning on the Earth. Therefore, his study was 

clearly focused on generating data for use in the manned space flight program. One 

reason for using a supine position was to place the locomotion surface (i.e., motorized 

freadmiU) parallel to the gravitational vector so that the subject would initially have no 

loading on the treadmiU until springs were applied to create that force. A second reason 

was to facilitate the attachment of many latex cords to individual body segments in the 

plane of locomotíon progression. This was to counteract the asymmetrical loading and 

locomotion pattems that were eventually discovered in the inclined plane suspension 

studies (Harris 1975). 

Davis discovered that it was not possible to reproduce the GRFs seen in Earth 

based miming using the pull-down to the treadmiU approach. The primary reason was 

that subjects were not able to tolerate puU-down loads greater than approximately 60% of 

bodyweight. For example, a 75 kg subject would not tolerate having more than a 442 N 

load (i.e., the effect of holding an additíonal 45 kg at 1 G) applied to their waist area 

while they ran at 2.3 m/s. This type of puU-down tolerance (0.5-0.7 G) has been shown to 

hold for the passive treadmiU used on the U.S. Space Shuttle and even for the newer 

motorized TVIS used on the ISS; both systems transmit loads to the subject via a 

combined waist and shoulder hamess (Nicogossian, Sawin et al. 1994; McCrory, 

Lemmon et al. 1999). 

Fortunately, Davis was able to show that WARs in simulated partial gravity 

ranning were able to match WARs found in Earth-based ranning when the treadmiU was 

used in the actíve mode. The benefit of incorporatíng higher WARs even for lower 

maximum GRFs is for potentíally providing more stimuli that the body wiU use to 

maintain bone in the spine and lower extremity limbs. Thus alleviating some of the 

adaptatíons that prove detrimental for astronauts when they retum to the Earth. As 

mentioned earlier, the TVIS currently used on the ISS incorporates both a motorized 

treadmill and an improved upper body hamessing system. 

Davis provided a detailed discussion of síiffiiess and resonance issues related to 

his use of long latex cords, springs, and puUey arrangements to apply tension to the 
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subject's limbs. Tension variations in any one cord were reported to be ± 5 % except for 

the cords attached to the lower leg (i.e., shank). During mnning, the shank cords tension 

vaned up to ± 10 %. Overall, this study featured a very innovative approach not only for 

simulating partial gravity locomotion, but simulating partial gravity locomotion in a 

simulated microgravity environment to provide data usefiil for orbital space flight 

activities. 

In 1993 and 1994, Newman et al. published studies regarding partial gravity 

locomotion in a water immersion environment at NASA's Neutral Buoyancy Test 

Facility, Ames Research Center, CA. These studies involved six subjects (4 male, 2 

female) who walked, loped, and ran at various speeds (i.e., 0.5, 1.5, and 2.3 m/s) and 

simulated gravity levels (i.e., 0.17, 0.38, 0.67, and 0.9 G) on a motorized treadmiU at the 

bottom of a 2.75 m deep tank (air was surface supplied through a hose). The neufrally 

buoyant subjects were ballasted with loads at the torso, left/right thigh, and left/right 

lower leg to achieve the desired gravity simulations. The original intention was to ballast 

subjects up to a submerged 1 G level, but this proved to be too fatíguing. Therefore, the 

0.9 G level was the highest level simulated in the water and 1 G data was collected on dry 

land. 

Newman et al.'s work represented a welcomed retum to some of the strategies of 

the early simulation studies in that more opportunity for vertical excursion was provided. 

Figures 2.57-2.60 show the important data from Newman et al. (1993, 1994) regarding 

oxygen uptake, cadence, mean peak vertical forces, representative vertical force profiles 

and representative swing/stance percentages. One clear effect of this type of simulation 

technique is the significant drag caused by the water on the subject as they move. Drag 

effects were reported to contribute approximately 6% to the metabolic measurements and 

an unspecified amount with regard to damping the natural frequency of the swinging 

limbs. Differences are readily noticed between the submerged locomotion parameters and 

the 1 G dry land reference shown in Figures 2.57-2.60. 

Even with these drag issues, the basic form of the partial gravity locomotion was 

in concert with the earlier studies, as was the reduced effîciency of slower locomotion 
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speeds at low gravity levels. One additional difference between Newman et al.'s work 

and the earlier studies that may be due to drag effects involves the transUion to loping. 

Hewes et al. (1966) reported that subjects tended to transitíon to a loping gait in the range 

of 2-4 m/s where Newman et al.'s (1994) subjects adopted a loping gait at 1.5 m/s and 

above. The hydrodynamic drag forces were presumably less on subjects moving up and 

down (i.e., smaller cross-sectional area) than anterior/posterior on the treadmill. 
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Figure 2.57. Oxygen uptake versus gravity level for subjects locomoting in an underwater 
simulator (0.17-0.9 G) and on dry land (1 G). Adapted from Newman (1994). 
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Figure 2.58. Cadence versus gravity level for subjects locomoting in an underwater 
simulator (0.17-0.9 G) and on dry land (1 G). Adapted from Newman (1994). 
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Newman et al. (1996) used a suspension simulator, much like He et al.'s device, 

to simulate Martian G mnning at 3.0 m/s to induce neuromuscular impedance changes 

that led to fransient effects in 1 G postural control performance during quiet standing 

following the partial gravity mn. This study was very similar in concept to the approach 

taken in this thesis effort. That is, baseline performance of the subject's postural control 

system was assessed using the techniques of Collins and De Luca (1993), reviewed 

earUer in sectíon 2.2.1. Second, subjects were accustomed to partial gravity mnning (i.e., 

3/8 G at 3.0 m/s for 6 minutes) in which the neural activation pattems of the lower 

exfremities had to be modifîed to enable steady state locomotion. Third, subjects egressed 

the simulator and performed either no exercise, five deep knee bends, or three broad 

jumps. Fourth, the subjects performed quiet standing (with eyes open) once agam. 

The results of this experiment revealed detectable changes from baseline standing 

performance foUowing partial G running (nine of ten subjects showed signifîcant 

increases in COP movement). Furthermore, it was found that high-force, high-velocity 

broad jumps caused a sudden muscle activation gain change such that no significant 

difference was detected between baseline and COP movement. It was concluded that, 

"the neuromuscular changes that occur during brief exposure to reduced gravity can be 

countered through exercise, and the time rate of change of force is thought to be a critical 

variable..." (Newman, Schultz et al. 1996, p. 1106). 

More recent research employing the suspension simulators shown in Figure 2.47 

(b), (c), and (d) have explored the basic mechanisms involved in human locomotion. 

These newer simulators incorporate improvements over that of He et al. (1991) in íhat the 

springs are replaced with long elastic tubing and often the bicycle type seat is replaced 

with a modifîed rock climbing hamess. Cable tension fluctuations for the simulators 

shown in Figure 2.47 (b) and (c) are reported to be within ± 3 % for all G levels (Donelan 

and Kram 1997; Kram, Domingo et al. 1997; Ferris, Aagaard et al. 2001). Tension 

fluctuations for the simulator in Figure 2.47 (d) have been reported as ± 6 % (Griffin, 

Tolani et al. 1999) and ± 4 %> (Chang, Huang et al. 2000). From these studies, it has been 

found that the Froude number, based on the dynamics of an inverted pendulum system. 
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adequately describes the points at which subjects transition between walking and mnning 

in a suspension simulator (Kram, Domingo et al. 1997). Gait parameters such as duty 

factors and relative stride lengths for slow (Donelan and Kram 1997) and fast (Donelan 

and Kram 2000) locomotion speeds at various simulated gravity levels have been also 

been coUected (see Figures 2.61 and 2.62). 
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-A - 5.0 m/s 
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Figure 2.61. Mean duty factor versus gravity level for various locomotion speeds in a 
vertical suspension type simulator for ten subjects. Adapted from Donelan and 
Kram (1997, 2000). 
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Figure 2.62. Mean relative stride length versus gravity level for various locomotion 
speeds in a vertical suspension type simulator for ten subjects. Adapted from 
Donelan and Kram (1997, 2000). 

In Donelan and Kram (2000), data were presented comparing the duty factors and 

relative stride lengths for ten subjects from their suspension simulator study and two 

paraboUc flight subjects from a study by Newman (1996). Figures 2.63 and 2.64 show 

this comparison. The differences between these two studies for subjects moving at 2.0 

m/s are evident, especially for the relative stride lengths. Longer stride lengths for 

parabolic flight may reflect differences in available vertical space. U is interesting to note 

the similarity of duty factors. 
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Figure 2.63. Mean duty factor versus gravity level for ten subjects in a vertical 
suspension simulator (Donelan and Kram 2000) and two subjects in parabolic 
flight (Newman 1996) for locomotíon at 2.0 m/s. 
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Figure 2.64. Mean relatíve stride length versus gravity level for ten subjects in a vertical 
suspension simulator (Donelan and Kram 2000) and two subjects in parabolic 
flight (Newman 1996) for locomotíon at 2.0 m/s. 

Two other simulated partial gravity locomotion studies performed in the 1990s 

that are closely related to the approach used in this dissertation are Jackson's (1997) 

dissertation regarding jumping and Wu's thesis (1999) regarding waUcing following 

partial gravity mnning. Jackson explored the area of neuromuscular impedance 

modifîcation by examining downward jumping behaviors in student volunteers and 

astronauts before and after jumps in a vertical suspension simulator (students) or Space 

Shuttle missions (astronauts). In examining the student's downward jumps following 

several downward jumps in simulated Martian gravity, Jackson found that post-simulator 

jumps showed a compliant response in which joint angle excursions were greater and the 

CM traveled lower toward the ground. 
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The post-space flight downward jumps by the astronauts did not all exhibit the 

same 'compliant' strategy. Five of nine astronauts displayed the compliant strategy while 

two showed a 'stíff behavior in which joint excursion angles and downward CM 

movement were less than pre-flight levels. Two astronauts did not display significant 

changes. Overall, Jackson's studies showed that leg impedance modulation does occur 

following altered gross musculoskeletal loading requirements due either to suspension 

simulatíons (i.e., only extemal loading is affected) or space flight (i.e., loading is changed 

and all sensory modalitíes are affected). The interestíng question remained as to the 

relative contributions of reflexive mechanisms and direct commands from the higher 

levels of the CNS to transient limb impedance adaptations. 

In Wu's (1999) thesis, postural control readaptation was also investigated by 

examining normal 1 G waUcing before and after simulated Martian gravity mnning at 3.0 

m/s. The simulator used was an improved version of the He et al. (1991) device, 

nicknamed the Moonwalker II, that incorporated an overhead troUey, longer steel springs 

and a hybrid hamess made from a rock climbing seat hamess and an upper body support 

hamess. Cable tension fluctuations were reported to be ±17 %, noticeably higher than 

other recent studies. The available vertical height in the simulator was limited and 

subjects were instmcted not to lope during partial gravity mns. 

Wu's protocol included four basic steps and included 12 subjects. First, subjects 

waUced normally at 1 G on the treadmill while kinematic (shoulder, hip, knee, lateral 

malleolus, calcaneous, and fifth metatarsal of the subject's right side), kinetic (vertical 

GRF) and surface EMG data (rectus femoris, biceps femoris, tibialis anterior, and 

gastrocnemius) were collected for 60 seconds. Second, subjects ran at simulated Martian 

gravity for 6 minutes at 3.0 m/s. Third, subjects immediately performed tliree vertical 

jumps with hand weights (total weight approximated 33% of subject bodyweight), or they 

stood quietly for either 20 seconds or 60 seconds. Fourth, subjects walked on the 

treadmiU (at 1 G) at the same speed used during the baseline walk and 60 seconds of 

kinematíc, kinetic and EMG data were coUected. The 20-second standing represented a 

no delay condition as it took approximately that long to initiate the post-suspension 
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walking and data coUectíon equipment. The jumping countermeasure required 

approximately 60 seconds to complete. 

It was discovered that 6 minutes of simulated Martian gravity mnning was 

sufficient for inducing a heavy legs' phenomenon similar to that experienced by 

asfronauts retuming from space flight. Quantítatively, this heavy legs' phenomenon 

resuUed in increased magnitudes for the first and second peak magnitudes of the vertical 

GRF; decreased hamstring, tibialis anterior and gastrocnemius activity; increased 

maximum hip, knee, and ankle angles-greater downward movement of the CM; and 

subjective reports of leg heaviness. Furthermore, U was found that the three jumps with 

hand weights were more effective for readapting subjects to baseline 1 G waUdng 

kinematics, kinetics, and muscular activation pattems than simply doing nothing. Wu 

argued that neuromuscular impedance adjustments following simulated partial gravity 

miining are largely achieved within the first few walking steps, with some minor transient 

adjustments continuing for at least 1-2 minutes. 

It is important to note that the above-mentioned results from Wu's (1999) 

experiment apply to the group behavior. Analysis of individuals reveals the differences 

between subject's responses to the protocol. Nine of the 12 subjects displayed higher first 

peak GRFs for all post-countermeasure walks (PCW). Two of the 12 displayed higher 

first peak GRFs after two PCWs and one subject only showed increased first peak GRF 

after one of the PCWs. Seven of the 12 subjects showed higher second peak GRF after at 

least one PCW, three subjects showed lower second peak GRF for at least one PCW, and 

two subjects showed no trend at all. At the hip joint, 7 of 12 subjects showed increased 

maximum joint angle (MJA) for at least one PCW (i.e., greater hip extension), and the 

remaining 5 subjects showed lower MJAs (i.e., less hip extension). For the knee joint, 6 

of 12 showed increased MJA for at least one PCW (i.e., greater knee flexion), three 

showed lower MJAs and three showed no significant differences. For the ankle 9 of 12 

subjects displayed higher MJAs after at least one PCW, one subject displayed lower MJA 

for at least one PCW, one subject showed higher and lower MJAs for different PCWs and 

one subject did not show a significant effect. 
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hi 2000, Cavagna et al. performed an experiment with three subjects waUcing 

during parabolic flight to directly explore the assumptions made by Margaria and 

Cavagna in 1964 regarding locomotíon mechanisms. hi this study, parabolas were flown 

to simulate 0.40 G and 1.5 G, data was coUected during level flight for the 1 G conditíon. 

Kinetic data was gathered using a 3.0 m by 0.4 m force plate mounted inside the aircraft. 

Four photocells were used to detect average walking speed. Walking speeds attained 

ranged between 0.3-1.6 m/s at 0.4 G, 0.47-2.6 m/s at 1 G and 0.5-2.5 m/s at 1.5 G. The 

experimental data for altemating exchanges between pendular and kinetic energy of the 

body CM (determined from vertical GRFs) were used to estimate the waUcing speed at 

which optimal transfer occurred (i.e., the most energy effîcient walking speed). These 

data were generally in agreement with theoretícal predictíons using a very simple model 

of a mass moving atop a rigid stmt in which velocity at 'heel' contact and energy changes 

due to the ambient gravity level were the only factors considered. 

Ferris et al. (2001) conducted a study of the monosynaptic H-reflex during 

simulated partial gravity walking and miming for eight subjects. It was found that during 

partial G walking and mnning, the H-reflex (measured in soleus muscle) threshold 

decreased with decreasing gravity levels and the thresholds were always higher (at a 

given level of EMG activation) during walking than running. Additionally, the muscle 

activation levels of the vastus lateralis, soleus and gastrocnemius decreased with 

decreasing gravity levels. This decrease in activation had been implied in previous 

studies, but this was the first careful analysis of activation changes during simulated 

partial gravity. 

The fînal experiment of interest regarding the study of locomotion in simulated 

partial gravity is that of Chang et al. (2001). This study examined the effect of applying 

horizontal loading (anteriorly from the waist) of 10,15 and 20 % of effective body 

weight at each of four gravity levels (i.e., 0.25, 0.38, 0.5 and 1 G) on the vertical GRF 

impact peaks during mnning at 3.0 m/s. Figure 2.47 (d) shows the suspension simulator 

used and the device for applying horizontal loads. Using eight subjects (four male, four 

female), U was found that by applying 20%o of effective body weight (i.e., the body 
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weight effectívely loading the freadmiU at that simulated G level) for all of the gravity 

levels examined, vertical GRF impact peaks were generated that were greater than or 

equal to the impact peak created at 1 G when mnning at the same speed. 

Active force peaks (i.e., the sustained vertical forces) during mnning were much 

less at lower gravity even with applied horizontal loading, but the initial impact peaks 

were the same. The vertical force component F5 shown for mnning gait in Figure 2.37 of 

section 2.2.3.2 of this dissertatíon identífies the impact force peak. The importance of this 

study for exercise aboard orbital spacecraft (such as the ISS) is that even though 

astronauts may not tolerate pull-down treadmiU systems (such as the TVIS) adjusted to 

greater than 70%. of 1 G levels, horizontal loading can generate impact forces that may 

represent a suffîcient mechanical stimulus for maintaining bone in the lower exfremities 

(Chang, Hammerski et al. 2001). 

This section has briefly reviewed studies involving locomotion in partial gravity 

environments. Although some research was performed in the 1960s and a little more has 

been conducted recently, the database regarding kinematic, kinetic and energetic 

characteristics of partial gravity locomotion are only partially understood. AU techniques 

for simulating partial gravity environments have limitations. Despite this fact, it appears 

that knowledge regarding the dynamics of reduced gravity locomotion obtained using 

these simulations, along with some theoretical approaches, were able to properly prepare 

the twelve astronauts who have actually walked, loped and mn on the Moon. 

Furthermore, these studies have provided general insights into the tremendous 

adaptability of the human postural control system and may lead to improved exercise 

countermeasures for current and future space flight activities. Now that foundatíonal 

background material has been reviewed, the remaining chapters wiU focus upon the 

specific contributions provided by this dissertation. 
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CHAPTER 3 

DEVELOPMENT OF THE ALTERED GRAVITY AND MULTIDIRECTIONAL 

LOADING SIMULATOR WITH VIRTUAL ENVIRONMENT MODULE 

3.1 Building the Simulator 

The design and development of the simulator comprised a tremendous portion of 

this dissertation effort. ft was decided that Texas Tech University was to build a 

suspension-type partial gravity simulator incorporatíng an instmmented, motorized 

treadmiU, similar to the Moonwalker II developed by researchers at the Massachusetts 

Institute of Technology, with the addition of a large rear projection screen to enable the 

creation of a virtual reality environment. This simulator was conceived as a test bed 

allowing for a wide range of postural control and locomotion adaptation studies for the 

benefit of both astronauts and the disabled. Potentíal applications envisioned for the 

simulator include the optimization of exercise countermeasures for astronauts and 

insights for the improvement of prosthetics and rehabilitation protocols for the disabled. 

Over the course of designing, building, and testing this highly complex device, additional 

capabilities were integrated into the simulator to enable not only body weight unloading, 

but also loading in many directions relative to multiple attachment points on the subject 

hamess. Design, development, testing, redesign and retesting required a consistently high 

level of effort over a two-year time period. 

3.1.1 Specific Design Goals and Constraints 

The Human Factors and Ergonomics Laboratory at TTU is a very large facility 

with 4.57 meter high (i.e., 15 foot) ceilings. This aUowed for the constmctíon of a 

massive stmcture that would enable the study of locomotíon pattems ranging from 

mnning and walking to loping pattems involving large vertical displacements. A 

Gaitway'̂ '̂  motorized treadmiU system instmmented with two piezoelectric force plates, 

signal-conditioning equipment, and data acquisition software (Kistler Instnmients Corp.) 
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formed the foundation or foot print around which the simulator was built. The completed 

apparatus needed to be compatible with the foUowing types of data coUectíon equipment: 

1. Six-camera motion analysis system (Motion Analysis Corp.TM) for recording 

three-dimensional kinematics from reflective markers attached to anatomical 

landmarks; 

2. Various force fransducers (ChatiUon™) for measuring applied loads; 

3. Metabolic measurement cart (SensorMedics 2900™) for measuring oxygen 

uptake; 

4. An eight-channel electromyography system (Delsys®). 

In additíon, the simulator required a large screen rear projection system and one 

or more hamess configurations. The projectíon system, completely undetermined at the 

outset of the project, would enable the manipulatíon of visual imagery in front of the 

subject during various locomotion activities. This virtual environment capability was to 

be used for creating an immersive simulator allowing the examination of feedforward 

guidance and mode locking elicited by visual cues. As for support hamesses, one or more 

confîgurations were required to ensure ease of ingress and egress of the subject and 

acceptable subject comfort during loading. During the later stages of development, it was 

determined that the simulator stmcture and subject hamess needed to allow numerous 

attachment points for loading subjects in a variety of directions. This improvement was 

made to expand the capabilities to include a wide array of bone remodeling and 

functional rehabilitation research opportunities. 

3.1.1.1 Initial Design Specifications 

A review of relevant anthropometric data regarding 5'̂  and 95" percentile US, 

Britísh, and Danish populatíons from (Woodson 1981) and (Pheasant 2001) was used as a 

starting point for guiding decisions regarding the dimensions of the simulator stmcture, 

as well as the size and adjustability of hamesses. These dimensions are provided in 

appendix A. It was decided that the simulator would be designed as a relatively 

permanent stmcture in the laboratory; therefore, weight and relocation issues could be 
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ignored in favor of providing tremendous stability and rigidity relative to a subject during 

locomotion. Furthermore, only the available volume in the designated sectíon of the lab 

would limit the dimensions of the simulator. This implied maximizing the allowable 

vertical excursion and frontal visual field for the subject. 

Two critical design iimovations were made at the outset of the project that 

distinguished this simulator project from most of the previous treadmiU based vertical 

suspension devices. First, the tension application mechanism was not to be a traditional 

combinatíon of Hook's law springs or parallel arrangement of elastic bands-the 

offloading mechanism was to be a combinatíon of high capacity mechanical tool 

balancers and one pneumatíc tool balancer. These devices apply a relatívely constant 

tension level through a wide range (1.2-3.6 m) of support cable displacement with some 

damping depending upon movement of the suspended load. A pneumatic tool balancer 

type of support device has been used at Johnson Space Center in Houston for some 

preliminary studies. Yet the author is not aware of any published research involving this 

type of human suspension mechanism. Spady (1969) used a somewhat similar concept, 

although their device employed electronically controUed constant tension motors attached 

by cables to muUipIe body segments. 

Second, a troUey device was to be mounted on the top of the primary support 

stmcture coupled to the primary support via low frictíon polyurethane wheels to enable 

easy anterior-posterior franslatíon for the subject. The idea of a freely moving troUey or 

support without coupling between the tension applicatíon mechanism and the primary 

stmcture is not totally unique, several devices have incorporated similar concepts, but this 

simulator provides a unique treadmiU based confîguration. 

The tool balancer concept was chosen for four reasons: improved safety, ease of 

maintenance, ease of tension adjustment, and greater subject mobility. Mechanical tool 

balancers are relatively small, completely self-contained suspension devices with a 

history of success in supporting loads ranging from several ounces to several hundred 

pounds. Tool balancers are used in industrial settings including vehicle manufacturing 

and meatpacking plants. \n manufacturing, tool balancers are used for tool or component 
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support during assembly, test, and repair operations. Balancers are designed such that if a 

highly unlikely, catastrophic cable failure occurs, a braking mechanism instantly engages 

to prevent dropping of the suspended load. Tension adjustment is easily accomplished by 

rotating an adjustment fastener located on the body of the device. Finally, the compact 

nature of tool balancers allows for creating a suspension simulator with an overhead 

troUey such that anterior-posterior subject movements above are not continually resisted 

by an uneven distribution of tension applied to the subject; once the subject provides the 

required impulse to over come the static friction of the troUey wheels, it can move easily 

facilitating the analysis of partial gravity jumping and loping gaits. 

The incorporatíon of tool balancers not only promised to be a good way to off-

load a subject's bodyweight, but due to the almost nonexistent literature regarding their 

design and functíon, the opportunity to provide new insights availed itself A mechanical 

tool balancer, also referred to as a spring balancer, is quite unlike a Hook's Law type 

spring in that the tension it applies is virtually independent of cable displacement and it is 

never an osciUatory system (regardless of the magnitude of the mass suspended) unless 

continually forced. In this applicatíon, the forcing mechanism is a locomotíng subject 

with bodyweight in excess of the spring balancer tension. The characteristícs of the tool 

balancers used in this suspension simulator are described in detail in later sectíons. 

3.1.1.2 Existing Equipment 

At the onset of the project, several equipment items to be used as components for 

the present simulator were already available in the laboratory. These included the 

metabolic measurement cart, force fransducers, an instmmented freadmiU, a wooden 

support platform suirounding the freadmiU, four aluminum I-beams for vertical support 

elements and several small pieces of angle iron providing minimal top support for the I-

beams. The initial elements of a simulator superstructure were left over from earUer 

student projects. One student project had examined locomotíon during low levels of 

extemal loading using elastíc bands (Bailey 2000). The second student project did not 

involve loading, as it examined the influence of monitor-based visual imagery on 
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treadmiU locomotíon (Brewer, Pacheco et al. 2000). Figure 3.1 shows the initíal 

configuration with simulator superstmcture dimensions being approximately 2.45 meters 

tall, 1.83 meters wide, and 1.83 meters deep. Included in Figure 3.1 are the foUowing 

surrounding stmctures: raised platform with oval track for slip/fall research, 

environmental chamber (temperature and humidity controUed room), exterior wall and 

enclosed offîce space. 

The section of the laboratory (shown in Figure 3.1) used for this initial equipment 

set-up was also designated for the constmction of the new simulator as it afforded 3.6-4 

meters of vertical space from the floor dependent upon overhead fluorescent lighting and 

the interconnecting electrical conduit. The project development cycle, including the 

creation of the approach for assessing postural control adaptations between simulated 

gravitational transitions, can be roughly divided into six phases as shown in table 3.1. 

Phases I-V are examined in detail in this thesis, phase VI was initiated, but further 

development is ongoing and being conducted by other researchers. 
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Table 3.1. Phases of the project development cycle. 

Phase 

I 

II 

III 

IV 

V 

VI 

Description 

Initial design, constmction and testing of 
major suspension components 
Acquisitíon, installatíon and testing of major 
imagery projection components and design 
and testing of first hamess mechanism 
Initial pilot study to examine partial gravity 
locomotion 
Modifîcations and improvements to main 
stmcture, design and testing of second 
hamess, and development of technique for 
assessing postural control adaptation, i.e., 
precision stepping task 
Second pilot study and data analysis to 
explore countermeasures for improving 
transition from partial gravity locomotion to 
normal Earth gravity postural control 
performance 
Design and testing of computer generated 
imagery to explore the use of vision in the 
control of locomotion 

Dates 

Aug. 2000-Mar. 2001 

Dec. 2000-Oct. 2001 

Aug. 2001 

Oct. 2001-Aug. 2002 

Sept. 2002-Jan. 2003 

May 2002 - present 

3.1.2 Phase I-Initial Design, Constmction, and Testing 

The decisions to maximize stmcture dimensions and to use tool balancers as the 

suspension mechanism guided the execution of phase one. The volume available in the 

designated portion of the lab determined the overall dimensions of the stmcture. This 

volume included an unusual footprint constrained by several permanent stmctures in the 

lab and the requirement that a long projection shooting distance (i.e., the distance from 

the screen to the projector) would be necessary. Given these constraints, the rectangular 

space ava able around the existing treadmill based stmcture was 3.59 meters by 2.54 

meters. Allowable height everywhere was 3.58 meters, but extended to 3.96 meters in 

many regions. One dimension could be extended to 12.57 meters if it was required for 

installing a projection system (see Figure 3.2). 
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Environmental chamber 

Enclosed office 

Exterior wall 

268,3 

Raised track forsl ip/fal l studies 

Figure 3.2. Top view of floor space available for stmcture, support equipment, and 
personnel movement including the extended area available for projector 
mounting. Dimensions are in centimeters. 
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The existing stmcture including the four aluminum I-beams was able to sustain 

very high longitudinal loads, therefore it was decided to use less expensive yet sfronger, 

more rigid steel I-beams to form the top stracture. A search was conducted for tool 

balancers that would be able to properiy support subjects within the simulator. After 

analyzing the anthropometric data, it was determined that the combinatíon of balancers 

must be able to completely support a subject having a mass up to 115 kg (i.e., 1128 N of 

statíc force) within their combined working range. The balancers identifîed are listed in 

Table3.2. 

As is readily apparent from Table 3.2, mechanical balancers have relatívely 

narrow working ranges due to the fact that tension is created by pre-stressing a long piece 

of coiled spring steel inside the balancer housing using a tension adjustment worm gear. 

Tension levels can only be held nearly constant through the linear tension regions of 

spring deformatíon for the 1.22-1.83 m support cable extension ranges. Bearings and a 

spiral shaped cable feeder allow proper interfacing between the support cable and the 

tension mechanism such that moments created by the intemal spring and the suspended 

load remain equivalent. The pneumatic balancers have much larger working ranges due 

to air pressure-controlled tension applied to the support cable via a piston pressing 

against a thmst bearing coupled to the cable reel within the balancer housing. Regulator 

manipulation of air pressure can provide approximately constant tension from essentially 

zero tension up to the maximum working tension level throughout the 3.66 m travel 

range. The only drawback to using pneumatic balancers is due to the ease at which air is 

compressed; rapid fluctuations in cable extension (i.e., causing rapid air pressure changes 

intemally) wiU cause noticeable tension variations due to velocity dependent damping. 

Balancer characteristics wiU be covered in more detail later in this thesis. 

190 



Table 3.2. Tool balancers chosen for use in the simulator. 

Source 

Aero-Motive Co. 

Aero-Motive Co. 

IngersoII-Rand 

Aero-Motive Co. 

Model number 

130 KA 

EB60500 

BAW005060 

BF24 

Type 

mechanical 

mechanical 

pneumatic 

mechanical 

Tension range 

555-600 

213-267 

0-222 

80-107 

(N) Abbreviation 

Ml 

M2 

Pl 

M3 

After identífying the characteristícs of the tool balancers (i.e., number, size, 

weight, mounting requirements), more substantial design decisions were made regarding 

the simulator stmcture. It was quickly determined that a freely moving troUey stmcture 

was to house the tool balancers to enable more freedom of movement for subjects. Initial 

concept drawings were made to help visualize the emerging stmctural plan and generate 

close estimates for specifîc dimensions (see Figures 3.3 and 3.4). Rough stmctiural 

calculatíons were also performed to ensure that the proposed device would provide 

adequate sfrength and durability. The concept was approved and fimding was provided to 

acquire tool balancers, and stmctural materials. 

Shortly after funding was secured and the constmction project was initiated, a 

mihtary research laboratory offered to loan (through an extended five year arrangement) 

a cathode ray tube (CRT) projector and two 1.8 by 2.4 meter rear projection screens for 

use in creating the virtual environment aspect of the simulator. The offer was readily 

accepted and fiirther prototyping was performed in anticipation of confractual 

autiiorization and equipment arrival. Figure 3.5 shows a preliminary concept drawing of 

where the CRT projector was to be located. As can be seen in Figure 3.5, estimates were 

made of the viewing area (i.e., indicated by horizontal and vertical viewing angles) that 

would be available. Figure 3.6 shows the progressive constmction phases and initial 

testing of the primary simulator stmcture. Figure 3.7 shows the completed primary 

stmcture including a representation of the hamess design used for the first pilot study. 
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Figure 3.6. CoUage showing simulator constmction. In (a) aluminum I-beams and 
wooden stmcture; (b) welding steel I-beams; (c) and (d) balancer trolley 
constmction and mounting; (e) and (f) front and side views of the painted 
stracture; (g) initial parachute hamess; and (h) initial testing human test of 
suspension system. 
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The completed stmcture shown in Figure 3.6 (h) and Figure 3.7 is a massive 

stiiicture incorporating steel plates for side supports, along with aluminum and steel I-

beams to ensure rigidity regardless of any movements by subjects. The side supports 

consist of two 0.0127 m by 0.1524 m steel plates (i.e., 0.5 by 6.0 inches) that span the top 

and bottom of the left side of the stracture and two plates with the same end dimensions 

forming a cross pattem on the right side. hi Figure 3.7, it appears as though the steel 

plates on the right side merge together, in actuality the plates ran the length of the 

diagonal and are merely lying on top of one another. The merged representation was 

shown, as it is much easier to draw in three dimensions (3D) than a slightly curved plate 

against a straight plate. The reason for using a combination of parallel supports on one 

side and diagonal supports on the other was to ensure rotational stability and to allow 

maximum viewing access for motion analysis cameras on at least one side of the 

simulator. 

Close inspection of Figure 3.7 reveals that the troUey is designed to allow both 

mediolateral and anterior/posterior movement of the single suspension cable (i.e., the 

combined loading point from the four balancers). Mediolateral suspension point location 

is manipulated by loosening fastener stops on the top of the troUey and sliding the steel 

tubing stracture, on which the balancers are mounted, to the desired position. Different 

tension levels require different contributions from each type of balancer, therefore certain 

tension levels bias the direction of cable puU toward the balancer providing the largest 

contribution. Therefore, slight mediolateral adjustments may be needed depending upon 

the subject weight and/or simulated gravity level to ensure that tension application is 

along the midline of the treadmill. 

Anterior and posterior movement is continuously allowed via the polyurethane 

troUey wheels. The mass of the entire troUey assembly including the balancers is 

approximately 98 kg. It is highly unlikely that any foreseeable perturbation would cause 

the troUey to 'jimip' out of the I-beam tracks supporting it. But to ensure safety, the 

trolley frame was designed so that it is larger than any opening between the steel I-beams 

and U shaped steel bars were mounted on both sides of the trolley to captivate the I-
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beams on which it rolls. Furthermore, each tool balancer is mounted to a cross member 

made of steel tubing and has a steel safety cable connecting it to a different tubing 

support. Therefore, the risk to the subject of falling objects during simulation stiidies is 

virtually eliminated. 

Significant anterior/posterior franslations on the freadmiU are not typically desired 

during simulated partial gravity locomotion studies as they interfere with the collection of 

kinetic data from freadmill mounted force plates. Of course, it can be helpful to allow 

anterior and posterior translations to assess certain loping and jumping pattems and to 

explore the limits of stability during partial gravity locomotion. Therefore, translation 

along the treadmill surface has been facihtated in this simulator design. In spite of the 

significant mass of the trolley assembly, it is relatively easy for subjects to break the 

static fiiction of the troUey and volitionally translate forward and backward on the 

treadmiU. 

A small anteriorly directed force of 22 N, applied to the cable connection point on 

the large balancer is required to break the static friction of the troUey wheels. A force of 

8-11 N will keep the trolley rolling against dynamic friction created at the wheels. Unless 

very large, sudden anterior/posterior translations are made, momentum due to troUey 

motion has not been found to signifîcantly alter subject locomotion. If the subject 

intentionally creates sudden translations, such as during forward/backward leaping 

maneuvers, the presence of troUey momentum cannot be avoided. Subjects soon leam to 

compensate for such effects through altered gait pattems or they simply let the froUey 

wheels impact the forward I-beam. 

Due to the fact that the suspension mechanisms are located at the top of the 

simulator stmcture, the experimenter is frequently required to use a ladder to climb on 

top of the device. Activities that must be routinely performed near the top of the 

simulator include: changing tension adjustments knobs, engaging and disengaghig 

balancer cable locks, adjusting the mediolateral positíon of the balancer supports and 

conducting preventive maintenance of all equipment. To ensure safety, a static climbing 

rope (25 kN load capacity) was mounted between the two concrete ceiling support beams 
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above the simulator. The rope is tíed in to carabiner's attached to Petzl ™ climbing 

anchors (25 kN load capacity) mounted into the beams. The experimenter wears a rock 

climbing hamess with a short rope connected by a carabiner to the safety line when on 

top of the stmcture. As the experimenter moves around on top of the simulator, the line 

coimected to the climbing hamess slides along the safety line providing easy movement. 

If the experimenter were to lose balance, the safety line arrests the fall. This fall 

protectíon mechanism has been tested and it works very well. Figure 3.8 shows the safety 

line location. 

3.1.2.1 Stmctural Analysis 

In order to ensure that the suspension simulator incorporated suitable levels of 

stmctural integrity, a formal three-dimensional (3D) stractural analysis was performed 

using the Rapid Interactive Stractural Analysis-3-Dimensional, Version 4.0 (RISA-3D) 

computer program. The RIS A-3D program uses finite element techniques and the 3D 

stiffhess matrix method to perform both static and dynamic loading analyses. An accurate 

model of the simulator stmcture (minus the troUey) including the correct shapes and 

material properties of the columns, beams, and cross braces was developed. Coupling 

between stractural elements were assumed to be pin joints (i.e., very sfrong fasteners), 

which served to make the stractural analysis slightly conservative, as all steel-to-steel 

connections were very solid welds. An additional conservative assumption taken was that 

the stmcture was modeled as freely sitting on the floor surface, in actuality, additional 

stability is provided by the wooden stmcture boUed to the aluminum I-beams. Figure 3.9 

shows 3D representations of the stractural model. 
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• Colums 
D Bcams 
• Cross braccs 

Figure 3.9. Stmctural analysis model created using RISA-3D. In (a) the wire frame 
representation shows the reference coordinate system, joint nodes 1-18, and 
symbols at the column bases represent unconstrained coupling with the floor; (b) 
columns, beams, and cross braces are color coded; (c) solid representations are 
integrated with the wire frame; and (d) solid model representation of shnulator. 
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Loads used for the analysis, in addition to the significant self-weight of the 

stracture (i.e., approximately 320 kg), included those due to the mass of the trolley with 

balancers (i.e., approximately 98 kg) and the mass of a very large subject (i.e., 136 kg) 

along with horizontal impact loads on the front/back of the troUey with the 

anterior/posterior I-beams that served as boundaries for troUey movement. At the outset 

of designing this device, it was desired to have a minimum safety factor of three with 

respect to the largest loads that might be anticipated. Fortunately, a conservative analysis 

yielded safety factors above four, i.e., applying loads equal to four times the largest 

expected loads would not cause the stracture to fail. 

The first analysis conducted involved static point loads such that a maximum 

anticipated load due to a subject suspended beneath the trolley were appUed to the 

stractural model at various points along the trolley travel path. The maximum load used 

was that of a 136 kg subject who had jumped upward and for some unknown reason the 

large balancer spring broke forcing an instant engagement of the cable lock during the 

subject's decent. This type of load could reasonably reach 4900 N (i.e., 1100 Ibs of force) 

including the weight of the trolley. As expected the largest deflections were calculated to 

occur when the troUey was at the center of its travel range (i.e., farthest from the vertical 

supports columns). Figure 3.10 (a) shows the loading points and magnitudes used for this 

calculation. The maximum deflection expected in the beams supporting the troUey was 

found to be 0.00172 m (i.e., 0.068 inches) in the negative Y direction. This type of 

deflection, magnified 100 times, is shown in Figure 3.10 (b). 

The second analysis involved a dynamic analysis in which the above-mentioned 

load was combined with a 1246 N horizontal impact load (i.e., 280 Ibs). This load 

combination was applied at the I-beam marking the anterior border for the trolley in order 

to simulate a large, violent impact of the trolley with the frame. The simulation assumed 

that a moving object generated the load. Figure 3.10 (c) shows the loading point locations 

and magnitudes used. The largest deflection occurred at the joint labeled node 4 (refer 

back to Figure 3.9 (a)) was 0.03137 m (i.e., 1.235 inches) in the positive X direction. This 

type of impact deflection, magnified 15 times, is shown in Figure 3.10 (d). 
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Figure 3.10. Types of stractural deflections tested using stractural analysis. In (a) the 
loading points for the static test, (b) shows the type of deflection caused by the 
load magnified 100 times, (c) loading points for the dynamic impact test, and (d) 
the type of deflections caused by the impact magnified 15 times. 

In order to determine the stractural limits of the simulator, RISA simulations were 

performed using multiples of both the static and violent impact loads. It was found that 

magnifying the impact loads by four did not cause a stractural failure in any member, nor 

did it cause the stracture to tip over. The simulation indicated that the entire stracture 
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would 'hop' forward sUghtly. Magnifying the impact forces by five (i.e., 24.5 kN 

vertical; 6.23 kN horizontal), caused one of the vertical support columns to Uft off the 

floor indicating that a tip had occurred. Therefore, given the resuUs of this analysis using 

a model with inherently conservative assumptions regarding stractural properties, a safety 

factor of four can be confidently assumed for the largest expected loads that might occur 

during use. 

3.1.2.2 Development of the First Suspension Hamess 

In Figure 3.6 (g) and (h), a parachute hamessing system is shown. This consisted 

of a civilian parachute hamess that had been used for many years as part of a fall 

arrestíng system used in researching the biomechanics of slips and falls. Unfortunately, 

the hamess did not have suitable adjustment features to accommodate differently sized 

individuals. Furthermore, the hamess was not particularly suited to allow bipedal 

locomotion. An examination of the previous single-point vertical suspension simulation 

studies indicated that various permutations of bicycle type, rock climbing and upper body 

hamesses had been used. Therefore, considerable effort was expended experimenting 

with hamess designs and researching off the shelf hamessing devices. 

Experimentation using several mountain climbing hamesses and hamesses used 

for physical therapy applications did not result in a suitable design with regard to comfort 

or ease of bipedal locomotion. It was then decided to acquire a military style parachute 

hamess with high adjustability and combine it with a rock climbing type of hamess in an 

arrangement similar to Wu's (1998) approach. Fortunately, an M-1 U.S. Air Force 

parachute, originally manufactured in 1960, became available on Ebay. The parachute 

hamess was detached from the parachute and parachute deployment mechanisms so that 

it could be tested for use in the simulator. The parachute hamess was integrated with a 

Headwall ™ rock climbing hamess and the parachute quick release mechanisms were 

used for connecting subjects to a steel cross member attached to the balancer support 

cable. Figures 3.11-3.13 show the combinatíon parachute/rock-climbing hamess. This 
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configuration will be referred to as the parachute-type suspension hamess configuration 

and it is the type of hamess used for the first pilot study documented in this dissertation. 

Figure 3.11. Front and back views of subject wearing the parachute-type suspension 
hamess. 

205 



Y-style 
connection 
between 
cllmblng 
harness 
and 
parachute 
harness; 
helght acdjustablllty 
of Y-lines is 
achicvod using 
Prusik knots 
ovcr tho torso 
straps; tension 
dlstributlon 
bctwocn harncsscs 
is controlled with 
a nylon strap w/ 
metal cam 
(tie downstrap) 

Innovative quick 
rolcasc mcchanisms 

Adjustable height 
Cross-chest strap 

Adjustablo length 
torsostraps 

Adjustablc waist strap 
on climbing harness 

Adjustable leg straps 

Figure 3.12. Front view of parachute-type suspension hamess with brief descriptions of 
features. 
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Another Y 
arrangement 
in the back to 
connoct thc 
two harnesses; 
the cl imbing 
harness is 
designed for 
Australian style 
rappel (face 
down thc cliff), 
so it conventently 
hasa big loop 
on thc back as 
well as the front; 
tie down used 
to adjust 
tension 
distr ibution 

Figure 3.13. Back view of parachute-type suspension hamess with brief descriptions of 
features. 

Integration of the parachute and rock-climbing hamesses was accomplished using 

two adjustable length nylon straps (rated for 13.3 kN loads) and pieces of nylon military 

cord (rated for 2.4 kN loads). As can be seen in Figiu-e 3.12, the adjustable nylon strap 

connects the front rappelling loop to the parachute hamess shoulder straps through a Y-

style arrangement of nylon cord. In the back, the second adjustable strap is connects the 

rear rappelling loop with the parachute hamess shoulder straps using two sets of nylon 

cords (see Figure 3.13). Adjusting the length of the nylon sfraps using the cam devices 

confrols the distribution of loads between the two hamesses. One major benefit for using 

the military parachute hamess as opposed to most civilian hamesses is due to the 

tremendous adjustability allowed in the chest strap, torso straps, and leg straps. Civilians 

tend to purchase parachute hamesses that fit their particular body style closely with only 
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a few minor adjustments (e.g., legs straps). The military community requires hamesses 

that fît a wider range of body types. 

3.1.3 Phase Il-Incomorating Image Proiectíon Components 

The U.S. military research laboratory that provided the CRT projector and two 

high quality rear projectíon screens on extended loan has asked to remain anonymous. 

Although, without their generosity this project may not have been completed and it 

certainly would not have been completed on schedule. The CRT projector and two rear 

projection screens measuring approximately 1.83 m by 2.44 m were delivered to our 

laboratory and equipment was designed and constmcted to interface the imagery 

components with the suspension simulator. 

3.1.3.1 Rear Projection Screens and Support Frames 

The rear projection screens consist of franslucent polymer sheets (9.525 mm 

thick) that provide a 1.2 high contrast gain for an image projected on its surface. Similar 

types of high fidelity projection screens are commercially available, at various contrast 

gains and custom sizes, from ProScreen Inc. in Medford, OR. The screens arrived 

mounted inside wooden frames painted black. In addition to the basic frames aroimd the 

screens, support legs were also provided so that the stractures could stand freely. This 

support stmcture required modificatíon so that the screens could be elevated to the proper 

level in front of the suspension simulator. It was necessary that the screen supports be 

able to sfraddle the motorized treadmill equipment to provide a flush mount to the 

simulator and to obscure the grooved vertical columns at the front of the treadmiU. The 

grooved columns enable incline manipulation of the treadmiU belt. 

Distant and close-up views of the front of the simulator reveal the screen support 

confîguratíon used to accorapUsh the positíoning goals (see Figures 3.14 and 3.15). 
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hi Figure 3.15, the screen frame supports consisting of 0.0254 m x 0.3048 m x 

1.83 m wooden panels and various lengths of 0.0508 m x 0.1016 m members can be 

easily seen. This wooden stracture is relatively lightweight, provides adequate rigidity, 

and enabled easy application of black latex paint. The main support stracture was painted 

entirely with oil based black paint to provide rast protection and absorb ambient light-it 

was a messy and time-consuming task. The entire screen plus support stracture was not 

weighed, but three to four individuals can easily lift it over the vertical treadmiU columns 

when confîguration changes are required. 

3.1.3.2 CRTProjector 

The CRT projector is a Belgium made Barco ™ Graphics 800 with a mass of 56.7 

kg. Although not a state of the art CRT, it is capable of producing moderately high 

resolutions (1024 x 768 pixels) using the proper red-green-blue (RGB) computer 

interface device. The basic benefits of using a CRT projector versus a liquid crystal diode 

(LCD) projector (with or without focal plane array (FPA) capabilities) are low image 

persistence, rich colors, and high image intensity. These characteristics are important for 

simulations in which highly textured optic flow pattems (i.e., seamless moving images) 

are desired with high levels of visual realism. Optic flow manipulations are not used for 

experiments in this thesis and wiU not be discussed in detail here, but the requirement of 

having high quality image projection capability was one objective for this simulation 

constraction project and that objective was met. 

An Extron ™ RGB 109xi interface unit and a 7.62 m long BNC-5-25 RC 

interface cable were acquired to connect the projector to an IBM compatíble Pentium IV, 

1 GHz computer with 256 MB of RAM used for driving graphics. hiitial calibratíon and 

testing of the projector was carried out using a material handling lift device to position 

the projector. A custom designed projector stand was built as a permanent support. 
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3.1.3.3 CRT Projector Stand 

Two factors necessitated the development of a highly adjustable, highly massive, 

portable projector stand. First, the projector was relatively massive and it needed to be 

moved quickly in an out of position depending upon the experiments being performed. 

Second, in order to make fuU use of the 1.83 m wide by 2.44 m tall projection screen area 

the projector needed to be tumed on its side. A decision was made to build a projector 

stand allowing easy movement through the lab area, high stability, and the optíons of 

vertical and horizontal positioning of the projector. Providing two projector orientations 

faciUtated the use of various graphics generatíon programs (both off the shelf and custom 

developed) for a range of imagery experiments by different researchers. 

The design and constmction process for this unusual projector stand covered a 

period of several months. Figures 3.16 and 3.17 display the resuU of these efforts. The 

stand has not been weighed, but the mass of the all steel stracture including a very large, 

solid cylindrical counterweight easily exceeds 200 kg. The projector in the vertical 

position, can be roUed on its support troUey to the farthest position away from the stand's 

center in the trolley tracks and with an additional load of 50 kg suspended at the ends of 

the troUey tracks, the stand is completely stable and not in danger of tipping. 

The projector is bolted to a steel plate, which in tum is mounted to a four-wheeled 

troUey via custom built hinges that rolls smoothly (in captivated fashion) along fracks 

made of steel U-channels capped at the ends with steel bar stock. The hinged steel plate 

must be carefiiUy lifted or lowered by at least two persons suffîciently able to manage the 

load. Clamps are used to prevent troUey movement when projector orientations are 

changed. A steel nut and bolt fasten the vertically positioned projector (with respect to 

the troUey) through two drilled steel blocks (mounted to the troUey and the mounting 

plate, respectively, as can be seen in Figure 3.16). 

An additional steel plate, fastener, and threaded hole in the mounting plate are 

used to the secure the troUey in the track when the projector is in the vertical position 

(this smaller plate is hidden from view by the projector in Figures 3.16 and 3.17). AU 

stmctural connections in the projector stand are solid welds except for the troUey to its 
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track (i.e., wheels are used), and bolts are used to connect the castors to the castor 

mounting plates, and the castor mounting plates to the frame. As can be seen in Figures 

3.16 and 3.17, the caster mounting plates have counter sunk channels and each caster 

mount has a bolt positioning system contacting its top surface. These positioning bolts are 

used to make slight adjustments of the entire projector stand to facilitate proper alignment 

of the projector with the rear projection screen. To use these adjustment mechanisms, the 

mounting plate bolts are loosened slightly and the positioning bolts are adjusted so as to 

raise or lower that castor with respect to the main projector stand frame. This 

arrangement works extremely well and it was relatively simple to build into the system. 

3.2 hiitíal Pilot Studv 

Once the main simulator stracture and the parachute-type hamess configuration 

were developed, it was tíme to perform a pilot study as an initíal test of the balancer off-

loading system, hamess system, and to see how locomotíon pattems in this device 

compared to other partial gravity suspension studies. The only quantítative types of data 

gathered during this initíal pilot included kinetícs and kinematics available from the 

treadmiU mounted force plates and tension data from a transducer mounted in-Iine with 

the support cable. The motion analysis system was being used for another study at that 

time. 

3.2.1 Subiects 

Four healthy, athletic, experienced freadmiU ranners (two male, two female) who 

happened to be ergonomics and human factors graduate researchers volunteered to 

participate in this study. Table 3.3 shows relevant subject anthropometrics. 
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Table 3.3. Relevant anthropometrics for initial pilot study subjects. 

Number 

1 

2 

3 

4 

Sex 

M 

F 

M 

F 

3.2.2 Apparatus 

Height (m) 

1.85 

1.59 

1.83 

1.68 

Mass (kg) 

93.0 

60.8 

99.8 

62.6 

Leg Length (m) 

0.986 

0.875 

0.989 

0.888 

Age (yrs) 

26 

32 

23 

23 

For this pilot study, the vertical suspension simulator, motorized Gaitway ™ 

treadmill instramented with dual anterior/posterior Kistler ™ force plates (capable of 

measuring vertical forces only), ChatíUon DFGS-R-500 (2225 N capacity) force 

transducer with integrated signal conditioning unit, and IBM compatible Pentium III, 233 

MHz, 128 MB RAM computer loaded with Gaitway Version 1.0 and LabVIEW ™ 

software were used. When triggered, the Gaitway hardware and software system detected 

COP magnitude, movement, and computed various gait parameters. Quantitative 

kinematic data regarding limb movement was not obtained, although VHS video 

recordings were taken to identify the overall locomotion pattems used by the subjects. 

The force transducer and signal conditioning system continuously acquired raw voltage 

readings of cable tension at 5000 Hz, processed the signals and provided continuous force 

readings in Newtons at the rate of 120 Hz which were captured by the custom written 

LabVIEW routine during data collection trials. 

3.2.3 Experimental Variables 

3.2.3.1. Independent Variables 

1. Locomotion speed-Subjects walked, loped or ran at 7 speeds 0.67, 0.89,1.12, 

1.34, 1.56, 1.79, and 2.01 m/s (i.e., 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 4.5 mph). 

2. Simulated gravity level-Each locomotion speed was maintained at each of 6 

gravity levels including five simulated partial gravity levels and the ambient 1 

G level. The partial gravity levels of 1/6, 2/6, 3/6, 4/6, and 5/6 G were used. 
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3.2.3.2. Dependent Variables 

1. Gait parameters-The foUowing gait parameters were calculated during 10-

second recordings of vertical GRFs sampled at 2500 Hz: maximum force (N), 

WAR (N/s), POR (N/s), stride length (m), single limb stance time (s), cadence 

(steps/min), and stride time (s). From these data, the duty factor (stance 

time/stride time) was also derived. Force measurements were normalized by 

bodyweight and stride lengths were normalized by leg length. 

2. Qualitative video data-Video data were acquired using a tripod mounted VHS 

video recorder to provide information regarding general locomotion pattems 

and support characteristics of the parachute-type hamess. 

3. Informal subjective data-Concems or comments verbalized by subjects 

regarding hamessing equipment and procedures during and after the 

experimental sessions. 

3.2.4 Procedure 

Anthropometric data were coUected at the beginning of the experimental session, 

foUowed by familiarization with locomotion on the treadmiU. As mentioned previously, 

all subjects were experienced treadmill mnners; therefore the treadmiU familiarization 

process included locomotion for 1-2 minutes at each of the seven speeds to be used 

during data coUection. These familiarization times correspond to recommendations 

regarding treadmiU ranning from other studies (Wall and Charteris 1980, 1981; Schieb 

1986). Once acquainted to the treadmiU, subjects completed the 1 G locomotion trial 

(without hamess). This involved locomotion for 2-4 minutes at each speed in ascending 

order. The subject was asked to adopt the most 'comfortable' locomotion speed. They 

were not constrained in any way to adopt a particular gait pattem for a particular speed. 

After at least 2 minutes, during steady state locomotion, 10 seconds of data were gathered 

at 2500 Hz via the treadmiU mounted force plates. On occasions when the first data 

coUection attempt did not succeed, a second or third 10-second data record was gathered. 
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Subjects were then fîtted with the parachute-type support hamess. This involved 

fîtting and adjusting the rock-climbing hamess, adjusting the parachute hamess, and 

adjusting the interconnecting straps and cords between the hamesses. Proper hamess 

adjustment also included several hang tests in which the subject was clipped into the 

simulator suspension system and asked to load the hamess with fuU body weight. Once 

the hamess was in place, subjects were exposed to the partial gravity simulation starting 

with 1/6 G. Again the subjects were instmcted to pick and maintain the most comfortable 

steady locomotion pattem at each of the given treadmiU belt speeds. After 3-4 minutes of 

'getting the feel' of simulated partial gravity, steady state locomotion had been reached 

and 10 seconds of data were coUected. During partial gravity simulation rans, cable 

tension was also recorded using a LabVIEW program at the rate of 10 Hz for 20 seconds. 

Subjects received 5-10 minutes of rest in between each simulated gravity level. 

Gravity levels and locomotion speeds were performed in ascending order for each 

subject. The amplifier coimected to the force plates was reset before each G level 

transition to reduce the effect of drift. Due to the relatively slow locomotion speeds used, 

subjects did not get fatigued even though each pilot study session lasted 2.5-3.5 hours 

including breaks. Video tape recordings were made of each experimental session and any 

comments provided by the subjects during the session were documented. 

3.2.5 Data Analysis 

Means and standard deviations of maximum vertical force (N), WAR (N/s), POR 

(N/s), stride length (m), single limb stance time (s), cadence (steps/min), and stride time 

(s) for the steps recorded during each G and speed condition were calculated using the 

Gaitway 1.0 software. Duty factor calculations along with normalization of stride length 

by leg length were made using EXCEL. Ranges, means, and standard deviations of cable 

tension data were calculated using EXCEL. Graphs were generated using both EXCEL 

and MATLAB. 
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3.2.6 Results and Discussion 

The pilot study resuUs were very helpfiil for discovering the basic locomotion 

pattems chosen by subjects at various G level and speed combinations, identifymg some 

characteristics of the tool balancers and for assessing the hamessing system. There was a 

significant amount of variation in the types of gaU pattems adopted at these slow speeds. 

This corresponds to the previous suspension simulation sttidies such as Hewes (1966, 

1969) in which large vertical movements were allowed. A great deal of information was 

also gained regarding the balancer characteristics and hamess comfort issues. 

3.2.6.1. Kinematics 

Subject 3 tended to adopt Earth-type walking gaits at the slow locomotion speeds 

and a slow Earth-type mn at higher speeds. Subject 2 adopted a loping gait with high 

vertical excursions at the low G levels. Subjects 1 and 4 represented a compromise 

approach between Earth-type gaits and loping. Of course, subject 4 did display significant 

loping as well at some slower speeds and gravity levels. AU subjects adopted a forward 

lean as the locomotion speed at low G levels was increased. Subjects 2 and 4 did not have 

a heel contact phase while loping at 1/6 G for slow speeds. Cadences were higher than 

expected at the lower G levels for most subjects because short choppy steps were taken 

when a walking-type gait was adopted. Figures 3.18 and 3.19 show the duty factors and 

relative stride lengths observed at the seven G levels for the slowest, medium and fastest 

locomotion speeds (i.e., 0.67, 1.34, and 2.01 m/s) for each subject. 
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Figure 3.18. Duty factor versus simulated G level for 3 speeds from first pilot study. 
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Figure 3.19. Relative stride length versus simulated G level for 3 speeds from fîrst pilot 
study. 
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The noticeable variations in duty factor, especially at the lower locomotion speeds 

indicate the variety of gait strategies adopted. For instance, subject 4 displayed a very low 

duty factor at 1/6 G and 0.67 m/s indicating a loping gait in which significant aerial time 

was present. The loping gaits of subject 2 are also easily identified from the low duty 

factors and high relative stride lengths at 1/6 G for both 1.34 and 2.01 m/s locomotion 

speeds. Figures 3.20 and 3.21 compare the present suspension simulator data to the ten 

subjects from Donelan's (2000) vertical suspension simulator and Newmans's (1996) two 

parabolic flight subjects. It is apparent even from this very small pilot study that the 

kinematic data is within the expected ranges. Figure 3.21 suggests that the present 

simulator may be more analogous to the data from parabolic flight than earlier suspension 

simulators (at least for locomotion at 2.0 m/s). 
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Figure 3.20. Comparison of duty factor versus G level for locomotion at 2.0 m/s from two 
subjects during paraboUc flight (Newman 1996), ten subjects in a vertical 
suspension simulator (Donelan and Kram 2000), and the four subjects in the 
present pilot study. 
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Figure 3.21. Comparison of relative stride length versus G level for locomotion at 2.0 m/s 
from two subjects during parabolic flight (Newman 1996), ten subjects in a 
vertical suspension simulator (Donelan and Kram 2000) and the four subjects in 
the present pilot study. 

3.2.6.2 Kinetics 

As might be expected, the magnitude of the vertical ground reaction force is 

highly dependent upon both the simulated gravity level and the type of locomotion 

pattem adopted. The vertical force normalized by bodyweight increases with both G level 

and the locomotion speed (see Figure 3.22). Subject 2 provides an exception at 1/6 G and 

1.34 m/s due to the increased GRFs associated with a loping gait involving large vertical 

displacements, hence larger maximum forces. Comparing the normalized weight 

acceptance rates with the normalized push-off rates (see Figures 3.23 and 3.24) indicates 

that the landing phase of the loping style gait involves a faster deceleratíon than the 

corresponding propulsive phase used to launch the body forward and upward into the 
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next step. Subjects 2 and 4, who most often chose a loping gait, reported that loping was 

the most exhilaratíng way to travel at low G levels, although even these subjects 

neglected this style of locomotion at higher treadmiU speeds. 
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Figure 3.22. Normalized vertical ground reaction forces (in units of bodyweight) versus 
G level for all subjects at three speeds. 
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Figure 3.23. Normalized weight acceptance rate (in units of bodyweight/sec) versus G 
level for all subjects at three speeds. 
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Figure 3.24. Normalized push-off rate (in units of bodyweight/sec) versus G level for all 
subjects at three speeds. 
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3.2.6.3 Tool Balancer Performance 

Overall, the tool balancers performed very well during the first pilot study. The 

adjustment mechanisms proved to be easy to use and each of the balancers was able to 

maintain the average tension desired, even when large vertical translations occurred 

during stride cycles (0.60-0.90 m). Variations in applied tension due to the balancers 

came from two sources: (1) velocity dependent damping and (2) balancer type. The 

largest balancer (Ml: tension range 550-600 N) and the second largest balancer (M2: 

tension range 213-267 N) provided the least tension variations about the mean (i.e., the 

smallest standard deviations from the mean and the smallest tension ranges about the 

mean). The small balancer (M3: tension range 80-107 N) in isolation (i.e., when used for 

the 5/6 G simulation for the female subjects) demonstrated the largest tension variations. 

The pneumatic balancer (Pl: working range 0-122 N) was the second largest source of 

tension variation after the small balancer. 

AU of the balancers displayed some increases in tension variation due to the 

locomotion speed. This reflected the increased rate at which the balancer cables were 

being moved up and down. Therefore, velocity damping was caused by intemal balancer 

impedance (i.e., energy dissipated during momentum changes of the balancer 

components). Fortunately, for the low partial G levels, in which large amounts of body 

weight were supported by combinations of balancers there was relatívely small variation 

about the mean tension throughout a stiide cycle. Only during the brief initial contact and 

push-off phases (at the higher speeds) were the accelerations ever large enough to cause 

dramatic tension fluctuations. Table 3.4. summarizes some of the balancer characteristícs 

noticed during the first pilot study. 
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Table 3.4. Summary of balancer performance during first pilot study. 

Balancer Range of std. deviations Range of lowest Range of highest 
combination from mean (%) values from mean (%) values from mean (%) 

Ml 

M2 

Pl 

M3 

M1,M2 

M1,P1 

M1,M3 

M2,P1 

M2,M3 

P1,M3 

M1,P1,M3 

< l - 4 

1-6 

12-21 

15^3 

1-2 

3-6 

3-5 

6-11 

3-9 

10-15 

4-6 

3-15 

3-11 

15-33 

22-56 

2-5 

6-11 

4-10 

7-15 

5-13 

11-21 

5-9 

2 ^ 

2-8 

18-35 

24-64 

3-6 

4-9 

5-8 

7-16 

5-13 

13-21 

6-7 

As can be seen in Table 3.4 the tension fluctuatíons are greatest when small 

tension levels are attained with the small balancer and/or pneumatic balancer. These 

deviatíons are largest during the loping gaits that cause large changes in cable position. 

Fortunately, for the lower simulated G levels, where combinations include the larger 

balancers Ml and M2 (singly or together), the tension fluctuations are much less, even 

with very large vertical displacements during loping. Therefore, a good compromise is 

made between tiie allowance of jumping or loping gaits and the need for accurate tension 

application. Further discussion of balancer characteristics are provided later in this 

chapter. 

3.2.6.4 Hamess Performance and Subjective Comments 

Donning of the parachute-type hamess required 10-15 minutes depending upon 

the subject. Some subjects required more time and several hang tests in order to properiy 

fît the parachute-type hamess and adjust the tension levels between the parachute hamess 
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and the rock-climbing hamess. Subject 1 expressed noticeable discomfort with the 

hamess arrangement after completing the 2/6 G trials. By this time the subject had been 

intermittently suspended in the harness for a total time of approximately 60 minutes. 

Subjects 2 and 4 (female subjects) expressed more discomfort with regard to pressure 

near the groin area than the male subjects. 

It was observed during the locomotion trials at simulated 1/6 and 2/6 G levels that 

subjects had some difficuUy assuming the forward leaning posture that was expected. 

Apparently, the manner in which cable tension forces were transmitted to the subject (i.e., 

to the groin area via cords and straps ultimately connected to the shoulder straps of the 

parachute hamess) acted to interfere somewhat with the subject's forward lean. The 

forward lean was not significantly hampered at the slow locomotion speeds, but this 

became more apparent at higher speeds. This finding suggests a slight compromise 

between accurate locomotion pattems and subject comfort in the hamess. It was further 

noticed that the pelvic motion pattems appeared to be somewhat distorted by the hamess. 

This was likely due the concentration of pressure at points directly below the pelvis in the 

groin area and against the back of the legs slightly below the buttocks. 

In summary, the first pilot study was considered to be highly successful for 

examining partial gravity locomotion pattems, verifying that gait characteristics found in 

this simulator were comparable and leaming the operating characteristics of both the 

balancers and the parachute-type hamessing technique. It was determined that fiirther 

tests were required to asses the dynamic characteristics of the tool balancers. Finally, it 

was decided that a second type of suspension hamess would be sought to address comfort 

and performance concems raised noticed during use of the parachute-type hamess. 

3.3 Further Testing of Simulator Components 

FoIIowing the completion of the first pilot study, several items needed to be 

completed before conducting further research with the simulator. As mentioned 

previously, there was a need for more investigation of the balancer characteristics, and to 

improve the hamessing technique. In addition, a new version of the Gaitway ™ software 
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was obtained, as was an updated Motion Analysis ™ camera system. The Gaitway 

software provided enhanced capabilities for the instramented treadmiU system and the 

new six-camera motion capture system provided greatly improve acquisition of 3D 

kinematics. In advance of using this new equipment for simulator applications, 

performance verifications were needed. 

3.3.1 Testing of Force Measurement Equipment 

After installing the new version of the Gaitway ™ software, the calibration of the 

force plates was confirmed by applying loads ranging from 1.1-112.5 kg. Figure 3.25 

shows the results of twenty repeated measurements of eight static loads (1.1, 2.3,4.5, 

22.5, 45.0, 67.5 90.0, and 112.5 kg). 

Force plate test - static loads 

20 40 60 80 
Load applied (kg) 

100 120 

Figure 3 25. Static loading tests of freadmiU force plates. Error bars represent one 
standard deviatíon from the mean of twenty measurements at each of eight load 

levels. 
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An analysis was also performed to determine the natural frequency of the force 

plates. The natural frequency was determined by analyzing the force response of a 

vigorous rabber mallet impact at 3 kHz. A discrete Fourier transform was performed 

the data to enable a signal power analysis in the frequency domain. Examinatíon of the 

power spectmm revealed a low power resonance fírst occurring at approximately 62 Hz 

(see Figure 3.26). Analysis of three separate mallet impacts confirmed the resonance 

pattem. 

Incremental filtering operations were performed starting with the Nyquist 

Frequency (i.e., 1500 Hz in this case) down to 60 Hz untíl the resonance pattem was 

removed. Due to the fact that the treadmiU mounted force plates are used to measure 

artifacts of human movement phenomenon, and that low pass fiUering of these 

movements is typically performed with cut-off frequencies near 6 Hz (i.e., in accordance 

with power spectmm and residual analysis of particular data sets), it was determmed that 

the treadmiU mounted force measurement system was well suited for gait analysis. 
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Figure 3.26. Results of a power spectmm analysis before and after filtering an impact 
strike to determine the natural frequency of the treadmill force plate system. 
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The newly installed Gaitway ™ 2.0 software also allowed for easier multí-

channel data coUection (simultaneously sampled with force data) at high frequencies for 

time periods limited only by computer hardware constraints (the previous version had 

some upper ceilings for the size of data files). With this increased capability, it was 

decided to feed the raw 5 kHz cable tension force transducer voltage data directly to the 

treadmiU mounted signal conditíoner to be synchronized with the vertical GRF data. The 

Gaitway ™ treadmiU system includes data acquisition and signaling hardware to coUect 

up to six voltage signals in sync with vertical GRF data. Calibratíon tests were performed 

to ensure proper mapping between voUage levels recorded by the ChatíUon force 

transducer system and the actual loads applied. 

To perform the load cell calibration, seventy-three known static tension loads 

ranging from 2.45-159.57 kg were appUed to the transducer in its standard position (i.e., 

in series with the cable connecting the balancers to the hamess assembly). Data were 

collected for five seconds at each loading level at the rate of 3 kHz (i.e., 15,000 

measurements coUected for each load). Basic statistics were calculated and a power 

spectram analysis was performed to identify any noise sources in the signal. Figure 3.27 

shows the voltage versus mass relationship. The raw voltages for five masses spanning 

the testing range are plotted in Figure 3.31 and plots of the power spectram (Figures 3.28 

and 3.29) reveal an extremely small line noise source at 60 Hz. A fourth order, zero lag 

low pass Butterworth fiUer with a cut-off frequency of 50 Hz is used to provide the 

filtered data shown in Figure 3.30. The negative voUage values are produced by the 

Chatíllon force transducer system to indicate tension loads; compression loads are 

indicated using positive voltage values. 
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Figure 3.27. Plot of voUage versus mass during force transducer test. Error bars indicate 
one standard deviatíon from the mean at each of 73 loads tested. 
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Figure 3.28. Power spectrum plot for force transducer data from 0-1500 Hz (i.e., the 
Nyquist frequency). 
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Figure 3.29. Close-up of power spectram analysis for force transducer showing a 
miniscule line noise component at 60 Hz. 
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Figure 3.30. VoUage versus tíme for masses spanning the force transducer testing range 
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low-pass fiUered with a cut-ff of 50 Hz. 

A linear regression between the load applied to the fransducer and the voltage 

level was performed using SAS, V8 software from the SAS™ histítute hic. This 

relatíonship is shown in terms of force (N) and mean voUage (V) in Equation 3.1. below: 

/orce(A^) =-5 .79337-1109.82285(F) . Eq. 3.1 

Spot testing with various static loads has provided fiirther verification of this relationship 

on different occasions. 

3.3.2 Testing of Motion Analvsis Svstem 

A six-camera motion analysis system from Motion Analysis Corp. was positioned 

around the simulator such that the motion capture volume was large enough to record the 

3D movements of suspended subjects. Calibration sequences performed using the Motion 

Analysis ™ software verifîed that the both the magnitude of digitization errors was small 

and that those errors were distributed normally. The calibration process involved the 

constraction of a coordinate reference platform that could be placed in an exact location 

on the treadmiU belt to ensure a proper correspondence between actual laboratory 

landmarks and the reference coordinate system used by the camera system. The 

coordinate reference platform, shown in Figure 3.31 (a) and (c), consists of a large 

aluminum block on which a precision pattem of four markers are used to identify the X, 

Y, and Z directions used by the motion analysis system. The origin point for the 

coordinate system is the point on the treadmiU belt directly below the posterior marker of 

the reference platform along the right side of the treadmiU belt (i.e., right for a person 

facing forward on the treadmiU) as can be seen in Figure 3.31 (a). 

Two additional tests were carried out to verify the performance of the motion 

capture system. The first involved a specially built physical pendulum device using steel 

stractural members and a low friction bearing assembly. To determine the accuracy of the 

system, including errors that may be introduced by spherical reflective markers made in-

house at the laboratory, the length the swinging pendulum was measured at different 

locations within the desired capture volume. First, accurate measurements were made of 

234 



the distance from the center of the marker mounted to the top of the swinging pendulum 

arm to the center of the marker mounted to the bottom of the swinging pendulum arm 

(i.e., 421.2 mm). The top marker was mounted 31.7 mm above the rotation point for the 

pendulum arm, thus both markers moved when the pendulum was swinging. The natural 

frequency of the pendulum was calculated from its geometry and mass distribution (and 

subsequently verifîed by motion analysis) to be approximately 0.820 Hz. 

Second, multiple data coUection trials were coUected along the midline of the 

treadmiU belt at three different elevations from the treadmiU belt surface such that the 

majority of the capture volume was tested. Calculations of the pendulum length involved 

the simple appUcation of the 3D distance fomiula as shown in Eq. 3.2: 

PendulumLength = ̂ {Xj. -Xj+ (Y^ -YJ + (Z^ -Z^ f , Eq. 3.2 

where Xj, Yj., Zj., and X^, Yg, Z^ are the coordinates for the center of the top and 

bottom pendulum markers respectively. At each pendulum position, data was sampled at 

240 Hz for 30 seconds (i.e., 7200 measurements). Figure 3.31 (b) and (d) show the 

pendulum arrangement in the simulator. Figure 3.32 shows an example of the type of 

motion data collected in both 3D and 2D formats for one trial with the pendulum in the 

lowest position along the anterior/posterior and mediolateral centerlines of the treadmiU 

beU. 

Histograms and pendulum length plots versus time are presented in Figures 3.33 

and 3.34. It is clearly seen that all of the positions show the robust nature of the motion 

analysis system, although the range and distribution of values for the pendulum lengths 

during the test in the low position are slightly different than for higher positions within 

the calibration volume. Table 3.5 summarizes basic statistics for three representative 

trials. Additional pendulum tests have been conducted at both 60 and 240 Hz after 

different system calibration sequences; similar performance values have been obtained 

for these low, medium, and high positions. 
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Figure 3.31. Calibration of the motion analysis system. In (a) the coordinate reference 
platform is positioned on treadmill, (b) shows the pendulum positioned above the 
freadmiU belt, (c) and (d) show distant perspective views of the calibration block 
and pendulum, respectively. 

236 



Center Low 

100 

Y-direction (mm) 

215 

0 0 

500 

X-direction (mm) 

Center Low 

10 15 20 
Time (sec) 

1GG0 

^ 800^ 
co 

I 600 

I '100 
d 

I 200 ^ 
o 

D. 

Center Loví 

ÍIÎ!lí!îi!îiil!yî!iif»|' '^í 
ÍHf} 

riiii/ii|iriiiNínii)iriiiir('HMi'rí 
10 15 20 

Tirne (sec) 

Center Low 

25 30 

10 15 20 
Tirne (sec) 

Figure 3.32. Example of motion recorded during a pendulum test conducted at 240 Hz for 
30 seconds. The displacement curves for both top and bottom markers are shown 
with respect to the X-axis (i.e., anterior/posterior on the treadmiU, positive and 
negative respectively), Y-axis (i.e., mediolateral on the treadmiU; left is positive, 
right is negative), and the Z-axis (i.e., vertical direction with zero at the freadmiU 
belt level). 
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Figure 3.33. Histograms showing the distribution of 7200 recorded pendulum lengths into 
18 bins during trials in which the pendulum was positioned at low, medium, and 
high positions (i.e., with respect to the Z-axis) above the center of the freadmiU 
beU. 
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Figure 3.34. Pendulum length versus time for 30-second trials coUected at 240 Hz in 
which the pendulum was positioned at low, medium, and high positions (i.e., with 
respect to the Z-axis) above the center of the treadmiU belt. 

Table 3.5. Summary of pendulum length statistics from three pendulum tests. 

Location above 
treadmiU 

Mean Standard deviation Max 
length oflength value 
(mm) (mm) (mm) 

Min 
value 
(mm) 

Center, low 

Center, medium 

Center, high 

422.2 

420.9 

421.2 

0.98 

0.58 

0.74 

426.1 

422.8 

423.1 

418.2 

418.9 

418.9 

The second test of the motion analysis system involved a series of drop tests. That 

is, a small steel sphere (covered with reflective tape) was dropped from a height of 

approximately 1.75 m above the treadmiU belt in order that the acceleration due to 
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gravity could be determined using the fînite difference technique. This series of tests was 

not simply a performance test for the motion analysis system, but represented an 

examination of the proper data fîltering, smoothing, and calculation processes that should 

be used for drop tests that were to be conducted during a detailed analysis of tool 

balancer characteristics. Position data was coUected at 240 Hz for multiple drops of the 

steel sphere, which was slowly released into free fall by gravitational forces that puUed 

the sphere away from an adhesive sheet from which it was suspended. 

Data coUection was initiated moments before the sphere broke free of the 

adhesive and fell freely to the ground. Several additional free fall periods following the 

initial drop were recorded as the sphere bounced and roUed to a stop. A wooden surface 

was used to protect the treadmill force plates during drop tests. A power spectrum 

analysis of the raw position data revealed that virtually all of the signal power was 

located below 7 Hz. The fînite-difference technique suggested by Winter (1990) was used 

to calculate velocities and accelerations. This calculation technique uses three successive 

data points to calculate the acceleration value at the middle data point (i.e., data point two 

in each three point calculation) and is shown below in Equations 3.3-3.5 (Winter 1990, p. 

48): 

y ^£MJZIL EQ 3 3 

At 

F z , _ . , , = ^ ^ , Eq.3.4 
At 

Ar 
where {Vz) represents velocity in the Z direction, (/) represents the middle data point, and 

{Az) represents the acceleration value. 

In addition to analyzing the power spectram of the sphere drop positioning data, 

determination of the proper cut-off value for the low pass fîlter was verifîed by checking 

the effect of the fiUering process on the calculated values for the acceleration during 
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freefall phases of the sphere's flight path. It is has been carefiiUy estimated that the 

acceleration due to Earth's gravitational forces close to the Eai-th's surface in North 

Texas is -9.795 m/s'^2, where negative indicates acceleration in the negative Z direction 

(HalUday and Resnick 1988). Therefore, an investigation was performed to see which 

cut-off frequency allowed for a calculated value of acceleration that was closest to this 

reference value. 

In Figure 3.35, the overall position, velocity and acceleration profiles (unfiltered 

and fiUered using a low-pass filter with 6 Hz cut-off frequency) of the falling and 

bouncing steel sphere in addition to a close-up view of the initial period of free fall are 

shown. Close-up views of the calculated acceleration values for low-pass filtering with 

cut-off frequencies ranging from 1-12 Hz (see Figure 3.36) and 13-24 Hz (see Figure 

3.37) are also presented. Basic statistics (i.e., mean and sample standard deviation) were 

calculated for 20 frames of data during the initial fall and 20 frames of data during the 

free fall after the first bounce (i.e., approximately 83.3 ms per free fall period, or 167 ms 

for the combined time captured in the 40 data points). Observation of several sphere drop 

records showed that at least 20 frames of data during the free fall period revealed 

relatively constant acceleration (following sharp acceleration transients accompanying 

bounces). 

It was discovered that the best cut-off frequency for obtaining values close to the 

expected value was 6 Hz. The mean for the sampled accelerations was -9.815 m/s'̂ 2 with 

a sample standard deviation of 0.071 m/s^2. Due to the relative success of this filtering, 

smoothing and acceleration calculation process, it was determined that this process would 

be used during extensive drop testing of the tool balancers. A MATLAB script file was 

used to conduct this drop test analysis. 
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Figure 3.35. Position, velocity, and acceleration plots versus time for fiUered data (low-
pass cut-off frequency of 6 Hz) from steel sphere falling and bouncing. The three 
plots on the left show 2.5 seconds of data which encompasses the initial drop and 
subsequent bounce. The three plots on the right provide a close-up of the time 
segment in which the initial free-fall occurred. 
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Figure 3.36. Acceleration versus time during period of initial free-fall for the steel sphere 
data fiUered with cut-off frequencies ranging from 1-12 Hz. The plots of the top 
row show the resuU of using cut-offs of 1, 2, and 3 Hz (from left to right). The 
second row from the top shows the result of using cut-offs of 4, 5, and 6 Hz and 
so on through the fourth row ending with a cut-off of 12 Hz. 
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Figure 3.37. Acceleration versus time during period of initial free-fall for the steel sphere 
data filtered with cut-off frequencies ranging from 13-24 Hz. The plots of the top 
row show the resuU of using cut-offs of 13, 14, and 15 Hz (from left to right). The 
second row from the top shows the result of using cut-offs of 16, 17, and 18 Hz 
and so on through the fourth row ending with a cut-off of 24 Hz. 

3.3.3 Testing of Balancers 

The previously described test of the motion analysis system with regard to 

analyzing the acceleration of a falling object was used as a basis for the tests to be 

described in this section for analyzing the characteristics of the individual tool balancers. 

As mentioned earlier in this chapter, tool balancers (also called spring balancers) are 

unique devices in that they are able to maintain relatively constant tension (within a 

narrow operating range of tension values) while loads suspended beneath them fraverse 

large vertical distances. Interestingly, the mechanical properties of these devices have 

rarely been addressed in the engineering literature. An extensive search revealed only one 

technical paper written in English that addressed mechanical design aspects of the three 
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typical types of spring balancers (Kobayashi 2001). The only other paper that could be 

found regarding detailed mechanical characteristics of spring balancers was an earlier 

paper written in Japanese by the same author (Kobayashi 1998). Fortunately, 

Kobayashi's (2001) provides an excellent description of spring balancer fundamentals 

and presents a mathematical formulation for helping in the design of spring balancer 

components. 

The tool or spring balancer fimctions by adjusting spring tension levels and the 

moments created by a supported load as that load travels along a support cable oriented 

perpendicularly to the ground. Simplified representations of the three basic types of 

spring balancers are shown in Figure 3.38. Three of the balancers used in the present 

simulator (Ml, M2, and M3) are type (a) balancers (i.e., the type shown in (a) of Figure 

3.38). Therefore, a spring is connected to a fixed (i.e., constant) diameter puUey and the 

extemal load is attached to a cable that wraps around a spiral-shaped cable feed puUey. 

As the load is moved up and down, the changing spring tension values created by spring 

length changes are offset by corresponding changes in the length of the moment arm of 

from the center of puUey rotation to the contact point between the cable and the spiral 

pulley. Figure 3.39 shows a more detailed representation of how the type (a) balancer 

operates. In Figure 3.40, a realistic image (i.e., very similar to the actual balancers used 

for the simulator) provides a 'look inside view' of key intemal components. 
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Figure 3.38. The three basic types of spring balancers. Adapted from Kobayashi (2001, p. 
494). 
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Figure 3.39. Fimdamental principles goveming operation of the type (a) spring balancer. 
Where (O) is the centerline of rotation of the balancer, (ô) is the height of the load 
(W) above or below the centerline of rotation, {6) is the angle of rotation of the 
puUeys about the centerline, (fi) is the moment arm of the load about the 
centerline, (r^) is the moment arm of the spring about the centerline and (kx) 
represents the spring force generated by stretching a spring with spring constant 
(k) through a distance (x) which equals distance (s) traveled by the supported 
load. Taken from Kobayashi (2001, p. 496). 

As can be seen clearly in Figure 3.39, the moment arm of the load changes as a 

function of ^ as the load moves up and down due to the shape of the spiral pulley. This 

changing moment arm leads to a constantly changing moment which increases or 

decreases in exact proportion to the changes in spring force caused by elongation or 
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shortening of the spring material as the fixed diameter side of the puUey also rotates. This 

ingenious concept can be shown using a mathematical formulation starting with the 

assumption of equal moments in Equation 3.6: 

kx(r2)=W(r,), Eq. 3.6 

and taking (XQ) to be the minimum value for spring elongation (at 6 = 0), then 

geometrically we have: 

x-Xo=r2(6'), Eq.3.7 

and combining Equations 3.6 and 3.7, an expression can be shown relating the two 

moment arms for both the fixed and spiral puUey components throughout the cable travel 

range: 

r , = ^ ( ^ ) . ^ ( x o ) . 

These equations along with other equations specific to spring designs are used to 

create balancer mechanisms which successfuUy maintain very constant tension levels 

(within a relatively narrow working range of forces) through their entire cable travel 

ranges. Final calibration tests and intemal spring tension adjustments are made foUowing 

the balancer manufacturing process to compensate for friction and momentum 

characteristics of interaal components that are neglected in the idealized mathematical 

formulations. 
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Figure 3.40. ReaUstic view of mechanical tool balancer showing some of the key intemal 
components. 

The presentation of balancer characteristics taken from Kobayashi (2001) 

provides a very helpful description of how these devices are able to maintain relatively 

constant levels of tension, but direct testing is stiU required to account for the effects of 

friction and momentum among intemal components. To elucidate the performance 

characteristics of the balancers, two simple conceptual models were formulated and a 

drop test protocol was developed. The simplest conceptual model is shown in Figure 3.41 

with a slightly more complex model shown in Figure 3.42. 
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Figure 3.41. The simplest conceptual model of the tool balancer with a falling load. In 
this figure (nriL) represents the mass of the suspended load, (T ) represents static 
tension applied by the balancer cable, and (g) refers to the acceleration due to 
gravity. 

The simplified model shown in Figure 3.41 can be represented mathematically as 

in Equation 3.9 below: 

-nriLaL =-mLg + T, Eq. 3.9 

where (a^) represents the net acceleration displayed by the load as it travels along the 

support cable. Solving for the net acceleration reveals: 

- aL= -g+ -m, 
Eq. 3.10 

Using Eq. 3.10 allows for the prediction of the acceleration values to be measured given 

only the mass of the suspended load, the constant tension assumed to be acting by the 

balancer and the acceleration due to gravity. 
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Figure 3.42. More complex model of the tool balancer with a falling load. In this figure 
(m^) represents the mass of the suspended load, (T ) represents static tension 
applied by the balancer cable, (b) represents a velocity dependent damping 
parameter, (v(t)) represents the velocity with respect to time and (g) refers to the 
acceleration due to gravity. 

The conceptual model shown in Figure 3.42 accounts for the tension applied to 

the load by the spring (assumed constant) along with a velocity dependent damping 

parameter that accounts for momentum and fiiction effects of the intemal balancer 

components. The weight of the load opposes the tension force due to the spring and the 

force due to damping. Equation 3.11 provides a mathematical description of this system: 

-mLaL=-mLg + T + b(v(t)). Eq. 3.11 

Solving for the damping parameter we have the relationship of Eq. 3.12: 

l ^ ^ -m jA in \gz I 
(v(t)) 

Eq. 3.12 

Equation 3.12 was used to determine the damping parameters for the four tool 

balancers used in the present simulator for a range of loads exceeding those withtn the 

balancers designed working ranges. That is, the balancers are designed to support loads 

that exert a cable force within their designed working ranges of tension so that the loads 

251 



will remain stationary when they are not being raised or lowered by the addition of some 

other net force (e.g., force from the hand of an assembly line worker who slowly 

translates the load up or down the balancer cable). hi this research application, the tool 

balancers are always subjected to a load exerting a force greater than the available spring 

tension force. Therefore, the balancers experience fairly rapid cable displacements as a 

subject walks, lopes, or runs on the treadmill. This rapid cable displacement causes 

fiiction and momentum forces due to the moving intemal components. Higher velocities 

of cable displacement result in higher firiction and momentum forces, hence the logical 

inclusion of a velocity dependent damping parameter in the conceptual model of the tool 

balancer. 

In order to examine the dynamic characteristics of the tool balancers being forced 

at different velocities, it was decided to load the balancers in excess of the their designed 

tension ranges such that 'realistic' excess loads (i.e., excess loads that would likely be 

experienced due to suspended subjects) would be applied during freefall conditions. 

When subjects locomote on the treadmiU, a reasonable upper limit to the speed at which 

their center of mass is moving down toward the treadmiU belt is the freefall condition. 

This assumption is defmitely trae during the loping and mnning gaits. Also, at no time 

during fast jumping or mnning gaits has there been an occasion in which balancer cables 

have gone slack as the subjects began the propulsive, upward movement during a stride 

cycle. Therefore, drop tests for each balancer, including a range of 'realistic' excess loads 

were to be performed to assess damping characteristics. 

The ranges of realistic excess loads (in terms of static masses) that each balancer 

would likely be subjected to are listed in Table 3.6. The excess loads were determined by 

considering the range of subject masses and partial gravity simulation protocols that 

ensure each balancer is only applying tension within its design range (this is very 

important given that the adjustment mechanisms on each balancer allow settings that are 

significantiy outside the linear tension ranges for which they were designed). hi Table 3.6 

the column of values adjusting the upper loading levels due to hamess weight was added 
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since a new hamess with mass of at least 13.6 kg was under development at the t ne the 

drop tests were performed. 

Table 3.6. ReaUstic excess loads (in terms of static masses) for each balancer. 

Balancer 
type 

Ml 

M2 

M3 

Pl 

Load due to subject mass 
(from anthropometric data) 

Low High 
(kg) (kg) 

34.0 

18.1 

18.1 

15.9 

45.4 

34.0 

34.0 

40.8 

Load including 
massive hamess 
High (adjusted) 

(kg) 

59.0 

47.6 

47.6 

54.4 

Range 
(kg) 

25 

29.5 

29.5 

38.5 

After determining realistic ranges of static masses that would be attached to the 

balancers (in excess of the balancer tension settings) for the drop test, a testing protocol 

was developed. Originally, it was planned that each balancer would be tested with 12-18 

falling masses within the ranges specified by Table 3.6, and this would be repeated three 

times for three balancer tension settings (i.e., lowest, middle, and highest tension settings 

within the working range). Such a protocol would have required a total of 870 freefall 

drops to test all of the balancers. After performing drop tests for the small balancer at its 

middle tension setting, two concems were identified that led to a revision of the protocol. 

First, each drop test involved considerable time to execute (5-15 minutes for each drop) 

and required the manual handling of heavy loads. Second, and more importantly, these 

drop test represented the most violent types of shocks that the balancers would ever be 

subjected to and it was feared that so many tests would cause excessive wear and tear on 

the intemal components. 

Therefore, the protocol was modified so that a much smaller number of drop tests 

would be performed to span the ranges of excess loads and balancer tension settings. 

This revised protocol including 174 total drop test is shown in Table 3.7. The number of 

drop tests performed at a particular tension setting plus excess load combination varied 
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from as many as 5 to as few as one drop depending primarily upon perceived trauma to 

balancer components. 

Table 3.7. Masses used during balancer drop tests and tension settings (i.e., low [L], mid 
[M], and high [H] tensions) of balancers expressed as static masses in excess of 
the static mass tension settings shown in parentheses. 

Balancer Type 

1 

Mass 

dropped 

in 

excess 

of 

tension 

setting 

(kg) 

Total 
drops 
including 
replicates 

L (56.7 kg) 

31.8 

40.8 

-

59.0 

14 

M l 

M (59.0 kg) 

31.8 

40.8 

-

59.0 

14 

M2 

H(61.2kg) H(27.2kg) 

31.8 18.1 

40.8 

49.9 

59.0 

19 

27.2 

36.3 

45.4 

49.9 

25 

M3 

M(9.1kg) 

18.1 

20.4 

22.7 

24.9 

27.2 

29.5 

31.8 

34.0 

36.3 

38.6 

40.8 

43.1 

45.4 

47.6 

67 

L (2.3 kg) 

13.6 

34.0 

54.4 

12 

P l 

M(11.3kg) 

13.6 

34.0 

54.4 

12 

H (22.7 kg) 

13.6 

34.0 

54.4 

11 

3.3.3.1 Procedure 

Executíon of each of the 174 drop tests shown in Table 3.7 was accompUshed 

using an elaborate testing procedure including the foUowing steps: 

1. A special platform including shock absorbent material was positioned over the 

freadmiU surface so that an accidental drop of masses would not damage the 

treadmill. 

2. An open topped wooden box (roughly 0.51 m long, 0.30 m wide and 0.25 m tall) 

with a sturdy metal handle across its top that had been used for years for manual 
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lifting studies was attached to the appropriate balancer cable. Mounted to the front 

of the box was a small steel rod, tipped with a spherical reflective marker. It was 

in line with the suspension point and served as the object to be fracked by the 

motion analysis system. The ChatiUon force transducer was connected in series 

with the box and the suspension cable. 

3. The box was weighted until the desired load was reached for setting the balancer 

tension. 

4. The balancer tension was adjusted to the proper tension. 

5. Two additional suspension lines (i.e., a rope and a rope with a plastic cable tie at 

one end) were attached to the box. The rope attached to part of the handle served 

as a safety line to ensure that load stopped falling well before hitting the 

protective cushion positioned above the treadmill belt. The second rope/cable tie 

arrangement served as the fall initiation mechanism. 

6. The test administrator stood in a position where the cable tie could be reached 

with a sharp wire-cutting tool without obstmcting the view of the reflective 

marker from the motion analysis cameras. 

7. The test administrator triggered the camera system (marker position was coUected 

at 240 Hz) and cut the cable tie to set the load into freefall. 

8. The marker position data was post processed as described for the steel sphere 

drop tests in section 3.3.2. One difference in this procedure from the steel sphere 

tests was that 30 data points were used to determine the freefall acceleration 

starting when the box had fallen to 96.5% of its initial height (i.e., to avoid the 

initial acceleration transient). 

FoUowing the acquisition of acceleration data for the drop tests, calculations were 

performed to determine the predicted acceleration values to be anticipated due to the 

simple model formulation shown in Figure 3.41, the actual cable tension based on 

measured acceleration values and damping values in accordance with the model shown in 

Figure 3.42. 
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3.3.3.2 Results 

Examination of the observed acceleration data (see Figure 3.43) shows that 

balancers Ml, M2, and M3 provided the most linear relationships between acceleration 

and the 'excess mass' dropped (i.e., mass in excess of the mass that would be held 

statically at the given balancer tension setting). Balancer Pl showed a noticeable 

nonlinear behavior with a wide range of acceleration values resulting within and between 

tension settings. The ranges of acceleration values for M1-M3 were much narrower than 

forbalancerPl. 
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Figure 3.43. Observed acceleration versus freefall mass in excess of static tension setting 
for the four balancers. For example, balancer M3 was adjusted to a tension level 
that would hold a static mass of 9.1 kg; masses equaling 9.1 kg plus 18.1-47.6 kg 
(i.e., excess masses) were then allowed to 'fall' while attached to the balancer 
cable. Balancers Pl and Ml were tested at three tension levels as indicated on the 
individual plots. Error bars represent one standard deviation from the mean where 
multiple drops with the same 'excess mass' were performed. 

Not surprisingly, the largest balancer (Ml) consistently showed the smallest 

acceleration magnitudes. This result is likely due to friction and momentum effects of the 
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larger, and more massive intemal components that rotate when the Ml cable is displaced 

rapidly. Tension fluctuations with the pneumatic balancer (Pl) were likely due to the 

at which air is compressed during rapid movements. 
ease 
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Figure 3.44. Balancer M3 observed acceleration versus freefall mass in excess of static 
tension setting. Error bars represent one standard deviation from the mean for 
repeated drop tests with the same mass. Acceleration values calculated using the 
constant cable tension assumption of the simple balancer model are indicated with 
the dashed line. 
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Figure 3.45. Balancer M2 observed acceleration versus freefall mass in excess of static 
tension setting. Error bars represent one standard deviation from the mean for 
repeated drop tests with the same mass. Acceleration values calculated using the 
constant cable tension assumption of the simple balancer model are indicated with 
the dashed line. 

Plots of the observed acceleration values and the predicted acceleration values 

based on the simplifíed conceptual model of the tool balancer (refer back to Figure 3.41 

and Eq. 3.10) show how weU the assumption of constant tension in the balancer cable 

holds (see Figures 3.45-3.48). For M2, the constant tension assumption appears to hold 

quite well. Balancers Ml, M3, and Pl show that the constant tension assumption foUows 

the data reasonably well, but is shifted toward higher magnitudes of acceleration than 

those calculated from motion data. This comparison further supports the assumption that 

tension fluctuations are present due to friction and momentum characteristics of intemal 

components. 
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Figure 3.46. Balancer Ml observed acceleration versus freefall mass in excess of static 
tension setting (three tension settings are shown). Error bars represent one 
standard deviation from the mean for repeated drop tests with the same mass. 
Acceleration values calculated using the constant cable tension assumption of the 
simple balancer model are indicated with the dashed lines. 
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Figure 3.47. Balancer Pl observed acceleration versus freefaU mass in excess of static 
tension setting (three tension settings are shown). Error bars represent one 
standard deviation from the mean for repeated drop tests with the same mass. 
Acceleration values calculated using the constant cable tension assumption of the 
simple balancer model are indicated with the dashed lines. 

The plots of the damping parameters calculated using the more complex model of 

the tool balancer (refer back to Figure 3.42 and Eq. 3.12) show that significant variatíons 

exist between the four balancers. For balancer M3, the calculated damping values fall 

within a relative small range as may be expected given the similarity of performance with 

the constant tension assumption. It is important to note that M3 displays non-linear 

variations in how the damping values are affected by the excess load levels and that 

balancer M2 shows positive damping values at low excess load levels and negative 

values at higher load levels. This indicates that loads just above the tension setting caused 

cable tension to be reduced slightly during the fall, possibly due to increased momentum 

imparted to intemal components, whereas at higher excess loads intemal friction effects 

appear to have caused increased cable tension resistance to the fall. Ml shows negative 

damping values that increase in magnitude with increased excess loading. 
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hiterestingly, the damping values for Pl at the highest tension settmg closely 

match the balancer model containing a velocity dependent damping parameter. For the 

middle and low tension settings, Pl exhibits more fluctuation in damping values. ft would 

appear from the data that for balancer Ml and M2 the model including a velocity 

damping parameter works best when the system contains only one level of excess loading 

for each tension setting. That is, damping characteristics are likely modified by changes 

in the configuration of intemal components (e.g., tightening of the spring, etc.) in 

addition to the increased momentum of the extemal load. 
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Figure 3.48. Calculated damping values (using more complex model of balancer) versus 
freefall mass in excess of static tension setting for the four balancers. M3 and M2 
were tested at one tension setting whereas Ml and Pl were tested at three tension 
settings. 

Overall, the results of the detailed balancer analysis using drop testing have 

confírmed the basic insights gathered from the tension fluctuation data in the first pilot 

study. That is, balancer M3 can be expected to display greater tension fluctuations at 

lower excess load levels (< 30 kg) than at higher excess load levels (> 30 kg). Balancers 

Ml and M2 display a smooth (i.e., small fluctuation) increase in cable tension with 
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increasing excess loads and Pl shows velocity dependent tension behavior, which 

becomes more systematic (i.e., described by one damping parameter) at the highest 

tension setting. Therefore, these drop tests have the exposed the greatest weakness that 

the balancers can display, that is tension fluctuations that are dependent upon the velocity 

at which the cable is displaced and the magnitude of the extemal load. 

Fortunately, even under these extreme conditions the individual balancers have 

generally supported the assumption of linear tension changes due to changes in tension 

settings and extemal loads. That is, when the locomotion speed of a subject in simulated 

partial gravity increases, the increased rate of vertical movement of the cable wiU lead to 

increased fluctuations in tension. But, as seen from the data of the first pilot study (see 

Table 3.4) when the larger mechanical balancers Ml and M2 are used, tension 

fluctuations caused by locomoting subjects are very small. Even parallel combinations of 

Ml and/or M2 with M3 and/or Pl still result in relatively small tension fluctuations that 

are most prominent at the extremes of vertical displacement (i.e., stance initiation and 

change of direction at the apex of jumping or mnning gait). 

Taken together, the data indicate that the present simulator provides very 

consistent tension application to the subject at lower simulated gravity levels (e.g., 1/6 G, 

3/8 G, etc.) at a range of locomotion speeds and moderately consistent tension application 

at higher simulated gravity levels (e.g., 5/6 G) and slow speeds. At higher simulated 

gravity levels and high speeds the range of tension fluctuation may be large as the smaller 

balancers M3 and Pl may be used in isolation. As mentioned previously, the present 

suspension simulator offers the advantages of tremendous vertical displacement for 

subjects with a non-osciUating (i.e., zero stiffhess) type of tension application system. 

The trade-off for these advantages is a small sacrifice in the absolute range of cable 

tension fluctuation that has been reported by other researchers using traditional spring-

based suspension systems that do oscillate and allow minimal vertical movements. 
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3.3.4 Testing of GRF. EMG. and Cahle Tension Data CnUfír.tinTi 

The final major data coUection component to be integrated into the simulator was 

an eight-channel, Bagnoli-8 Delsys™ EMG system. Fortunately, the amplifícation 

component of the Delsys™ system allows for direct output of the eight EMG signals via 

individual BNC cables. This enabled direct connection of individual signal lines with one 

of the six BNC inputs on the signal-conditioning unit at the base of the Gaitway™ 

freadmill system. Therefore, signal acquisition could be synchronously controUed at a 

particular frequency for six signal sources in addition to the voltage measurements from 

the forceplates used to determine GRFs. Additionally, the signal conditioner has a BNC 

input dedicated to voltage signal triggering; therefore a special extemal triggering 

mechanism for the Motion Analysis™ system can also be used to synchronously trigger 

the Gaitway™ system when coUection of kinematic and kinetic data (plus additional 

signals such as EMG sources) is desired. 

Data collection frequencies using this set-up have no practical limit for the type of 

hirnian research being conducted; a sampling frequency of 5 kHz for over 120 seconds 

has been used on several occasions. The intemal sampling frequency of the data 

acquisition card in the Gaitway™ signal conditioner is 10 MHz. The only immediate 

limitations on the frequency of signal acquisition would be limitations imposed on the 

Gaitway™ software by a computer with insuffîcient processing speed or available 

memory. Such limitations are not a factor for the sampling frequencies used in this 

research effort. 

A specific test was performed in which four channels on the signal-conditioning 

unit were used for recording the general muscle activation pattems of four muscle groups 

on the right leg of a subject (i.e., the GA, TA, BF, and VM muscles) and one channel was 

used to record voltage output of the force transducer monitoring cable tension as a subject 

walked in simulated Lunar gravity (i.e., 1/6 G). The sampling rate was 3 kKz and the 

signals were collected for 20 seconds. A power spectmm analysis and a residual signal 

amplitude analysis was performed on GRF and cable tension signal sources and the 

optimal low-pass frequency for a 4* -order zero-Iag Butterworth filter for each signal was 
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determined. The residual signal amplitude analysis involved calculating and reviewing 

the residuals for a range of cut-off frequencies so that maximal passage of the desired 

signal and minimum passage of undesired noise would be allowed through the filter. The 

basic equation for calculating the residuals is from Winter (1990): 

^ ( / . ) = â £ ( ^ , - ^ , ) ' . Eq.3.13 

where the R{fJ represents the residuals (i?) at a particular frequency ( / J for{N) data 

points gathered from raw signal {X)at time {i)md{X)is the fîUered signal value. The 

raw EMG data record was also inspected to ensure that signals were being received 

properly. 

In Figure 3.49, a series of plots show the raw data, residual analysis, power 

spectmm obtained using a discrete Fourier transformation process, and the resulting 

filtered data using cut-off frequencies suggested from the analysis. The two factors that 

were used to determine the cut-off frequency were the locations of the power from the 

phenomena being examined and the point on the residual signal amplitude plot where a 

relatively constant slope heading toward zero amplitude had been attained. That is, the 

cut-off frequency indicated by the analysis where it appeared that mainly noise was being 

filtered out-not the desired signal. Figures 3.50 and 3.51 show GRF and EMG muscle 

activation pattems. The EMG signals look very clean with only small motion artifacts 

present in the TA signal (see Figure 3.50). 

To satisfy the curiosity of the author, a transfer function analysis was carried out 

between the cable tension signal and the combined GRF signals to see how they 

interacted with one another. This analysis involved combining the GRFs recorded for 

both the right and left foot into one record (see Figure 3.52), re-examining ûie power 

spectmm for both signals (see Figure 3.53), computing the cross-spectmm between the 

two signals and examining Bode plots of the entire range of frequencies available (see 

Figure 3.54) and then focusing on the relevant frequencies as indicated by the power 
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spectmm analysis (see Figure 3.55). The manner in which the transfer fiinction analysis 

was performed makes the unrealistic assumption that the cable tension (input) produced 

the combined GRF signal (output). hispection of Figure 3.55 reveals the reassuring 

insight that the GRFs lead the cable tension fluctuations at all relevant signal frequencies 

(i.e. less than 4 Hz in this system). 

Therefore, in this model formulation the GRFs generated by the subject are shown 

to cause the cable tension fluctuations. In realistic terms, this simply means that the 

subject's movements are causing the cable tension fluctuations, and not the other way 

around. This does not mean that the subjects GRF amplitudes are not affected by the 

cable tension applied to their body. It simply means that cable tension fluctuations are not 

systematically altering the dynamic characteristic of the GRFs, in fact the opposite is 

tme. A customized MATLAB script was used to perform this entire signal processing 

procedure. 
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Figure 3.49. Plots showing raw GRF and cable tension data, residual amplitude analyses 
for cut-off frequencies from 1-20 Hz, the power specfrnm from a discrete Fourier 
transfomi procedure, and the fiUered data at the appropriate cut-off frequencies. 
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and the combined GRFs. 

3.3.5 Development of Bicycle-Tvpe Suspension Hamess 

As mentíoned previously in the review of the first pilot study (refer to sectíon 

3.2.6.4), the parachute-type hamess did cause some discomfort to the subjects and may 

have caused some aUerations of gait due to the specific manner in which tension from the 

balancers was transmitted to the subject's body. Therefore a serious design effort was 

initiated to examine the characteristics of the parachute-type hamess and generate 

improvements. The result of the design effort was a bicycle seat-type hamess that 

incorporated underarm supports. This device allows subject's more flexibility in how 

forces are transmitted to their body and the surface area over which concentrated 

pressures occur is greatly increased. 

In the design of a hamess for a vertical suspension-type partial gravity simulator, 

a tradeoff must be made regarding the number of loading points on a subject's body and 

the type of movements to be allowed (i.e., degrees of freedom). The design choice wiU 

also strongly influence the subject's comfort while suspended. As shown previously (i.e.. 
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sections 2.4 and 2.5), some researchers have opted for designs that increase comfort by 

increasing the number of attachment points, therefore restricting the types of movements 

that can be performed (Hewes, Spady et al. 1966; Hewes 1969; Davis 1991) and other 

researchers have chosen few attachment points, sacrificing comfort while attemptíng to 

apply extemal tension forces close to the actual CM of the body (He, Kram et al. 1991; 

Donelan and Kram 1997; Kram, Domingo et al. 1997; Donelan and Kram 2000). The 

present research effort has also required difficult design decisions to be made regardmg 

the types of hamesses constmcted. 

The benefits of a lightweight rock-climbing seat hamess design include freedom 

of movement (the only restrictions are due to two or four cables connecting the hamess to 

the overhead suspension system), application of tension somewhat close to the actual 

CM, and essentially no momentum changes to the body due to hamess mass. The 

disadvantages of the rock-climbing seat hamess include significant discomfort in the 

groin area and pressure applications to the groin and upper leg areas, which tend to 

dismpt normally observed pelvic motion dynamics. Another disadvantage may include 

the introduction of a vertical visual reference (i.e., the support strap connecting the front 

of the hamess with the suspension system interface) for researchers interested in 

manipulating visual imagery. 

Advantages to using a parachute-type hamess include slightly improved comfort 

due to some pressure application to the torso and underarm areas, but disadvantages 

including restricted upper body movements (e.g., the forward lean in mnning), and 

additional pressure to the back of the upper legs (i.e., different upper leg loading than 

with rock-climbing hamess) tend to appear. The issue of forward leaning while mnning 

in the parachute-type hamess has several dimensions. The first involves the increased 

need for torso muscle stiffhess if leaning is to be achieved. The second is the fact that 

when forward leaning is achieved the reduction in pressure to the groin area retums to 

high levels and/or constrictíon of the torso increases. Figure 3.56 shows four views of the 

parachute-type hamess developed for the fîrst pilot study. 
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hi the parachute-type hamess design, a rock-climbing seat hamess and a 

parachute hamess are combined. This hybrid was assembled so that comfort may be 

increased (i.e., more pressure application points) and it was thought that the pressure 

appUcatíon to the legs would better enable steady-state bipedal locomotíon than either 

hamess alone. As a subject walks, lopes, mns, or jumps in the suspension simulator their 

overall CM and the specific sites of pressure application from the hamess wiU 

continuously change during a stride, but a general understanding of the types of pressures 

appUed can be presented (see Figure 3.57). hi Figure 3.57 (a), the primary loading points 

due to the upper leg/buttocks strap of the parachute hamess (load on the left) and the 

upper leg straps of the rock-climbing hamess (load near the center) are shown with 

respect to a sagittal plane. This arrangement tends to reduce some of the pressure on the 

legs via greater contact area for distributing forces, but it also has a tendency to produce 

greater resistance to extension of the thigh than it does during flexion. Of course it is 

important to note that even when using a rock-climbing hamess in isolation there wiU be 

a range of flexion and extension biases on the leg depending upon the current leg 

position. 

In Figure 3.57 (b), a front view of the pressure applicatíon points of the parachute-

type hamess reveals significant loading in the groin and upper leg areas. The size of the 

symbols indicating loading point locations is approximately scaled to the perceived 

loading that occurs in each area during standing. Unfortunately, the strap arrangements 

on the upper part of the parachute hamess only offer a small amount of loading. This is 

due to the fact that the parachute hamess is designed for a person falling from the sky to 

be supported in somewhat of a sit-stand position. 

Although site-specific pressure monitoring for this hamess arrangement was not 

technically feasible during this design effort, it can be assumed from general observations 

and first hand experience using this hamess that large pressure applications in the groin 

area tend to distort gait such that large amounts of leg flexion and extension are avoided 

unless required by treadmiU speed or desired gait pattem constraints. Furthermore, leg 

motions are not only biased during flexion and extension, but the leg strap configurations 
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point of load 
applicQtion 

Figure 3.57. Close-up of views of parachute-type hamess with load appUcation points 
emphasized. In (a) the left side view and (b) the front view. 

produce obstmctions along the inside of the thighs and groin area that causes a slight 

widening of the gait pattem. This widening of the gait pattem may be referred as a slight 

'waddling' or 'bowlegged' bias. 

In an effort to mitigate the comfort problems and the movement biases identified 

with the parachute-type hamess, a second hamess based initially around a bicycle seat 

design was constmcted. Wide, adjustable underarm straps with lots of padding were 

added to the design to relieve pressure to the groin area. The new design was also buiU in 

such a manner that artificial visual references (e.g., cabling, hamess support components, 

etc.) were minimized. Figure 3.58 shows four views of the fmished bicycle seat-type 

hamess design. The hamess includes tremendous adjustability so that subjects within the 

ranges of anthropometric dimensions listed in Appendix A can be accommodated as well 

as some individuals with dimensions exceeding those ranges. 
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Figure 3 59. Standard positíons and adjustability ranges for bicycle seat-type harness 
components. Views include the left side view (a), top view as seen from the back 
(b), and a perspectíve view (c). Dimensions are in centimeters. 
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Figure 3.60. The CM locatíon for the bicycle seat-type hamess in a sagittal plane. Typical 
load applicatíon points to the subject are also given. Dimensions are in 
centimeters. In (a) the left side view and (b) a perspective view. 

Adjustability is included in the seat position (vertical, anterior/posterior), upper 

arm support (anterior/posterior, separate mediolateral and vertical adjustoient for each 

arm) and seat angle. A low profile mountain bike seat with a central groove for enhancing 

blood circulatíon in the groin area (especially helpfiil for male subjects) was included to 

allow pressure distribution near the subject's actual CM and to minimize restrictíons to 

normally observed bipedal leg motions. Figure 3.59 shows the standard adjustment 

position and the adjustability ranges for the hamess. The CM of the bicycle seat-type 

hamess (including underarm support straps and waist sfrap) in the standard adjustment 

position was carefiiUy determined by measuring the balance points of the device in both 

vertical and horizontal positions on a narrow fulcmm made using steel angle (see Figure 

3.60). 
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Despite the large size of the bicycle seat-type hamess, it only has a mass of 20.7 

kg (including a 4.5 kg counterweight) due to its all aluminum design. When adjusted to 

the standard position, which happens to accommodate most subjects (only changes in arm 

sfrap positíons and waist sfrap length are typically requfred), the CM of the hamess lies 

directly in line with the overhead suspension cable connected to the balancers. Figure 

3.60 shows the typical load applicatíon points to the subject. The upper load application 

point (i.e., to the right of the CM positíon) corresponds to the loading points under the 

arms. Although vertical adjustments are made to the underarm straps depending upon a 

subject's torso dimensions, the approximate loading lines are very close to or inline with 

the suspension point. Minor adjustments to the balancer cable attachment eye bolt and 

counterweight locations can also be made to ensure that when subjects are in the device 

they are properly balanced with respect to the mid-sagittal plane. 

When subjects walk, mn or jump in this bicycle seat-type hamess they display 

much more normal appearing bipedal gait pattems than with the parachute-type hamess. 

In addition, subjects are able to continually make slight adjustments to the pressure 

distributions between the padded underarm straps and the bicycle seat. Therefore, subject 

comfort is greatly increased and subjects are easily able to locomote for 10-15 minutes at 

walking or mnning speeds with only minor discomfort due to localized pressure. Every 

subject (male and female) who has experienced locomotion in both hamess 

configurations has reported that the bicycle seat-type hamess is far more comfortable and 

enjoyable to use. 

Of course, with the improvement in gait pattems and subject comfort, one 

undesirable factor is introduced having to do with the momentum of the hamess mass. As 

mentíoned in Chapter 2, sectíon 2.2.3 of this dissertation, the running gait is highly 

dependent upon the phase oppositíon of angular rotatíons of the legs versus angular 

rotations of the upper body to maintain balance. When running in the bicycle seat-type 

suspension hamess, due to the angular momentum produced by the distributed mass of 

the hamess, subjects are not required to produce as much visible rotation of the torso. 

That is, when the upper body is rotated, coupling between to the hamess via the underarm 
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sfraps causes the significant mass of the hamess to rotate with the upper body during one 

step, which must be forcefiiUy reversed during the second step of the stride cycle. 

Coupling between the subjects to the hamess via the seat and waist strap also tend to 

magnify angular momentum changes unless pelvic rotatíon is slightly reduced. 

The resuU of this rotatíonal inertia contributíon of the hamess is that torso rotation 

and pelvic rotation are reduced (although both are still present) since the subject can (and 

must) take advantage of the hamess momentum to maintain a stable, energy efficient 

mnning gait. Subjects automatically make these adjustments when mnning in the hamess 

and do not find it difficult to accomplish and maintain. The only reason that this reduced 

movement is termed undesirable is that it certainly would not occur in an actual partial 

gravity environment. Overall, the additíonal inertia imparted to the subject does not 

appear to have a large impact on the basic dynamic pattems or energy requirements of 

simulated partial gravity locomotion. This assumption is supported by the work of Chang 

et al. (2000) who examined mrming in a vertical suspension type partial gravity simulator 

where extemal loads were used to increase subject's mass by up to 30% and partial 

gravity levels were manipulated between 0.25-1 G. These researchers found that changes 

in mass had little effect on horizontal and vertical GRFs whereas changes in simulated 

gravity levels had a very large effect on GRFs. 

One additional improvement of the bicycle seat-type hamess over the parachute-

type haraess is that of allowing ease in forward leaning when mnning at low levels of 

simulated partial gravity. As a subject adopts a forward lean, the mobility imparted by the 

underarm support straps allows for a significant angle of tilt before the balancer cable 

alignment starts deviating greatly from a line passing through the CM of the 

subject/hamess system. Also, the pressure concentration remains focused at both the 

groin and underarm areas without causing a constriction of the torso. 

Figure 3.61 shows a subject mnning and jumping at simulated Martian gravity in 

the bicycle seat-type hamess; a waist strap with a large, black, foam pad on the front 

keeps the subject from sliding off of the bicycle seat. Figure 3.62 shows several views of 

the bicycle seat-type hamess as it appears within the simulator stmcture. Also, Figure 3.7, 
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in section 3.1.2 of this thesis shows the parachute-type hamess within the simulator 

stmcture. 

Figure 3 61. Locomotion using the bicycle seat-type suspension hamess at simulated 
Martian gravity (i.e., 3/8 G). hi (a) and (b) the subject is mnning at a moderate 
speed (approximately 3.3 m/s) and in (c) and (d) the subject is performmg low 
amplitude jumps (i.e., approximately 0.36 m). 
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One final item that should be discussed with regard to vertical suspension-type 

partial gravity simulatíons, which to the author's knowledge has never been directly 

addressed before in the literature, includes the issue of artificial stability. When a subject 

is in any type of suspension hamess, artificial stability is imparted which tends to keep 

the subject upright with respect to the ground and often mediolaterally centered on the 

freadmiU beU or locomotion surface. Thus the cable extending from the overhead support 

acts as an attractor to resist any loss of balance or falling by the subject. Of course, in an 

actual partial gravity environment, such as the surface of Mars, if the subject looses their 

balance they may fall to the ground. 

The artificial stability provided by the simulator wiU often prevent a loss of 

balance, or if balance is lost, the assistance from the balancers will give the subject more 

time to regain balance and avoid a fall. It would be hard to imagine a subject actually 

completing a fall to the ground in the simulator unless it was intentíonal, or due to 

unconsciousness. Figure 3.63 represents this increased stability in terms of the yarding 

angle {6y). Yarding is a sailing term, also used by balancer manufacturing companies to 

indicated deviations from a perpendicular (with respect to the ground) line of action for 

the balancer cable. A realistic yarding example that might occur with the present 

simulator would be a subject having a mass of 86 kg leaning 0.152 m (i.e., 6 inches) to 

one side of the treadmiU belt while walking in simulated Martian gravity. Given a 

distance of 1.22 m (i.e., 4 feet) from the balancer to the hamess, a yarding angle of 

approximately 7.13° would be formed resulting in 81.2 N (i.e., 18.3 pounds) of horizontal 

force attracting the subject back upright and to the treadmiU center. 

This section has reviewed the advantages and disadvantages of various vertical 

suspension hamesses for partial gravity simulations. Overall, the performance of the 

bicycle seat-type suspension hamess is considered a significant improvement over the 

initial parachute-type suspension hamess. Subject comfort is increased and the dynamics 

of movement are less distorted using the bicycle seat with the important addition of 

underarm supports. In this dissertation the partial gravity simulator is used to aUer the 

loading pattems of the lower extremities during 3/8 G mnning in order to gain insight 
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into CNS mechanisms that dictate postural control transitions between loading 

environments. The present simulator with the bicycle seat-type hamess is very effective 

at producing these neuromuscular loading events. 

Figure 3.63. Front view of a subject in the simulator showing the yarding angle formed 
when the subject leans to one side. 
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3.4 Development of Precision Stepping Task 

The primary aim of this dissertation is to discover ways in which neuromuscular 

aspects of postural control adaptation foUowing simulated partial gravity mnning may be 

improved. In order to accomplish this aim, a method had to be developed for assessing 

postural control performance before and after exposure to the simulated partial gravity 

enviroimient. This method needed to be sensitive enough to reveal the expected postural 

control decrements caused by locomotion in the unusual loading environment and also 

sensitive enough to distinguish between post-partial gravity locomotion countermeasures 

that accelerate impedance adjustment mechanisms of the lower extremities. It was 

decided that a treadmill-based precision stepping task would be the central locomotion 

activity for measuring postural control performance. 

The precision stepping task consists of repeatedly stepping over a virtual obstacle 

presented above the treadmill beU. Projecting a green laser beam through a water vapor 

mist generates a virtual obstacle that is easily seen in the low ambient lighting level of a 

laboratory. The only other significant sources of illumination during stepping are the six 

ring lights producing red light via Ught emitting diode (LED) arrays for use with the 

reflective markers of the motion analysis system. The subject keeps his or her arms 

crossed during the slow paced (i.e., treadmiU speed of approximately 0.36 m/s), repetitive 

stepping task to allow optimal viewing of reflective markers by the optical motion 

system. The subject's goal during the activity is to clear the beam and make heel contact 

with the treadmiU beU before any part of the stepping leg breaks the light beam. hi 

additíon, the subject is to choose an efficient stepping strategy, that is, one in which the 

beam is cleared using the minimum obstacle clearance distance. If a subject prematurely 

breaks the beam with the leg, specular iUumination of the skin or reflective markers 

immediately reveals the error to the subject. 

The stepping task was selected as the method of assessing postural control for 

several reasons: (1) it is similar to typical locomotíon tasks, therefore it is easy for 

subjects to leam; (2) stepping over an obstacle is a task requiring frajectory planning 

(feedforward control) before the step is initíated; (3) it is more challenging than waUdng 
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on a dry, level freadmiU beU, thus functíonal relevance to more difficult over ground 

locomotion is increased; (4) the task requires not only rhythmic stability as in typical 

locomotion, but adds the factor of a speed-accuracy frade-off due to instmctions for 

minimizing obstacle clearance distance; (5) once leamed, this task is qmte automatic, yet 

still requires interaction between high level components of the CNS and lower levels 

influenced by sensory feedback; and (6) it is a non-fatiguing activity, thus many steps can 

be performed sequentially without undue energy expenditure. These reasons for choosing 

a precision stepping task are strongly supported by the previously reviewed hterature 

regarding the regulation of movement and obstacle avoidance given in section 2.2.6 of 

this thesis. Sixty consecutive and aUemating steps are performed (30 by the left leg, 30 

by the right leg) during each postural control assessment trial. Step initiation points are 

clearly marked by reflective arrows affîxed to the plastic side covers of the treadmiU and 

a systematic stepping processes is taught to the subject. 

The basic scheme of the stepping task is represented in Figure 3.64. A set of 25 

reflective markers is used to track the subject's kinematics during the stepping task. 

Sixteen markers are attached to the subject (i.e., elbow, greater trochanter, lateral femoral 

condyle, lateral malleolus, heel, proximal end of fifth metatarsal, and great toe for left 

and right sides, and two neck markers mounted to a post that is affixed to the base of the 

neck) and two additional virtual markers (i.e., base of the neck and virtual hip center) are 

calculated. Five markers are attached to components of the simulator (i.e., laser beam 

origin, laser beam target, and three markers defining a 3D reference plane) and two 

additional virtual markers are calculated from this set to represent ends of the step 

initiation line. Figure 3.65 shows a stick figure representation of a test subject with all 

markers labeled. 
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Figure 3.64. A basic representation of the precision stepping task. This view shows the 
left side of the subject, treadmiU and green laser beam. 
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Figure 3.65. Stick figure representation of a test subject showing all twenty-five markers 
(twenty-one actual markers and four virtual markers). A front view is shown in (a) 
and a left side view in (b). 

A 16-frame visual description of the precision stepping process is shown in 

Figures 3.66 and 3.67. To initiate the stepping task, the subject assumes a standing 

position with arms crossed in front of the torso, feet together at a point just anterior to the 

laser beam position. Then the subject is slowly translated backwards on the treadmiU at 

approximately 0.36 m/s. When the great toe marker of the stepping leg (referred to as the 

obstacle clearance or (OC) leg) is in line with the reflective arrows on the edges of the 

treadmiU, the subject initiates the step over the laser beam, makes heel contact with the 

treadmill beU, and quickly transfers weight from the support leg (referred to as the 

contralateral or (C) leg) to the OC leg and brings both feet together. The subject then 

'rides' the treadmiU belt back to the starting line and imtiates another step with the 

opposite leg (i.e., the leg that performed C support during the previous step). 
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Observation of the stepping task reveals twelve key components including: OC 

heel rise, OC toe-off, maximum OC heel height, maximum OC knee height, minimum 

heel clearance with the laser beam, OC heel strike, OC foot flat, C toe-off, maximum C 

heel height, maximum C knee height, C heel strike and both feet flat. These components 

(shown in Figure 3.68) comprise temporally consistent portions of each stepping stride 

cycle. This treadmill-based precision stepping task is quite unique given that the laser 

beam 'obstacle' consists of a laser beam and target mounted to the simulator platform to 

the sides of the treadmill. That is, as the subject steps over the stationary beam, the 

treadmill belt continues to move their support leg backwards (i.e., away from the beam). 

Thus the laser beam represents an obstacle that the subject must 'chase' as would be the 

case for person stepping from the dock of a marina onto a small boat drifting away from 

its mooring position. 

The general spatial form of the heel trajectory during the stepping movement is 

shown in Figure 3.69. In this figure, the red and black path curves show the differences 

between a laboratory ground-referenced perspective and a treadmiU belt or subject-based 

perspective. AIso in Figure 3.69 is a re-presentation of Wicken's (2000) information 

processing model as a framework for understanding the execution of the stepping task. 

Approximate times required for the entire stepping cycle (i.e., 2200 ms) and for the 

obstacle clearance step (i.e., 700 ms) are also given. A more detailed reflection on how 

the stepping task may be executed using the taxonomic stmcture of Wicken's model is 

shown in Figure 3.70. It is important to note that in the stepping task of Figure 3.70, the 

subject is shown to verbalize the step number being executed. This was part of the 

procedure in the second pilot study to be discussed in section 3.5 of this dissertation. 
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Figure 3.68. The twelve major components of the stepping task as a percentage of one 
stepping stride cycle. Red indicates the percentages for the right leg and blue 
indicates the left leg (data from 50 steps performed by a test subject are 
presented). 
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Figure 3.69. Model describing the basic stepping motion based on Wicken's (2000) 
formulation of the information processing model for human perception and 
action. The difference between ground-based and treadmill belt-based 
perspectives of the heel of the OC stepping leg and approximate times required 
for the stepping task are given. 
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hi terms of the hierarchical CNS control stmcture presented in Chapter 2 of this 

dissertation, the stepping task represents a task in which the highest levels of the CNS 

initiate and set the general speed or frajectory goal of the stepping leg, but the lower 

levels of the CNS are quite capable of regulating the movement execution. Smce the 

subject is trained how to execute the stepping task (3-4 repetitions of 60 consecutive 

steps appears to be more than sufficient to enable proficient leaming), some automaticity 

of movement.is expected. Of course, periodic feedforward visual sampling is essential for 

the trajectory-planning phase of each step and for assessing the movement outcome. 

Monitoring of the outcome is especially important given the requirement to 'efficiently' 

clear the obstacle. 

3.4.1 Kinematics 

The basic kinematic stmcture of the precision stepping task was introduced in the 

previous section. In this section the movement pattems are examined in more detail 

starting with basic movements of body landmarks in the sagittal plane and progressing to 

angular movements of body segments with respect to multiple reference planes. Figure 

3.71 shows the raw and filtered position data for five markers (i.e., laser origin, right 

heel, right knee, right hip and virtual base of the neck) as viewed from a sagittal plane 

along with the power spectmm analysis and residual signal amplitude analysis used to 

determine the low-pass fiUer cut-off frequency of 6 Hz for these data (a 4"̂  -order, zero-

lag Bufterworth fiUer was used). hi Figure 3.71, the markers on the right side of the body 

describe the movements of five OC steps and five C steps, whereas the virtual base of the 

neck marker indicates resulting movement of the upper body over the ten OC steps (i.e., 

five left and five right) within the 20-second data coUection period. Figures 3.72-3.76 

show position, velocity, and acceleration data (in the Z-direction) from the fiUered 

coordinates of several markers on botU the right and left sides of one subject throughout 

the same 20-second data coUection period shown in Figure 3.71. 

294 



Rawposition data 

r? 1.5 
•o 

Ê 1 . 

0.5 h 

-

. - • 

-'-

w 

-\'-~. 

, íl 
' 1 — • 

^—\.—• 

"1 í 
^'V 

, - - - . ' — • . . — • 

l'l 

l'l 'l 
i.^-'U \^ 

.— 

\ 
•l 1 
'L' 

xlO 

5 10 

Time (sec) 

•* Power vs. Freqs, 

15 20 

' ! ' í l . 

• 

••\ 

' ' Laser origin 
Right heel 
Right knee 
Right hip 
Base ofneck 

-

0.5 1 1.5 2 2,5 3 3,5 4 
Freq. (Hz) 

0.05 

0.04 

.0,03 

002 

0,01 

Residual Analysis 

—^ Laser ongin 
—^ Right heel 

Right knee 
— Right hip 

Base ofneck 

0 • ' 5 10 15 

Freq. (Hz) 

Filtered pos. data, Fc = 6 Hz 

20 

Figure 3.71. Plots of raw and filtered position data for five markers along with plots of 
the analyses used to determine the filtering cut-off frequency for these data. 

295 



Left heel 

. ^0 .5 

5,0,4 
E .3 

; l 0-2 
'w 
n° .1 

'-' ̂ -

• 

!..-_• L I, 
1 I 

0 

¥ 2 

m
/s

 (
Z-

(J 
o 
^ . 1 

5 

1 
'l i 

1 * 1 
,1 

10 
Tirne (sec 

'! 

'i 

íl 

15 

• 

i n 
1 

f\ 
:g-

" i 10 
t/J 

E 0 

'1 -10 

S-7n 

1 
11-
1 

5 10 15 
Tlrne (sec) 

j l ( 
JJjVl 

1 
{LJJ!\ 

1 1 
IJ 

1 ,1 
M'' 1 

1 
A^'\P 

i 1 

1 
l | — • • ' • • ! ! • 

i' 1-
10 15 

Time (sec) 

-e-0-5 

S 0 ^ 4 
£ 0.3 
C 

•2 0.2 

°U ,1 

1 ' 

11 

•' 1 

1 
i ll 
! ;' 

Right heel 

1 

1 

1 
1 ii 

1 

i ii 
' 1 i' 1 
1 1 ,' , 

! . 

1 . 

1 ' 
1 • 

c 

¥ 2 
1» 1 
£ 

.•£• u 
o 
^ - 1 > 

5 

í| 
•' r ' 

1 

'1 1 r r 
1 

10 
Time (sec) 

' 

il 

r í ' í ' 
í 1 

15 

11 
í ]' í' 

t i 10 

E 0 

•I -10 

I -20 
o 
o 
< 0 

5 10 15 
Tirne fsec) 

. - - •AlJ i •• lu.-.Vii ''i..-.,M.. 

5 10 15 
Tirne (sec) 

Figure 3.72. Position, velocity, and acceleration plots for left and right heel markers over 
ten stepping stride cycles. 
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Figure 3.73. Position, velocity, and acceleration plots for left and right great toe markers 
over ten stepping stride cycles. 
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Figure 3.74. Position, velocity, and acceleration plots for left and right lateral femoral 
condyle markers over ten stepping stride cycles. 
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Figure 3.75. Position, velocity, and acceleration plots for left and right greater trochanter 
condyle markers over ten stepping stride cycles. 
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Figure 3.76. Position, velocity, and acceleration plots for left and right elbow markers 
over ten stepping stride cycles. 

To enable thorough descriptions of the movement of the limbs during the stepping 

cycle, angular measurement conventions v̂ êre selected. Figures 3.77-3.81 shov̂ ' the 

conventions for the thigh, knee, ankle, trunk, foot, pelvic rotation and pelvic tilt angles. 

The thigh and trunk angles are ground referenced. The pelvic angles are referenced from 

a coordinate system based at the contralateral greater trochanter location. The foot angle 

is referenced írom a line parallel to the long axis of the treadmiU beU (i.e., the X-axis) 

and both the knee and ankle angles are included angles. The trunk, thigh, knee and ankle 

angles show^ movement in a sagittal plane, pelvic rotation and foot angle in transverse 

planes, and pelvic tilt shov^s movement in a írontal plane. Figure 3.82 shows the foot, 

ankle, knee, and thigh angles for both the OC and C legs during a complete stepping 

cycle. Figure 3.83 shows the pelvic rotation, pelvic tilt, and trunk angles over the course 

of eight complete stepping cycles. 
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indicates the left greater trochanter and the blue marker indicates the right greater 
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Figure 3.82. Foot, ankle, knee, and thigh angles for the OC and C leg over the course of 
one complete stepping cycle for a test subject. 
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Figure 3.83. Pelvic rotation, pelvic tilt, and trunk angles over the course of eight complete 
stepping cycles. 

Examination of Figures 3.82 and 3.83 reveal interesting information regarding the 

stepping movement pattems. Referring back to Figure 3.68 is also very helpful as the key 

components of the stepping cycle are shown along with the stride cycle percentages at 

which those components appear. The foot angles tend to be fairly small throughout the 

stepping cycle (see Figure 3.82). A sequence of abduction followed by adduction of the 

contralateral foot can be seen in the region of approximately 45-70% of the stepping 

cycle. During this period the OC heel strike occurs as does rising of the C heel followed 

by a lifting of the C foot to bring it next to the OC foot. The foot abduction then 

adduction sequence corresponds to the shifting of the CM fi-om the C support leg to the 

OC leg following successful navigation of the laser beam obstacle. A smaller abduction 

and adduction sequence is seen with the OC foot at the beginning of the stepphig cycle as 

the OC foot is raised and the CM is shifted toward the C support leg. For the particular 
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step shown, the long axis of the OC foot remains almost exactly parallel to the direction 

of motion from OC heel strike through the remainder of the stepping cycle. 

The ankle angles demonstrate an interesting pattem that reflects the motions of 

the OC and C legs (see Figure 3.82). At the beginning of the stepping cycle, the OC ankle 

plantar flexes during heel rise and displays dorsiflexion during eariy swing. As the OC 

leg extends out over the obstacle, plantar flexion retums with a maximum angle reached 

of approximately 1.7 radians (i.e., 97°). The OC ankle then gradually exhibits 

dorsiflexion as the subject assumes a standing posture in which both the upper and lower 

legs are slightly flexed. The C ankle displays a dorsiflexion movement that peaks at 

approximately 1.1 radians (i.e., 63°) right before OC heel strike and the large plantar 

flexion of the C ankle that accompanies it. The C plantar flexion peaks at C toe-off where 

a subsequent increase in dorsiflexion during swing and then a decrease in dorsiflexion as 

the C foot comes to rest next to the OC foot. 

The OC knee angle displays a dramatic decrease foUowed by an increase as the 

OC leg is flexed at the knee and hip to allow raising of the leg and clearance of the 

obstacle (see Figure 3.82). Tliis flexion/extension sequence achieves a minimum knee 

angle of approximately 1 radian (i.e., 57°). The C knee angle displays gradual flexion 

throughout the stepping movement of the OC leg and then displays a small 

flexion/extension sequence when the C leg is moved next to the OC leg. The minimum 

flexion of the C knee is approximately 2 radians (i.e., 115°). 

The ground referenced thigh angle for the OC leg shows an increasing then 

decreasing pattem as the thigh is both flexed then extended during the OC step (see 

Figure 3.82). This flexion/extension sequence spans approximately 1 radian (i.e., 57°). As 

the OC foot is solidly planted on the treadmill following the OC step, the C thigh angle 

displays a small extension and flexion sequence as the CM is shifted toward the OC leg 

(C thigh extension) and then the C leg is lifted (C thigh flexion) then lowered to bring 

both feet together. This small flexion/extension sequence spans approximately 0.5 radians 

(i.e.,29°). 
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hi Figure 3.83, the pelvic angle data shows eight complete stepping cycles 

whereas the trunk data shows ten cycles. This discrepancy is due to the fact that the 

pelvic angles are referenced from an origin placed at the C hip. The fírst stepping cycle 

and last stepping cycle were not identified as complete stepping cycles within the 20-

second data coUection period according to the custom MATLAB algorithms developed 

for detecting these events. Trank angles are calculated continuously from marker position 

data and are displayed for incomplete stepping cycles. The characteristics of the angle 

profiles in Figure 3.83 reveals that the pelvic rotation and tranlc angle changes are 

relatively consistent regardless of whether the OC stepping leg is the left or right leg. 

In contrast, the pelvic tilt angles show noticeable differences depending upon the 

stepping leg. It is likely that the left/right differences in pelvic tik are due primarily to 

small differences in bilateral marker location and secondarily to genuine bilateral 

differences in bilateral tilt. The assumption that marker placement differences are the 

major cause of differences between pelvic tilt angles of altemating steps in Figure 3.83 is 

supported by the fact that an upward shift of 0.1 radians for stepping cycles 1, 3, 5, and 7 

eliminates most of the bilateral differences. Also, given the pelvic width of the subject 

whose data are presented, a vertical location difference of 2.5 cm between the markers 

would explain the approximately 0.1 radian shift. 

A final look at Figure 3.83 also reveals the characteristic pattems of the pelvic 

and trunk angles. Pelvic rotation typically ranges from 0-0.2 radians (i.e. 0-11°) such 

that rotation up to approximately 0.2 radians occurs as the OC leg steps over the obstacle 

and then rotation retums close to zero as the C step bring both legs together. The pelvic 

tilt angles show a marked increase near the beginning of the stepping cycle as the OC leg 

is lifted, swung and then placed in front of the obstacle. Trank angles display a very 

consistent temporal shape, yet they display an evolution such that the first few stepping 

cycles show greater trunk extension and a smaller range of angular displacement. The 

remaining stepping cycles show less extension (i.e., more of a flexed posture during the 

ride time between steps) and a greater range of extension and flexion (i.e., angular 

displacement) during the OC and C stepping movements. 
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This transition from a more rigid and erect upper body to a more compliant upper 

body seems to be common among subjects and may represent improved use of upper 

body momentum to increase efficiency during the control of stepping movements. That 

is, beginning a stepping cycle with greater trunk flexion (i.e. smaller trank angle) and 

then extending through a greater range to a maximum trank angle suggests that less 

effortfiil eccentric muscular action of the anterior trank muscles to resist the posterior 

momentum of the trank (initiated by trank extensor muscles) may play an increased role 

during the latter stepping cycles. This should influence overall body impedance during 

the first several stepping cycles. 

3.4.2 Kinetics 

After reviewing the kinematic aspects of the precision stepping task, it is now 

time to review the vertical GRFs that correspond to the extemally observed movements. 

Figure 3.84 provides a concise summary of the key components of the vertical GRF 

record during the stepping cycle. One very important point to note, is that unlike 

previously displayed GRF profiles in which the reaction forces seen under the right foot 

are red and under the left foot blue, the color of these profiles only indicates the leg 

producing the initial heel strike at the beginning of the record; significant portions of each 

GRF record reflect forces distributed under both feet (i.e., the ride time between steps) 

and there is a transition to the opposite foot (i.e., contralateral support) toward the end of 

each GRF record. 

The GRF profile begins with the heel strike of the OC foot, a typical local vertical 

force peak immediately foUows heel strike and is likely due to the non rigid nature of the 

human body (i.e., deceleration of the shank at approximately 3.0 seconds in Figure 3.84, 

etc). The vertical force continues to rise as the bodyweight (B'W) is accepted upon the 

OC stance leg and then a small phasic decrease then increase is seen as the C leg is lifted 

and brought beside the OC leg (i.e., at approximately 3.5-3.6 seconds in Figure 3.84). 

The relatively smooth transfer of body weight at the begiiming of the GRF record is 

easily seen by the maximum force level, which does not rise much above 1 B'W. 
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Following the initíal peak (i.e., at approximately 4.4 seconds in Figure 3.84) is a gentle 

decrease representing the last portion of downward movement of the CM. The force level 

then rises above 1 BW due to the simultaneous events of slight extension of the OC leg 

(i.e., slight raising of the CM of the body) and deceleratíon of the C leg, which is 

finishing its swing phase (i.e., the maximum force seen at approximately 4.9 seconds in 

Figure 3.84). The small yet distinct peak to approximately 1.2 BW's near 4.4 seconds in 

Figure 3.84 reveals the contact of the C foot with the treadmill belt/force plate. 

The force record between approximately 3.7-4.3 seconds in Figure 3.84 indicates 

the ride time where both feet are side by side and the subject is being translated back to 

the stepping cycle starting line. The OC step portion of the stepping cycle, clearly 

indicated in Figure 3.84, consists of a triphasic force pattem. The OC step begins with the 

heel rise of the OC stepping leg, which in Figure 3.84 is the left leg. The right leg has 

now become the C support leg for the body as the OC leg is lifted over the obstacle. The 

first peak in the triphasic pattem reflects the transition of bodyweight to the C support leg 

during OC heel rise. The subsequent local force minimum represents the forward and 

dovraward roUing of the CM as the C leg flexes and the OC leg extends. The final portion 

of the triphasic pattem, the maximum vertical GRF, is attained as the decent and forward 

roll of the body preceding the OC heel strike is controlled by significant muscular 

activation. The relatively large moment arm created at the ankle as the bodyweight is 

supported under the ball of the C foot aids the vertical GRF in reaching nearly 1.4 BWs. 
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3.4.3 General Muscle Activation Pattems 

After discussing many kinematic and kinetic aspects of the precision stepping task 

it is now time to examine some of the muscle activation pattems that cause the observed 

movement pattems. EMG activity was measured for four muscle groups (i.e., the tibialis 

anterior [TA], gastrocnemius [GA], biceps femoris [BF], and vastus medialis [VM]) on 

the right leg of a subject during execution of the stepping task. The raw EMG signal was 

rectified to allow a general understanding of muscle activation pattems during the 

stepping movement (see Figures 3.86-3.88). A power spectmm analysis using a discrete 

Fourier transformation was performed on the raw data (sampled at 3 kHz) to confirm that 

the vast majority of the signal power fell within the reasonable range of 20-300 Hz for 

most muscles (see Figure 3.85). The tibialis anterior showed some power in very low 

fiequencies and line noise was present at 60 Hz. Band pass filtering was not performed 

on the data since only general characteristics of the on/off activation pattem were of 

interest and these are not affected in large part by low firequency ahasing. 

Figure 3.86 shows the right and left vertical GRF profiles over two complete 

stepping cycles in addition to the TA, GA, BF, and VM muscle activity pattems for the 

right leg over this time period. Key components of both stepping cycles are also 

indicated. Close-up views of the muscle activity pattems for the lower leg (i.e., TA and 

GA) and upper leg (i.e., BF and VM) are shown in Figures 3.87 and 3.88. 
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Figure 3.85. Power spectmm analysis of the EMG vohage signals from the TA, GA, BF, 
and VM muscle groups. In (a) the static power levels are shown, with the TA 
having the greatest static value; (b) shows the power spectmm from 1-50 Hz; (c) 
reveals line noise at 60 Hz; and (d) shows an overall view of relevant frequencies 
from 10^50 Hz. 

The TA shows increased activity preceding and during OC heel strike so that the 

foot is dorsiflexed before heel contact and then lowered in a controlled fashion. This 

initial TA activity may help to pull the body forward during the weight acceptance phase. 

The TA then briefly quiets down and resumes activity to assist in stabilizing the OC 

lower leg as it supports the entire body during the C step. During the C support phase the 

TA is only slightly active as dorsiflexion at the ankle is maintained by the position of the 

CM of the body anterior to the ankle joint being resisted by lower leg extensor muscles. 

In the later half of Figure 3.87 the TA is shown to be active to maintain dorsiflexion of 

the ãîMe of the C leg during swing and then again to maintain dorsiflexion during OC leg 

swing and to once again lower the foot in a controUed fashion following heel strike. 

The GA muscle group remains relatively quiet throughout the stepping cycle 

except during the moments before and then during the OC step. This increased GA 
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activity of the C leg is due to eccentric work produced as the ankle angle of the C leg is 

decreased during the forward roll and controUed lowering of the CM onto the OC leg. 

Reviewing Figures 3.68 and 3.82 suggests the existence of this eccentric muscle activity 

by showing the decreasing C ankle angles at 35-40 % of the stepping cycle while GA 

activity reaches its highest levels (see also Figure 3.87). 

The BF muscle group remains active throughout the majority of the stepping 

cycle due to its biarticular role of extending the tmnk at the pelvis and flexing the leg at 

the knee via its origin along the posterior and inferior border of the ischium and its 

insertion along the lateral aspect of the head of the fibula (refer back to Figures 2.31 and 

2.32 to see muscle origin and insertion points). Increases in BF activity can be seen at OC 

heel strike to maintain leg impedance by balancing leg extensor activity during impact 

and to stabilize tmnk motion during OC weight acceptance. An increase in BF activity is 

also seen for the C leg as the trank is extended during the OC step over the obstacle (see 

Figure 3.88). The BF of the OC leg displays a quiet period during the OC step to 

facilitate extension of the lower leg. 

The VM muscle group displays three identifiable increases of activity during the 

stepping cycle. The first increase in VM activity is seen in the OC leg as it cocontracts 

with the BF muscle group to ensure proper impedance for enabling a stable standing 

posture as the treadmill beU carries the body posteriorly during the ride time. This period 

of activity is followed by a period of very little activity as the lower leg passively swings 

through the majority of the OC step over the obstacle. The second increase is a sustained 

pattem that begins near the end of the OC step as the OC lower leg is extended before 

heel strike and continues through the OC weight acceptance phase tapering down after 

the C leg is moved forward. The third increase occurs during the C support phase where 

the flexed C leg posture is maintained by primarily eccentric VM activity as the knee 

angle of the C leg does decrease gradually during this period (refer to Figure 3.82 for C 

knee angle in the range of 0-37 % of the stepping cycle). 

One final point regarding muscle activation pattems producing movement in the 

precision stepping task is that there are a number of important muscles that have not been 
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specifically addressed. Examples of other important muscle groups include the rectus 

femoris, vastus lateralis, soleus, gluteus medius, gluteus maximus, and extensor spinae to 

name a few. Therefore, the intention of this section has been merely to provide a basic 

understanding of the contributions of four specific muscle groups to the stepping task 

movement so that speculation regarding neuromuscular control of musculoskeletal 

impedance will be better informed. 

3.4.4 Potential Effects of Partial Gravitv Running and Loading on 
Stepping Performance 

In this dissertation, subjects are taught how to perform the precision stepping task, 

then they are exposed to a protocol in which they must mn in a simulated partial gravity 

environment and then repeat the leamed stepping task in a 1 G environment inunediately 

or after a short 1 G mn is performed. Not surprisingly, subjects are able to successfuUy 

complete this task. That is, they do not fall over when transitioning back to the 1 G 

stepping task, nor do they constantly break the laser beam before completing a step, in 

fact studies have not shown any premature breaking of the laser beam obstacle. What 

appears to be affected, at least for a certain number of steps, are the subtle characteristics 

of the stepping movement pattem. The analogy drawn in this dissertation is to examine 

the subtle, transient changes induced by partial gravity simulation and loading protocols 

on the execution of the precision stepping task so that insights may be gained into 

methods that may alleviate postural control deficits that are displayed by astronauts 

retuming fi^om space flight. 

The partial gravity simulation technique used here does not affect any intemal 

gravitational sensors such as the otolith organs of the inner ear, nor are other 

physiological changes such as fluid shifts, muscle atrophy or bone loss induced by this 

approach. It also does not change the natural frequencies of limb movements as actual 

changes in the ambient gravitational acceleration field would do (i.e., aUeration of 

potential energy exchanges due to vertical movement). In fact, the only variable that the 

present simulation technique can aker is the overall load that must be supported and 

moved by the lower extremities during locomotion tasks. Therefore, the sensory 
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modalities affected are only those sensitive to this type of loading such as Golgi tendon 

organs, cutaneous pressure and stretch receptors (e.g., in the feet), as well as pressure 

sensors in the joints (e.g., knee, ankle, hip, spinal column). This information must be 

combined by the CNS with egocentric and geocentric position and movement sensors 

such as proprioceptors in joint capsules, muscle spindles, vestibular, auditory, and visual 

information. Finally, all of this sensory information must be made coherent with respect 

to established reflexes and the intemal model of precision stepping. 

The defmition of the intemal model can be expressed in terms of a motor program 

as contemporary neuroscientists and supporters of schema theory often do. The intemal 

model may also be described in terms of a set of equilibrium points (e.g., an end point 

such as the hand, the instantaneous CM position or some 'virtual point' outside the body, 

etc.) tracing out a desired path curve, as do supporters of equilibrium point hypotheses. 

Dynamic pattem theorists may argue that the intemal model does not exist as a 

permanent record but evolves out of a cascade of biases generated by the interaction of 

many small intemal parts within the CNS. 

Common to all of these ways of describing human movements, is the recognition 

of transitions that exist between the performance of coordinated movements given 

changes in the extemal forces on the body. That is, a method for getting from one 

movement pattem to another based on the extemal environment (e.g., loading conditions, 

movement of the surroundings, etc), the subject's intemal environment (e.g., self-

awareness at multiple levels of the hierarchical, distributed parallel processing stmcture 

of the CNS), and the subject's goals (e.g., desire to step over an obstacle while 

maintaining postural stability). In this dissertation, an attempt is made to describe the 

nature of this transition process with regard to postural control tasks analogous to the 

postural control tasks facing the astronaut population. The vehicle for this description is a 

set of observable characteristics during repetitive execution of the precision stepping task 

under feedforward and feedback control of the CNS. 

It is assumed that there are intemal models that aid in the execution of the 

precision stepping and mnning tasks performed in this experiment. The execution of 
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these intemal models presumably depends on initiation and relative intensity commands 

from the highest levels of the CNS (i.e., the generals) and a complex interaction of 

feedback and feedforward monitoring and controlling of model execution by lower levels 

of the CNS (i.e., officers to privates and vice versa) with the highest levels of the CNS 

performing periodic checks to see that all is proceeding well. h is also assumed that 

smooth relationships govem the modification of these intemal models or action plans to 

changes (i.e., both expected and unexpected changes) in the musculoskeletal loading 

requirements. 

Finally, it is assumed that the observable overall body impedance that 

accompanies CNS modulations of movement pattems is composed primarilv of stiffriess 

changes due to the evidence showing the tendency of the CNS to use sensory information 

along with both gamma and alpha motor neuron drives to create position dependent 

changes in force (i.e., tunable springs) within muscle-tendon units and across linkages of 

many muscles, bones and connective tissue (Feldman 1966, 1986; Rack and Westbury 

1969; Nichols and Houk 1976; Bizzi, Hogan et al. 1992; Jackson 1997; Newman and 

Jackson 2000). Of course, CNS control of some velocity dependent changes in force must 

also be recognized (FaviUa, Hening et al. 1989; Mclntyre and Bizzi 1993). It should be 

mentioned that the specific differences between equilibrium point model formulations 

have not been experimentally tested in this dissertation effort, especially since these 

hypotheses do not appear successful for describing complex, multijoint locomotion 

movements (Jackson 1997; Schmidt 1999). 

Several general motor control fmdings, lend support to the above-mentioned 

assumptions. One set of fmdings involves research by Wolpert et al. (1995a, 1995b) 

which demonstrated adaptations to visual perturbations during arm movements. Human 

subjects were asked to make planar reaching movements to a target while being given 

visual feedback of hand location. While the target location did not change, the cursor 

movement indicating hand location was perturbed to make subjects visually perceive that 

the movement was curving outward. Subjects readily distorted their hand movements to 

properly position the cursor. Furthermore, it was discovered that the remapping of hand 
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movements did not occur only at the one or two specific points where the response was 

leamed, but the remappings were generalized to an area of approximately 6° of visual 

angle around the points and tapered off (i.e., retumed to normal) when the hand position 

was moved fiirther from those locations. 

In this experiment, the remappings are assumed to occur from the impedance 

changes during mnning tasks, signaled not by the visual modality, but by the 

proprioceptive and haptic modalities such that a carry-over effect influences the 

performance of the precision stepping task. The carry-over effect is not entirely different 

from the "aftereffect" phenomenon described by Held (1962, 1965) in which subjects 

wearing prisms mounted on eyeglasses initially pointed in the wrong direction, but soon 

leamed to point in the right direction. After removing the prisms, subjects again pointed 

in the wTong direction until a remapping, or retuning of the intemal model appropriately 

related afferent and effector information to the desired goals of the subject. 

There have been a number of studies showing adaptations to extemal loading. 

Flash and Gurevich (1991) found that humans can adapt to different loads on their limbs. 

In addition, is has been shown that humans can adapt to differing viscous loads 

(Shadmehr and Mussa-Ivaldi 1994), Coriolis forces (Lackner and Dizio 1994), and 

inertial perturbations during reaching movements (Sainburg, Ghilardi et al. 1995). 

Gandolfo et al. (1996) showed that movements are generalized within the space where 

they are executed. This further supports the notion of an intemal model creating smooth 

mappings, or as proposed by Schmidt (1975, 1999) generalized motor programs, which 

are enabled using recall and recognition schemas. The benefit of having 'mles' or 

'schemas' associated with human movement plans is that the capacity to interpolate, 

extrapolate, and otherwise generalize practiced movements to new environmental 

conditions is explicitly recognized. 

Several specific foundational assumptions are made in support of this research 

effort. These assumptions include: 
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1. A person performing a leamed postural control task such as precision stepping 

adopts a stable, steady state movement pattem-at least within short temporal windows 

such as several hours. 

2. Transitions between loading environments result in postural control 

adaptations (i.e., adoption of stable, steady state movement pattems). 

3. Changes in gross loading levels of the lower extremities cause transitions 

between locomotion pattems to speed up or slow down based on the magnitude of the 

load applied such that retuning of intemal postural control models are enhanced (i.e., 

stepping performance retums to baseline quicker with higher backpack loading during the 

mn). 

4. The precision stepping task, simulated partial gravity locomotion, and gross 

body loading freati ients used in this dissertation provide a sensitive measure of 

examining the first three assumptions. That is, the protocol consists of a postural control 

task that can be easily leamed; displays a stable pattem; and provides a sensitive measure 

for assessing the effects of gross lower extremity loading on postural control adaptation 

such that changes can be identified through kinematic, kinetic data and overall body 

impedance metrics. 

The first three assumptions are supported by the general literature on motor 

confrol and movement leaming, and the specific literature regarding standing, walking, 

mnning, treadmill locomotion, regulation of movement and obstacle avoidance, postural 

control readaptation to Earth's gravity and locomotion in simulated partial gravity 

environments reviewed in Chapter 2 of this dissertation. The papers presented previously 

in this section also support the second assumption regarding transient adaptations of 

intemal models. A few papers that lend support to assumptions two and three and have a 

very close relationship to the research in this dissertation include Newman's (1996) study 

of standing after simulated partial gravity mnning, Jackson's (1997) study of dovmward 

jumps after simulated partial gravity jumps (student subjects)-in which all subjects 

displayed lower impedance for post-simulation jumps, and space flight (astronauts)-in 

which he found most subjects (i.e., 5 of 9) displaying lower impedance and two subjects 
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displaying increased impedance post-space flight, and Wu's (1999) study of walking after 

partial gravity mmiing in which jumping with hand weights appeared to speed the 

reacquisition of steady state walking performance. 

Less direct support for the fourth foundational assumption is found in the 

literature regarding the regulation of movement and obstacle avoidance in section 2.2.6. 

of this dissertation, especially in the recent work of Emi and Dietz (2001) in which 

precision stepping was used to differentiate between the most important types of sensory 

modalities for the acquisition and maintenance of a motor task. Also very important from 

the study by Emi and Dietz is that after three repetitions of the precision stepping task, 

regardless of the order of sensory information, stepping performance was essentially the 

same. That is, experience gained by going through several transitions may allow for the 

creation of a robust intemal model that enables attainment of steady state precision 

stepping performance that is less sensitive to transient alterations in sensory feedback 

from the environment. This type of phenomenon also corresponds well with the concept 

of increased variability during practice of a particular movement pattem leading to better 

motor leaming for that type of task (Schmidt 1999). 

Execution of the precision stepping task is similar to all locomotion activities in 

the sense that musculoskeletal impedance must be modulated by the neuromuscular 

control system in a coordinated fashion over time such that the postural control goals are 

satisfied. Being a locomotion activity also indicates that it is a very complex movement 

task with regard to the large number of degrees of freedom that must be controlled. The 

first environmental challenge presented to subjects involves having subjects mn at 

simulated Martian gravity for seven minutes. This likely requires lower activation levels 

for the muscles of the lower extremities due to reduced loading. Taking insights from 

both early and recent research regarding postural movements in lower mammals and 

humans, this reduced activation is likely caused by increased active inhibition of both the 

CPG and the overall intemal model for the stepping task along with alterations of the 

timing of muscle activation due to a reduced need for both concentric and eccentric 

muscle work to carry out the mnning movement (Sherrington 1906; Graham-Brown 
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1911, 1912, 1914; Melvill-Jones and Watt 1971; Grillner 1975; Dietz, Colombo et al. 

1995; Dietz 1997; Melvill-Jones 2000; Paloski 2000; Pearson and Gordon 2000a; 2000b). 

The second environmental challenge involves mnning at 1 G with or without 

additional loading via a backpack containing masses of either 10 or 25 % of the subject's 

mass. Running with a backpack load was chosen instead of using a pull-down type of 

approach to avoid imparting artificial stability to the subject and due to technical 

concems related to creating consistent tension application. This challenge likely requires 

increased muscle activation levels, along with earlier and more sustained muscle 

activation timing pattems in order to support the increased loads. These alterations in 

muscle activation levels and activation timing lead to extemally observed changes in 

movement pattems that reflect the impedance modulation of the musculoskeletal system 

so that a successful mnning pattem is maintained. 

The third environmental challenge experienced by the subjects involves the 

transition back to the normal 1 G precision stepping task. Impedance changes will again 

be produced via muscle activation about joints and limb configurations to ensure the 

proper execution of the desired movement pattem. In this case, the desired movement 

wiU once again involve stepping over the treadmiU based laser beam obstacle without 

prematurely breaking it and without undue beam clearance. 

It is time now to look closely at aspects of the proposed experimental protocol to 

speculate on what may happen at cmcial points. Based on the literature, three possible 

outcomes are expected for a subject performing the precision stepping task foUowing a 

partial gravity mn: 

1. Gradual shift-Exposure to partial G mnning then 1 G stepping may involve a 

gradual shift in movement pattems and overall impedance such that both alpha and 

gamma motor drives are influenced by feedback application of loading and movement 

information primarily from muscle spindles, Golgi tendon organs, cutaneous afferents, 

and joint proprioceptors (i.e., lower levels of the CNS in concert with a 'precision 

stepping' intemal model) along with the feedforward monitoring of the sensory sfream 

and task performance information by multiple levels of the CNS. This gradual shift 
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would likely involve less conscious concem by the subject to execute the task optimally, 

rather they would be concemed with a general success/failure assessment following each 

step. That is, they would be aware of task variables (e.g., whether they prematurely broke 

the laser beam or used very excessive heel clearance) and whether they maintained 

postural confrol. This gradual shift would presumably begin from movements that are 

biased toward reduced overall body impedance, less extension over the obstacle, and 

more compliance during support due to the reduced muscle activation demands of the 

partial gravity mn, and end with impedance levels and movement pattems close to 

baseline performance. The majority group of compliant jumpers in Jackson's (1997) 

ground-based and post-space flight studies would support this type of outcome. 

Newman's (1996) subjects displaying transient effects on standing and Wu's (1999) 

subjects displaying transient effects on walking after simulated Martian gravity mnning 

also support this type of outcome. Schmidt's work on motor task transfer may also 

support this outcome if the postural control tasks of mnning and precision stepping are 

indeed very similar. It is proposed that since both tasks involve locomotion and are 

dependent upon gross loading of the lower extremities, task transfer using the motor 

leaming analogy would be high. 

2. New skill or immediate shift-Exposure to partial gravity mnning may cause 

an entirely new postural skiU to emerge, that is, a skiU which involves transitioning from 

a simulated partial G mn to a 1 G precision stepping task. This new skiU acquisition may 

be characterized by a forced restriction, then release of degrees of freedom as the skiU 

becomes intemally modeled as might be suggested by Bemstein (1967). Another way of 

viewing this type of transition would simply be the conscious forcing of a readaptation to 

the previous precision stepping intemal model. Such a strategy would likely involve a 

stiffening of the body such that movements about joints are held within tight limits to 

ensure proper task performance, in this case to not break the beam yet to minimize heel 

clearance. This approach would emphasize the preprogrammed feedforward mechanisms 

of the CNS that have been suggested by the stiff response seen among some asfronauts 

during post-space flight downward jumps (Jackson 1997; Newman, Jackson et al. 1997; 
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Newman and Jackson 2000). The small number of subjects responding with decreased 

joint angles from Wu's (1999) thesis would also support this type of outcome. This 

adaptation approach would likely involve high levels of conscious concem regarding 

perceived changes in sensory and motor capabilities with respect to the accomplishment 

of the precision stepping task. Thus, higher levels of attention and CNS resources would 

likely be devoted to ensure minimal deviation from the goals of the stepping task. 

3. No effect-The final potential outcome of this protocol would be that there is 

no detectable effect of simulated partial gravity mnning on the performance of a 

subsequent precision stepping task. This would imply that the CNS is able to quickly 

modify movement pattems using muscle activation levels and timing so that the intemal 

model of precision stepping is executed in the same steady state manner as would be 

expected if no environmental loading change had occurred. This outcome is not expected 

given the general evidence previously presented conceming transient sensorimotor 

changes following loading and the specific evidence using partial gravity simulators to 

detect changes in postural control fimction. Although, in both ground-based and post-

space flight studies a small number of subjects from many studies have displayed a rapid 

retum to baseline performance such that signifîcant aUerations could not be detected 

(refer to sections 2.2.3 and 2.5). Thus, it is possible that a small proportion of subjects 

exposed to the proposed experimental protocol may not display detectable changes in 

stepping performance due to partial gravity locomotion. 

It is now time to reflect on the potential influence of loading countermeasures on 

subject performance. Based on the literature, four possible outcomes of loading 

countermeasures may be expected for subjects who do exhibit transient postural control 

performance changes in precision stepping foUowing simulated partial gravity mnning: 

1. Improved performance-That is, the retum to baseline stepping performance 

with regard to kinematic, kinetic, and overall impedance measures occurs faster due to 

the applied countermeasure. This increase in readaptation speed could take several forms. 

It might be shown that anv tvpe of loading countermeasure speeds readaptation in a 

similar manner, or that the speed of adaptation could be linked to the amountof load. 
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Newman's (1996) study using broad jumps, Wu's (1999) study of jumping with hand 

weights, and speculations by Newman and Jackson (2000) have suggested that loading 

levels might be important in the time course of readaptation. The research in this 

dissertation was designed to provide a more defmitive understanding of postural control 

adaptation effects induced by the amount of loading applied. 

2. Impaired performance-That is, the retum to baseline stepping performance 

with regard to kinematic, kinetic, and overall impedance measures occurs slower due to 

the applied countermeasure or characteristic changes in task completion and/or postural 

control variables are observed that appear more opposed to the goals of the task than if 

the do nothing approach is adopted. This type of outcome would suggest that overloading 

coimtermeasures not be used to enhance tuning of the CNS to 1 G performance following 

simulated partial gravity mnning. 

3. No effect-This would indicate that the loading countermeasure neither 

improves nor impairs readaptation to the 1 G stepping task, therefore overloading 

countermeasures would not be recommended. The previous simulated partial gravity 

locomotion study by Wu (1999) has shown that some subjects do not display significant 

changes in steady state 1 G performance due to partial gravity mnning. It is conceivable 

that a subject could display an effect due to the simulated partial gravity mnning, but not 

demonstrate improvements or impairments based on the loading countermeasure. This 

could be interpreted as an ineffective transfer of motor leaming (Schmidt and Young 

1987; Schmidt 1999). 

4. Improvements with transition experience-That is the loading countermeasure 

has little or no effect after a few transitions have been experienced due to the creation of 

a more robust intemal model, or schema by the CNS that readily adapts the posttu-al 

control system between different loading environments. The expectation of observing this 

outcome would be supported by the results of sensory modality manipulation during the 

leaming of a precision stepping task reported by Emi and Dietz (2001). The experimental 

protocol used in this dissertation is not quite like that for Emi and Dietz in that subjects 

are assumed to be well-frained in the precision stepping task before loading environments 
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are changed, yet it may also hold here that subjects improve given more experience with 

such changes. This type of outcome would be supported by the literature regarding skill 

acquisition, and fimctional responses (both reflexively and consciously mediated) to 

perturbations as discussed throughout Chapter 2 of this dissertation. 

Now that general the a priori framework for potential outcomes has been 

presented. It is time to retum to the military command stmcture analogy of the CNS, and 

then consider which specific variables should be measured to assess postural control 

performance during the stepping task. According to the military analogy, this task may be 

properly described as a slightly familiar training task (see Figure 3.89). Figure 3.90 

provides a plausible summary of what may be occurring during stepping task execution 

according to the hierarchical, distributed parallel processing view of the CNS presented 

previously. 

Prec is ion s tepp ing is a s l iqh t ly famil iar t ra in ing task ... 

Suprasplnal structures at work 
1) Focus on the target 
2) Deslre to step & avold beam 

break; knowledge that 
somethlng is different 

3) Tunlng the commands for the 
lower levels uslng changing 
Information from sensors 

\r-^wM 

Í %•' 

S5. 

Reasonable assumptlons: 
1) Adjusting actlvity of alpha 

motor neuron pools 
2) Adjustlng sensltivlty of 

sensory system through 
gamma motor neuron pools 

(â).. 

Thls should chanqe: 
^ 

1) Muscle activation levels 
for movement 

2) Muscle activatlon levelsto 
reslst movement - coactivatlon 
(l.e. impeídance modulatlon) 
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2) Some changes take time 

(several steps to several mlnutes) 

Adaptations should be evident ̂  
Kmetics 
Klnematics 

At critlcal phases of stepplng cycle 

Figure 3.89. The precision stepping task as a slightly familiar task using the military 
command stmcture analogy for the CNS. 
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Figure 3.90. Plausible summary of stepping task execution according to current 
hierarchical, distributed parallel processing understandings of the CNS. 

3.4.4.1 Critical Variables for Postural Control Assessment 

This section identifies the critical variables used to document the performance of 

the precision stepping task and describes the changes that occur in stepping task 

performance due to simulated partial gravity mnning and loading countermeasures. The 

variables are divided into task variables and control variables. The task variables are 

metrics that represent the overall outcome of each step and the control variables provide 

some insight into the manner in which the subject achieved those task variables. 

3.4.4.1.1 Task Variables. The two task variables of interest during the precision 

stepping task include the success/failure of the step and the minimum heel clearance. 

Success is defined as the subject clearing the laser beam obstacle with the OC stepping 

leg and making heel contact with the treadmill belt before breaking the laser beam with 

any part of the foot or leg. The minimum heel clearance (MC) occurs at the moment the 

heel passes the laser beam during the forward swing of the OC lower leg. Figure 3.91 
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displays a subject during a successfirl step showing the minimum heel clearance and the 

definition of OC step distance (also referred to as step length) as the distance between the 

great toe marker on the C support foot and the heel at OC minimum heel clearance. 

Step distance 

Figure 3.91. Left side view of subject during the execution of a successful step over the 
laser beam. The figure shows the moment of minimum heel clearance and the 
definition of OC step distance. 

3.4.4.1.2 Control Variables. The control variables provide insight into the manner 

in which the subject accomplished the task variables. These control variables are 

categorized into three groups-kinematic, kinetic, and overall impedance. 

3.4.4.1.3 Kinematic Control Variables. The original kinematic confrol variables 

chosen for analysis during the performance of the precision stepping task are shown in 
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Figure 3.92. These angles include the maximum ankle angle (MAA), which occurs right 

before OC heel strike; the minimum knee angle (MKA) occurring near maximum heel 

height; and the maximum thigh angle (MTA) occurring at maximum knee height. The 

foot angles were shown to be very small and highly variable, therefore they were not used 

as key metiics. An additional kinematic metric is the step distance previously shown in 

Figure3.91. 
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Figure 3.92. Key kinematic metrics chosen for analysis at critical points during the 
precision stepping cycle. In (a) foot angles were not chosen for analysis due to 
high variability and the perception that they did not provide tremendous insight 
into locmotion control pattems; (b) shows the maximum ankle angle right before 
OC heel strike; (c) shows the minimum knee angle near maximum heel height; 
and (d) shows the maximum thigh angle at maximum knee height. 

3.4.4.1.4 Kinetic Control Variables. The original kinetic control variables 

included the weight acceptance rate and magnitude, along with force levels, ratios, and 

force generation rates at critical points during the stepping cycle (see Figure 3.93). These 
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additional forces include the peak force generated as bodyweight is transferred to the C 

support leg during OC heel rise (Pi); the minimum force generated as the C leg flexes and 

the OC leg extends (P2); and the maximum force generated as the forward roll of the 

body is restrained right before the OC heel strike (P3). The compression ratio (CR), 

reflecting the overall dynamics involved with lowering of the CM during the early 

portions of the OC step is defined as the ratio between Pi and P2. The extension ratio 

(ER), reflecting the control of the body as the forward roll is restrained and the extended 

OC leg is navigated over the laser beam is defined as the ratio of P3 and P2. 
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Figure 3.93. Key kinetic control variables measured during the performance of the 
precision stepping task. 
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3.4.4.1.5 hnpedance Control Variables. The overall measure of body impedance 

during the OC step is determined by taking the vertical position of the virtual hip marker 

(i.e., as a biomechanical index), applying Newtonian equations of motion for a simple 

mass supported by a spring and dashpot and an auto regression system identification 

approach in which vertical position data at time t,t-\, and t-2 were linearly related using 

a least squares method to find coefficients û^, a,, and a^ that could provide estimates 

for stif&iess {k) and damping {fi) parameters. A forward shift operator was used to 

facilitate the calculation of k and J3. The Newtonian equations included: 

My{t)+Mt)+k[y{t)-y{0)] = Mg, Eq. 3.14 

M 
y{t) + y{t + 2At)- 2y{t + At) 

At' 
+ P 

y{t + At)-y{t) 

At + 

k[y{f)-y{Q)]-Mg = Q 

Eq. 3.15 

M v{t + 2At) + 

ky{Q)-Mg = 0 

-2M P 
+ — At' Aí 

y {t + At) + 
M 
At^ At 

• + k y{t)^ Eq. 3.16 

where M is the estimated mass of the head, arms, and tmnk based on data compiled by 

Chaffin and Andersson (1991) and y{t) is the vertical position of the virUial hip marker 

at time t. The system identífication auto regression (lag 2) method using a forward shift 

operator is shown by: 

y{t + 2At) = «0 + ^iyi^ + ^t)+ a^y^t). 

Given M, 0^, a^,and a^; fi md k can be calculated: 

Eq.3.17 
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""'"^ M ' Eq.3.18 

PAt kAt 
a^--

« 0 = 

M M 

L^ M _ 

- 1 , 

At' 

Eq. 3.19 

Eq. 3.20 

Only (IQ and a, were used to calculate k and /?: 

M 

Â: = — 
Ar 

>^(0) 
Eq. 3.21 

^ = —^^-—^. Eq. 3.22 

3.4.4.2 Anticipated Changes in Critical Variables Due 
to Partial Gravity and Loading 

The general prediction made before conducting the second pilot study was that 

subjects would demonstrate significant differences in the task and control variables for 

the stepping task when post Martian gravity mnning step performance was compared 

with baseline stepping performance. It was also expected that the exercise 

countermeasures involving 1 G mnning with or without loads would be more effective 

for retuming to baseline stepping performance that the do nothing approach. Also, it was 

anticipated that higher loading levels would lead to fasterÆetter adaptation to baseline 

performance in a monotonic fashion. Furthermore, based on the results of previous 

suspension simulator studies and research on astronauts retuming from space flight, it 

was predicted that subjects would display one of two adaptation pattems-a compliant 

333 



strategy (i.e., an initially lower impedance that retums to baseline impedance), or a stiff 

strategy (i.e., an initially higher impedance that retums to baseline impedance). 

It was assumed that for both the compliant and stiff strategies the majority of 

impedance changes, reflected in the kinematic, kinetic, and the impedance model 

stiffiiess would be manifested within the fírst few steps foUowed by a tapering off in the 

direction of baseline values over many steps. For the compliant adaptation subjects, it 

was assumed that muscle activation would initially be lower for precision steps foUowing 

partial gravity mnning. This reduced muscle activation would result in less flexion of the 

hip and knee during the OC step along with reduction in kinetic variables and the overall 

body impedance. For the stiff adaptation subjects, it was assumed that muscle activation 

would initially be higher and that opposite effects from the compliant subjects would be 

observed. Figure 3.94 provides a pictorial description of the compliant and stiff 

approaches, Table 3.8 shows expected differences (i.e., mean and variance) between 

baseline and post-Martian gravity mnning and Figures 3.95-3.96 graphically presents the 

predicted changes for the measured variables across the various countermeasures. 

>k 

> ankle 
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Higtier impedance 

Figure 3.94. Pictorial display of the compliant and stiff adaptation approaches. 
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Table 3.8. Antícipated changes in critícal variables of stepping performance due to partial 
gravity mnning showing both the stiff and compliant approaches. The (H) and (L) refer to 
changes such that the indicated values are higher or lower than those observed for the 
baseline trial. 

High impedance 
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Lower impedance 
(compliant) 

^ 

Weightacceptance 
WAR 

Pi 
P2 
P3 
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Extension ratio 
Maxankle angle 
Maxthigh angle 
Min knee angle 
Min clearance 
Step length 
CM impedance 

Mean 
H 
H 
H 
H 
H 
H 
H 
L 
H 
L 
H 
L 
H 

STD 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 
L 

Mean 
L 
L 
L 
L 
L 
L 
L 
H 
L 
H 
L 
H 
L 
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H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
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Figure 3.95. Predicted trends for key stepping cycle metrics over 10 steps. Error bars 
represent one standard deviation from the mean. The X axis labels represent 
stepping performance for the baseline (B), and post-partial G run 
countermeasures: do nothing (D), run at IG for 60 seconds (Cl), run at 1 G with 
10% body mass backpack load (C2) or with 25% body mass load (C3). 
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Figure 3.96. Predicted trends for key stepping cycle metrics over 50 steps. Error bars 
represent one standard deviation from the mean. The X axis labels represent 
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countermeasures: do nothing (D), run at 1 G for 60 seconds (Cl), run at 1 G with 
10% body mass backpack load (C2) or with 25% body mass load (C3). 
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3.5 Second Pilot Studv 

A second pilot study was performed in order to provide support for the specific 

foundational assumptíons listed in the previous section, to test which control variables 

were best for assessing postural control changes and to investigate the priori predictíons 

regarding the outcomes of the basic experimental protocol and to investigate the 

relatíonships between the control variables and those outcomes. 

3.5.1 Subiects 

Four healthy, male subjects who also happened to be fellow human factors 

graduate students/researchers volunteered to participate in the pilot study. Only one 

subject had prior experience with the partial gravity simulator. He had participated in the 

first pilot study using the parachute type hamess. Table 3.9 shows relevant subject 

anthropometrics. 

Table 3.9. Relevant anthropometrics for second pilot study subjects. 

Number 

1 

2 

3 

4 

Sex 

M 

M 

M 

M 

3.5.2 Apparatus 

Height (m) 

1.83 

1.68 

1.78 

1.73 

Mass (kg) 

100.2 

78.0 

72.6 

83.9 

Leg Length (m) 

0.989 

0.899 

0.898 

0.931 

Age (yrs) 

24 

27 

27 

23 

For this pilot study, the vertical suspension simulator, motorized Gaitway ™ 

treadmill instrumented with dual anterior/posterior Kistler ™ force plates (capable of 

measuring vertical forces only), ChatiUon DFGS-R-500 (2225 N capacity) force 

transducer with integrated signal conditioning unit, and IBM compatible Pentíum III, 233 

MHz, 256 MB RAM computer loaded with Gaitway Version 2.0 and a six-camera 

Motion Analysis System™ including a Pentíum 4 computer, a Midas^M custom computer 

system and Realtime EVA 3.0 software were used. Reflectíve markers for use with the 

motion capture system consisted of wooden spheres (19 mm in diameter), carefiiUy 
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covered with small strips of reflective tape and mounted to small clear vinyl discs using a 

tiny wood screw. 

The Motion Analysis SystemTM and Gaitway™ treadmill were triggered 

simultaneously using the same voltage signal and both systems collected 120 seconds of 

data at 240 Hz. The Gaitway system detected COP magnitude, movement, and computed 

various gait parameters. Kinematic data for the 25-marker precision stepping marker set 

was acquired by the motíon analysis system. The force transducer was connected to the 

Gaitway system so that synchronized GRF and cable tension data (at 240 Hz) were 

obtained during simulated partial gravity runs. 

A laser beam obstacle was produced using a battery operated, Class Illa green 

laser pointer with a wavelength of 532 nm and a constant 5 mW power output. The laser 

was precisely affîxed to the simulator structure to the left of the treadmill (when the 

treadmiU is viewed from the front of the simulator) and aimed at a spherical reflective 

target so that a horizontal beam is produced (i.e., contained within a frontal plane with 

respect to the subject on the treadmiU and parallel to the treadmiU belt), at a precise 

location above the treadmiU. Two ultrasonic humidifiers were positioned on either sides 

of the treadmiU adjacent to the laser pointer and the laser beam target to produce a vapor 

mist that enhanced visibility of the laser beam, yet dissipated quickly so as not to form a 

vapor cloud near the hot LED ring lights of the motion cameras. A PVC tube was 

mounted to the exhaust port of each humidifier so that the vapor mist could be directed 

precisely along the path of the laser beam. 

3.5.3 Experimental Settings and Variables 

3.5.3.1 Fixed Settings 

The fixed settings used in the second pilot study are listed below. 

1. Locomotion speed during precision stepping-TreadmiU speed was maintained 

at 0.358 m/s (i.e., 0.8 MPH) for all subjects. 

2. Distance from precision stepping starting arrows to laser beam-The distance 

in the X-direction (i.e., anterior/posterior) from the starting arrows to the laser 
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beam obstacle was held constant at 0.178 m for all subjects. Starting arrows 

consisted of two arrow-shaped pieces of yellow reflectíve tape, one each 

affixed to left and right sides of the plastíc treadmill side covers such that they 

provided a clear starting line reference for the subject. 

3.5.3.2 Independent Variables 

The independent variables used in the second pilot study are listed below. 

1. Locomotion speed during simulated partial gravity running and 

countermeasure runs-TreadmiU speed maintained at approximately 2.2 m/s 

(i.e., 4.9 MPH). Slight adjustments to treadmiU speed were made for subjects 

depending upon leg length using the Froude equation such that a Froude 

number of 0.522 was maintained for each subject. Recalling equation 2.20 and 

solving for the speed of locomotion: 

speed of locomotíon = yl{Fr){g){\eg length) , Eq. 3.23 

where Fr is the Froude number and g is the acceleration due to gravity. 

Subjects l ^ ran at 2.24, 2.15, 2.15, and 2.19 m/s, respectively (i.e., a slow 

run). The Froude value of 0.522 was determined by finding a slow, 

comfortable running speed for an experienced treadmill runner test subject 

with leg length of 0.940 m. 

2. Simulated partial gravity level-Subjects ran in simulated Martian gravity 

obtained by off-loading 5/8 th's of theh static bodyweight via the vertical 

suspension system. The Chatillon DFGS-R-500 was used to confirm 

attairmient of proper off-loading level. 

3. Countermeasure loading-Subj ects were exposed to brief loading 

countermeasure runs in which they ran at 1 G with normal bodyweight (Cl), 

or with a load equaling 10% (C2) or 25% (C3) of their body mass coupled to 

their body via a metal framed, military style backpack. 

340 



4. Vertical distance from treadmill belt surface to laser beam-The distance of the 

laser beam obstacle above the treadmiU (i.e., in the Y-direction) surface was 

normalized to each subjects leg length such that the beam height was 19% of 

the length of the leg. This value was determined using a test subject having a 

0.940 m leg length so that the obstacle height would be 0.179 m. 

3.5.3.3 Dependent Variables 

The dependent variables used in the second pilot study are listed below. 

1. Kinematic data from optical motion capture system-During the precision 

stepping task, position data were coUected for each of the actual 21 reflective 

markers (16 markers attached to subject; 5 markers attached to simulator 

components) at 240 Hz. Post-processing calculations determined the virtual 

marker locations for each frame of data. Data were coUected for 120 seconds 

resulting in approximately 60 steps for analysis. Kinematic metrics calculated 

from the first 50 steps (25 left, 25 right) for data analysis included: virtual hip 

marker position, OC heel marker position, minimum heel clearance, step 

distance, max ankle angles, maximum thigh angles, and minimum knee 

angles. These data were extracted using a custom written MATLAB script 

file. 

2. Kinetíc gait parameters during precision steps-These parameters, normalized 

by subject body weight (BW), included: weight acceptance magnitude at OC 

heel strike (BW), WAR (BW/s); Pi force, which is the peak force generated as 

bodyweight is transferred to the C support leg during OC heel rise (BW); P2 

force, which is the minimum force generated as the C leg flexes and the OC 

leg extends (BW); P3 force, which is the maximum force generated as the 

forward roU of the body is restrained right before the OC heel strike (BW); 

compression ratío, which is the ratío of Pi and P2; and the extension ratio, 

which is the ratío of P3 and P2 were calculated from vertical force data for 50 

OC steps (25 left, 25 right) which was normalized from 240 Hz raw data into 

341 



201 frames of dataper step (i.e., one-half of one percent increments) using a 

custom written MATLAB script file. These gait parameters were the critical 

gait parameters used for analysis. 

3. hnpedance control parameters- these were calculated using the simplified 

mass, spring, damper model of the subject and included the stiffiiess, which is 

an estimate of position dependent changes in force; and viscosity, which is an 

estimate of velocity dependent changes in force. 

4. Kinetíc and kinematic gait parameters during partial gravity running-The 

weight acceptance magnitude (N), WAR (N/s), POR (N/s) and stride length 

were calculated for steps occurring within 120 seconds of data coUection by 

the Gaitway treadmill and software system. Cable tension data in the form of 

voltage fluctuations were also used to calculate the tension fluctuations during 

the suspension runs. These gait parameter data were not the major focus of 

analysis, but were recorded to help document details of the suspension runs. 

5. Kinetic and kinematic gait parameters during loading countermeasure runs-

The weight acceptance magnitude (N), WAR (N/s), POR (N/s) and stride 

length were calculated for steps occurring within 30 seconds of data collection 

by the Gaitway treadmiU and software system. These gait parameter data were 

not the major focus of analysis, but were recorded to help document details of 

the countermeasure runs. 

6. Informal subjective data-Concems or comments verbalized by subjects 

regarding hamessing equipment and procedures during and after the 

experimental sessions. 

3.5.4 Procedure 

Anthropometric data were collected at least one day before the experimental 

session to enable presetting of the simulator equipment. Bodyweight measurements were 

used for setting the balancer tension and leg lengths were used for adjustíng laser beam 

obstacle height and calculatíng mnning speed. On the day of the experiment. 
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anthropometric data were again collected to ensure that the proper settings had been 

applied. A brief overview of the familiarization and experimental session was described 

to the subject including stepping task familiarization, suspension hamess familiarization, 

treadmill mnning familiarization, marker attachment and the protocols to be used. This 

description was followed by familiarization with the precision stepping task. The 

instmctions given regarding precision stepping task performance included: 

1. Keep arms relaxed, but bent 90° at the elbow and crossed in front of your torso so 

that the motion cameras can see the reflective markers. 

2. Feet should be side-by-side at the start of a step, and preferably touching. 

3. The starting point for making a step is when the great toe marker of the stepping 

foot is aligned with the line formed by the yellow arrows on either side of the 

freadmill belt. 

4. The goal of each step during the precision stepping task is to clear the laser beam 

with the stepping leg and make heel contact with the treadmiU belt before any part 

of the leg breaks the laser beam. Be sure to get as close as possible to the beam 

with the heel without breaking the beam; excessive beam clearance is not 

desirable. 

5. Once the laser beam stepping foot has made heel contact with the treadmiU belt, 

transfer your bodyweight to that leg and bring the other leg right beside the leg 

that just completed the laser beam step. There is no need to raise the leg 

significanfly as you bring it beside the leg that completed the laser beam step, just 

bring it next to the other leg. 

6. 'Ride' the slow moving treadmill belt back to the starting line with feet together 

and keeping arms crossed. 

7. The leg opposite the leg that made the previous laser beam step wiU carry out the 

next laser beam step. 

8. When the great toe marker of the laser beam stepping foot reaches the startmg 

line, repeat the stepping cycle. 

343 



Following these verbal instmctíons, the experimenter demonstrated the stepping 

task several tímes and supervised the subject as they executed the stepping task several 

tímes. Any questíons regarding the procedure by the subject were answered promptly. 

Once the subject demonstrated proficiency with the stepping task, this usually took a 

couple of minutes and several stepping cycles, the subject received a very brief treadmill 

mnning familiarization. 

A 5-minute familiarization with normal mnning at 1 G was conducted at the 

speed to be used for all of the mnning portions during the experiment. The short mnning 

familiarization was appropriate given that all subjects were experienced treadmill 

mnners. The time chosen for familiarization was based upon the results of previous 

studies (Wall and Charteris 1980, 1981; Schieb 1986). Following this brief mnning 

familiarization, the subject was introduced to the bicycle-type suspension hamess. The 

subject was shown a short video of a subject mnning in the bicycle type hamess and then 

the subject was assisted into the hamess. The underarm straps were adjusted and then the 

hamess waist belt was adjusted using an iterative process. First the belt was secured, and 

then the experimenter disengaged the balancer locks so that the subject could jump up 

and down and mn on the treadmiU belt. One or two readjustments were made until the 

hamess was comfortably configured for the subject. Upon proper adjustment of the 

hamess, subjects were introduced to simulated Martian gravity mnning, at the appropriate 

speed for 7 minutes. The time chosen for familiarization with simulated partial gravity 

mnning was based upon earlier research studying habituation to mnning in a suspension-

type partial gravity simulator (Donelan and Kram 1997). 

After the suspension simulator familiarization, the subject was fitted with the 

military style backpack containing a mass equal to 25% of their body mass. Subjects 

were then required to mn on the treadmiU for two minutes to ensure proper backpack 

adjustment and acceptability of the loaded mnning task. ft is important to note that 

subjects remained barefooted throughout all phases of familiarization and 

experimentation. FoUowing this basic familiarization with the experimental tasks, the 
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subject was treated to a light lunch^reak before the formal experimental session was 

conducted. 

Upon retum from lunch, reflectíve markers were adhered to the appropriate body 

landmarks using electrode adhesive rings and for some markers, strips of athletic tape. 

Careful measurements were made to determine the toe and heel marker offsets so that 

improved step distance and minimum heel clearance calculations could be determined 

(see Figure 3.97). After application of the marker set, a motion capture template was 

customized for the subject using a short period of motion data in which the subject stood 

on the treadmill and slowly completed a specified series of movements. FoUowing final 

preparations of the motion analysis and treadmill systems, the subject completed a 

precision stepping training session in which the goal was to further increase proficiency 

with the stepping task so that it would became a familiar activity requiring minimal 

conscious effort to carry out. The leaming process consisted of 5 sets of precision 

stepping for two minutes. During this time subjects executed 59-60 steps. 

Left heel offset 
cm 

Right toe offset = 

Right heel offset 
= cm 

Figure 3.97. Measurements from heel and toe markers to end points on the heel and toe. 
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Each set of steps required approximately 120 seconds to complete and several 

minutes of rest were provided between each set. Motion and treadmiU based data 

collection was carried out during each stepping trial. Subjects did not report or display 

any fatigue during this process. Data from the fifth stepping trial was designated as the 

baseline to be used for comparison with stepping data foUowing partial gravity and 

countermeasure runs. 

The remaining experimental protocol consisted of four experimental trials for 

each subject. A trial consisted of a 7-minute simulated Martian gravity mn, foUowed by a 

60-second period of delay (D) (i.e., quiet standing), a mn at 1 G with normal bodyweight 

(Cl), a run at 1 G with an additional 10% body mass backpack load (C2), or a mn with a 

25% body mass load (C3). Subjects then completed 59-60 consecutive precision steps. 

At least 10 minutes of rest were provided between each trial and the trial order was 

randomized for each subject. The entire process of familiarization, stepping task training 

and completion of the 4 experimental trials lasted from 5-6 hours depending upon rest 

breaks and minor equipment delays (i.e., periodic resetting of treadmiU amplifier, 

recalibration, etc). Figure 3.98 presents the training and experimental protocols in a 

concise format. 
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Experimental Protocol: 'partial gravity adaptation' followed by short 
duration 'loading' 

| l m~!y«-»Fi~-^-.^----

Stepl 
50 precision 
steps 
(25 left leg 
25 right leg); 
5 times 

\ . 

r -ya 

Step2 
Run at simulated 
Martian gravity (3/8 G) 
for 7 minutes 

Step 3 
Run for 60 seconds at 
1. 1.1. or 1.25 Gload 

Before 
t Compare 

Step4 
50 precision 
steps 
{25 left leg 
25 right leg) 

After 
f 

Figure 3.98. The experimental protocol including training (i.e., step 1) and the 
experimental manipulations (i.e., steps 2-3). 

3.5.5 Data Analvsis 

All data were filtered using a 4*-order, zero-lag, low-pass Butterworth filter with 

a cut-off frequency of 6 Hz. Experimental variables of interest were calculated using 

MATLAB scripts as mentioned in section 3.5.3 and detailed descriptions of variables can 

be found in sections 3.4.4.1.1-5. 

3.5.6 Results and Discussion 

Out of four subjects, complete data sets were gathered from only two subjects, 

therefore the results presented are only from subjects 1 and 2. Data from subjects 3 and 4 

contained numerous problems within both motíon data and treadmiU force plate data. The 

motíon data problems involved numerous frames in which the markers disappeared 

and/or fictitious markers were interpreted by the camera system. The problems with the 

force plate data included triggering malfimctions and difficulties with detecting bipedal 
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locomotíon events. Figures 3.99-3.105 and Tables 3.10-3.13 show the resuhs for both 

subjects. It is readily apparent from a number of the graphs, especially for those 

containing Pl, P3, MTA, MC, STF, CR and ER (i.e., Figure 3.99, 3.100, 3.101, 3.102, 

and 3.104), that the do nothing approach (D) reveals the greatest disturbances with 

reference to baseline stepping performance. As expected, variables that were affected by 

partial gravity mnning were affected most dramatícally in the first few steps as indicated 

by comparing metrics over 10 steps with those over all 50 steps. hiterestíngly, data from 

subject 1 appears to foUow the compliant or lowered impedance adaptatíon profile for the 

first steps and subject 2 appears to foUow the stiff or increased impedance adaptation 

profile, at least for the 7 variables most affected (i.e., Pl, P3, MTA, MC, STF, CR and 

ER). It also appears that stiffhess and viscosity changes display somewhat similar trends 

due to the loading activities applied. Anecdotally, the partial data gathered from subject 3 

and 4 appeared to suggest that they may have been exhibiting a compliant adaptation, but 

that is highly speculative given the paucity of data. 

It appears that Pl, P3 and CR, ER provided very similar information with regard 

to the affect of partial gravity mnning on stepping performance. This is due to the fact 

that P2 (i.e., the denominator for both CR and ER) remained fairly constant over different 

countermeasures. As stated earlier, P2 is a local minimum force as the body rolls 

forward, the C leg flexes and the OC leg flexes. Somewhat surprisingly, the mean WA 

did not change significantly foUowing partial gravity mnning for S2, yet it did display 

more variability. The WA for Sl tended to be lower after all partial gravity mns including 

those foUowed by loading countermeasures. WAR, SL, MAA, and VIS did not show any 

frends of interest due to countermeasure runs. MKA was shown to increase dramatically 

for Sl for all post partial gravity mns with respect to the baseline, but the increase was 

relatívely consistent, not showing any appreciable affect by the countermeasures. S2 

showed a generally increasing MKA as countermeasure loading increased, but the 

decrease for C2 counteracts this interpretatíon to some extent. 

The precision stepping performance variables most affected by the simulated 

partial gravity running for both subjects (i.e., once the redundant CR and ER are 
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removed) were Pl , P3, MTA, MC, and overall body impedance as indicated by STF. 

Paired t-tests over the first 10 steps revealed significant differences between B and D 

metrics for subject 1 for WA (p = 0.003), Pl (p = 0.002), P3 (p < 0.001), MTA (p < 

0.001), MKA (p = 0.008), MC (p = 0.023), and STF (p < 0.001). Paired t-tests for subject 

2 over 10 steps revealed significant differences for Pl (p = 0.008), P3 (p = 0.001), MTA 

(p = 0.018), and STF (p < 0.001). At (p = 0.12), MC was not statístícally significant, yet 

it stíll supported the general assumption of an increased impedance approach. The effects 

of loading countermeasures did not appear to display the predicted monotonic 

improvements in readaptation to baseline performance, yet they did support the 

hypothesis that loading countermeasures do help with the readaptation process. In many 

cases C2 and C3 appeared to result in similar adaptation changes. C3 may have also 

resulted in somewhat of an overcompensation effect as suggested by some variables, such 

as P3 and STF for S2's first 10 steps. In the case of S2's P3, all of the post partial gravity 

mns resulted in significant increases in both mean values and variability over the 

baseline. 

The STF and VIS values are only reported over 10 steps and 32 steps as there 

were several trials of data in which virtual hip marker data was not properly tracked 

during later steps. Therefore it was decided to limit reporting of the data to 32 steps. 

Fortunately, the R^ values for the regression coefficients were above 0.95. This supports 

the assumption that the lag 2 model worked well in describing these movements. 
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Tables 3.10 and 3.11 show the gait parameters observed during the partial gravity 

mns preceding the listed countermeasures for subject's 1 and 2. Of special note is the fact 

that the cable tension fluctuatíons were within 6.2% of the desired simulated Martian 

gravity body weight for both subjects. Also of some interest is the reported WAR for 

subject 1 during the partial gravity mn preceding Cl. The value reported appears 

unusually high, and is likely due to a Gaitway™ software calculation error involving the 

high rate of force application applied over a very short time interval-the majority of 

WAR values appear very reasonable. The stride parameter values reported in Tables 

3.10-3.13 were calculated by the Gaitway™ treadmill software system and all of the 

parameters calculated for the stepping task data were calculated using custom MATLAB 

scripts. Tables 3.12-3.13 show the gait parameters observed during the countermeasure 

mns. Interestingly, the magnitudes of the non-normalized WAR's for both subjects 
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appear quite similar. This may suggest that a physiological threshold value (e.g., near 20 

kN/s) for force applicatíon is being approached during the countermeasure runs. 

There were very few subjective comments during the experiment. Each subject 

completed the protocol in a professional manner following all instmctions. The only 

comment that was presented by subjects was the expression of relief once they completed 

the fourth and final partial gravity mn. Apparently subjects were reaching their comfort 

threshold with regard to mnning in the suspension hamess. 

Table 3.10. Gait parameters over 30 steps during partial gravity mns for subject 1. Mean 
values are listed with standard deviations in parentheses. 

Countermeasure that followed partial G mn 
D Cl C2 C3 

WA (N) 
WAR (kN/s) 
POR (kN/s) 
Stride length (m) 
Cable tension (N) 

760.30 (50.5) 
10.24 (0.96) 
4.59 (0.66) 
1.79 (0.17) 

567.98 (23.15) 

957.06 (100.64) 
93.55(1.47) 
6.99(1.04) 
2.14(0.50) 

565.70(33.61) 

670.98 (53.83) 
11.47(1.28) 
4.86 (0.63) 
1.93 (0.42) 

572.61 (24.72) 

707.06 (47.03) 
7.31 (1.60) 
5.43 (0.61) 
1.75 (0.36) 

567.73 (24.97) 

Table 3.11. Gait parameters over 30 steps during partial gravity mns for subject 2. Mean 
values are listed with standard deviatíons in parentheses. 

Countermeasure that foUowed partial G mn 
D Cl C2 C3 

WA (N) 
WAR (kN/s) 
POR (kN/s) 
Stride length (m) 
Cable tension (N) 

663.14(45.33) 
8.81 (0.56) 
5.88 (0.64) 
1.39 (0.29) 

471.51 (29.70) 

582.43 (36.57) 
6.08 (0.78) 

5.51 (0.44) 
1.08(0.22) 

470.49 (27.39) 

603.18(48.33) 
7.38(0.71) 
5.57 (0.37) 
1.41 (0.28) 

469.52(28.13) 

668.21 (35.21) 
7.23 (0.85) 

5.96 (0.50) 
1.35 (0.20) 

478.21 (30.49) 
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Table 3.12. Gait parameters over 35 steps during countermeasure mns for subject 1. 
Mean values are listed with standard deviatíons in parentheses. 

Countermeasure mn 
Cl C2 C3 

WA (N) 2048.06(81.43) 1890.69(57.25) 1975.80(63.15) 
WAR(kN/s) 20.27(1.68) 18.03(1.18) 18.71 (1.22) 
POR(kN/s) 16.63(3.50) 11.16(1.02) 9.09(1.14) 
Stride length (m) 2.90(0.55) 2.00(0.31) 2.61(0.51) 

Table 3.13. Gait parameters over 35 steps during countermeasure mns for subject 2. 
Mean values are listed with standard deviations in parentheses. 

Countermeasure mn 
Cl C2 C3 

WA (N) 1654.25(39.10) 1639.64(54.34) 1714.63(48.28) 
WAR(kN/s) 18.98(1.00) 18.06(1.47) 17.84 (1.40) 
POR(kN/s) 9.97(1.01) 9.52(1.21) 8.80(0.94) 
Stride length (m) 1.24(0.24) 1.66(0.31) 1.84(0.37) 

Overall, the data from these two subjects lends support to the impedance 

modulation approaches that may be characterized by the compliant adaptation sfrategy 

and the stíff adaptation strategy, which indicate the type of neuromuscular strategies 

being employed to match sensorimotor commands with the subject's goals. The majority 

of this transient adaptation process appears to happen very quickly, as all subjects were 

able to complete the tasks while maintaining stability and none prematurely broke the 

laser beam, yet significant changes were observed over the course of ten steps, which 

covered a period of approximately 22 seconds. The data also provided some support to 

the hypothesis that musculoskeletal overloading enables the CNS to readapt executíon of 

the intemal model (i.e., back to baseline performance) for the precision stepping task 
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faster than if no countermeasure is employed. The observance of apparent 

overcompensatíon effects may also lend support to the hypothesis that more loading 

equals faster adaptation, but more data will be needed in order to strengthen or weaken 

that assumption. 

The data presented here support the claim that short duration mns in a vertical 

suspension partial gravity simulator (i.e., at 3/8 G) induce transient musculoskeletal 

impedance changes which may be analogous to observed postural control adaptations 

seen among astronauts retuming from space flight. It is also suggested that the novel, 

treadmiU based precision stepping task is a sensitive test for iUuminating the 

characteristics of these adaptations and that musculoskeletal loading speeds postural 

control transitions due to loading sensitive impedance adjustment mechanisms of the 

CNS. Further experimentation via the protocol presented in the next chapter provides the 

necessary data to better investigate the hypotheses addressed by this dissertation effort 

and fiuther reveal potentíal improvements to NASA's post-space flight exercise 

countermeasures program. 
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CHAPTER 4 

PRECISION STEPPING ADAPTATION EXPERIMENT 

A major experiment was performed in order to test the five hypotheses and to 

accomplish the specific aims presented in Chapter 1. The methodology of the experiment 

was very similar to that used for the second pilot study. The results of the data from this 

experiment are discussed in detail in Chapter 5. 

4.1 Subjects 

Fourteen healthy, physically active male subjects who also happened to be 

experienced treadmiU mnners volunteered for the experiment. AU subjects were recmited 

from the Texas Tech University campus. Subjects were required to read, understand and 

agree to the consent forms approved by the Institutional Review Board for this 

experiment, which can be found in Appendix C of this dissertation. Healthy, physically 

active subjects were used due to the assumption that they would be suitable surrogates for 

the astronaut population. Appendix E summarizes the activity levels of the subjects based 

on self-reported data obtained from the Personal Data and Consent form, which can be 

found in Appendix C. In additíon, Appendix E presents the body mass index for each 

subject calculated from height and weight data gathered prior to the experimental session. 

An all male subject group was selected to avoid confounding results due to male/female 

anthropometric and locomotion pattem differences given the small size of the subject 

pool. The use of a small subject pool of 14 subjects is justífied by two facts. First, there 

were tremendous time requirements involved in experimental execution and post-

processing of data. Second, the second pilot study, generating complete data from only 

two subjects, enabled detection of some previously predicted strategic musculoskeletal 

impedance changes due to simulated partial gravity mnning and loaded mnning 

countermeasures. Table 4.1 shows relevant subject anthropometrics. 
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Table 4.1. Relevant anthropometrics for precision stepping adaptation experiment 
subjects. 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Sex 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

M 

Height (m) 

1.78 

1.71 

1.74 

1.69 

1.63 

1.88 

1.85 

1.85 

1.80 

1.77 

1.93 

1.93 

1.80 

1.78 

Mass (kg) 

84.0 

84.8 

70.1 

75.3 

70.3 

101.2 

74.8 

108.0 

74.1 

76.7 

87.1 

84.8 

75.7 

80.9 

Leg Length (m) 

0.884 

0.876 

0.880 

0.857 

0.850 

0.960 

0.935 

0.989 

0.930 

0.983 

1.020 

1.000 

0.947 

0.878 

Age (yrs) 

23 

27 

23 

27 

23 

29 

21 

22 

27 

23 

21 

20 

20 

20 

4.2 Apparatus 

For this experiment the vertical suspension simulator, motorized Gaitway ™ 

treadmill instmmented with dual anterior/posterior Kistler ™ force plates (capable of 

measuring vertical forces only), ChatiUon DFGS-R-500 (2225 N capacity) force 

transducer with integrated signal conditioning unit, and IBM compatible Pentíum III, 233 

MHz, 256 MB RAM computer loaded with Gaitway Version 2.0 and a six camera 

Motion Analysis System™ including a Pentíum 4 computer, a Midas^"^ custom computer 

system and Realtime EVA 3.0 software were used. Reflective markers for use with the 

motion capture system consisted of wooden spheres (19 mm in diameter), carefiilly 
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covered with small strips of reflective tape and mounted to small clear vinyl discs using a 

tiny wood screw. 

The Motion Analysis System™ and Gaitway™ freadmill system were triggered 

simultaneously using the same voltage signal and both systems collecting 125 seconds of 

data. The sampling rate of the Motíon Analysis SystemTw was lowered from 240 Hz (i.e., 

the sampling rate used in the second pilot study) to 120 Hz to reduce the marker mis-

identification and simplfy post-process tracking. The Gaitway system sampled data at 

240 Hz and was used to detect COP magnitude, movement, and compute various gait 

parameters for partial gravity and countermeasure mns. Kinematic data from a 21-marker 

precision stepping marker set was acquired by the motion analysis system. The neck 

markers and elbow makers were removed and an additional marker on the right leg was 

added to the marker set used in the second pilot study in order to improve motíon data 

tracking. The ChatiIIon™ force transducer was connected to the Gaitway system so that 

synchronized GRF and cable tension data (at 240 Hz) was obtained during simulated 

partial gravity mns. 

A laser beam obstacle was produced using a battery operated, Class Illa green 

laser pointer with a wavelength of 532 nm and a constant 5 mW power output. The laser 

was precisely affixed to the simulator stmcture to the left of the treadmiU (when the 

treadmill is viewed from the front of the simulator) and aimed at a spherical reflective 

target so that a horizontal beam is produced (i.e., contained within a in a frontal plane 

with respect to the subject on the treadmill and parallel to the treadmiU belt), at a precise 

location above the treadmill. Two ultrasonic humidifiers were positioned on either side of 

the treadmill adjacent to the laser pointer and the laser beam target to produce a vapor 

mist that enhanced visibility of the laser beam, yet dissipated quickly so as not to form a 

vapor cloud near the hot LED ring lights of the motion cameras. A PVC tube was 

mounted to the exhaust port of each humidifier so that the vapor mist could be directed 

precisely along the path of the laser beam. 
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4.3 Experimental Settings and Variahles 

4.3.1 Fixed Settings 

The fixed settíng for the major experiement are listed below. 

1. Locomotion speed during precision stepping-TreadmiU speed was maintained 

at 0.447 m/s (i.e., 1.0 MPH) for all subjects. This speed change from the 0.8 

MPH used in the second pilot study was necessitated to avoid data collectíon 

problems after some improvements were made to the GaitwayTM software. 

2. Distance from precision stepping starting arrows to laser beam-The distance 

in the X-direction (i.e., anterior/posterior) from the starting arrows to the laser 

beam obstacle was held constant at 0.178 m for all subjects. Starting arrows 

consisted of two arrow-shaped pieces of yellow reflectíve tape, one each 

affixed to left and right sides of the plastic treadmiU side covers such that they 

provided a clear starting line reference for the subject. 

4.3.2 Independent Variables 

The independent variables for the major experiement are listed below. 

1. Locomotion speed during simulated partial gravity mnning and 

countermeasure mns-TreadmilI speed was maintained at approximately 2.5 

m/s (i.e., 5.6 MPH). Slight adjustments to treadmill speed were made for 

subjects depending upon leg length using the Froude equation such that a 

Froude number of 0.674 was maintained for each subject (refer to Eq. 3.23). 

2. Simulated partial gravity level-Subjects ran in simulated Martian gravity 

obtained by off-loading 5/8 th's of their static bodyweight via the vertical 

suspension system. 

3. Countermeasure loading-Subjects were exposed to brief loading 

countermeasure mns in which they ran at 1 G with normal bodyweight (Cl), 

or with a load equaling 10% (C2) or 25% (C3) of their body mass coupled to 

their body via a metal framed, military style backpack. 
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4. Vertical distance from treadmiU belt surface to laser beam-The distance of the 

laser beam obstacle above the freadmill (i.e., in the Y-directíon) surface was 

normalized to each subjects leg length such that the beam height was 19% of 

the length of the leg. This value was detennined using a test subject having a 

0.940 m leg length so that the obstacle height would be 0.179 m. 

4.3.3 Dependent Variables 

The dependent variables for the major experiment are listed below. 

1. Kinematic data from optical motion capture system-During the precision 

stepping task, position data were coUected for each of the actual 18 reflective 

markers (13 markers attached to subject; 5 markers attached to simulator 

components) at 120 Hz. The data were filtered using a 4"" -order, zero-lag, 

low-pass Butterworth fiher with a cut-off frequency of 6 Hz. Post processing 

calculations determined the virtual marker locations for each frame of data. 

Data were collected for 125 seconds resultíng in approximately 62-63 steps 

for analysis. Kinematic metrics calculated from the first 60 steps (30 left, 30 

right) for data analysis included: virtual hip marker position, OC heel marker 

position, minimum heel clearance, maximum thigh angles, and minimum knee 

angles. These data were extracted using a custom written MATLAB script 

file. 

2. Kinetic gait parameters during precision steps-These parameters, normalized 

by subject body weight (BW), included: weight acceptance magnitude at OC 

heel strike (BW); Pi force, which is the peak force generated as bodyweight is 

transferred to the C support leg during OC heel rise (BW); and P3 force, 

which is the maximum force generated as the forward roU of the body is 

restrained right before the OC heel strike (BW). The parameters were 

calculated from vertical force data for 60 OC steps (30 left, 30 right) which 

was normalized from 240 Hz raw data into 201 frames of data per step (i.e., 

one-half of one percent increments) using a custom written MATLAB script 
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file. These gait parameters were the critical gait parameters used for analysis. 

The raw kinetic data were also filtered using a 4"̂  -order, zero-lag, low-pass 

Butterworth filter with a cut-off frequency of 6 Hz. 

3. Impedance control parameters-these were calculated using the simplified 

mass, spring, damper model of the subject and included the stiffhess, which is 

an estimate of position dependent changes in force; and viscosity, which is an 

estimate of velocity dependent changes in force. 

4. Kinetic and kinematic gait parameters during partial gravity mnning-The 

weight acceptance magnitude (N) was calculated for 30 steps occurring within 

the 30 seconds of data collection by the Gaitway treadmill and software 

system. Cable tension data in the form of voltage fluctuations were used to 

calculate the tension fluctuations during the suspension mns. These gait 

parameter data were not the major focus of analysis, but were recorded to help 

document details of the suspension mns. 

5. Kinetic and kinematic gait parameters during loading countermeasure mns-

The weight acceptance magnitude (N) and WAR (N/s) were calculated for 30 

steps occurring within the 30 seconds of data collectíon by the Gaitway 

treadmill and software system. These gait parameter data were not the major 

focus of analysis, but were recorded to help document details of the 

countermeasure mns. 

6. Subjective data-Each subject completed a questionnaire after each 

experimental trial (see Appendix D). 

4.4 Procedure 

Anthropometric data were collected at least one day before the experimental 

session to enable presettíng of the simulator equipment. Bodyweight measurements were 

used for setting the balancer tension and leg lengths were used for adjustíng laser beam 

obstacle height and calculatíng mnning speed. On the day of the experiment, 

anthropometric data were again collected to ensure that the proper settings were applied. 
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An overview of the familiarization and experimental session was presented to the subject 

including stepping task familiarization, suspension hamess familiarization, treadmill 

mnning familiarization, marker attachment and the protocols to be used. This description 

was followed by familiarization with the precision stepping task. The instmctions given 

regarding precision stepping task performance included: 

1. Keep arms relaxed, but bent 90° at the elbow and crossed in front of your torso so 

that the motion cameras can see the reflective markers. 

2. Feet should be side-by-side at the start of a step, but not touching. 

3. The starting point for making a step is when the great toe marker of the stepping 

foot is aligned with the line formed by the yellow arrows on either side of the 

treadmill belt. 

4. The goal of each step during the precision stepping task is to clear the laser beam 

with the stepping leg and make heel contact with the treadmiU belt before any part 

of the leg breaks the laser beam. Be sure to get as close as possible to the beam 

with the heel without breaking the beam; excessive beam clearance is not 

desirable. 

5. Once the laser beam stepping foot has made heel contact with the treadmill belt, 

transfer your bodyweight to that leg and bring the other leg right beside the leg 

that just completed the laser beam step. There is no need to raise the leg 

significantly as you bring it beside the leg that completed the laser beam step, just 

bring it next to the other leg. 

6. 'Ride' the slow moving treadmill belt back to the starting line with feet together 

and keeping arms crossed. 

7. The leg opposite the leg that made the previous laser beam step will carry out the 

next laser beam step. 

8. When the great toe marker of the laser beam stepping foot reaches the starting 

line, repeat the stepping cycle. 

Following these verbal instmctíons, the experimenter demonstrated the stepping 

task several times and supervised the subject as they executed the stepping task several 
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tímes. Any questions regarding the procedure by the subject were answered promptly. 

Following the infroductíon to the stepping task, the subject received a very brief freadmill 

mnning familiarization. 

A 5-minute familiarization with normal mnning at 1 G was conducted at the 

speed to be used for all of the mnning portions during the experiment. The short mnning 

familiarization was appropriate given that all subjects selected were experienced 

treadmiU mnners. The familiarization time was chosen based on previous research studies 

(Wall and Charteris 1980, 1981; Schieb 1986). FoIIowing this brief mnning 

familiarization, the subject was introduced to the bicycle-type suspension hamess. The 

subject was also shown a short video of a subject mnning in the bicycle type hamess and 

then the subject was assisted into the hamess. The underarm straps were adjusted and 

then the hamess waist belt was adjusted using an iterative process. First the belt was 

secured, and then the experimenter disengaged the balancer locks so that the subject 

could jump up and down and mn on the treadmill belt. One or two readjustments were 

sometimes required until the hamess was comfortably configured for the subject. Upon 

proper adjustment of the hamess, subjects were introduced to simulated Martian gravity 

mnning, at the appropriate speed for 8 minutes. The time chosen for familiarization with 

simulated partial gravity mnning was based upon a previous study investigating mnning 

in a suspension-type simulator (Donelan and Kram 1997). 

After the suspension simulator familiarization, the subject was fitted with the 

military style backpack containing a mass equal to 25% of their body mass. Subjects then 

ran on the treadmiU for two minutes to ensure proper backpack adjustment and 

acceptability of the loaded mnning task. Subjects wore thin-soled, tight fitting neoprene 

aquasocks throughout all phases of familiarization and experimentation. The thin 

aquasocks enabled better attachment of the heel, great toe, and fifth metatarsal markers 

than applying the markers to bare feet. FoIIowing this basic familiarization with the 

experimental tasks, the subject received a break before the formal experimental session 

was conducted. 
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Upon retum from break, reflective markers were adhered to the appropriate body 

landmarks using electrode adhesive rings and for some markers, strips of athletic tape. 

Careful measurements were made to determine the toe and heel marker offsets so that 

improved step distance and minimum heel clearance calculations could be determined 

(refer to Figure 3.97). After application of the marker set, a motion capture template was 

customized for the subject using a short period of motion data in which the subject stood 

on the freadmill and slowly completed a specified series of movements. FoIIowing final 

preparatíon of the motíon analysis and treadmiU systems, the subject completed a 

precision stepping training session in which the goal was to further increase proficiency 

with the stepping task so that it became a familiar activity requiring minimal conscious 

effort to carry out. The famiharizatíon process consisted of 5 sets of precision stepping 

for 125 seconds. During each set the subject executed 62-63 steps. 

Data from the fifth stepping trial were used as the baseline for comparison with 

stepping data following partial gravity and countermeasure mns. The fifth and final 

stepping trial was chosen to be the reference due to the fact that it was the last 

familiarization trial chosen before the subject was exposed to the partial gravity rurming 

phases of the experiment. To further ensure that a baseline had been attained, the last 

three familarization trials were analyzed during post-processing foUowing the 

experimental session to ensure that mean values for each of the three trials for all 

dependent variables fell within a range of ± 0.30 standard deviations about the three trial 

mean. The standard deviation used was a sample standard deviation describing variation 

throughout the three trials about the three-trial mean. 

The remaining experimental protocol consisted of four experimental trials for 

each subject. A trial involved a 7-minute simulated Martian gravity mn, followed by a 

60-second period of delay (D) (i.e., quiet standing), a mn at 1 G with normal bodyweight 

(Cl), a mn at 1 G with an additíonal 10% body mass backpack load (C2), or a run with a 

25% body mass load (C3). Subjects then completed 62-63 consecutíve precision steps. 

At least 10 minutes of rest were provided between each trial and the trial order was 
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randomized for each subject. Refer back to Figure 3.99 for a general pictorial description 

of the sequence. 

4.5 Data Analvsis 

This experiment consisted of a single factor, randomized complete block 

experimental design with one replicatíon for each subject (i.e., subjects were considered 

as blocks) and one restrictíon on randomization. The single factor being manipulated was 

the type of activity preceding the performance of the precision stepping task. These 

included: baseline (B)-no partial gravity mn or countermeasure preceding stepping; delay 

(D)-partiaI gravity mn is performed, but no countermeasure mn preceding stepping; 

countermeasure 1 (Cl)-partial gravity run and 60-second mn at normal 1 G bodyweight 

precedes stepping; countermeasure 2 (C2)-partiaI gravity mn and 60-second mn at 

normal 1 G bodyweight with a backpack load equaling \0% of body mass preceding 

stepping; and countermeasure 3 (C3)-partiaI gravity mn and 60-second mn at normal 1 G 

with a backpack load equaling 25%) of body mass preceding stepping. There was one 

obvious restriction on order, as the baseline stepping task was always be performed first. 

Therefore, randomization only occured for the four post partial G countermeasures (i.e., 

D,C1,C2, C3). 

This type of experimental design is equivalent to a single-factor repeated 

measures design, therefore a repeated measures analysis of variance was performed on 

each dependent variable with an a = 0.05 with variation between subjects and within 

subjects being computed. In addition, post-hoc means separation tests were performed 

using the Tukey-Kramer procedure. Preliminary analysis of the data did not reveal 

significant differences between the stepping performance of the left and right legs, 

therefore the data from both legs within a 60- step set were grouped together for further 

analysis. The data were analyzed twice such that the performance of the first 10 steps and 

all 60 steps were analyzed to investigate transient adaptation responses within those time 

scales. This approach aided in the classification of subjects based on different postural 
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control adaptation profiles such as the compliant and stiff strategies suggested by data 

from the second pilot study. 

Power estimates for this type of experimental design using operating 

characteristíc curves from Montgomery (2001) and mean and standard deviation 

estimates from pilot study two data for selected response variables were used to suggest 

the number of subjects required to ensure a sufficient level of experimental power at an a 

= 0.05 (see Table 4.2). It is important to note that the assumption used during the power 

analysis was that all subjects would largely display the same type of adaptation strategy 

(i.e., low impedance or high impedance). It must also be noted that the power analysis is 

only for identifying whether the test can detect a difference in the mean of the response 

variables when there is a difference due to countermeasures. Of course, it wiU be shown 

that all of subjects did not appear to use the same strategy, but were grouped together 

based on the low/high impedance dichotomy as seen for subjects in the second pilot 

study. Therefore, the rationale for performing individual subject analyses in additíon to a 

grouped ANOVA will be shown to be very important for gaining insight into the 

readaptation processes. 

Table 4.2. Representative power levels associated with the number of subjects. 

Number 
of subjects 

5 
6 
7 
8 
9 

10 

^ 
(prob. of Type II error) 

0.25 
0.12 
0.05 
0.02 

-0.01 
<0.01 

Power 
(1-^) 

0.75 
0.88 
0.95 
0.98 

-0.99 
>0.99 
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CHAPTER 5 

RESULTS AND DISCUSSION 

Out of 14 subjects, complete data sets were gathered from 12 subjects. Motion 

data from subject one could not be processed due to numerous marker tracking problems 

during all attempted motion captures. Force plate data for subject one was also dismpted 

due to problems with data coUection triggering. Data from subject seven was also 

problematic with numerous marker tracking errors and force plate triggering 

intermptíons. Fortunately, both the kinematic and kinetic data from 12 subjects could be 

analyzed properly for this experiment. The greatly improved success rate for data 

coUection in the major experiment versus the second pilot study is primarily attributed to 

the reduced sampling rate (i.e., 120 Hz instead of 240 Hz) for kinematic data and the use 

of thin-soled neoprene aquasocks. The aquasocks provided an improved surface for foot 

marker attachment to eliminate unexpected detachment of the markers during mnning 

activities. 

Tables 5.1-5.4 list mean and standard deviation values for the weight acceptance 

(WA) and the cable tension values recorded during the partial gravity suspension mns for 

each subject. The WA among suspension rans for individual subjects is shown to remain 

relatívely consistent. The mean off-Ioading tension applied via the hamess was extremely 

consistent (i.e., 0.5-2 percent fluctuation). Tables 5.5-5.8 show the mean and standard 

deviation values for the WA and weight acceptance rates (WAR) for each subject during 

countermeasure rans on the treadmill. Most subjects showed stable mean values with a 

shght trend of increasing WA and WAR as the countermeasures increased in loading 

from normal mnning (Cl) to mnning with a \0% bodyweight load (C2), and a 25% 

bodyweight load (C3). hiterestingly, subject 5 displayed a mean WA slightly lower for 

C2 than Cl and subject 11 displayed a mean WA that was higher for Cl than for C2 or 

C3. 
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Table 5.1. Gait parameters over 30 steps during partial gravity mns for subjects 2 ^ . 
Mean values are listed with standard deviations in parentheses. 

Subject 2 

WA (N) 
Cable tension (N) 

D 
Countermeasure that foUowed partial G mn 

Cl C2 C3 

1015.20(62.9) 
502.14 (31.5) 

863.14(67.3) 
501.62(30.8) 

888.09 (77.4) 
500.83 (30.7) 

929.52(121.4) 
503.58 (34.6) 

Subject 3 

WA (N) 
Cable tension (N) 

782.37(65.1) 
427.80 (26.6) 

896.68(91.1) 
426.45 (26.4) 

849.61 (90.0) 
427.64 (25.8) 

781.00(85.7) 
425.72 (25.3) 

Subject 4 

WA (N) 
Cable tension (N) 

598.75 (46.0) 
471.13 (20.6) 

614.50(34.7) 
468.09 (22.4) 

618.30(33.1) 
469.23 (20.2) 

654.90 (33.5) 
469.17 (22.4) 

Table 5.2. Gait parameters over 30 steps during partial gravity mns for subjects 5, 6, and 
8. Mean values are listed with standard deviations in parentheses. 

D 
Countermeasure that foUowed partial G mn 

Cl C2 C3 

Subject 5 

WA (N) 
Cable tension (N) 

635.36 (39.6) 
432.16 (22.0) 

604.40 (46.9) 
430.40(21.1) 

620.74 (47.7) 
432.89 (20.7) 

563.67 (32.5) 
430.81 (20.9) 

Subject 6 

WA (N) 
Cable tension (N) 

871.00(34.3) 
607.05 (28.2) 

842.79(102.0) 
609.10(29.0) 

813.65(79.7) 
610.5 (28.4) 

869.04 (48.0) 
610.17 (25.1) 

Subject 8 

WA (N) 
Cable tension (N) 

940.52(103.1) 
652.49 (20.6) 

1031.07(123.1) 
649.26 (36.6) 

941.46(102.6) 
651.73(31.2) 

1106.37(120.4) 
643.97 (38.8) 
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Table 5.3. Gait parameters over 30 steps during partial gravity mns for subjects 9-11. 
Mean values are listed with standard deviations in parentheses. 

Subject 9 

WA (N) 
Cable tension (N) 

D 
Countermeasure that followed partial G mn 

Cl C2 C3 

672.34 (45.9) 
451.86(24.6) 

660.42 (60.9) 
450.52 (22.2) 

664.47 (39.7) 
452.45 (24.3) 

699.80 (49.3) 
451.57 (25.3) 

Subject 10 

WA (N) 
Cable tension (N) 

566.42 (41.9) 
467.33 (20.9) 

570.80 (36.8) 
468.13(209) 

614.30(45.6) 
468.45 (20.8) 

659.01 (51.8) 
467.34 (24.5) 

Subject 11 

WA (N) 
Cable tension (N) 

770.23 (85.6) 
523.83(31.2) 

1185.10(146.1) 
519.82(45.2) 

966.60(71.9) 
531.74(37.9) 

758.40 (67.7) 
529.48 (24.9) 

Table 5.4. Gait parameters over 30 steps during partial gravity mns for subjects 12-13. 
Mean values are listed with standard deviations in parentheses. 

Subject 12 

WA (N) 
Cable tension (N) 

Countermeasure that followed partial G run 
D Cl C2 C3 

708.43(71.2) 
527.05 (28.9) 

913.07(74.7) 
524.36 (35.5) 

670.76 (66.7) 
525.08 (25.3) 

663.33 (73.4) 
526.60 (26.6) 

Subject 13 

WA (N) 
Cable tension (N) 

675.50 (46.8) 
453.80(26.1) 

701.36(44.3) 
452.96 (27.2) 

639.07 (45.8) 
454.65 (27.6) 

705.66(51.9) 
453.64 (25.5) 

Subject 14 

WA (N) 
Cable tension (N) 

599.83 (67.44) 
478.58(25.1) 

626.94(71.8) 
478.63 (25.2) 

696.90(76.1) 
478.44 (27.4) 

687.16(74.5) 
476.73 (25.5) 
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Table 5.5. Gait parameters over 30 steps during countermeasure mns for subjects 2-4. 
Mean values are listed with standard deviations in parentheses. 

Cl 
Countermeasure mn 

C2 C3 

Subject 2 

WA (N) 
WAR (kN/s) 

Subject 3 

WA (N) 
WAR (kN/s) 

Subject 4 

WA (N) 
WAR (kN/s) 

1956.82(66.4) 
22.30 (2.0) 

1556.44(60.8) 
16.89(1.5) 

1693.00(47.5) 
18.66(0.8) 

1970.75 (65.0) 
21.47(1.71) 

1695.20(55.6) 
18.08(1.6) 

1667.42 (45.5) 
16.85(1.1) 

2009.50(76.1) 
22.17 (2.0) 

1786.02 (55.9) 
17.92 (1.5) 

1794.50 (53.0) 
17.15 (0.9) 

Table 5.6. Gait parameters over 30 steps during countermeasure rans for subjects 5, 6, 
and 8. Mean values are listed with standard deviations in parentheses. 

Cl 
Countermeasure mn 

C2 C3 

Subject 5 

WA (N) 
WAR (kN/s) 

1517.36(53.8) 
14.44 (0.8) 

1470.22(47.1) 
13.55(1.0) 

1649.27 (38.0) 
14.93 (0.9) 

Subject 6 

WA (N) 
WAR (kN/s) 

1981.25(56.9) 
19.55(1.5) 

2046.93(61.4) 
18.12(0.8) 

2211.87(64.5) 
17.87 (1.0) 

Subject 8 

WA (N) 
WAR (kN/s) 

2225.61 (76.8) 
22.79(1.9) 

2344.57(107.2) 
23.99 (2.3) 

2451.72(90.9) 
25.79 (2.9) 
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Table 5.7. Gait parameters over 30 steps during countermeasure runs for subjects 9-11. 
Mean values are listed with standard deviations in parentheses. 

Subject 9 

WA (N) 
WAR (kN/s) 

Subject 10 

WA (N) 
WAR (kN/s) 

Subject 11 

WA (N) 
WAR (kN/s) 

Cl 

1635.71 (58.6) 
16.17(1.8) 

1567.21 (59.8) 
15.46(1.3) 

2239.85(114.1) 
26.93 (3.9) 

Countermeasure mn 
C2 

1705.43(57.1) 
17.13(1.7) 

1663.59(69.7) 
16.60(1.5) 

2121.15(82.1) 
22.78 (2.3) 

C3 

1633.50(56.5) 
16.18 (1.4) 

1925.82 (76.2) 
19.9 (1.7) 

2150.87(105.1) 
20.88 (2.1) 

Table 5.8. Gait parameters over 30 steps during countermeasure mns for subjects 12-14. 
Mean values are listed with standard deviations in parentheses. 

Cl 
Countermeasure mn 

C2 C3 

Subject 12 

WA (N) 
WAR (kN/s) 

Subject 13 

WA (N) 
WAR (kN/s) 

1725.50 (83.3) 
16.31(1.6) 

1747.52 (72.8) 
17.20(1.6) 

1740.68 (86.3) 
14.91 (1.2) 

1759.06(50.9) 
16.96(1.0) 

1782.61 (78.8) 
14.75 (1.3) 

1859.04(69.6) 
16.4 (1.1) 

Subject 14 

WA (N) 
WAR (kN/s) 

1692.87(95.2) 
19.65 (2.2) 

1765.49(187.0) 
19.98 (2.6) 

1937.12(86.4) 
20.62 (1.5) 
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5.1 Group Analyses 

An analysis of the individual variables WA, Pl, P3, MTA, MKA, MC, STF and 

VIS for the entire group of 12 subjects over both 10 steps and 60 steps did not reveal 

dramatic pattems along the lines of the compliant and stíff strategies noted during the 

second pilot study. This result was not unexpected as it was proposed that different 

subjects may display different precision stepping pattems following both the simulated 

partial gravity ranning and countermeasures. When subjects displaying different response 

pattems are grouped, coherent individual strategies are partially or completely masked. 

Table 5.9 shows the descriptíve summary of the ANOVA's for WA, Pl, P3, and MTA 

and Table 5.10 shows the summary for MKA, MC, STF, and VIS; both tables are for all 

subjects for the first 10 steps. Table 5.11 shows the descriptíve summary of the 

ANOVA's for WA, Pl, P3, and MTA and Table 5.12 shows the summary for MKA, MC, 

STF, and VIS; both tables are for all subjects for the first 60 steps. 

Over 10 steps and 60 steps the WA appeared to follow the compliant response 

with the delay condition (D) mean being less than the baseline (B) value. Futhermore, the 

difference between the B and C3 means was not statístically significant, which implied 

that C3 may have induced a retum to the B mean value. P3 followed a pattem similar to 

WA over both 10 steps and 60 steps. These results are interesting as it was originally 

thought that transient changes in response variables would occur only in the fírst few 

steps, therefore it was expected that the greatest alterations in stepping performance 

would be seen in the first 10 steps with only modestly discemable alterations over 60 

steps. These data suggest that changes may be continuing throughout the 60 step 

sequence. Pl showed a decrease from baseline to the D or do nothing condition for both 

10 steps and 60 steps which would be consistent with the compliant strategy, but the 

application of countermeasures did not retum values toward the baseline. MC and STF 

showed a decrease from B to D for both 10 and 60 steps, but with mixed resuUs regarding 

the benefit of countermeasures to retum to B values. 

MTA and MKA showed no statistícally significant difference between B and D 

for 10 steps, yet a slight difference appeared over 60 steps. VIS displayed very little 
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change across either 10 or 60 steps whether or not a countermeasure had been performed. 

Figures 5.1 and 5.2 graphically present the means and standard deviations for the 

response variables over 10 steps for all of the subjects grouped together. Figure 5.3 and 

5.4 graphically present the means and standard deviations for the response variables over 

60 steps for all of the subjects grouped together. It is apparent from both the tablular and 

graphical representations that the group analysis does not reveal a wealth of informatíon 

regarding strategic responses for the majority of response variables. Power estimates 

based on the observed mean and standard deviatíon values for the dependent variables 

from the grouped data were calculated and are shown in Tables 5.13 and 5.14. These 

power calculations show that the tests were sufficient for identifying when the mean 

dependent measures were not all equal, yet it was stíll important to perform individual 

analyses given the a priori assumption that different subjects would display different 

types of impedance strategies. The individual subject analyses presented in the next 

sectíon will offer more insight into the types of alterations in precision stepping induced 

by simulated partial gravity ranning and ranning with backpack loads. 
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Table 5.9. Descriptíve summary of WA, Pl, P3, and MTA for all subjects showing mean 
values for each countermeasure, listed in the order of decreasing value, over 10 steps and 
differences using Tukey's method (alpha = 0.05). Continuous lines extending undemeath 
cells indicate groupings in which there was not a significant difference among mean 
values. 

Varlable 

WA 

P1 

P3 

MTA 

Test 

Tukey 

Tukey 

Tukey 

Tukey 

B 

0.991 

B 

1.196 

B 

1.170 

C2 

5.884 

C3 

0.990 

D 

1.165 

C3 

1.168 

C1 

5.875 

C2 

0.976 

C3 

1.165 

C1 

1.164 

^ 

C3 

5.873 

' 

D 

0.972 

C1 

1.162 

C2 

1.160 

D 

5.856 

C1 

0.968 

C2 

1.158 

D 

1.148 

* 
B 

5.852 

Mean 

0.979 

1.169 

1.162 

5.868 

F-value 

12.36 

18.74 

28.59 

35.63 

Pr>F 

<.0001 

<.0001 

<.0001 

<.0001 

STF/COM 

COM 

COM 

COM 

? 
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Table 5.10. Descriptíve summary of MKA, MC, STF, and VIS for all subjects showing 
mean values for each countermeasure over 10 steps and differences using Tukey's 
method (alpha = 0.05). Continuous lines extending undemeath cells indicate groupings in 
which there was not a significant difference among mean values. 

Variable 

MKA 

MC 

STF 

VIS 

Test 

Tukey 

Tukey 

Tukey 

Tukey 

B 

1.309 

C2 

0.067 

B 

67.69 

C2 

10.19 

C2 

1.306 

* 

C1 

0.066 

C3 

64.07 

C1 

10.09 

D 

1.306 

B 

0.066 

C1 

63.89 

B 

10.04 

C1 

1.290 

C3 

0.060 

D 

63.44 

C3 

9.93 

C3 

1.275 

D 

0.057 

C2 

62.81 

D 

9.71 

Mean 

1.297 

0.063 

64.30 

9.99 

F-value 

55.68 

5.37 

5.7 

0.14 

Pr>F 

<,0001 

<.0001 

<.0001 

0.967 

STF/COM 

? 

COM 

COM 

? 
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Table 5.11. Descriptíve summary of WA, Pl, P3, and MTA for all subjects showing 
mean values for each countermeasure over 60 steps and differences using Tukey's 
method (alpha = 0.05). Continuous lines extending undemeath cells indicate groupings in 
which there was not a significant difference among mean values. 

Variable 

WA 

P1 

P3 

MTA 

Test 

Tukey 

Tukey 

Tukey 

Tukey 

B 

1.004 

B 

1.195 
^ 

C3 

1.172 
• 

C1 

5.88 
• 

C3 

0.988 

D 

1.163 
^ 

B 

1.167 
• 

D 

5.87 
• 
• 

C2 

0.984 

1 

C3 

1.158 

1 

C1 

1.162 

• • 

C2 

5.87 

C1 

0.979 

C1 

1.157 

C2 

1.157 

1 
C3 

5.87 

S 

D 

0.979 

• 

C2 

1.153 

• 

D 

1.153 

——• 

B 

5.86 

• 

Mean 

0.987 

1.165 

1.162 

5.87 

F-value 

5.08 

11.95 

167.13 

200.42 

Pr>F 

0.0019 

<.0001 

<.0001 

<.0001 

STF/COM 

COM 

COM 

COM 

? 
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Table 5.12. Descriptíve summary of MKA, MC, STF, and VIS for all subjects showing 
mean values for each countermeasure over 60 steps and differences using Tukey's 
method (alpha = 0.05). Contínuous lines extending undemeath cells indicate groupings in 
which there was not a significant difference among mean values. 

Variable 

MKA 

MC 

STF 

VIS 

Test 

Tukey 

Tukey 

Tukey 

Tukey 

B 

1.331 

C2 

0.071 

B 

64.25 

C1 

10.05 

C2 

1.303 

B 

0.066 

C1 

62.25 

C3 

10.04 

D 

1.298 

1 
C1 

0.064 

D 

61.63 

C2 

9.96 

C3 

1.284 

• 

C3 

0.061 

C3 

61.19 

D 

9.74 

C1 

1.268 

D 

0.061 

C2 

61.17 

B 

9.59 

Mean 

1.297 

0.065 

62.10 

9.87 

F-value 

333.15 

24.37 

21.9 

59.12 

Pr>F 

<.O001 

<.0001 

<.0001 

<.0001 

STF/COM 

COM 

COM 

COM 

? 
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Figure 5.1. Observed trends for WA, Pl, P3 and MTA over the first 10 steps for all 
subjects.Error bars represent one standard deviation from the mean. 
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Figure 5.2. Observed frends for MKA, MC, STF and VIS over the first 10 steps for all 
subjects.Error bars represent one standard deviatíon from the mean. 
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Figure 5.3. Observed trends for WA, Pl, P3 and MTA over the first 60 steps for all 
subjects.Error bars represent one standard deviation from the mean. 

6 

4 

2 

1 

""-— 

MKA, 60 step 

--—__. _.-— —— 

• 

. 

D 01 02 03 

STF.60 step 

80 
-^ 
g 70 

Ll-

^w 
50 

• " 

D 01 02 03 
Countermeasure 

.2 

015 

' 01 

0.05 

0 

20 

15 

m 10 
m 
> 

5 

0 

M0.6 slep 

D 01 02 03 

VIS.60 step 

D 01 02 03 
Countermeasure 

Figure 5.4. Observed frends for MKA, MC, STF and VIS over the first 60 steps for all 
subjects.Error bars represent one standard deviation from the mean. 
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Table 5.13. Power estimates based on data from all subjects over 10 steps for the 
dependent variables listed. This is the power to reject the null hypothesis (i.e., that all 
means are equal for each countermeasure) when the means are not equal. 

Variable 
(prob. of Type II error) 

WA 
Pl 
P3 
MTA 
MKA 
MC 
STF 
VIS 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

0.74 

Power 

>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 

0.26 

Table 5.14. Power estimates based on data from all subjects over 60 steps for the 
dependent variables listed. This is the power to reject the nuU hypothesis (i.e., that all 
means are equal for each countermeasure) when the means are not equal. 

Variable /3 
(prob. of Type II error) 

Power 
(1-/3) 

WA 
Pl 
P3 
MTA 
MKA 
MC 
STF 
VIS 

<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 
<0.01 

>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 
>0.99 

5.2 Individual Subiect Analyses 

The individual subject data analyses reveal more information regarding the types 

of adaptation responses occurring due to both simulated partial gravity mnning and 
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countermeasures, yet it is still quite apparent from the data that in many cases the 

observed changes in the dependent variables (i.e., WA, Pl, P3, MTA, M CA, MC, STF, 

and VIS) persist over the entire sequence of 60 steps. Tables 5.15, 5.17, 5.19, 5.21, 5.23, 

5.25, 5.27, and 5.29 show the descriptíve statístícal summaries of WA, Pl, P3, MTA, 

MKA, MC, STF and VIS, respectively, over 10 steps. Tables 5.16, 5.18, 5.20, 5.22, 5.24, 

5.26, 5.28, and 5.30 show the descriptíve statístícal summaries of WA, Pl, P3, MTA, 

MKA, MC, STF and VIS, respectively, over 60 steps. Therefore, Tables 5.15-5.30 

present summaries for each response variable such that sequential tables show the 10 step 

and 60 step resuUs for one variable. In Tables 5.15-5.30, the lines extending beneath the 

mean values indicate that significant differences between those means (i.e., the means 

above a single line) do not exist. Tables 5.31 and 5.32 show power estímates for the 

individual analyses. These tables are followed by figures that show the mean and 

standard deviations for each dependent variable in a graphical format. 

Figures 5.5-5.36 present the graphical data for each dependent variable in a four 

figure sequence. For example, Figure 5.5 shows WA for subjects 2-6 and 8 over the first 

10 steps; Figure 5.6 shows WA for subjects 9-14 over the first 10 steps; Figure 5.7 shows 

WA for subjects 2-6 and 8 over all 60 steps; and Figure 5.8 shows WA for subjects 9-14 

over all 60 steps. This four figure pattem is repeated for all eight dependent variables. 

FoUowing the graphs are two tables (i.e., Tables 5.33 and 5.34) that show a classification 

of each subject for each dependent variable over both 10 steps and 60 steps such that the 

assignments of comphant (COM), stíff (STF) or not classified (NC) are made. 

The classification tables include both statistically significant quantitative 

catagorizatíon of the data and qualitatíve categorizatíon that attempts to identify the 

possible strategy adopted by the subject with respect to the subject's response to 

simulated partial gravity mnning. Therefore, a COM classificatíon may be associated 

with a subject's performance regarding a specific dependent variable due to shifts from 

baseline performance that appear (i.e., in the author's judgment) to support the a priori 

strategy of increased compliance (i.e., reduced impedance), even if a statistically 

significant difference was not observed. Table 5.33 presents the summary of both 
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Table 5.15. Descriptíve summary of WA for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

B 

0.967 

« 

B 

0.984 

• 

C3 

0.962 
9 

C2 

1.034 
m 

D 

0.977 

• 

B 

0.973 

B 

0.982 

C2 

1.034 

B 

1.017 

B 

1.021 

C3 

1.135 

C3 

1.098 

D 

0.964 

C3 

0.948 

C2 

0.945 

C1 

1.032 

C2 

0.957 

C3 

0.963 

C3 

0.929 

C3 

1.014 

C1 

1.007 

D 

0.977 

B 

1.059 

B 

1.010 

C3 

0.963 

C2 

0.948 

• 

D 

0.927 

B 

1.025 

B 

0.949 

C1 

0.959 

D 

0.925 

B 

1.008 

D 

1.004 

C3 

0.966 

D 

1.057 

C1 

0.996 

C1 

0.953 

C1 

0.917 

C1 

0.922 

C3 

1.019 

C3 

0.949 

C2 

0.957 

C2 

0.924 

D 

0.987 

C2 

0.994 

C1 

0.952 

C2 

1.051 

D 

0.987 

C2 

0.949 

• 

D 

0.913 

• 

B 

0.910 

• 
D 

1.007 

• 
C1 

0.945 

D 

0.941 

V 

C1 

0.920 

C1 

0.978 

C3 

0.987 

C2 

0.943 

C1 

1.037 

C2 

0.979 

• 

Mean 

0.959 

0.942 

0.933 

1.023 

0.955 

0.959 

0.929 

1.006 

1.002 

0.973 

1.068 

0.997 

F-value 

1.23 

5.73 

1.75 

1.31 

0.75 

1.72 

2.24 

2.62 

1.16 

6.4 

4.66 

3.82 

Pr>F 

0.31 

0.0012 

0.1569 

0.2827 

0.5638 

0.1635 

0.0852 

0.0493 

0.3425 

0.0006 

0.0035 

0.013 

STF/COM 

? 

COM 

? 

COM 

STF 

COM 

COM 

COM 

? 

COM 

STF 

COM 
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Table 5.16. Descriptíve summary of WA for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C2 

1.000 
A • 

B 

0.992 

C2 

0.955 

• 

C1 

1.043 

D 

0.988 

B 

0.984 

B 

0.991 
• — • 

B 

1.027 

B 

1.042 

• - • 

B 

1.003 

• - • 

C3 

1.075 

C3 

1.082 

B 

0.979 

C2 

0.973 

B 

0.955 

B 

1.043 

C2 

0.965 

• 

C2 

0.968 

• 

D 

0.960 

C3 

1.011 

C3 

1.011 

D 

0.960 

B 

1.052 

B 

1.031 

• - • 

D 

0.976 

C3 

0.952 

C1 

0.943 

• • 

C3 

1.030 

C3 

0.956 

C1 

0.961 

C3 

0.946 

C1 

1.009 

C2 

0.991 

C1 

0.952 

C2 

1.048 

C1 

0.999 

C1 

0.972 

C1 

0.951 

C3 

0.932 

C2 

1.029 

B 

0.952 

D 

0.960 

C2 

0.939 

D 

0.993 

C1 

0.991 

C2 

0.948 

C1 

1.047 

D 

0.991 

C3 

0.966 

• 

D 

0.940 

• 
D 

0.932 

• 

D 

1.019 

C1 

0.948 

• 

C3 

0.953 

• 

C1 

0.932 

C2 

0.992 

D 

0.987 

C3 

0.942 

D 

1.038 

C2 

0.990 

V 

Mean 

0.979 

0.962 

0.944 

1.033 

0.962 

0.965 

0.953 

1.006 

1.006 

0.960 

1.052 

1.009 

F-value 

8.9 

5.88 

3.92 

4.47 

6.18 

6.43 

13.74 

4.59 

12.89 

12.63 

3.81 

18.87 

Pr>F 

<.0001 

0.0002 

0.0042 

0.0016 

<.0001 

<.0001 

<.0001 

0.0013 

<.0001 

<.0001 

0.0049 

<.0001 

STF/COM 

? 

? 

COM 

COM 

STF 

COM 

COM 

COM 

COM 

COM 

? 

COM 
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Table 5.17. Descriptive summary of Pl for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

D 

1.192 

B 

1.174 

• 

B 

1.174 

D 

1.148 

C3 

1.164 

B 

1.198 

B 

1.191 

V w 

B 

1.207 

B 

1.198 

• • 
B 

1.253 

B 

1.340 

• • 

B 

1.219 

C2 

1.177 

D 

1.156 

C1 

1.139 

B 

1.145 

B 

1.152 

D 

1.135 

C2 

1.133 

C3 

1.195 

C3 

1.160 

C1 

1.235 

D 

1.291 

C2 

1.181 

C3 

1.173 

C3 

1.139 

• 

C3 

1.138 

C3 

1.144 

C1 

1.152 

C1 

1.124 

D 

1.124 

C1 

1.189 

D 

1.149 

C3 

1.214 

C2 

1.290 

C3 

1.180 

C1 

1.163 

• 

C2 

1.135 

D 

1.125 

C1 

1.143 

C2 

1.146 

C3 

1.119 

C1 

1.110 

C2 

1.184 

C1 

1.143 

C2 

1.188 

C1 

1.273 

D 

1.150 

B 

1.155 

• 
C1 

1.130 

C2 

1.115 

• 
C2 

1.123 

D 

1.140 

C2 

1.116 

C3 

1.109 

D 

1.183 

C2 

1.134 

D 

1.187 

C3 

1.249 

C1 

1.142 

Mean 

1.172 

1.148 

1.140 

1.140 

1.151 

1.138 

1.128 

1.193 

1.157 

1.212 

1.286 

1.171 

F-value 

2.34 

4.17 

8.06 

1.03 

0.8 

19.4 

9.98 

0.92 

7.02 

2 

8.45 

3.38 

Pr>F 

0.0697 

0.0069 

0.0001 

0.4068 

0.5345 

<.0001 

<.0001 

0.462 

0.0002 

0.1214 

<.0001 

0.0188 

STF/COM 

STF 

COM 

COM 

? 

? 

COM 

COM 

? 

COM 

COM 

COM 

COM 
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Table 5.18. Descriptíve summary of Pl for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

D 

1.184 

B 

1.176 

• ~ * 

B 

1.162 

• — • 

B 

1.156 

C1 

1.157 

B 

1.181 

B 

1.204 

B 

1.201 

B 

1.201 
• . • 

B 

1.245 

B 

1.324 

• • 

B 

1.193 

C3 

1.170 

0 

D 

1.149 
0 0 

C3 

1.140 

D 

1.153 

B 

1.156 

D 

1.134 

D 

1.130 

D 

1.190 

C3 

1.146 
^ • 

C1 

1.228 

D 

1.281 
0 

C2 

1.175 

C1 

1.167 

C3 

1.133 

• • 

D 

1.128 

C1 

1.150 

C3 

1.156 

C1 

1.120 

• 

C2 

1.125 

C3 

1.186 

D 

1.135 

D 

1.219 

• 

C1 

1.255 
0 

C3 

1.170 

C2 

1.161 

C2 

1.129 

C1 

1.127 

C3 

1.143 

C2 

1.148 

• 

C2 

1.112 
_ 
1 

C3 

1.119 

• 

C2 

1.185 

C1 

1.135 
^ • 

C3 

1.180 

• 
• 

C3 

1.251 

C1 

1.137 

B 

1.157 

• 
C1 

1.123 

• 

C2 

1.105 

• - • 

C2 

1.140 
_ • ' • 

D 

1.133 

• 

C3 

1.104 
^ 
• 

C1 

1.112 

• 

C1 

1.174 

C2 

1.129 

C2 

1.176 
_ • 

C2 

1.250 

D 

1.136 

Mean 

1.168 

1.143 

1.133 

1.149 

1.149 

1.131 

1.136 

1.188 

1.150 

1.207 

1.272 

1.160 

F-value 

6.14 

29.43 

16.2 

1.3 

7.5 

68.58 

117.79 

3.53 

73.95 

8.4 

18.72 

24.47 

Pr>F 

<.0001 

<.0001 

<.0001 

0.2702 

<.0001 

<.0001 

<.0001 

0.0081 

<.0001 

<.0001 

<.0001 

<.0001 

STF/COM 

STF 

COM 

COM 

? 

COM 

COM 

COM 

? 

COM 

COM 

COM 

COM 
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Table 5.19. Descriptive summary of P3 for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

B 

1.094 

C1 

1.264 

C1 

1.075 

C2 

1.218 

C3 

1.220 

B 

1.117 

B 

1.185 

C2 

1.195 

•— 

B 

1.138 

V 

C3 

1.473 

V 

B 

1.270 

B 

1.207 

C3 

1.089 

C3 

1.251 

B 

1.073 

C3 

1.210 

C1 

1.171 

C3 

1.103 

C2 

1.130 

C3 

1.190 

C3 

1.114 

C1 

1.453 

C2 

1.265 

C2 

1.181 

1 

D 

1.078 

B 

1.248 

C3 

1.067 

B 

1.199 

C2 

1.156 

C2 

1.098 

C1 

1.123 

B 

1.188 

D 

1.099 

• • 

C2 

1.362 

V 

D 

1.236 

l 
C3 

1.153 

C2 

1.074 

D 

1.234 

D 

1.045 

D 

1.191 

D 

1.152 

C1 

1.092 

D 

1.122 

D 

1.162 

C1 

1.084 

D 

1.361 
m 

C1 

1.224 

C1 

1.147 

C1 

1.057 

• 

C2 

1.184 

C2 

1.031 

C1 

1.171 

B 

1.129 

D 

1.062 

C3 

1.113 
A 

C1 

1.153 
0 

C2 

1.065 

B 

1.309 

C3 

1.222 

• 

D 

1.136 

• 

Mean 

1.078 

1.235 

1.059 

1.197 

1.166 

1.095 

1.129 

1.176 

1.100 

] 1.394 

1.241 

1.161 

F-value 

2.01 

3.2 

0.74 

1.45 

2.17 

3.24 

1.6 

2.07 

8.14 

4.73 

5.25 

4.97 

Pr>F 

0.1089 

0.0237 

0.5683 

0.2376 

0.09 

0.0209 

0.1964 

0.1083 

<.0001 

0.005 

0.002 

0.0026 

STF/COM 

? 

? 

? 

? 

STF 

COM 

COM 

COM 

COM 

STF 

COM 

COM 
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Table 5.20. Descriptive summary of P3 for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C3 

1.090 

m 

C1 

1.263 

C3 

1.077 
A 

C1 

1.204 

C3 

1.155 

C2 

1.126 

B 

1.170 

• — • 

B 

1.182 

B 

1.134 

• ~ * 

C1 

1.477 

B 

1.275 

C3 

1.170 
— V 

D 

1.082 

D 

1.250 

C1 

1.071 

D 

1.203 

C1 

1.154 

B 

1.113 

• — 

D 

1.115 

C3 

1.174 

C3 

1.098 
^ V 

C3 

1.460 

C2 

1.264 

B 

1.169 

B 

1.080 

C3 

1.242 

V 

D 

1.069 

C3 

1.199 

B 

1.132 

C1 

1.099 

1 
C2 

1.113 

D 

1.166 

C1 

1.090 

• 

D 

1.457 

C3 

1.238 

V 

C2 

1.160 

• 

C1 

1.046 

• • 
B 

1.221 

B 

1.066 

B 

1.196 

C2 

1.128 

C3 

1.086 

C3 

1.110 

C2 

1.163 

D 

1.078 

• 

C2 

1.416 

D 

1.232 

: — 

C1 

1.134 

• 

C2 

1.023 

• • 

C2 

1.218 

C2 

1.062 

V 

C2 

1.187 

D 

1.082 

D 

1.077 

C1 

1.108 

C1 

1.146 

C2 

1.072 

B 

1.343 

C1 

1.213 

• 

D 

1.118 

Mean 

1.064 

1.238 

1.069 

1.198 

1.128 

1.099 

1.122 

1.167 

1.095 

1.433 

1.243 

1.145 

F-value 

34.63 

3.82 

0.26 

1.02 

8.19 

9.74 

27.83 

5.29 

32.7 

13.69 

20.3 

14.59 

Pr>F 

<.0001 

0.0049 

0.9054 

0.3992 

<.0001 

<.0001 

<.0001 

0.0004 

<.0001 

<.0001 

<.0001 

<.0001 

STF/COM 

? 

STF 

? 

? 

COM 

COM 

COM 

COM 

COM 

STF 

COM 

COM 
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Table 5.21. Descriptive summary of MTA for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C2 

5.892 
0 

C1 

5.880 

C2 

5.986 

D 

5.755 

C1 

6.147 

B 

5.761 

B 

5.830 

C2 

5.869 

B 

5.845 

C3 

5.885 

C1 

6.118 

C2 

5.869 

C3 

5.862 

C2 

5.842 

C3 

5.970 

C3 

5.753 

C2 

6.129 

C3 

5.736 

C3 

5.813 

C3 

5.860 

C2 

5.841 

C1 

5.875 

C3 

6.082 

C3 

5.826 

B 

5.854 

D 

5.842 

D 

5.935 

C1 

5.751 

C3 

6.115 

C2 

5.729 

C1 

5.812 

D 

5.842 

C1 

5.830 

C2 

5.873 

C2 

6.066 

B 

5.814 

D 

5.842 

C3 

5.820 

• 

B 

5.934 

• 

B 

5.732 

D 

6.113 

C1 

5.708 

C2 

5.796 

C1 

5.836 

D 

5.812 

• 

D 

5.811 

D 

6.058 

C1 

5.788 

C1 

5.836 

• 

B 

5.752 

C1 

5.925 

C2 

5.713 

• 
B 

6.072 

D 

5.684 

D 

5.796 

B 

5.806 

C3 

5.759 

• 

B 

5.794 

B 

6.032 

D 

5.780 

Mean 

5.857 

5.827 

5.950 

5.741 

6.115 

5.724 

5.809 

5.842 

5.817 

5.847 

6.071 

5.815 

F-value 

2.39 

8.63 

3.25 

0.84 

0.7 

1.38 

0.35 

1.91 

6.4 

7.33 

4.85 

2.81 

Pr>F 

0.065 

<.0001 

0.02 

0.5066 

0.5986 

0.2551 

0.8444 

0.1254 

0.0004 

0.0001 

0.0025 

0.0363 

STF/COM 

? 

STF 

? 

? 

STF 

COM 

COM 

STF 

COM 

STF 

STF 

COM 
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Table 5.22. Descriptive summary of MTA for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

D 

5.887 

C1 

5.898 

C3 

5.994 
9 

D 

5.804 

C1 

6.154 

B 

5.766 

C2 

5.829 

C3 

5.860 

B 

5.862 
0 0 

C2 

5.857 

D 

6.137 

C2 

5.824 

• — • 

C3 

5.875 

w 

D 

5.854 

C2 

5.983 
0 
• 

C1 

5.800 

C2 

6.135 

• 

D 

5.748 

D 

5.827 

C2 

5.856 

C2 

5.822 

V 

C1 

5.846 

• 

C1 

6.131 

• 

B 

5.789 

B 

5.862 

C3 

5.835 

B 

5.966 

C3 

5.782 

C3 

6.127 

C2 

5.747 

C1 

5.826 

D 

5.835 

• 

C3 

5.798 

• 

C3 

5.827 
_ • -
• 

C3 

6.102 

1 
C3 

5.784 

C1 

5.861 

• 
C2 

5.826 

• 

D 

5.961 

• 

B 

5.742 

D 

6.090 

— • 

C3 

5.745 

B 

5.819 

C1 

5.825 

C1 

5.793 

D 

5.803 

C2 

6.071 

t— 
D 

5.734 

C2 

5.836 

a • 

B 

5.800 

C1 

5.936 

• • 

C2 

5.694 

B 

6.039 

C1 

5.743 

C3 

5.806 

B 

5.818 

• 

D 

5.782 

• 

B 

5.802 

B 

6.062 

• 

C1 

5.729 

Mean 

5.864 

5.842 

5.966 

5.765 

6.107 

5.750 

5.821 

5.840 

5.813 

5.828 

6.101 

5.772 

F-value 

10.91 

15.71 

12.5 

41.92 

10.36 

0.89 

0.96 

6.29 

23.83 

12.81 

17.81 

24.44 

Pr>F 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

0.4704 

0.4323 

<.0001 

<.0001 

<.0001 

<.0001 

<.0001 

STF/COM 

STF 

STF 

? 

STF 

STF 

? 

? 

? 

COM 

? 

STF 

COM 
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Table 5.23. Descriptíve summary of MKA for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

B 

1.281 
0 

B 

1.273 
m 

D 

1.309 

C1 

1.532 

D 

0.844 

C1 

1.393 

C2 

1.554 

C1 

1.533 

D 

1.480 

B 

1.414 

B 

1.110 

D 

1.501 

C1 

1.269 

C1 

1.217 

B 

1.286 

C3 

1.519 

B 

0.819 

D 

1.305 

C1 

1.536 

C2 

1.496 

C3 

1.480 

C3 

1.394 

C2 

1.014 

C1 

1.448 

C2 

1.260 

C3 

1.212 

C3 

1.279 

B 

1.514 

C2 

0.788 

C3 

1.284 

D 

1.520 

B 

1.490 

C2 

1.436 

D 

1.384 

D 

0.956 

B 

1.403 

D 

1.259 

C2 

1.196 

C1 

1.269 

C2 

1.499 

03 

0.784 

C2 

1.268 

C3 

1.518 

C3 

1.441 

B 

1.419 

C2 

1.339 

C1 

0.813 

C3 

1.381 

C3 

1.256 
_ • 

D 

1.166 

• 

C2 

1.242 

• 
D 

1.464 

C1 

0.760 

B 

1.250 

B 

1.406 

D 

1.438 

C1 

1.415 

C1 

1.296 

C3 

0.756 

C2 

1.379 

Mean 

1.265 

1.213 

1.277 

1.505 

0.799 

1.300 

1.507 

1.480 

1.446 

1.365 

0.930 

1.423 

F-value 

0.36 

2.07 

0.69 

0.38 

1.65 

4.49 

6.93 

3.73 

2.05 

3.63 

16.44 

1.49 

Pr>F 

0.8362 

0.0999 

0.6039 

0.8223 

0.1816 

0.0039 

0.0002 

0.0106 

0.1029 

0.012 

<.0001 

0.2212 

STF/COM 

? 

COM 

STF 

COM 

? 

STF 

STF 

COM 

STF 

? 

COM 

STF 
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Table 5.24. Descriptive summary of MKA for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

B 

1.282 

B 

1.252 

D 

1.274 

B 

1.563 

V 

B 

0.887 

D 

1.326 

• ~ 

C1 

1.539 
• 

C1 

1.548 
• 

D 

1.504 
• — 

D 

1.438 
• 

B 

1.097 
• • 

D 

1.561 
. • 

D 

1.259 

w 

C3 

1.201 
* 

B 

1.274 

C2 

1.544 

D 

0.853 

B 

1.295 

D 

1.510 

• — 

C2 

1.527 
• 

C3 

1.470 
• 

C3 

1.436 

C2 

0.974 

• • 

C1 

1.524 

t 

C3 

1.257 

C1 

1.187 

C1 

1.260 

C3 

1.481 

C2 

0.792 
• 

C2 

1.292 

C2 

1.509 

• 

C3 

1.476 

• 

B 

1.421 

• 

B 

1.421 

• 

D 

0.835 

• 

B 

1.486 

1 

C2 

1.243 

• 
C2 

1.185 

C2 

1.252 

D 

1.472 

C1 

0.749 

C1 

1.288 

C3 

1.501 

B 

1.470 

• 

C2 

1.418 

• 

C2 

1.398 

• 

C1 

0.784 

• 

C3 

1.438 

t— 

C1 

1.203 

• • 

D 

1.104 

• w 

C3 

1.224 

C1 

1.448 

C3 

0.747 
• 

C3 

1.284 
0 

B 

1.458 

• • 

D 

1.418 

• • 

C1 

1.370 

• • 

C1 

1.380 

• 

C3 

0.696 

• • 

C2 

1.405 

• 

Mean 

1.249 

1.186 

1.259 

1.502 

0.808 

1.297 

1.503 

1.485 

1.441 

1.414 

0.876 

1.483 

F-value 

17.66 

11.42 

2.25 

13.05 

24.7 

1.83 

9.56 

24.75 

20.91 

4.81 

133.31 

11.59 

Pr>F 

<.0001 

<.0001 

0.0637 

<.0OO1 

<.0001 

0.1234 

<.0001 

<.0001 

<.0001 

0.001 

<.0001 

<.0001 

STF/COM 

COM 

COM 

? 

COM 

COM 

STF 

STF 

COM 

STF 

? 

COM 

STF 
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Table 5.25. Descriptive summary of MC for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C1 

0.078 

C2 

0.089 

C2 

0.055 

C2 

0.038 

B 

0.104 

D 

0.066 

B 

0.078 

C1 

0.121 

C2 

0.068 

• 
C3 

0.075 

•— 
D 

0.109 

V 

B 

0.095 

B 

0.069 

C1 

0.083 

B 

0.051 

C1 

0.038 

C1 

0.072 

C1 

0.059 

C3 

0.069 

C2 

0.121 

C1 

0.064 

B 

0.064 

B 

0.107 

C3 

0.095 

C2 

0.056 

C3 

0.074 

C3 

0.043 

D 

0.029 

C2 

0.055 

C3 

0.046 

C1 

0.066 

D 

0.118 

B 

0.058 

C2 

0.054 

C2 

0.088 

C2 

0.083 

D 

0.053 

D 

0.056 

• 

D 

0.042 

B 

0.025 

03 

0.052 

C2 

0.044 

C2 

0.048 

C3 

0.098 

C3 

0.040 

C1 

0.049 

C1 

0.085 

C1 

0.059 

C3 

0.052 

B 

0.035 

• 

C1 

0.022 

C3 

0.022 

D 

0.048 

B 

0.038 

D 

0.031 

B 

0.070 

D 

0.038 
m 

D 

0.041 

0 

C3 

0.059 

D 

0.056 

Mean 

0.062 

0.068 

0.043 

0.030 

0.066 

0.051 

0.058 

0.106 

0.054 

0.056 

0.090 

0.077 

F-value 

0.98 

6.28 

2.85 

1.01 

3.42 

1.25 

3.6 

3.31 

1.7 

1 

2.36 

3.57 

Pr>F 

0.426 

0.0005 

0.0343 

0.4144 

0.0159 

0.3043 

0.0126 

0.0185 

0.1657 

0.4169 

0.0675 

0.0129 

STF/COM 

COM 

STF 

COM 

? 

COM 

STF 

COM 

STF 

COM 

COM 

? 

COM 
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Table 5.26. Descriptíve summary of MC for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

D 

0.085 

• 

C1 

0.097 

B 

0.066 

• 

C2 

0.043 

C1 

0.093 

C3 

0.046 

B 

0.076 

C2 

0.113 

C2 

0.072 

B 

0.052 

D 

0.106 

C2 

0.093 

C1 

0.068 

• 

C3 

0.088 

C3 

0.060 

C1 

0.035 

C2 

0.084 

B 

0.043 

C1 

0.070 

C1 

0.112 

C1 

0.063 

t 
C3 

0.052 

B 

0.101 

B 

0.081 

t 

C2 

0.066 

D 

0.077 

C2 

0.059 

• 

B 

0.028 

B 

0.075 

C2 

0.043 

C2 

0.064 

D 

0.112 

B 

0.055 

C2 

0.051 

C2 

0.090 

C3 

0.070 

• 

B 

0.063 

C2 

0.071 

D 

0.051 

D 

0.026 

C3 

0.058 

D 

0.042 

D 

0.059 

C3 

0.095 

• 

C3 

0.053 

D 

0.039 

C1 

0.088 

D 

0.049 

C3 

0.059 

• 
B 

0.068 

• 
C1 

0.031 

• • 

C3 

0.024 

D 

0.036 

C1 

0.042 

C3 

0.055 

B 

0.078 

• 

D 

0.047 

• 

C1 

0.038 

C3 

0.069 

C1 

0.043 

Mean 

0.068 

0.080 

0.053 

0.031 

0.070 

0.043 

0.065 

0.102 

0.057 

0.046 

0.091 

0.067 

F-value 

4.21 

3.95 

18.46 

7.52 

19.19 

0.2 

3.89 

9.02 

5.94 

2.94 

4.72 

32.4 

Pr>F 

0.0025 

0.0039 

<.O0O1 

<.0001 

<.0001 

0.9392 

0.0043 

<.0001 

0.0001 

0.0212 

0.0011 

<.0001 

STF/COM 

STF 

? 

COM 

? 

COM 

? 

COM 

STF 

COM 

COM 

? 

COM 
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Table 5.27. Descriptive summary of STF for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C1 

73.432 

B 

66.522 

B 

75.030 

C2 

69.113 

C3 

59.675 

D 

72.911 

B 

62.238 

6 

71.496 

C3 

72.145 

B 

64.335 

C2 

75.503 

B 

77.965 

C2 

67.179 

C3 

66.249 

C1 

65.404 

D 

68.326 

D 

59.344 

C1 

69.341 

D 

59.842 

C3 

65.766 

B 

66.746 

C1 

60.795 

B 

71.128 

C2 

70.932 

• 

C3 

65.329 

C1 

62.323 

• 

D 

63.963 

C1 

67.865 

C2 

58.218 

B 

68.800 

C1 

59.467 

C1 

63.186 

D 

63.249 

C2 

59.484 

C1 

70.515 

C3 

65.024 

D 

63.215 

C2 

56.916 

C3 

61.404 

B 

67.424 

B 

57.624 

C2 

66.107 

C2 

56.902 

D 

62.508 

C1 

60.608 

C3 

56.867 

D 

70.468 

D 

63.280 

• 

B 

60.637 

• 
D 

56.884 

• 

C2 

59.407 

C3 

67.368 

C1 

55.902 

C3 

65.576 

C3 

55.406 

C2 

59.857 

C2 

56.483 

D 

56.597 

C3 

68.039 

C1 

57.782 

Mean 

65.958 

61.779 

65.042 

68.085 

58.152 

68.547 

58.771 

64.562 

63.451 

59.148 

71.131 

66.745 

F-value 

6.84 

7.96 

3.56 

0.1 

1.47 

2.34 

2.83 

1.34 

4.81 

1.81 

2.13 

7.51 

Pr>F 

0.0002 

<.0001 

0.0131 

0.9815 

0.227 

0.069 

0.0353 

0.2686 

0.003 

0.1462 

0.0922 

0.0001 

STF/COM 

STF 

COM 

COM 

? 

STF 

STF 

COM 

COM 

COM 

? 

? 

COM 
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Table 5.28. Descriptive summary of STF for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

C1 

70.133 

• 

B 

59.928 
0 

B 

65.124 

• 

C2 

70.224 

C3 

59.745 

D 

67.435 

B 

61.884 
• • 

B 

67.585 

B 

64.298 

B 

59.590 

B 

70.381 

B 

67.808 

C2 

69.184 

• 

C3 

57.259 

• 

C3 

63.519 

C3 

69.371 

B 

59.729 

B 

64.077 

• 

D 

58.344 

D 

65.758 

C1 

64.257 

C1 

58.742 

C1 

68.211 

C2 

66.856 

C3 

65.834 

• • 

D 

55.586 

• 

C1 

61.224 

— • • 

C1 

69.004 

D 

59.429 

01 

63.314 

• 

C1 

57.714 

02 

65.320 

C3 

62.609 

D 

58.248 

C2 

67.664 

01 

59.226 

D 

60.675 

• 

C1 

53.520 

D 

59.900 

B 

68.383 

C1 

58.142 

03 

59.739 

03 

56.815 

03 

63.198 

D 

59.600 

t 
02 

54.813 
w • 

D 

67.581 

D 

59.055 

B 

60.466 
• 

02 

53.458 
_ • 

02 

57.218 

——• 

D 

66.644 

C2 

56.651 

02 

59.162 

C2 

56.240 

C1 

62.197 

02 

56.065 

• 

03 

54.061 

C3 

62.392 

C3 

58.522 

Mean 

65.258 

55.985 

61.254 

68.726 

58.675 

62.746 

58.199 

64.940 

61.090 

56.932 

67.240 

62.229 

F-value 

48.39 

8.21 

6.21 

2.67 

3.34 

14.71 

15.62 

1.87 

7.3 

7.31 

9.69 

13.48 

Pr>F 

<.0001 

<.0001 

<,0001 

0.0327 

0.0109 

<.0001 

<.0001 

0.116 

<.0001 

<.0001 

<.0001 

<.0001 

STF/COM 

STF 

COM 

COM 

? 

? 

STF 

COM 

COM 

COM 

STF 

COM 

COM 
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Table 5.29. Descriptive summary of VIS for each subject showing mean values for each 
countermeasure over 10 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

D 

10.13 

• 

C2 

13.86 
j 

D 

5.96 
m 

B 

8.48 

• 

B 

15.86 

B 

13.88 

D 

9.98 

01 

11.29 

C1 

12.42 

C3 

16.64 

C3 

12.75 

D 

12.31 

B 

9.01 

C1 

13.86 

B 

4.69 

C2 

6.05 

C1 

15.63 

C3 

12.43 

02 

9.31 

B 

9.50 

02 

10.13 

02 

16.49 

B 

11.16 

02 

11.31 

C3 

8.58 

• 

D 

13.30 

C3 

4.35 

C3 

5.74 

03 

15.57 

02 

11.27 

C3 

9.12 

D 

8.22 

03 

8.64 

01 

16.05 

01 

10.97 

B 

9.77 

C2 

6.26 

• 
• 

03 

12.49 

01 

3.89 

D 

5.07 

• 

D 

15.34 

D 

10.94 

B 

9.10 

03 

7.54 

B 

7.61 

D 

15.96 

D 

10.76 

01 

8.28 

01 

4.69 
• 

B 

12.06 

• 

02 

3.66 

C1 

3.60 

C2 

15.09 

C1 

8.44 

01 

8.43 

C2 

6.56 

D 

4.27 

B 

10.90 

C2 

8.15 

03 

7.94 

Mean 

7.73 

13.11 

4.51 

5.79 

15.50 

11.39 

9.19 

8.60 

8.39 

15.64 

10.76 

9.92 

F-value 

9.14 

1.51 

0.87 

3.88 

2.78 

5.37 

0.66 

0.98 

3.73 

8.69 

6.25 

1.25 

Pr>F 

<.0001 

0.2143 

0.4875 

0.0086 

0.0379 

0.0013 

0.6231 

0.4303 

0.0111 

<.0001 

0.0004 

0.3026 

STF/COM 

STF 

? 

STF 

COM 

COM 

COM 

STF 

COM 

COM 

STF 

? 

STF 
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Table 5.30. Descriptive summary of VIS for each subject showing mean values for each 
countermeasure over 60 steps and differences using Tukey's method (alpha = 0.05). 

Subject 

2 

3 

4 

5 

6 

8 

9 

10 

11 

12 

13 

14 

B 

10.11 

C1 

14.52 

03 

7.11 

• 

B 

9.06 
0 0 

01 

15.74 

C3 

11.51 

V w 

02 

11.39 

• 

C1 

13.64 

• 

C1 

11.56 

• — • 

C3 

16.46 
_ • 

03 

12.91 

• — • 

D 

8.62 

• 

D 

10.01 

02 

14.50 

B 

6.34 

01 

6.96 

• 

C2 

15.66 

B 

9.72 

D 

10.80 

C2 

11.31 

• 
• 
C2 

6.46 

• 

02 

16.02 

• -

01 

12.91 

• 

02 

8.62 

03 

9.28 

D 

14.31 

D 

6.14 

• 
• 

03 

6.26 

B 

15.55 

C2 

8.90 

• — 

03 

10.72 

• 

D 

9.52 

• 

C3 

6.12 

01 

15.60 

D 

9.98 

01 

7.83 

C2 

8.37 

03 

14.11 

02 

4.98 

• 
• 

D 

6.00 

C3 

15.44 

01 

7.76 

01 

10.29 

B 

8.85 

• 

D 

5.10 

D 

15.42 
-0 

C2 

9.60 

B 

6.50 

• 

01 

5.52 
^ _ • • 

B 

13.32 

01 

4.91 

• 

02 

5.29 

D 

15.27 

D 

7.63 

• 

B 

8.93 

• • 

03 

7.45 

• 

B 

5.03 

w 

B 

14.76 

• 

B 

9.02 
0 

03 

5.59 

Mean 

8.66 

14.15 

5.81 

6.72 

15.54 

9.10 

10.42 

9.81 

6.31 

15.69 

10.38 

J 7.43 

F-value 

33.14 

3.87 

4.36 

15.9 

5.11 

12.75 

12.52 

7.59 

13.28 

2.5 

19.59 

3.93 

Pr>F 

<.0001 

0.0044 

0.002 

<.0001 

0.0006 

<.0001 

<.0001 

<.0001 

<.0001 

0.0431 

<.0001 

0.004 

STF/COM 

? 

? 

? 

COM 

COM 

COM 

STF 

? 

? 

? 

? 

STF 

' 
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quantitative and qualitative assessments of impedance modulation sfrategies for WA, Pl, 

P3, and MTA. Table 5.34 presents the summary of quantítative and qualitative 

assessments of impedance modulatíon sfrategies for MKA, MC, STF, and VIS. The 

general discussion of the results for these data (i.e., in section 5.3) with regard to the prioi 

hypotheses are made based only on the quantitative (i.e., statistically significant) 

fîndings. 

Table 5.31. Summary of power estimates for tests of WA, Pl, P3, and MTA for 
individua 

Subject 
Number 

2 
3 
4 
5 
6 
8 
9 
10 
11 
12 
13 
14 

subject analyses over 10 and 60 steps. 
WA 

10 60 
0.78 
0.85 
0.72 
0.87 
0.47 
0.75 
0.98 
0.98 
0.56 
0.99 
1.00 
1.00 

1.00 
0.92 
0.68 
0.33 
0.98 
0.89 
0.94 
0.92 
1.00 
0.98 
0.94 
1.00 

P1 

10 60 
0.94 
0.97 
1.00 
0.66 
0.38 
0.97 
1.00 
0.63 
0.83 
1.00 
0.97 
0.90 

0.86 
1.00 
1.00 
0.86 
0.90 
0.99 
1.00 
0.99 
1.00 
1.00 
1.00 
1.00 

P3 

10 
0.78 
1.00 
0.46 
0.80 
0.85 
0.93 
0.86 
0.89 
1.00 
1.00 
0.89 
0.99 

60 
1.00 
0.99 
0.40 
0.65 
1.00 
1.00 
1.00 
0.99 
1.00 
1.00 
1.00 
1.00 

MTA 

10 
0.97 
1.00 
0.99 
0.52 
0.42 
0.76 
0.37 
0.87 
0.99 
1.00 
0.81 
0.89 

60 
1.00 
1.00 
1.00 
0.99 
0.99 
0.49 
0.47 
0.97 
0.92 
0.96 
0.98 
0.99 

Table 5.32. Summary of power estimates for tests of MKA, MC, STF 
individua 

Subject 
Number 

2 
3 
4 
5 
6 
8 
9 
10 
11 
12 
13 
14 

subject analyses over 10 and 60 steps. 
MKA 

10 60 
0.37 
0.79 
0.39 
0.37 
0.77 
0.90 
0.79 
1.00 
0.79 
0.99 
1.00 
0.80 

0.97 
1.00 
0.96 
0.94 
1.00 
0.70 
0.85 
1.00 
0.99 
0.88 
1.00 
0.83 

MC 

10 60 
0.40 
0^99 
0.79 
0.60 
0.91 
0.70 
0.88 
0.83 
0.64 
0.72 
0.75 
0.97 

0.74 
0.96 
1.00 
0.82 
1.00 
0.40 
0.87 
0.92 
0.93 
0.92 
0.95 
1.00 

STF 

10 60 
1.00 
0.92 
0.92 
0.39 
0.77 
0.93 
0.94 
0.75 
0.91 
0.88 
0.77 
1.00 

1.00 
0.84 
0.96 
0.85 
0.87 
0.99 
0.98 
0.84 
0.94 
0.99 
0.98 
0.93 

and VIS for 

VIS 

10 
1.00 
0.80 
0.40 
0.85 
0.82 
0.93 
0.40 
0.56 
0.97 
0.97 
0.95 
0.72 

60 
1.00 
1.00 
0.83 
0.90 
0.95 
1.00 
0.81 
1.00 
1.00 
0.90 
1.00 
0.96 
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Figure 5.5. Observed trends for WA over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.6. Observed trends for WA over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation fr'om the mean. 
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Figure 5.7. Observed trends for WA over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.8. Observed trends for WA over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation fi-om the mean. 
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Figure 5.9. Observed trends for Pl over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.10. Observed trends for Pl over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation íirom the mean. 
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Figure 5.11. Observed trends forPl overthe first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.12. Observed trends for Pl over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation fi-om the mean. 
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Figure 5.13. Observed trends for P3 over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.14. Observed trends for P3 over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation fi"om the mean. 
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Figure 5.15. Observed trends for P3 over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.16. Observed trends for P3 over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation fi-om the mean. 
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Figure 5.17. Observed trends for MTA over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.18. Observed trends for MTA over the first 10 steps for subjects 9-14. Error 
bars represent one standard deviation from the mean. 
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Figure 5.19. Observed trends for MTA over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.20. Observed trends for MTA over the first 60 steps for subjects 9-14. Error 
bars represent one standard deviation from the mean. 
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Figure 5.21. Observed trends for MKA over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.22. Observed trends for MKA over the first 10 steps for subjects 9-14. Error 
bars represent one standard deviation from the mean. 
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Figure 5.23. Observed trends for MKA over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviatíon from the mean. 
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Figure 5.24. Observed trends for MKA over the first 60 steps for subjects 9-14. Error 
bars represent one standard deviation from the mean. 
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Figure 5.25. Observed trends for MC over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.26. Observed trends for MC over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Figure 5.27. Observed trends for MC over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.28. Observed trends for MC over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Figure 5.29. Observed trends for STF over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.30. Observed trends for STF over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Figure 5.31. Observed trends for STF over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.32. Observed trends for STF over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Figure 5.33. Observed trends for VIS over the first 10 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.34. Observed trends for VIS over the first 10 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Figure 5.35. Observed trends for VIS over the first 60 steps for subjects 2-6, and 8. 
Error bars represent one standard deviation from the mean. 
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Figure 5.36. Observed trends for VIS over the first 60 steps for subjects 9-14. Error bars 
represent one standard deviation from the mean. 
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Table 5.33. Summary of quahtafive assessments of sfiff versus compliant strategy 
implementatíon for all subjects over 10 and 60 steps for WA, Pl, P3 and MTA. Items in 
bold represent statístically significant findings. Data that could not be classified as stiff or 
comphant are labeled as NC (i.e., not classified). 

Subject 
Number 

2 

3 
4 
5 
6 
8 
9 
10 
11 
12 
13 
14 

WA 
10 
NC 

COM 

NC 

COM 

STF 

COM 

COM 

COM 

NC 

COM 

NC 

COM 

60 
NC 

NC 

COM 

COM 

STF 

COM 

COM 

COM 

COM 

COM 

COM 

COM 

P1 
10 

STF 

COM 

COM 

NC 

NC 

COM 

COM 

NC 

COM 

COM 

COM 

COM 

60 
STF 

COM 

COM 

NC 

COM 

COM 

COM 

NC 

COM 

COM 

COM 

COM 

P3 
10 
NC 

NC 

NC 

NC 

STF 

COM 

COM 

COM 

COM 

STF 

COM 

COM 

60 
NC 

STF 

NC 

NC 

COM 

COM 

COM 

COM 

COM 

STF 

COM 

COM 

MTA 
10 60 
NC 

STF 

NC 

NC 

STF 

COM 

COM 

STF 

COM 

STF 

STF 

COM 

STF 

STF 

NC 

STF 

STF 

NC 

NC 

NC 

COM 

NC 

STF 

COM 

Table 5.34. Summary of qualitative assessments of stiff versus compliant strategy 
implementation for all subjects over 10 and 60 steps for MKA, MC, STF and VIS. Items 
in bold represent statistically significant findings. Data that could not be classified as stíff 
or compliant are labeled as NC (i.e., not classified). 

Subject 
Number 

2 
3 
4 
5 
6 
8 
9 
10 
11 
12 
13 
14 

MKA 

10 
NC 

STF 

COM 

STF 

NC 

COM 

COM 

STF 

COM 

STF 

STF 

COM 

60 
STF 

STF 

NC 

STF 

STF 

COM 

COM 

STF 

COM 

NC 

STF 

COM 

MC 
10 

COM 

STF 

COM 

NC 

COM 

STF 

COM 

STF 

COM 

COM 

NC 

COM 

60 
STF 

NC 

COM 

NC 

COM 

NC 

COM 

STF 

COM 

COM 

NC 

COM 

STF 

10 
STF 

COM 

COM 

NC 

STF 

STF 

COM 

COM 

COM 

NC 

NC 

COM 

60 
STF 

COM 

COM 

NC 

NC 

STF 

COM 

COM 

COM 

STF 

COM 

COM 

VIS 
10 

STF 

NC 

STF 

COM 

COM 

COM 

STF 

COM 

COM 

STF 

NC 

STF 

60 
NC 

NC 

NC 

COM 

COM 

COM 

STF 

NC 

NC 

NC 

NC 

STF 

It is interesting to note in Tables 5.33 and 5.34 that the qualitatíve assignments for 

a particular subject do not reveal a completely consistent pattem of either compliant or 

stiff strategy responses for all variables. Subject 2 displays a majority of responses that fit 
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the stíff a priori strategy (i.e., for Pl, MTA, STF, and VIS) with MKA and MC 

suggestíng some comphance. Subjects 4, 5, 8, 9, 11, 13, and 14 display more compliant 

strategy responses than stiff strategy responses and subjects 3, 6, 10, and 12 are neariy 

evenly split between compliant and stíff responses. The reason for these discrepancies 

may be due to the fact that many of the observed differences are slight, leading to 

improper classifications or to a problem with the a priori expectation that all of the 

response variables would simultaneously display increased/reduced indicatíons of 

impedance modulatíon. Another interesting finding seen in Tables 5.33 and 5.34 are the 

two sets of confradictory information regarding the classification of a specific variable. 

Subject 2 presents an apparent compliant trend for MC in the fírst 10 steps, but a stíff 

trend over all 60 steps. Subject 6 presents an apparent stíff trend for P3 in the first 10 

steps, but a compliant trend over all 60 steps. Again, these differences may be trivial 

given that for subject 2 the difference between B and D for the first 10 steps of MC and 

for subject 6 the difference between B and D for the first ten steps of P3 are not 

statistically significant. 

Overall, the data shown in Tables 5.13-5.30 and Figures 5.5-5.36 provide some 

support to the assumption that compliant-type responses would predominate over stiff-

type responses with respect to the effect of simulated partial gravity running on precision 

stepping performance. The next item to be addressed is the effect of countermeasures on 

retuming post-suspension run stepping performance toward the baseline. In examining 

the effect of the countermeasures, it is helpful to review Figures 5.5-5.36 and to examine 

Figures 5.37-5.44. Again, a somewhat qualitative catagorization system is provided to 

combine information from both statistically significant differences between 

countermeasure effects and observable trends that do not reach the threshold of statistical 

significance. Figures 5.37-5.44 present this classificatíon summary for WA, Pl, P3, 

MTA, MKA, MC, STF, and VIS, respectively with a breakdown of how each subjects 

appeared to respond. 

In Figure 5.37, it is shown that 11 of 12 subjects displayed an effect of simulated 

partial gravity mnning on WA. Out of the 11 subjects showing a response, 10 appeared to 
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m display a compliant response. For those 10 subjects, 8 showed an improvement 

performance due to the use of countermeasures. For the 8 subjects displaying the 

compliant response and the one subject displaying the stiff response, the C3 

countermeasure appeared to be most effectíve for retuming performance to baseline over 

10 steps. Less agreement was found on a single effective countermeasure over 60 steps 

for the same 9 subjects. The fact that different countermeaures appeared to be effective 

for different subjects over 60 steps with respect to WA is important given that an 

apparent effectíve countermeasure over 10 steps could not be found for 3 of the 8 

compliant response subjects. 

Figure 5.38 shows a summary of subject responses for the dependent variable Pl. 

In this case, 10 of 12 subjects displayed an effect on performance due to simulated partial 

gravity mnning. Nine of the 10 subjects appeared to show a compliant response and one 

showed a stiff response. Five of the 9 compliant subjects and the one stiff-strategy subject 

appeared to be helped by countermeasures. Therefore, four of the 9 compliant strategy 

subjects did not display either a statistically significant trend or an observable trend that 

suggested an improvement in Pl performance due to using a countermeasure. For the 5 

compliant subjects who did show an improvement with a countermeasure, a single 

countermeasure did not emerge as optimal, but the countermeasure that appeared helpflil 

for 10 steps also appeared helpful over 60 steps for an individual subject. 

In Figure 5.39, nine of 12 subjects showed an effect on P3 due to simulated partial 

gravity running, with 7 of 9 displaying a compliant response (i.e., the remaining two 

displayed a stiff response). For the 7 subjects displaying the compliant response and the 2 

subjects displaying the stiff response, countermeasures C2 or C3 appeared to be most 

effective for retuming to baseline performance depending upon the subject. Figure 5.40 

shows that 11 of 12 subjects displayed an effect on MTA due to simulated partial gravity. 

Among these 11 subjects, 4 appeared compliant and 7 appeared stiff Countermeasures 

appeared to help all 4 of the compliant subjects and 5 of the 7 stiff strategy subjects with 

C2 and C3 revealing the most benefít. 
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The results for MKA are shown in Figure 5.41 as all subjects displayed an effect 

due to simulated partial gravity mnning with 7 compliant and 5 stiff responses. 

Countermeasures appeared effective for 6 of the 7 compliant subjects and 4 of the 5 stiff 

strategy subjects. No particular countermeasure appeared to be most effective across the 

group for retuming to baseline performance. hi Figure 5.42, 10 of 12 subjects are shown 

to display an effect on MC due to simulated partial gravity mnning with 6 of 10 

displaying the compliant response and the remaining 4 displaying the stiff response. For 

all 6 compliant response subjects an apparently effective countermeasure was identífíed. 

The 4 stíff response subjects were also aided by either C2 or C3 in retuming to baseline 

performance. 

Figure 5.43 revealed that 11 of 12 subjects displayed an effect on STF due to 

simulated partial gravity mnning with 7 of 11 categorized as compliant and the remaining 

4 as stiff. Five of the 7 compliant subjects were aided by countermeasures as were 3 of 

the 4 stiff strategy subjects. C3 appeared to be the most common effective 

countermeasure for both compliant and stiff strategy subjects. In Figure 5.44, 11 of 12 

subjects displayed an effect on VIS due to simulated partial gravity mnning with 5 of 12 

being classified as compliant and 6 as stiff. Four of the 5 compliant subjects showed 

countermeasures to be effective as did 5 of the stiff subjects. Again, it was found that 

different subjects showed different countermeasures to be effective. 
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Figure 5.37. Summary of individual subject responses as indicated by the weight 
acceptance data. Numbers identify the subjects displaying the behaviors described 
in the text box above the number sequence. Under the 'countermeasures appeared 
to help' box are the subject numbers, and the countermeasure that appeared to 
retum them near baseline performance for the first 10 steps and the entíre 60 step 
group. Asterisks indicate results that were statistically significant. 
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Figure 5.38. Summary of individual subject responses as indicated by the Pl data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the fírst 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 
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Figure 5.39. Summary of individual subject responses as indicated by the P3 data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the first 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 
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Figure 5.40. Summary of individual subject responses as indicated by the MTA data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retimi them near 
baseline performance for the first 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 
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Figure 5.41. Summary of individual subject responses as indicated by the MKA data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the first 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 
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Figure 5.42. Summary of individual subject responses as indicated by the MC data. 
Numbers identífy the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the first 10 steps and the entíre 60 step group. Asterisks 
indicate results that were statistícally significant. 
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Figure 5.43. Summary of individual subject responses as indicated by the STF data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the first 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 
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Figure 5.44. Summary of individual subject responses as indicated by the VIS data. 
Numbers identify the subjects displaying the behaviors described in the text box 
above the number sequence. Under the 'countermeasures appeared to help' box 
are the subject numbers, and the countermeasure that appeared to retum them near 
baseline performance for the first 10 steps and the entire 60 step group. Asterisks 
indicate results that were statistically significant. 

In addition to the quantitative measurement of dependent variables, data collected 

from subjects' responses on post-experiment questionnaires were summarized and are 

presented in Figure 5.45. An example of the post-experiment questionnaire can be found 

in Appendix D. Fortunately, the questionnaire data from all 14 subjects who completed 

the experimental protocol were available for analysis. 

When subjects were asked how their legs felt following mnning in simulated 

partial gravity, 8 of 14 said they felt heavier, 4 of 14 said they felt more awkward, 1 of 14 

said they felt lighter, and 1 of 14 did not perceive an effect. For subjects reporting a 

sensation of heavy legs, 5 of 8 said that countermeasures did help them recover baseline 

stepping performance and 3 of 8 did not perceive a benefit from the countermeasures. 
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Among the heavy-Iegs subjects reporting a benefit from countermeasures, 4 of 5 subjects 

rated C2 as most effective. Out of the 4 awkward-legs subjects, only one subject 

perceived that the countermeasures were beneficial. This subject also rated C2 to be most 

effectíve. The subject who reported a lighter-Ieg sensation did perceive countermeasures 

as being effective for retuming to baseline stepping performance and he rated C3 as being 

most effective. Interestingly, the one subject who reported no perceived effect due to 

simulated partial gravity mnning did feel that countermeasures improved his ability to 

execute the precision stepping task. This no-effect subject reported that Cl was most 

effective for improving stepping task performance. 

In addition to the questions regarding subjective perceptíons of the experimental 

effects, questions regarding fatigue, hamess comfort, and hamess interference with the 

mnning gait were asked. When asked if they had become fatigued during the experiment, 

7 of 14 subjects reported some type of fatigue. Generally the fatigue that was reported 

was described to be a minor fatigue feeling occurring between the last two trials or a mild 

tiredness upon completion of the entire protocol. During post-experiment interviews the 

subjects stated that rest periods were adequate for recovery between trials. Nine of 14 

subjects reported that the suspension hamess was uncomfortable, but only 4 of 14 

perceived that the hamess interfered with the mnning gait during simulated partial gravity 

mns. Hamess discomfort was decribed as excessive contact pressure near the buttocks or 

underarms and gait interference was described as arising from slightly altered torso 

movements to stabilize hamess movement. 
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Legs felt heavier after simulated partial G run 

Subjects: ^ " 2 ,4,8,9,10,11,12,13 1 

Did the use of the post-partial G countermeasures help 
improve stepping performance? (I.e., help to return to 
baseline stepping performance) 

Yes 
2. 4, 8, 9 

No 
13 1 1 10,11,12 

Which countermeasure was best? (i.e, rank from best 
to vrørst) 

Subject # 
2 
4 
8 
9 
13 

C1 C2 C3 D 
C2 — — — 
C2 C1 C3 D 
C2 C3 C1 D 
C2 C1 C3 D 

Legs felt lighter after simulated partial G run 

Subject: 

Did the use of the post-partial G countermeasures help 
improve stepping performance? (i.e., help to return to 
basellne stepping performance) 

Yes 

Whioh countermeasure was best? (i.e, ranlc from best 
to worst) 

Subject# Best »- - f Worst 

C3 C2 C1 

Legs felt awkward after simulated partial G run 

Subjects: 3, 5, 6, 14 

Did the use of the post-partial G countermeasures help 
improve stepping performance? (i.e., help to return to 
baseline stepping performance) 

Yes No 
5, 6, 14 

Which countermeasure was besf (i.e, rank from tiest 
to worst) 

Subiect# Best • - - • Worst 
C2 C3 C1 

No perceived effect due to simulated partial G 

Subject: | 1 | 

Did the use of the post-partial G countermeasures help 
improve stepping performance? (i.e., help to return to 
baseline stepping performance) 

Yes 

Which countermeasure was besf (i.e, rank from best 
toworst) 

Subject# Best » - - • Worst 
1 C1 C2 C3 

Figure 5.45. Summary of post-experiment questionnaire responses regarding the effects 
of simulated partial gravity mnning and mnning countermeasures on precision 
stepping performance. In (a) subjects perceived their legs to be heavier foUowing 
simulated partial gravity; (b) subjects perceived their legs to be more awkward 
foUowing simulated partial gravity; (c) one subject perceived his legs to be lighter 
following simulated partial gravity; and (d) one subject did not perceive a change 
in their legs foUowing simulated partial gravity. 
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5.3 General Discussion of Resuhs 

It was expected that the results of the major experiment would generate greater 

support for the five hypotheses presented in this dissertation. That is, that a vertical 

suspension type partial gravity simulator is effectíve for inducing aspects of the transient 

postural control changes experienced by astronauts upon retum from space flight (i.e., the 

heavy legs' feeling); short duration mns with a backpack speeds postural control 

readaptation; higher levels of loading during countermeasure mns would be more 

effective than normal IG mnning; the highest level of loaded mnning (i.e., C3) would 

retum postural control impedance to pre-mn 1 G performance; and a simple model 

incorporating a mass, spring and damper would be able allow for description of the basic 

overall body impedance changes that occur during postural control transitions. It was also 

expected that the postural control disturbances displayed by subjects following partial 

gravity mnning would be characterized by two strategies-a decreased impedance bias 

(i.e., the compliant strategy) characterized by smaller thigh angles, less heel clearance 

over the obstacle, decreased vertical force application, and lowered stif&iess; and an 

increased impedance bias (i.e., the stiff strategy) characterized by increased thigh angles, 

greater heel clearance over the obstacle, increased vertical force application, and 

increased stiffiiess. 

Furthermore, it was anticipated that most subjects would display the compliant or 

lowered impedance strategy due to a low impedance bias of the CNS induced by partial 

gravity mnning. The remaining subjects were expected to display the stiff strategy. The 

observable changes in kinematic, kinetic, and overall impedance measures were also 

assumed to be most prevalent in the first 10 steps foUowing partial gravity mnning due to 

the apparent short time scale of these transient postural control adaptatíons as indicated 

from pilot study results and related research studies. 

The actual data observed from the major experiment lend support to the above-

mentíoned hypotheses. It is time now to list each a priori hypothesis and discuss how the 

data either tends to support or refute its claim: 
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1. A vertical suspension type partial gravity simulator is effectíve for inducing 

the heavy legs' sensatíon and aheratíons in impedance, not unlike postural control 

changes reported by astronauts upon retum from space flight, which can be described 

using variables measm-ing kinematic, kinetíc, and overall body impedance characteristics 

during execution of a precision stepping task. Stated in an inferentíal format for a subject 

exhibiting decreased impedance: 

Ho: BVB = BVD, 

H I : B V B > B V D . 

Stated in an inferential format for a subject exhibitíng increased impedance: 

HO:BVB = BVD, 

H I : B V B < B V D , 

where (BV) indicates the impedance sensitive biomechanical variable of interest, 

subscript (B) indicates baseline stepping performance and subscript (D) indicates the 

delay or do nothing countermeasure foUowing partial gravity mnning. 

Astronauts have exhibited transient postural control changes during locomotion 

that may be characterized either as compliant (i.e., reduced muscle activatíon levels, more 

downward movement of the CM, heavy legs' sensation, reduced extemally observed 

impedance) or stiff (i.e., increased muscle activation, less downward movement of the 

CM, increased extemally observed impedance). The simulator used in this research has 

proven to induce similar postural control changes in both pilot study and major 

experiment subjects. In the major experiment, with regard to weight acceptance (i.e., the 

weight acceptance at the OC leg heel strike), 3 subjects displayed statístícally significant 

compliant responses for the first 10 steps (i.e., subjects 3, 10, and 14); 8 subjects 

displayed statistically significant compliant responses for all 60 steps (i.e., subjects 4, 5, 

8, 9, 10, 11, 12, 14); and one subject displayed a statistically significant stiff response for 

all 60 steps (i.e., subject 6). 

With regard to Pl (i.e., the peak force generated as bodyweight is transferred to 

the contralateral support leg during obstacle clearance heel rise), 6 subjects displayed 

statistically significant comphant responses for the first 10 steps (i.e., subjects 4, 8, 9,11, 
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13, and 14); one subject displayed a statístically significant stiff response over the first 10 

steps (i.e., subject 2); 8 subjects displayed statistically significant compliant responses for 

all 60 steps (i.e., subjects 3, 4, 6, 8, 9, 11,13, and 14); and one subject displayed a 

statistically signifîcant stiff response for all 60 steps (i.e., subject 2). The results for P3 

(i.e., the maximum force generated as forward roU of the body is restrained right before 

the obstacle clearance heel strike) reveal that 2 subjects displayed a statistically 

significant compliant response for the first 10 steps (i.e., subjects 8 and 14); 6 subjects 

displayed a statistically significant compliant response over all 60 steps (i.e., subjects 6, 

8, 9, 11, 13, and 14); and one subject displayed a statistically significant stiff response 

over all 60 steps (i.e., subject 12). The results for MTA (i.e., the maximum thigh angle 

during the stepping cycle) revealed that one subject displayed a statistically significant 

stiff response for the first 10 steps (i.e., subject 3); 4 subjects displayed a statistically 

significant stiff response over all 60 steps (i.e., subjects 2, 3, 5, and 13); and 2 subjects 

displayed a statistically significant compliant response over all 60 steps (i.e., subjects 11 

and 14). 

Results for MKA (i.e., the minimum knee angle during the stepping cycle) 

showed a statistically significant compliant response for one subject over the first 10 

steps (i.e., subject 9); a statistically significant stiff response for one subject over the first 

10 steps (i.e., subject 13); a statistically significant comphant response for 3 subjects over 

all 60 steps (i.e., subjects 9, 11, and 14); and a statistically significant stiff response for 4 

subjects over all 60 steps (i.e., 3, 5, 10, and 13). With respect to MC (i.e., the minimum 

heel clearance between the obstacle and the obstacle clearance foot), 2 subjects displayed 

a statistically significant compliant response for the first 10 steps (i.e., subjects 6 and 9); 

3 subjects displayed a statistically significant compliant response over all 60 steps (i.e., 

subjects 4, 6, and 9); and 2 subjects displayed a statistically significant stiff response over 

all 60 steps (i.e., subjects 2 and 10). 

The resuhs for STF (i.e., the overall measure of stiffriess in the vertical direction 

using a simple mass, spring, damper model) revealed 2 subjects that displayed a 

statistically significant comphant response for the first 10 steps (i.e., subjects 3 and 14); 
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and 4 subjects that displayed a statistically significant compliant response over all 60 

steps (i.e., subjects 3, 4, 9, and 14). With respect to VIS (i.e., the overall measure of 

viscosity in the vertical direction using a simple mass, spring, damper model), one subject 

displayed a statístically significant stíff response for the first 10 steps (i.e., subject 12); 2 

subjects displayed a statístically significant compliant response over all 60 steps (i.e., 

subjects 5 and 8); and one subject displayed a statistically significant stiff response over 

all 60 steps (i.e., subject 9). hi summary, these significant findings provide support for 

hypothesis one. 

2. Short duration gross musculoskeletal loading (i.e., mnning with or without a 

backpack load) speeds the transient readaptation of the postural control system to pre-mn 

1 G precision stepping task performance following mnning in a simulated partial gravity 

environment. Stated in an inferentíal format for a subject exhibiting decreased 

impedance: 

Ho: BVpc = BVD, 

H I : B V P C > B V D . 

Stated in an inferentíal format for a subject exhibiting increased impedance: 

Ho: BVpc = BVD, 

H I : B V P C < B V D , 

where subscript (PC) indicates post-countermeasure stepping performance. 

The data from the major experiment provides support for this hypothesis given 

that for those subjects whose stepping performance was influenced by simulated partial 

gravity mnning, the percentage of subjects that showed one or more countermeasures to 

be beneficial when compared to the do nothing approach was at least 80% for WA, 56% 

for Pl, 86% for P3, 71% for MTA, 80% for MKA, 100% for MC, 71% for STF, and 80% 

for VIS. Of course, this support for hypothesis two is tempered by the fact that many of 

the apparent beneficial influences of the countermeasures were not statistically 

significant, but merely qualitatively appeared to retum the measured variables toward the 

baseline (refer back to Figures 5.37-5.44 and note that the asterisks indicate statístically 

significant fmdings). Specifically, with respect to weight acceptance, 3 subjects who 
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displayed a compliant response showed statístically significant improvements in 

performance due to a countermeasure over all 60 steps (i.e., subjects 3, 4, and 5) and one 

subject who displayed a stiff response over showed a statistically significant 

improvement in performance due to a countermeasure over all 60 steps (i.e., subject 6). 

The results for Pl showed that 2 subjects who displayed a compliant response 

exhibited statistícally significant improvements in performance due to a countermeasure 

over all 60 steps (i.e., subjects 6 and 14) and one subject who displayed a stiff response 

showed a statistically significant improvement in performance due to a countermeasure 

over all 60 steps (i.e., subject 2). With respect to P3, 4 subjects who displayed a 

compliant response exhibited a statistically significant improvement in performance due 

to a countermeasure over all 60 steps (i.e., subjects 6, 8, 13, and 14) and one subject who 

displayed a stiff response exhibited a statistically significant improvement in performance 

due to a countermeasure over all 60 steps (i.e., subject 3). For MTA, one subject who 

displayed a compliant response exhibited a statistically significant improvement in 

performance due to a countermeasure over all 60 steps (i.e., subject 14) and 2 subjects 

who displayed a stiff response showed a statistically significant improvement in 

performance due to a countermeasure over all 60 steps (i.e., subjects 2 and 13). 

The results for MKA revealed that 2 subjects who exhibited a compliant response 

displayed a statistically significant improvement in performance due to a countermeasure 

over all 60 steps (i.e., subjects 11 and 14); 4 subjects who displayed a stíff response 

exhibited statistically significant improvements due to a countermeasure over all 60 steps 

(i.e., subjects 3, 5, 10, and 13); and one subject who displayed a stíff response showed a 

statistically significant improvement due to a countermeasure for the first 10 steps and 

over all 60 steps (i.e., subject 13). With respect to MC, the data revealed that two subjects 

who displayed a compliant response exhibited a statistically significant improvement due 

to a countermeasure over all 60 steps (i.e., subjects 6 and 14) and two subjects who 

displayed a stíff response showed a statistically significant improvement due to a 

countermeasure over all 60 steps (i.e., subjects 2 and 3). 
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The data for STF show that 2 subjects who displayed a compliant response 

exhibited an improvement in performance due to a countermeasure for the first 10 steps 

and over all 60 steps (i.e., subjects 3 and 14). For VIS, the results reveal one subject who 

displayed a stiff response who showed an improvement in performance due to a 

countermeasure over all 60 steps (i.e., subject 14). Aside from any qualitatíve 

determinations regarding the beneficial effects of countermeasures, the above-mentioned 

significant findings provide support for hypothesis two. 

3. Higher levels of gross musculoskeletal loading (i.e., in the form of mnning 

with or without backpack loads) speeds the transient readaptation of the postural control 

system faster than lower levels of gross musculoskeletal loading to pre-mn 1 G precision 

stepping task performance foUowing mrming in a simulated partial gravity environment 

due to loading sensitíve mechanisms that cause sensorimotor carry-over effects of body 

impedance between locomotion tasks as intemal models linking afferent expectations 

with efferent CNS commands are refined with respect to desired postural control 

objectíves. Stated in an inferential format for a subject exhibiting decreased impedance: 

Ho: BVD = BVci = BVc2 = BVc3, 

Hi: BVD < BVci < BVc2 < BVc3. 

Stated in an inferential format for a subject exhibiting increased impedance: 

Ho: BVD = BVc, = BVc2 = BVc3, 

Hi: BVD > BVci > BVc2 > BVc3. 

The data provide limited support for this hypothesis given that for the situations in 

which countermeasures exhibited statistically significant improvements in performance 

C2, C3, and Cl were most effectíve 50%, 33%) and 17% of the time, respectively. 

Therefore, the intermediate loading countermeasure was the most effective foUowed by 

the highest loading countermeasure and the lowest loading countermesure. These results 

are suprising given the fact that a monotonic improvement was anticipated throughout 

this range of loading countermeasures. In general, the C2 countermeasure was revealed to 

be the optimal countermeasure. Interestingly, monotonic improvements were not 

observed within subjects, therefore one countermeasure usually helped (i.e., 86% of the 
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time when the improvement was statístically significant; in 14% of the cases two 

countermeasures were effectíve) while the other countermeasures did not help. These 

results suggest that the exercise countermeasures do provide improvements in precision 

stepping task performance over the do nothing or delay (D) approach, but the loading 

levels used in this study generated data that provides limited support for the hypothesis 

that higher levels of loading are more effective. 

4. The highest level of musculoskeletal loading (i.e., mrming with a backpack 

load equaling 25%) of subject's bodyweight) speeds the transient readaptation process of 

the postural control system such that no statistically significant difference can be detected 

between baseline stepping performance values and post-countermeasure stepping 

performance values. Stated in an inferential format for a subject exhibiting either 

decreased or increased impedance: 

HQ: BVB ?ÍBVC3, 

H I : B V B = BVC3. 

As stated previously, for the situations in which countermeasures exhibited 

statistically significant improvements in performance C2, C3, and Cl were most effective 

50%), 33%) and 17%> of the time, respectively. Therefore, the data do not support the 

hypothesis that C3 is the most effective countermeasure. In fact, the data support the 

conclusion that C2 is the most effective countermeasure with C3 as second best. 

Additionally, as mentioned earlier, of the subjects who reported that their legs felt heavier 

after mrming in simulated partial gravity and that countermeasures were helpíul (i.e., 

subjects 2, 4, 8, 9, and 13), 4 of those 5 subjects (i.e., 80%) reported that C2 was the best 

countermeasure for helping to retum stepping performance to pre-run levels. It is 

important to note that the post-experiment questiormaire was not validated, therefore the 

self-report data are merely anecdotal. 

In additíon to generatíng data regarding the priori hypotheses, the resuhs of this 

experiment have revealed that the parsimonious mass, spring, damper model was 

sufficient for providing data for statístícal inference of the gross body impedance changes 

in the vertical direction during postural control adaptations such that position dependent 
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stiffiiess and velocity dependent damping characteristics resulting from CNS postural 

control mechanisms were identified. Support for this statement is provided by the data as 

the R values for the mass, spring, damper model were consistently found to be 0.96 or 

higher for both the pilot data and major experiment data. hi addition, the stiffness (STF) 

and viscosity (VIS) values obtained from the model allowed for the identífîcatíon of 

statistically significant differences in stepping performance for 11 of 12 subjects and 12 

of 12 subjects, respectively. The degree to which the data provided by the mass, spring, 

damper model iUuminates understanding of postural control adaptations with respect to 

the compliant and stiff strategies presented previously is unclear due to conflicting 

impressions provided by different dependent variables. 

It is now time to review the results in light of the four specifîc aims stated at the 

beginning of this research effort: 

1. Document the transient postural control changes that occur due to simulated 

partial G mnning on a post-mn precision stepping task versus pre-mn, 1 G stepping task 

performance. 

The preceeding analysis has carefully documented the changes that were observed 

among the dependent variables during the major experiment. Of special interest is the 

discovery that the majority of the changes between baseline and post-simulated partial 

gravity mnning stepping performance were not restricted to the fîrst few precision steps. 

Changes were often observed over the entire 60 step analysis period (i.e., a time period of 

115-125 seconds). Therefore, the transient nature of this adaptation phenomenon appears 

to be contínuing for a longer period than originally expected. This discovery is somewhat 

similar to the fmdings of WU (1999) in his study of post-simulated Martian gravity 

walking in which he noted adaptation phenomenon extending for at least one minute. 

Although, the present results conflict with WU's (1999) fmding that the majority of the 

changes occur within the fîrst few step cycles. 

2. Suggest ways in which these transient postural changes may occur in light of 

CNS strategies for modulating body impedance during locomotion tasks. 
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As discussed in greater detail in sectíon 3.4.4 of this dissertatíon, it has been 

assumed that the observable overall body impedance that accompanies CNS modulations 

of movement pattems is composed primarily of stiffness changes due to the evidence 

showing the tendency of the CNS to use sensory information along with both gamma and 

alpha motor neuron drives to create positíon dependent changes in force (i.e., tunable 

springs) within muscle-tendon units and across linkages of many muscles, bones and 

coimective tíssue (Feldman 1966, 1986; Rack and Westbury 1969; Nichols and Houk 

1976; Bizzi, Hogan et al. 1992; Jackson 1997; Newman and Jackson 2000). Of course, 

CNS control of some velocity dependent changes in force must also be recognized 

(FaviUa, Hening et al. 1989; Mchityre and Bizzi 1993). 

In the experimental protocol used for the present research, it is likely that having 

subjects mn in simulated partial gravity requires lower activation levels for the muscles 

of the lower extremities due to the reduced load requiring support. Taking insights from 

both early and recent research regarding postural movements in lower mammals and 

humans, this reduced activation is likely caused by increased active inhibition of both the 

central pattem generator (CPG) and the overall intemal model for the stepping task along 

with alterations of the timing of muscle activation due to a reduced need for both 

concentric and eccentric muscle work to carry out the mnning movement (Sherrington 

1906; Graham-Brown 1911, 1912, 1914; Melvill-Jones and Watt 1971; Grillner 1975; 

Dietz, Colombo et al. 1995; Dietz 1997; Melvill-Jones 2000; Paloski 2000; Pearson and 

Gordon 2000a; 2000b). 

Running with or without a backpack load likely requires increased muscle 

activation levels, along with earlier and more sustained muscle activation timing pattems 

in order to support the increased loads. These alterations in muscle activation levels and 

activation tíming lead to extemally observed changes in movement pattems that reflect 

the impedance modulatíon of the musculoskeletal system so that a successful running 

pattem is maintained. 

FoUowing simulated partial gravity mnning or the mnning countermeasure, 

subjects must transition back to the normal 1 G precision stepping task. Therefore, 
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impedance changes are again produced via muscle activatíon about joints and limb 

configurations to ensure the proper execution of the desired movement pattem. In this 

case, the desired movement involves stepping over the treadmill-based laser beam 

obstacle without prematurely breaking it and without undue beam clearance. It is this 

fînal transition (i.e., back to precision stepping) that has been the prime focus during the 

major experiment. 

It was thought that three possible outcomes may be observed during this transition 

following partial gravity mnning: gradual shift, new skill/immediate shift, or no effect 

(refer back to sectíon 3.4.4 for detailed descriptions). According to the transitíon 

summary presented in Tables 5.33 and 5.34, h has been shown that the majority of 

subjects (i.e., subjects 4, 5, 8, 9, 11, 13 and 14) displayed the gradual shift approach 

characterized by reduced extemally observed impedance (i.e., a compliant strategy) for 

the majority of dependent variables. A smaller number of subjects (i.e., 3, 6,10 and 12) 

exhibited the new skiU or immediate shift approach characterized by increased extemally 

observed impedance (i.e., a stíff strategy) for roughly half of the dependent variables 

whereas subject 2 displayed the stíff strategy for the majority of variables. Therefore, it is 

suggested that the predominant adaptation phenomenon involves a gradual retíining of 

sensorimotor mappings such that once the basic movement pattem is initíated (i.e., for 

precision stepping), subtle differences between detected and expected sensory and 

effector commands (i.e., mediated through both afferent neuron, and alpha and gamma 

motor neuron loops) are adjusted away from a reference point that is biased toward the 

previously encountered gross musculoskeletal loading condition (i.e., the load supported 

by the lower extremities). 

Unfortunately, neither the mechanics (i.e., on a neural control level) nor the 

details of the temporal nature of this assumed gradually shifting adaptation process can 

be detailed using the results of the present research. The data presented here merely 

provide support that such a gradual adaptation phenomenon may be the predominant bias 

during the fransition between bipedal postural control tasks such as mnning and precision 

stepping. ft is important to reiterate that some subjects displayed rapid fransitions such 
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that differences between baseline stepping performance and post-partial gravity mnning 

performance were not identifîable through examination of particular dependent variables. 

An additional item of interest with regard to the transition pattems exhibited by 

the subjects involves the relatively even split between compliant and stiff responses 

among dependent variables for subjects 3, 6, 10 and 12. Assuming that the assigned 

classifications of compliant and stiff are appropriate (i.e., given that statistically 

signifîcant trends were not observed in every case), why would there be a conflict 

between multiple impedance indications regarding stiffness and compliance? A couple of 

answers to this question may be applicable. First, subjects may have experienced segment 

dependent alterations in impedance such that the unified extemally observable 

stiffcompliant dichotomy was not accurate. Second, subjects may have been exhibiting a 

generally pervasive stiff/complaint strategy, yet muscle group size/strength relationships 

dictated the specific movement outcome to be expected. 

For example, subject 12 displayed a compliant approach for WA and a stiff 

approach for MKA. If one assumes that a globally compliant strategy was being 

employed, a larger minimum knee angle would be expected. Of course, it may be tme 

that factors of strength and mechanical advantage could result in smaller MKA's when a 

globally compliant strategy is employed. A future study including strength testing and 

monitoring of muscle electromyograms during precision stepping may be helpíul for 

investigating this possibility. 

3. Shorten the time required for these transient changes to subside using exercise 

countermeasures. 

The previous discussion of the results with regard to hypotheses 2, 3, and 4 has 

addressed this question by showing that there is limited evidence supporting the use of 

exercise countermeasures to improve the retum of precision stepping performance to pre-

mn, 1 G baseline pattems. ft may be the case that optimal post-simulated partial gravity 

countermeasures in the form of mnning with backpack loads do exist, but have not been 

discovered with the factor levels investigated during this study. ft may also be the case 

that the examined loading levels did encompass the best possible countermeasure levels. 
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but individual variations in responses to simulated partial gravity resulted in the mixed 

improvement data. Finally, it may be tme that mnning with backpack loads is not an ideal 

method for facilitatíng adaptatíons back to 1 G precision stepping due to aspects of the 

loading process (e.g., presence of load, load locatíon, method of coupling the load to the 

body, etc.) or due to task transfer issues (i.e., dissimilarity between mnning and precision 

stepping locomotion pattems). 

4. Draw analogies between this ground-based research and the transient heavy 

legs' phenomenon experienced by astronauts retuming from space flight to generate 

suggestions for improving post-flight exercise countermeasures. 

A review of the data generated from the major experiment provides support for 

the use of mnning with backpack loads as a post-simulated Martian gravity miming 

countermeasure to retum the performance of precision stepping task to pre-mn 1 G 

performance levels with respect to weight acceptance (WA); the peak force generated as 

bodyweight is transferred to the contralateral support leg during obstacle clearance heel 

rise (Pl); the maximum force generated as forward roll of the body is restrained right 

before the obstacle clearance heel strike (P3); the maximum thigh angle during the 

stepping cycle (MTA); the minimum knee angle during the stepping cycle (MKA); the 

minimum heel clearance between the obstacle and the obstacle clearance foot (MC); the 

overall measure of stiffiiess in the vertical directíon using a simple mass, spring, damper 

model (STF); and the overall measure of viscosity in the vertical direction using a simple 

mass, spring, damper model (VIS). In additíon, 8 of 14 subjects exposed to the 

experimental protocol did report a sensation of heavy legs following simulated partial 

gravity mnning. 

Therefore, a general approach is suggested in which a short-duratíon run (i.e., 

several minutes in length) at a slow mnning speed (i.e., approximately 2.5 m/s), with or 

without a smaU backpack mounted load (i.e., less than or equal to 25% of the subject's 

bodyweight) may be employed for a group of astronaut test subjects shortly upon retum 

from space flight in order to determine whether this loading activity improves the 

readaptation of kinematic, kinetic and overall impedance characteristics of bipedal 
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locomotion displayed by the astronauts prior to the space flight. Provided that this 

technique proves helpful for improving postural control readaptation from orbital flight to 

terrestrial locomotion. It is conceivable that a related simulation/loading technique may 

be developed for use during orbital flights to better prepare atronauts for terrestrial 

locomotion activites. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

Long-duration space travel will require improvements in exercise 

countermeasures so that astronauts wiU be able to maintain cardiovascular fitness, bone 

mass, and the ability to perform coordinatated movements in a terrestrial environment 

following extended periods of "near weightlessness" encountered during transit to and/or 

orbit of the Moon, Mars, and Earth. In such gravitational transitions feedback and 

feedforward postural control strategies must be recalibrated to ensure optimal locomotion 

performance. In order to investigate the methods of improving postural control adaptation 

during gravitational transitions, a treadmiU based precision task was developed to reveal 

changes in the neuromuscular control of locomotion foUowing both simulated Martian 

gravity and exercise countermeasures designed to speed lower extremity impedance 

adjustment mechanisms. The exercise countermeasures included a short period of 

mnning with or without backpack loads immediately following the partial gravity 

mnning. 

6.1 Conclusions 

The conclusions of this dissertation are listed below. 

1. The data support the hypothesis that the vertical suspension simulator 

designed, developed and implemented during this research effort is effective for inducing 

aspects of the transient postural control changes experienced by astronauts upon retum 

from space flight as described using kinematic, kinetíc and measures of overall body 

impedance during the execution of a precision stepping task. Subjectíve impressions from 

experimental test subjects also provide support for this hypothesis. 

2. The data support the hypothesis that short duration musculoskeletal loading 

(i.e., in the form of mnning with or without a backpack load) speeds the transient 

readaptation of the postural control system to pre-mn, 1 G precision stepping 

performance following mnning in a simulated partial gravity environment. 
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3. The data provide support for the hypothesis that higher levels of gross 

musculoskeletal loading (i.e., in the form of mnning with or without a backpack load) 

speeds the transient readaptation of the postural control system faster than lower levels of 

gross musculoskeletal loading to pre-mn, 1 G precision stepping task performance 

foUowing mnning in a simulated partial gravity environment. Specifically, the data 

support countermeasure C2 (i.e., mnning with a backpack load equal to 10% of the 

subject's body mass) as being more beneficial than mnning without a load, but the data 

do not provide support that countermeasure C3 (i.e., mnning with a backpack load equal 

to 25% of the subject's body mass) is more beneficial than countermeasure C2. 

4. The data provide support for the hypothesis that the highest level of 

musculoskeletal loading used during this experiment (i.e., mnning with a backpack load 

equal to 25%) of the subject's bodyweight) speeds the transient readaptatíon process of 

the postural control system such that no statistically significant difference can be detected 

between pre-mn, 1 G stepping performance values and post-countermeasure stepping 

performance values. Although, the data do not support the claim that the countermeasure 

C3 is the most effective countermeasure. For the situations in which countermeasures 

exhibited statistically significant improvements in performance C2, C3, and Cl were 

most effective 50%, 33%> and 17%) of the time, respectively. 

5. The data provide support for the use of a parsimonious mass, spring, damper 

model to provide data that may be used for statistical inference of the gross body 

impedance changes in the vertical direction during postural control adaptations (i.e., 

specifically with regard to precision stepping) such that position dependent stiffiiess and 

velocity dependent damping characteristics may be documented. Of course, it must be 

noted that the experimentation performed for this thesis was not designed to formally 

validate the mass, spring, damper model. The only scientific support for the model 

includes high R^ values associated with the regression coefficients and the identífication 

of statistically significant differences in stíffhess and viscosity estimates based on 

stepping task execution. 
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6.2 Benefits of this Research 

The benefits from this dissertation are listed below. 

1. The creation of a virtual environment simulator that enables multidirectional 

loading and the capability for visual image manipulation for many types of partial gravity 

or augmented gravity locomotion, postural control, neuromuscular rehabilitation, and 

bone remodeling research applicatíons. This simulator includes spring balancers for 

applying loads to subjects in a manner that is safer and allows greater vertical movement 

than other similar suspension devices that have been created. 

2. Design of a novel, precision stepping task that can be used to assess 

neuromuscular control during treadmill locomotion. The precision stepping task was 

incorporated into this research effort for the following six reasons: 

a. It is similar to typical locomotion tasks, therefore easy to leam. 

b. Stepping over an obstacle is a task requiring trajectory planning 

(feedforward control) before the step is initíated. 

c. It is more challenging than walking on a dry, level treadmill belt, thus 

functional relevance to more difficult over ground locomotion is 

increased. 

d. The task requires not only rhythmic stability as in typical locomotíon, but 

adds the factor of a speed-accuracy trade-off due to instmctions for 

minimizing obstacle clearance distance. 

e. Once leamed, this task is quite automatic, yet still requires interactíon 

between high levels of the CNS (e.g., the cerebral cortex) and lower levels 

(e.g., spinal cord and brainstem) influenced by sensory feedback. 

f It is a non-fatiguing actívity, thus many steps can be performed 

sequentially without undue energy expendiure. 

3. Insights regarding modulation of musculoskeletal impedance by the CNS to 

maintain successíul feedback and feedforward postural control sfrategies following 

simulated partial gravity mnning. Specifically, the data provide support for the 

assumption that the predominant adaptation phenomenon involves a gradual retuning of 
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sensorimotor mappings such that once the basic movement pattem is initiated (i.e., for 

precision stepping), subtle differences from detected and expected sensory and effector 

commands (i.e., mediated through both afferent neuron and alpha and gamma motor 

neuron loops) are adjusted away from a reference point that is biased toward the 

previously encountered gross musculoskeletal loading conditíon (i.e., the load supported 

by the lower extremities). Of course, neither the mechanics (i.e., on a neural control 

level) nor the details of the temporal nature of this assumed gradually shifting adaptation 

process can be detailed using the results of the present research. 

4. Assessment of the benefit of using short duration musculoskeletal loading 

(i.e., in the form of mnning with or without backpack loads) to speed readaptatíon of the 

postural control system to 1 G locomotion following simulated partial gravity mnning. 

Specifically, the data provide support that short duration musculoskeletal loading in the 

form of ruiming with or without a backpack load may speed readaptation of the postural 

control system for precision stepping. Further research must be conducted to discover 

whether support may be generated for a similar conclusion regarding other locomotion 

activities such as walking, mnning, jumping, etc. 

5. General guidelines for NASA's post-flight exercise countermeasure activities, 

which may enable improved postural control adaptation for astronauts retuming from 

space flight. It is suggested that a short-duration mn (i.e., several minutes in length) at a 

slow mnning speed (i.e., less than or equal to 2.5 m/s), with or without a small backpack 

mounted load (i.e., less than or equal to 25%) of the subject's bodyweight) may be 

employed for a group of test subject astronauts shortly upon retum from space flight in 

order to determine whether this loading activity improves the readaptation of postural 

control abilities to 1 G locomotion pattems. Provided that this technique proves helpful 

for improving postural control readaptation from orbital flight to terrestrial locomotion, it 

is conceivable that a related simulation/loading technique may be developed for use 

during orbital flights (e.g., modifications to protocols used on the Intemational Space 

Station) to better prepare atronauts for terrestrial locomotion activites. 
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6. Specific recommendatíon for NASA's post-flight exercise countermeasure 

activities, which may enable improved postural control adaptation for astronauts 

retuming from space flight. Based on the results of the present research, it is 

recommended that a one minute mn at a speed of 2.5 m/s, with a backpack load equaling 

10% of the subject's bodyweight be employed for a group of astronaut test subjects as 

soon as feasible upon retum from space flight. 

6.3 Limitations of the Studv 

The limitations of this research are listed below. 

1. Errors related to motion capture equipment, instmmented treadmill equipment 

and general measurement activities are acknowledged (i.e., digitizing error, camera 

vibrations, force plate calibrations, errors in identifying anatomical landmarks, measuring 

marker offsets using calipers, synchronized data collection between camera and treadmill 

based systems). 

2. Errors due to representing analog signals in digital format using signal 

conditioning hardware and software are acknowledged and assumed to be minimal. 

3. Limitations associated with using simplified anthropometric models to 

describe human limb motions and overall body impedance are recognized. 

4. The simulator used for this research only approximates gross loading changes 

to the lower extremitíes that would occur due to locomotíon on the Martian surface, 

therefore it is unkown how the interaction of other sensorimotor alterations (e.g., 

alterations in otolith organ stimulation, body fluid pressure changes, muscular atrophy, 

bone mass and bone density reductions, etc.) would affect postural control performance 

following actual gravitational transitions. 

5. It is likely that deviatíons from an actual Martian running gait were imposed 

by the type of suspension loading (e.g., mass of the hamess, loading points on the subject, 

lack of change in the ambient acceriatíon field on the limbs, etc.) which further restricts 

the ability to generalize the results to postural control performance foUowing actual 

gravitational transitions. 
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6. The fact that student subjects were used for this research instead of members 

of the astronaut population restricts the ability to generalize the results to the potential 

performance of actual astronauts. 

7. The rehability and validity of the post-experiment questionnaire was not 

tested, therefore the subjective data gathered should be interpreted with caution. 

8. The fact that 'baseline' stepping performance was assessed only through post-

processing of a relatively small populatíon of experimental data (i.e., five sets of 62-63 

steps) raises doubt as to whether subjects had tmly 'leamed' the stepping task before 

exposure to simulated partial gravity mnning and exercise countermeasures. 

6.4 Recommendations for Future Research 

The recommendations for future research generated during this dissertation effort 

are listed below. 

1. The only postural control task investigated during this research involved 

precision stepping over a virtual obstacle presented visually to the subject. Future 

research is encouraged that examines other locomotion activities (e.g., walking, mnning, 

jumping, stepping over an actual obstacle, etc.) that may be affected by exposure to 

simulated partial gravity locomotion. 

2. The only simulated partial gravity level investigated during this reseach 

involved a Martian gravity (i.e., 3/8 G) condition. Future research is encouraged that 

examines the impact of other simulated partial gravity conditions (e.g., Lunar gravity or 

1/6 G) on postural control activites. 

3. The only type of gross musculoskeletal loading activity investigated during 

this research involved mnning with or without backpack mounted loads. Future research 

is encouraged that examines other techniques for applying loading (e.g., pull-down 

hamess techniques, applying loads in compact form near the subject's center of mass, 

etc). 

4. The only dependent varíables investigated during this research involved a 

selected group of kinematic, kinetic, and model estimated impedance variables. Future 
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research is encouraged that uses electromyographic techniques to examine closely the 

contributions of particular muscle groups to extemally observed subject movements. 

Future research is also encouraged in which more complex interactions of body 

movement parameters are investigated that may reveal indications of postural control 

adaptation. 

5. Post-experiment questionnaire results from the present research indicated that 

despite extensive hamess design and testing efforts, subjects still encountered some 

discomfort when performing simulated partial gravity mns. Future research is encouraged 

that may discover superior techniques for off-Ioading a subject's bodyweight while 

simultaneously allowing for minimally-hindered bipedal locomotion pattems. 

6. Postural control studies investigatíng the use of mnning with or without 

backpack loads among astronauts retuming from space flight are also encouraged. 
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T a b l e A . l . Whole body weight data from Woodson (1981) 

Whole body weight (nude) 

Male 
Female 

Boys (17 yrs) 
Girls(17yrs) 

Percentiles 
5th 

Ib kg 
124.0 
104.0 

120.0 
92.0 

55.8 
46.8 

54.0 
41.4 

SOth 

Ib kg 
168.0 
139.0 

141.0 
120.0 

75.6 
62.6 

63.5 
54.0 

95th 

Ib kg 
224.0 
208.0 

195.0 
162.0 

100.8 
93.6 
0.0 
87.8 
72.9 

Table A.2. Standing height data from Woodson (1981). 

Standing Height (stature) 

Male 
Female 

Boys (17 yrs) 
Girls(17 yrs) 

Percentiles 
5th 

in cm 
63.6 
59.0 

65.1 
60.0 

161.5 
149.9 

165.4 
152.4 

50th 
in cm 

68.3 
62.9 

69.4 
64.1 

173.5 
159.8 

176.3 
162.8 

95th 
In 

72.8 
67.1 

72.6 
67.6 

cm 
184.9 
170.4 

184.4 
171.7 

Table A.3. Crotch height data from Woodson (1981). 

Crotch Height 

Male 
Female 

Percentiles 
5th 

in cm 
30.0 
26.8 

76.2 
68.1 

50th 
in cm 

33.0 
29.3 

83.8 
74.4 

95th 
In cm 

36.1 
32.0 

91.7 

81.3 

Table A.4. Sitting height data from Woodson (1981). 

Sitting Height 

Male 
Female 

Boys(17yrs) 

Girls (17 yrs) 

5th 

in cm 
33.2 

30.9 

33.7 

31.8 

84.3 
78.5 

85.6 
80.8 

Percentiles 

50th 

in cm 
35.7 
33.4 

35.9 

33.7 

90.7 

84.8 

91.2 

85.6 

95th 
in cm 

38.0 
35.7 

37.8 

35.9 

96.5 

90.7 

96.0 

91.2 
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Table A.5. Eye height data from Woodson (1981). 

Male 
Female 

Eye Height 

Percentiles 
5th 

in cm 
60.8 
57.3 

154.4 
145.5 

50th 
in cm 

64.7 
60.3 

164.3 
153.2 

95th 
in cm 

68.6 
65.3 

174.2 
165.9 

Table A.6. Abdominal depth data from Woodson (1981). 
Abdominal Depth 

Male 
Female 

Percentiles 

in 
7.1 
5.8 

5th 
cm 
18.0 
14.7 

50th 
in cm 
9.7 
6.6 

24.6 
16.8 

95th 
in cm 

12.3 
7.9 

31.2 
20.1 

Table A.7. Whole body weight data from Pheasant (2001). 

British 

19-25 yrs 

Dutch 

20-60 yrs 

Whole body weight (nude) 

Male 
Female 

Male 
Femaíe 

Percentiles 
5th 

Ib kg 

121.0 
96.8 

132.0 
107.8 

55.0 
44.0 

60.0 
49.0 

50th 
Ib kg 

165.0 
138.6 

167.2 
143.0 

75.0 
63.0 

76.0 
65.0 

95th 
Ib kg 

206.8 
178.2 

202.4 
178.2 

94.0 
81.0 

92.0 
81.0 

Table A.8. Standing height data from Pheasant (2001). 

British 

19-25 yrs 

Dutch 

20-60 yrs 

Standing Height (stature) 

Male 

Female 

Maie 
Female 

Percentiles 
5th 

in cm 

64.6 
59.8 

66.5 
60.8 

164.0 
152.0 

169.0 
154.5 

50th 
in cm 

69.3 
63.8 

70.7 

65.0 

176.0 
162.0 

179.5 
165.0 

95th 
in cm 

74.0 
67.7 

74.8 

69.1 

188.0 
172.0 

190.0 
175.5 
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Table A.9 

British 

19-25 yrs 

Dutch 
20-60 yrs 

. Shoulder breadth data from Pheasant (2001) 

Shoulder Breadth (biacromial) 

Male 

Female 

Male 

Female 

Percentiles 
5th 

in Cm 

14.6 
13.0 

15.2 
13.0 

37.0 
33.0 

38.5 
33.0 

50th 
In cm 

15.9 
14.2 

16.1 
14.2 

40.5 
36.0 

41.0 
36.0 

95th 
in cm 

17.3 
15.4 

17.5 
15.4 

44.0 
39.0 

44.5 
39.0 

Table A.IO. Sitting height data from Pheasant (2001). 

British 

19-25 yrs 

Dutch 

20-60 yrs 

Sitting Height 

Male 

Female 

Male 

Female 

Percentiles 
5th 

in cm 

33.7 
31.5 

34.8 
32.3 

85.5 
80.0 

88.5 
82.0 

50th 
in cm 

36.0 
33.7 

37.0 
34.4 

91.5 
85.5 

94.0 
87.5 

95th 
in cm 

38.6 
36.0 

39.2 
36.6 

98.0 
91.5 

99.5 
93.0 

Table A. 11. Eye height data from Pheasant (2001). 

British 

19-25 yrs 

Dutch 

20-60 yrs 

Eye Height 

Male 
Female 

Male 

Female 

Percentiles 
5th 

in cm 

60.2 
55.7 

62.0 
56.5 

153.0 
141.5 

157.5 
143.5 

50th 
in cm 

65.0 
59.6 

65.7 
60.2 

165.0 
151.5 

167.0 
153.0 

95th 
in cm 

69.7 
63.6 

69.5 
57.7 

177.0 
161.5 

176.5 
146.5 
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Table A.12. Abdominal depth data from Pheasant (2001). 

British 

19-25 yrs 

Dutch 

20-60 yrs 

Abdominal Depth 

Male 

Female 

Male 
Female 

Percentiles 

in 

7.7 
7.3 

9.6 
9.1 

5th 
cm 

19.5 
18.5 

24.5 
23.0 

50th 
in cm 
9.4 
8.7 

12.2 
11.6 

24.0 
22.0 

31.0 
29.5 

95th 
in cm 

11.0 
10.2 

14.8 
14.2 

28.0 
26.0 

37.5 
36.0 
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Table B.l. Summary data for subject 1 over 10 steps. 

WA 
WAR 
P1 
P2 
P3 
CR 
ER 
MTA 
MKA 
M/\A 
MC 
SL 
STF 
VIS 

mean 
0.932 
0.033 
1.113 
0.759 
1.176 
1.469 
1.553 
5.710 
1.391 
1.614 
0.085 
0.714 
26077 
424.2 

B 

std dev 
0.011 
0.003 
0.030 
0.034 
0.036 
0.095 
0.100 
0.048 
0.126 
0.051 
0.020 
0.026 
3106 
157.8 

mean 
0.907 
0.044 
1.066 
0.761 
1.107 
1.401 
1.456 
5.586 
1.545 
1.631 
0.057 
0.720 
21730 
250.1 

D 
std dev 
0.018 
0.007 
0.014 
0.017 
0.036 
0.046 
0.057 
0.036 
0.071 
0.033 
0.020 
0.030 
1164 
56.9 

C1 
mean std dev 
0.915 
0.044 
1.066 
0.762 
1.120 
1.399 
1.470 
5.641 
1.575 
1.623 
0.059 
0.725 
23872 
274.6 

0.019 
0.009 
0.025 
0.016 
0.033 
0.042 
0.062 
0.068 
0.082 
0.021 
0.019 
0.020 
1396 
51.5 

C2 
mean std dev 
0.898 
0.042 
1.069 
0.751 
1.150 
1.432 
1.538 
5.686 
1.570 
1.667 
0.087 
0.744 
23559 
287.7 

0.020 
0.012 
0.041 
0.051 
0.034 
0.138 
0.118 
0.047 
0.058 
0.059 
0.015 
0.023 
1490 
82.8 

C3 
mean std dev 
0.906 
0.045 
1.114 
0.735 
1.172 
1.518 
1.597 
5.689 
1.580 
1.617 
0.081 
0.753 
25585 
318.0 

0.015 
0.010 
0.022 
0.019 
0.056 
0.052 
0.094 
0.063 
0.045 
0.042 
0.017 
0.028 
2346 
93.1 

Table B.2. Summary data for subject 2 over 10 steps. 

B D C1 C2 C3 
mean std dev mean std dev mean std dev mean std dev mean std dev 

WA 
WAR 
P1 
P2 
P3 
CR 
ER 
MTA 
MKA 
MAA 
MC 
SL 
STF 
VIS 

1.005 
0.057 
1.131 
0.833 
1.101 
1.360 
1.324 
5.933 
1.277 
1.729 
0.140 
0.762 
13924 
213.8 

0.031 
0.006 
0.014 
0.027 
0.044 
0.055 
0.078 
0.040 
0.035 
0.019 
0.023 
0.019 
1758 
65.8 

1.026 
0.059 
1.157 
0.815 
1.204 
1.420 
1.478 
6.000 
1.280 
1.734 
0.152 
0.779 
17426 
276.2 

0.060 
0.006 
0.016 
0.026 
0.069 
0.053 
0.102 
0.050 
0.020 
0.025 
0.025 
0.024 
1114 
46.9 

1.029 
0.059 
1.117 
0.820 
1.174 
1.363 
1.433 
5.948 
1.338 
1.734 
0.123 
0.769 
14286 
222.0 

0.039 
0.005 
0.015 
0.018 
0.090 
0.042 
0.124 
0.045 
0.038 
0.025 
0.018 
0.029 
2259 
81.8 

1.009 
0.057 
1.113 
0.817 
1.174 
1.364 
1.440 
5.948 
1.311 
1.763 
0.118 
0.769 
14351 
230.2 

0.040 
0.006 
0.021 
0.025 
0.095 
0.056 
0.138 
0.043 
0.050 
0.016 
0.019 
0.015 
1517 
54.7 

1.033 
0.062 
1.120 
0.808 
1.183 
1.388 
1.468 
5.906 
1.368 
1.731 
0.127 
0.774 
15759 
270.0 

0.036 
0.007 
0.016 
0.027 
0.112 
0.049 
0.172 
0.026 
0.065 
0.026 
0.015 
0.027 
1904 
65.4 
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Table B.3. Summary data for subiect 1 over 50 steps 

WA 
WAR 
P1 
P2 
P3 
CR 
ER 
MTA 
MKA 
MAA 
MC 
SL 
STF 
VIS 

mean 
0.943 
0.041 
1.110 
0.778 
1.144 
1.428 
1.473 
5.657 
1.522 
1.616 
0.073 
0.717 
25934 
348.0 

B 
std dev 
0.030 
0.010 
0.027 
0.027 
0.041 
0.069 
0.092 
0.055 
0.119 
0.052 
0.020 
0.029 
3141 
107.7 

mean 
0.916 
0.045 
1.074 
0.749 
1.126 
1.435 
1.506 
5.653 
1.565 
1.644 
0.070 
0.739 
24614 
292.8 

D 
std dev 
0.044 
0.019 
0.020 
0.029 
0.045 
0.072 
0.102 
0.057 
0.067 
0.038 
0.023 
0.030 
2898 
66.6 

C1 
mean std dev 
0.917 
0.042 
1.069 
0.763 
1.138 
1.402 
1.492 
5.651 
1.559 
1.608 
0.059 
0.739 
24015 
266.4 

0.031 
0.010 
0.029 
0.021 
0.037 
0.058 
0.065 
0.068 
0.089 
0.044 
0.023 
0.026 
2113 
62.2 

C2 
mean std dev 
0.916 
0.044 
1.076 
0.753 
1.147 
1.434 
1.528 
5.663 
1.571 
1.675 
0.074 
0.731 
24020 
309.3 

0.048 
0.021 
0.044 
0.036 
0.048 
0.107 
0.114 
0.050 
0.089 
0.065 
0.020 
0.031 
1569 
150.5 

C3 
mean std dev 
0.906 
0.042 
1.095 
0.745 
1.159 
1.473 
1.558 
5.670 
1.586 
1.624 
0.079 
0.750 
24936 
301.9 

0.021 
0.010 
0.033 
0.026 
0.052 
0.081 
0.100 
0.072 
0.054 
0.046 
0.025 
0.030 
2446 
92.7 

Table B.4. Summary data for subject 2 over 50 steps. 

B D C1 C2 C3 
mean std dev mean std dev mean std dev mean std dev mean std dev 

WA 
WAR 
P1 
P2 
P3 
CR 
ER 
MTA 
MKA 
MAA 
MC 
SL 
STF 
VIS 

1.034 
0.060 
1.130 
0.850 
1.103 
1.331 
1.300 
5.920 
1.303 
1.727 
0.144 
0.775 
14000 
205.4 

0.041 
0.006 
0.017 
0.026 
0.041 
0.049 
0.064 
0.040 
0.060 
0.024 
0.020 
0.028 
1611 
88.7 

1.041 
0.063 
1.139 
0.832 
1.138 
1.371 
1.370 
5.951 
1.305 
1.733 
0.140 
0.787 
15666 
292.5 

0.048 
0.006 
0.019 
0.027 
0.067 
0.054 
0.097 
0.047 
0.052 
0.026 
0.019 
0.022 
1757 
88.2 

1.044 
0.064 
1.114 
0.826 
1.167 
1.350 
1.414 
5.960 
1.332 
1.729 
0.130 
0.793 
14509 
247.0 

0.041 
0.007 
0.016 
0.025 
0.092 
0.050 
0.128 
0.048 
0.044 
0.029 
0.018 
0.024 
1882 
51.0 

1.024 
0.058 
1.105 
0.848 
1.148 
1.305 
1.355 
5.931 
1.327 
1.734 
0.122 
0.754 
13228 
168.5 

0.034 
0.005 
0.018 
0.029 
0.070 
0.055 
0.099 
0.042 
0.050 
0.027 
0.021 
0.020 
1656 
77.7 

1.027 
0.377 
1.112 
0.818 
1.172 
1.360 
1.434 
5.901 
1.356 
1.736 
0.130 
0.771 
14664 
225.4 

0.032 
0.260 
0.021 
0.017 
0.075 
0.038 
0.107 
0.042 
0.059 
0.024 
0.022 
0.020 
1865 
66.7 
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Subject Consent Form 

I hereby give my consent for my participation in the project entitled: Musculoskeletal 
loading during simulated gravitational transitions-improvements in postural control. I 
understand that the person responsible for this project is: Dr. Simon Hsiang at telephone 
number 806-742-3543. He has explained that this study is part of a project with the 
following objective: Provide data that can be used by the National Aeronautics and Space 
Administration (NASA) to improve the design of exercise countermeasures for use by 
astronauts retuming to Earth from space flight or during habitation of outposts on the 
Moon or Mars. Specifically, it is hoped that the data obtained from this experiment can 
be used to generate specific fitness maintenance recommendations that if followed, may 
reduce the likelihood that astronauts will encounter postural control difficulties (i.e. while 
walking, running, etc.) that could compromise their safety or productivity following long 
duration space flights. I will also be allowed to review a copy of the final results of this 
study upon request by contacting Jeff Brewer at 806-742-3543. 

The parameters to be investigated include: stride length and kinetics (i.e. forces applied to 
the ground by the feet contacting the treadmill belt and the support tension in the hamess 
used to partially support body weight) during simulated partial gravity mnning; stride 
length and forces applied to the ground by the feet during two brief mns (i.e., 60-second 
runs) with a backpack load; and kinematícs (body movement profiles), and kinetícs 
during a slow-paced precision stepping task in which stepping movements are made over 
a green laser beam while standing on a slow-moving treadmiU belt. 

It has also been explained to me that musculoskeletal loading simply refers to mrming 
with backpack loads and that simulated partial gravity mnning is achieved by mnning on 
a treadmiU while attached to a bicycle-seat type hamess that is used to support a large 
portion of my bodyweight. I understand that I will perform slow treadmiU mnning and 
very slow treadmiU-based stepping while barefooted. 

Dr. Hsiang or his authorized representative has (1) explained the procedures to be 
followed and identified those which are experimental and (2) described the attendant 
discomforts and risks. Briefly, the procedures for the approximately 5-hour 
familiarization/experimental session include: 

1. Initial assessment, familiarization and training (æ 1.5-2 hours)-I will be asked to 
complete a health questíonnaire, have my height, weight, and leg length assessed. 
Before familiarization, training and experimentation, I wiU be reminded that I may 
discontinue this experimentation at any time and for any reason. I wiU arrive at the 
laboratory wearing mnning shorts, and a short sleeve shirt and understand that I wiU 
be mnning on a treadmiU barefooted. I will receive familiarization with the stepping 
task, normal treadmill mnning, simulated partial gravity mnning using a bicycle-type 
hamess, and treadmill mnning with a backpack load equaling 25% of my bodyweight. 
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I understand that the stepping task wiU be performed on a treadmill moving at the 
very slow speed of 0.8 MPH and all mnning actívities wiU be performed at the 
relatively slow speed of 5.6 MPH. I will then have 13 reflective markers attached to 
the skin above the following body landmarks: hips, outside of the knees, outside of 
the ankles, heels, base of the littie toes, on top of the big toes and one marker on the 
lower part of the upper leg. These markers will enable the motion cameras to keep 
track of my body position during the experiment. I will then perform a series of 
precision steps to ensure that I have leamed the stepping task well. 
Experimental session (« 3 hours)-I will be reminded that I may discontinue this 
experiment at any time during the session and for any reason. I will then be assisted 
in getting into the partial gravity suspension hamess. I wiU have my body weight off-
loaded to the correct amount then perform a 7-minute partial gravity mn on the 
treadmiU. This mn wiU be followed by one of the following: quiet standing for 60 
seconds, a mn at normal gravity for 60 seconds, a mn at normal gravity with a 
backpack load equaling 10% of my bodyweight for 60 seconds, or a mn at normal 
gravity with a backpack load equaling 25% of my bodyweight for 60 seconds. I will 
then perform the precision stepping task for two minutes. I will perform four trials 
including this sequence of partial gravity mnning, a countermeasure (i.e., standing, 
mnning, miming with a 10% bodyweight load, or mnning with a 25%) bodyweight 
load), and then perform the stepping task. These trials will be completed in a random 
order so that all four countermeasures are performed. After each trial, I wiU complete 
a short survey regarding the experimental activity. 

It has been explained to me that data coUection of my movements during the experiment 
wiU be obtained using high-speed video cameras that detect the position of the reflective 
tape markers attached to my arms and legs. I also understand that my name will not be 
used during any of the analysis procedures, my data will only be referred to by a subject 
code. The forces under my feet as I walk or mn on the treadmiU belt will also be 
recorded. 

Information conceming payment for my participation in this study has been explained to 
me as follows: this is a voluntary study and no payment wiU be provided. 

The risks have been explained to me as follows: muscle spasms, sprains or strains, 
muscle pain and fatigue, increased sweating, a general feeling of fatigue and/or nausea, 
pulled tendons, bmises, back injury or broken bones. The likelihood and seriousness of 
these risks are very low based on previous research conducted in this area. I have also 
been informed that every effort wiU be taken to minimize any risk of adverse affects and 
that every precaution will be taken during my experimental session. 

It has fiirther been explained to me that the total duration of my participation will be 
approximately five hours during one meeting time with numerous rest breaks (the 
sessions will be at the ergonomics laboratory in the Industrial Engineering building); and 
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that only Dr. Hsiang or his authorized representative will have access to the records 
and/or data collected for this study; and that all data associated with this study will 
remam strictly confidential. 

Dr. Hsiang has agreed to answer any inquiries I may have conceming the procedures and 
has mformed my that I may contact the Texas Tech University Institutional Review 
Board for the Protection of Human Subjects by writing to them in care of the Office of 
Research Services, Texas Tech University, Lubbock, Texas 79409, or bv callins 742-
3884. ^ 

Important Note: If this research project causes physical injury, Texas Tech University 
or the Student Health Center, may not be able to treat your injury. You will have to pay 
for treatment from your own insurance. The University does not have insurance to cover 
such injuries. More information about these matters may be obtained from Dr. Kathleen 
Harris, Associate Vice President for Research, (806) 742-3884, Room 203 Holden Hall, 
Texas Tech University, Lubbock, Texas 79409. 

I understand that I may not derive therapeutic treatment from participation in this study. I 
also understand that I may discontinue this study at any time I choose without penafty. 

Experimental results are used only for research and will not be used for any other 
purpose. Any published work will refer only to my subject number and not my name. 

Signature of Subject 

Date 

Signature of Project Director or his Authorized Representative: 

Date 
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Special Instructions for Subject 
(please read carefully before starting the experiment) 

This is an experiment to investigate the effects of musculoskeletal loading (i.e., mnning 
with backpack loads) after simulated partial gravity mnning on postural control actívities 
(i.e., standing, walking, stepping, etc). The National Aeronautics and Space 
Administration (NASA) hopes to use data from experiments such as this one to improve 
the design of exercise countermeasures for astronauts when they retum to Earth following 
space flight or when they land on the Moon or Mars. 

Prior to this experiment you will be asked to complete an activity level and health history 
questionnaire, have your height, weight, and leg length assessed. 

Familiarization and training (« 1.5-2 hours)-You must arrive at the laboratory wearing 
running shorts, and a short sleeved shirt. You will be familiarized to precision stepping 
on a treadmiU, treadmill walking, partial gravity suspension, and mnning on a treadmill 
with a backpack load equaling either 10% or 25%) ofyour bodyweight. The partial 
gravity suspension simulator requires you to use a special safety hamess that coimects 
your body to balancers (large springs) that support various amounts of your body weight 
as you mn on a treadmiU. For your safety and confidence a safety line wiU be attached to 
the backpack during miming with loads. AU locomotion tasks will be performed with 
bare feet. Small reflective markers will be attached to your skin at 13 points on your legs 
and feet. These markers wiU enable the motion cameras to keep track of your body 
position during the experiment. You wiU then perform several sets of the stepping task 
you have been taught before the experimental trials are initiated. 

Experimental session (« 3 hours)-You wiU perform four trials in random order. Each trial 
consists of the following: 

1. Precision stepping for 2 minutes. The stepping task requires stepping over a 
laser beam while on a treadmiU moving very slowly (i.e., 0.8 MPH). 

2. Simulated partial gravity mnning for 7 minutes (i.e., mnning at simulated 
Martian gravity in which 5/8 of your bodyweight wiU be supported by the 
simulator as you mn). 

3. One of the foUowing exercise countermeasures: 
a. Stand quietly for 60 seconds 
b. Run at normal gravity for 60 seconds at 5.6 MPH 
c. Run at normal gravity for 60 seconds with a 10% bodyweight backpack 

load at 5.6 MPH 
d. Run at normal gravity for 60 seconds with a 25% bodyweight backpack 

load at 5.6 MPH 
4. Precision stepping for 2 minutes. 
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Personal Data and Consent Form 

Name 

Date. 

Age_ 

Height (ft, in) Weight (Ib). 

In case of emergency, contact: Name Phone 

For each question, please mark the appropriate box ^ 

1. Do you exercise regularly? Yes • No • 

2. If yes, how many times per week do you exercise (typically)? 
< i a 2 a 3 ^ 4 ^ ^5 a 

3. What types of activities do you engage in during exercise and how often are they 
performed? (e.g. running - 2 miles twice per week, swimming - 2000 yards 3 times per 
weelc, weightlifting - whole body routines 2 times per week, basketball - play on an 
intramural team twice per week, aerobics - 30 minute sessions 3 times per week; 
competitive athlete -football player - two workouts per day, etc.) Please include all 
activities so that your actual levels of physical activity are correctly reflected. 

4. Are you familiar with treadmill running? Yes • No • 

5. If yes, how often do you run on a treadmill? 

infrequently • 1-3 timesperweek • s 4 times per week • 

6. Have you ever completed a maximal oxygen uptake test? Yes • No • 

Please read carefully and sign the attached consent form. 
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Personal Data and Consent Form 

7. Have you ever been diagnosed with a cardiopulmonary or metabolic disease? (e.g. 
heart problems, respiratory problems - asthma, thyroid problems, diabetes, etc.) 

Yes • No • 

If yes, please explain: 

8. Have you ever been diagnosed with hypertension? Yes • No • 

9. Has your serum cholesterol ever been measured? Yes • No • 

If yes, when was the measurement taken and what was the level? 

Approximate date: Approximate level: 
Month/year (e.g. 130 mg/dl, 200 mg/dl) 

10. Doyousmoke? Yes • No • 

11. Have your parents or any of your siblings experienced coronary or other 
atherosclerotic diseases prior to age 55? Yes • No • 

12. Are you aware of any physical conditions that may interfere with your ability to 
participate in this study? (e.g. difficulty walking or running due to joint problems and/or 
surgery involving: ankle, knee, or hip; upper respiratory infections, cough orflu, etc.) 

Yes • No • 

If yes, please explain: 

Please read carefully and slgn the attached consent form. 
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Personal Data and Consent Form 

Please answer the following questions based on your opinion of your physical abilities 
(place an X on the line where you feel it should be): 

13. I feel confident that I can successfully complete a brief treadmill run (i.e., 60 
seconds) with a backpack load equaling 25% of my bodyweight: 

t-T^ ' 1 1 1 
Strongly Strongly 
Agree Disagree 

14. I look fonward to providing data that may result in benefits to the manned space 
flight program: 

k 1 1 1 1 1 
Strongly Strongly 
Agree Disagree 

Modified Physical Activity Readiness Questionnaire (PAR-Q) 

For most people, physical activity should not pose any problem or hazard. PAR-Q has 
been designed to identify a small number of adults for whom physical activity might be 
inappropriate or those who should have medical advice concerning the type of activity 
most suitable. 

1. Has your doctor ever said you have heart trouble? Yes • No • 
2. Do you frequently suffer from pains in your chest? Yes • No • 
3. Do you often feel faint or have spells of severe dizziness? Yes • No • 
4. Has a doctor ever said your blood pressure was too high? Yes • No • 
5. Has a doctor ever told you that you have a bone or joint 

problem such as arthritis that has been aggravated by 
exercise, or might be made worse with exercise? Yes • No • 

6. Is there a good physical reason not mentioned here why 
you should not follow an activity program even if you 
wanted to? Yes • No • 

Reference: 
PAR-Q Validation Report, British Columbia Department of Health 
June 1975 (Modified Version) 

Please read carefully and sign the attached consent form. 
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APPENDIX D 

SUBJECT QUESTIONNAIRES 
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Musculoskeletal Loading During Gravitational Transitions Questionnaire - Post-test 

Subject number: 

Dear participant. 

Thankyou again for volunteering to participate in this experimentl Following this 
questionnaire you will be able to further express your comments and reactions to the 
experiment during a brief interview. 

For each question, please mark the appropriate box ^ 

1. Did you find that the precision stepping task was easy to learn and perform? 

Yes • NoQ 

2. After the simulated partial gravity runs, did your legs initially feel heavier (i.e., require 
more effort to move)? 

Yes • N o ^ 

Please describe how your legs felt after the simulated partial gravity runs: 

3. After the simulated partial gravity runs, and then the running countermeasures (i.e., 
running at normal gravity with or without backpack loads), did your legs feel heavier 
or lighter (i.e. require more effort to move or less effort to move)? 

Heavier • Lighter • They felt the same as before the run • 

If your legs felt different after the running countermeasures, please describe how 
they felt: 

Thank you for participating in this experiment! 
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Musculoskeletal Loading During Gravitational Transitions Questionnaire - Post-test 2 

4. Do you feel that your precision stepping task performance after the simulated partial 
gravity run (i.e. for the delay condition) was at all different from your precision 
stepping task performance before the simulated partial gravity run? 

Yes • N o ^ 

If yes, please describe how your stepping performance was different: 

5. Do you feel that your precision stepping task performance after the running 
countermeasures (i.e. run with or without backpack) was at all different from your 
precision stepping task performance before the simulated partial gravity run? 

Yes • N o ^ 

If yes, please desaibe how your stepping performance was different: 

Please answer the following questions based on your experiences during the 
experiment (place an X on the line where you feel it should be); 

For example. 

^ - ^ Strongly ' ^ Strongly 
Agree Disagree 

6. Overall, I felt that the precision stepping task was easier to perform after the 
simulated partial gravity run (i.e., forthe delay condition). 

I — I — ^ — ' ^ir-r^ 
Strongly Strongly 
Agree Disagree 

7. Overall, I felt that the precision stepping task was more difficult to perform after the 
simulated partial gravity run (i.e., for the delay condition). 

Jhank you for partlcipating in this experiment! 
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Musculoskeletal Loading During Gravitational Transitions Questionnaire - Post-test 3 

'ft^°"9ly Strongly 
Agree Disagree 

8. Overall, I felt that the precision stepping task was easier to perform after the runninq 
countermeasures. 

Strongly Strongly 
Agree Disagree 

9. Overall, I felt that the precision stepping task was more difficult to perform after the 
countermeasures. 

' r^' ^—^ 1 1 
Strongly Strongly 

Agree Disagree 

10. Did you feel fatigued after any of the four trials? 

Yes • NoQ 

If yes, after which trial did you begin to feel fatigued? 

Trial 1 • Trial 2 • Trial 3 • Trial 4 • 

Do you have any comments regarding fatigue during the experiment? 

11. If you felt that the running countermeasures improved your stepping performance 
(i.e., helped you to perform the stepping task essentially the same as you did before 
the simulated partial gravity runs), which countermeasure was most effective (1-
most effective, 2-second most effective, 3-third most effective, 4-least effective)? 

Delay, or no run before stepping task: 
Run without backpack before stepping task: 
Run with backpack containing 10% bodyweight: 
Run with backpack containing 25% bodyweight: 

Do you have any comments regarding the effectiveness of the countermeasures to 
aid in the return to baseline (i.e., pre-partial gravity run) stepping performance? 

Thankyou for participating in this experiment! 
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Musculoskeletaí Loading During Gravitational Transitions Questionnaire - Post-test 4 

12. Overail, I felt that the partial gravity suspension harness was comfortable to use 

•^TT- ' ^ 1 1 1 
Strongly Strongly 
Agree Disagree 

Do you have any comments regarding the partial gravity suspension harness or 
suggestions for improving the device? 

13. Did the partial gravity suspension harness interfere with your running gait? 

Yes • N o ^ 

If yes, please describe how the harness interfered with your running gait: 

14. Do you have any additional comments regarding any aspect of this experiment? 

Thankyou for participating in this experiment! 
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Musculoskeletal Loading During Gravitational Transitions Questionnaire - Post-test 5 

Thankyou for participating in this experiment! 
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APPENDIX E 

EXERCISE ACTIVITY SUMMARY AND BODY MASS INDICIES 
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TableE.l 
br subjec 

Subject 
Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Sununary of exercise activity obtained from Personal Data and Consent Forr 
ts completing the maior experiment. 

Do you 
exercise 
often? 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

N 

Y 

Y 

Y 

Y 

Y 

Y 

If yes, how 
many times 
perweek? 

4 

1 

> 5 

2 

> 5 

1 

4 

n/a 

2 

> 5 

> 5 

> 5 

3 

2 

What types of exercise activlties do 
you engage in? 

Activity Frequency 
(per week) 

running (3 mlles) 
welghtlifting 

volleyball 

soccer 

welghtlifting 
runnlng 

swlmmlng & volleyball 
welghtllftlng 
swlmming 

weightlifting 
soccer & tennls 

swlmmln2& running 
racquetball 

iogglng 
soccer 

basketball 
running 

n/a 

mountain biking 

weightliftlng 
cheerleadlng 

welghtlifting 

running 
weightllftlng 
weightlifting 
rollerbladlng 
hlt speedbag 

wrestllng 

3 
4 
4 

1 

5 
5 
2 
2 

0 - 1 
3 
2 
3 
2 
1 
2 
1 
1 

n/a 

2 

3 
4 

5 

50 miles 
3 
3 
1 
1 

2 

Familiar 
with 

treadmill 
running? 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

Y 

If yes, how 
often do you 

run on a 
treadmill? 

infrequently 

Infrequently 

Infrequently 

infrequently 

1-3 
times/week 

Infrequently 

infrequently 

infrequently 

Infrequently 

infrequently 

infrequently 

Infrequently 

infrequently 

infrequently 
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Table E.2. Body mass index values for the first seven subjects that completed the major 
experiment. 

Subject Number 

Body mass index (kg/m^) 

1 

26.5 

2 

29 

3 

23.2 

4 

26.4 

5 

26.5 

6 

28.6 

7 

21.9 

Table E.3. Body mass index values for the last seven subjects that completed the major 
experiment. 

Subject Number 

Body mass index (kg/m^) 

8 

31.6 

9 

22.9 

10 

24.5 

11 

23.4 

12 

22.8 

13 

23.4 

14 

25.5 
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