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ABSTRACT 
 
  

Tossing tasks, a kind of manual material handling (MMH), extends from 

lifting tasks.  Unlike lifting task studies, there were few reports studying tossing tasks 

in term of Biomechanics.  In this study, the tossing tasks were studied in terms of 

Biomechanics and Fitts’ law, and the tossing tasks were also simulated based on the 

lifting task simulation.   

To validate the tossing task simulation, a 2×2×2×3 factorial experimental 

design (tossing distance, tossing height, weight of load, and tossing clearance) was 

established.  Ten volunteer subjects were recruited from the students of Texas Tech 

University.  A motion capture recorded their motion throughout their movement while 

doing the tossing tasks. 

 The first analysis was the comparison between the tossing and lifting tasks in 

order to validate that the tossing task simulation can be guided by the lifting tasks 

simulation.  The comparison analyses were considered the  joint angle trajectories, the 

load trajectories and velocities, and the compressive and shear forces of the L5/S1 

joint.  The comparison showed that similarities between both kinds of tasks were 

found in the first half of the activity duration.  On the other hand, dissimilarities 

between both kinds of tasks were found in the second half of the activity duration.  

The differences of the joint angle trajectories were found because of the different 

objective at the end of the tasks.  Subjects slowed the load velocity before it impacted 

on the table while they increased the load speed before the load was released from 

their hands.  Although similarities and dissimilarities between tossing and lifting tasks 

were found, the tossing tasks could be separated into three phases with four key 

postures (initial, load-close to body, aiming, and releasing postures) which was 
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similar to the lifting tasks.  Therefore, the next step of this study was the evaluation of 

the four key postures by using the mathematical models. 

The second analysis was the validation of the four key posture evaluations. 

The objective function used for evaluation was body balancing.  The center of mass 

(COM) of subjects while doing the tossing tasks was investigated to validated the 

objective function.  COM investigation showed that if none of the subjects had COM 

beyond their feet, then body balancing can be used as the objective function.  All key 

postures were evaluated by using body balancing with the constraints.  The 

constraints of the 1st, 2nd, and 3rd key postures were the interaction between the human 

and the load position while the constraints of the 4th key posture were the load 

movements before and after the 4th key posture.  The load movement before the 4th 

key posture was considered as the linear movement.  The load movement after the 4th 

key posture was considered as the projectile movement which was affected by the 

tossing distance, tossing height, weight of load, and target clearance. 

The tossing distance and height significantly affected the initial horizontal 

speed of load projectile and the initial angle of projectile.  In addition, the tossing 

clearance significantly affected only the initial angle of projectile.  With regard to the 

compressive force, the weight of load affected the maximum compressive force on 

L5/S1 joint in the lifting phase.  At the same time, the tossing distance and clearance 

and the weight of load affected the maximum compressive force on L5/S1 joint in the 

releasing phase.  Moreover, all factors except the tossing height effected the 

movement time.  These investigations were considered for the 4th key posture 

evaluation.  Therefore, the four key postures could be connected together to simulate 

the tossing task movement. 
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The final analysis in this study was the validation of the tossing task 

simulation, which was comprised of the optimization for the positions in time frame 

of the 2nd and 3rd key postures and then the connections of the joint angle trajectories.  

The optimization methods applied three different objective functions (maximize the 

hand movement smoothness, maximize the smoothness of the center of the gravity 

(COG) movement, and minimize the muscular utilization rate (MUR)) in order to find 

three different positions in time frame of the 2nd and 3rd key postures. 

The comparisons among three objective functions showed that the maximize 

the smoothness of the center of the gravity (COG) movement predicted the positions 

in time frame of the 2nd and 3rd key postures closest to the actual positions in time 

frame of the 2nd and 3rd key postures.   

The validation results showed that hand movement smoothness was the best 

predictor for arm movement; however, body balance was the best predictor for trunk 

and leg movements.  As regards to the whole body posture, hand movement 

smoothness should be considered to simulate tossing tasks, because the important part 

of the tossing task movement in this study was the upper extremities.  Since the 

subjects stood at a fixed point (no stepping) while doing the tossing tasks, the 

movement of the lower extremities had low variation. In this case, the lower 

extremities might be not concerned for tossing task simulations.  Unlike the lower 

extremities, the upper extremities moved in a wider range and faster speed, including 

more varieties of hand movement compared to leg movement.  In addition, the 

varieties of tossing factors and weight of load affected the varieties of hand movement 

more than the leg movement.  Therefore, the movement of upper extremities should 

be a major consideration which could be simulated by the hand movement 

smoothness. 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Motivation 

 Low back pain (LBP) is one of the most common injuries of workers who do 

manual material handling (MMH).  Low back pain impairment (LBPI) refers to  

physical limitations in movement, strength, and function of an individual due to LBP. 

Low back pain disability (LBPD) refers to the loss of capacity or time for  

an individual to function at work or in activities of daily living (ADL).  It is not 

synonymous with LBPI, since impaired individuals may be able to function normally: 

conversely, an individual with minimal measurable impairment may be significantly 

disabled with respect to work and/or ADL.  This dichotomy is secondary to 

psychosocial factors, socioeconomic factors, and specific job requirements.  

Occupationally-related LBPD continues to be the most costly safety and health 

problem facing industries.  Research studies conducted in several countries, including 

the United States of America, the United Kingdom, Sweden, and Canada have found a 

positive correlation between MMH and LBP (Andersson, 1999).  The characteristics 

of MMH are heavy physical work, static work postures, frequent bending and 

twisting, lifting, pushing and pulling, and repetitive work, all of which are 

contributing factors to LBP (Andersson, 1999).  MMH studies address lifting, 

holding, carrying, pushing and pulling tasks.   

 One of the tasks that has not been included in most MMH studies is  

the tossing task.  Tossing tasks can be found in many jobs, although they might not be 

the main activity in MMH.  There are many factors that limit lifting or carrying tasks.  

Thus, MMH workers have to do tossing tasks instead.  Some factors which force 

MMH workers to do tossing are the following: 
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• Workstation constraints such as excessive reaches and physical barriers; 

• Time requirement constraints when workers need to increase transfer speed; 

and 

• Energy saving in case of repetitive jobs where tossing consumes lower energy 

than carrying. 

Few studies have addressed the issue of tossing tasks in the industrial section.  

Alain Delisle (1995) stated that tossing tasks are involved in about 26% of MMH in 

industry.  The International Labour Organization (ILO) has published a study of 

domestic waste collection in its website.  In this article, Bourdouxhe (1998) found that 

waste-management workers were required to run after the waste truck and toss waste 

objects into the truck.  The statistical results pointed out that the tossing tasks caused 

more back pain accidents as compared to the lifting of heavy objects. 

Workstation characteristics are the main factors which directly affect tossing 

performance, worker stresses, and injury potential.  A tossing performance factor is 

the level of accuracy as an item is thrown.  Fitts’ Law (Jagacinski and Flach, 2003) 

explains the speed and accuracy trade-off which is the linear relationship between the 

movement time, the logarithm of distance, and target width.  The index of difficulty 

(ID) is defined as the accuracy tolerance (target width) and the distance of movement.  

Both distance and target width are obstacles that affect movement time.  One example 

is shooting a basketball. The three point shot is more difficult than a two-point shot 

because of the distance.  A player requires more time to throw the basketball in the 

three-point area.  The relationship between the basketball player prepares to shoot and 

then actually shooting 3-point shot can be explained by a control system for human 

motion. 
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Figure 1.1. A control system for human motion (Dayawansa and Schovanec, 1999). 

 

Dayawansa and Schovanec (1999) presented human motor control as shown in 

Figure 1.1, which explains how the brain controls body movement.  Humans have  

an expected movement in their memory known as a reference path, and an algorithm 

to correct movement, known as tracking.  While tossing, the brain already has  

a reference path of the tossing movement; hence, the brain sends a neural signal to 

control the muscle cells.  The muscle contraction controls the body movement which 

refines the motion.  Since the tossing task needs precision, the tracking needs time to 

process.  This tracking time affects the movement time, as explained in Fitts’ Law.  

Thus the movement time affects the body kinematics and kinetics.  This model is 

usually a good presentation of the relationship between Fitts’ Law and Biomechanics. 

 One tool used by ergonomists to analyze stress and injury potential is  

a biomechanical model.  Chaffin and Andersson (1984) presented a biomechanical 

model which was applied to the human body to estimate joint stresses while  

an individual was working.  Biomechanical models use a motion capture system to 

provide input data for the model.  This motion capture process requires funding for 

equipment, processing time and a skillful operator (a person who setsup and operates 

the motion capture equipment).  Therefore, biomechanical modeling is usually found 

in a laboratory or in some industries which have sufficient resources.  Motion capture 
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systems are very difficult to establish in a real workstation due to their complexity, as 

mentioned earlier.   

In cases where biomechanical models are not feasible, biomechanical 

simulation can be an alternative tool.  Tasks can be simulated by generating the joint- 

angular displacements, providing data for calculating the joint’s torques and  

joint stress.  Biomechanical simulation consumes few resources and is simple to use. 

Simulations normally require only one computer set and a proper mathematical model 

(Bernard, 1999).  An advantage of biomechanical simulation is that such simulation 

can help the ergonomist answer the “what if” questions involved in workstation 

development.  

 

1.2 Specific Aims 

 Although tossing tasks are not a major activity in MMH, they are  

an important part of MMH.  In domestic waste collection, tossing tasks are prevalent 

activities which result in a major cause of back injuries.  A specific aim of the current 

study was to compare tossing tasks to lifting tasks.  In order to better understand 

tossing tasks, the current study aimed to study the relationships among ID, movement, 

and Biomechanics and used those relationships to develop a simulation tool.  The 

research results can be used to evaluate what-if questions for various tossing 

situations. 

The specific aims of this study were to: 

• Compare tossing tasks to lifting tasks in terms of the compressive force on the 

L5/S1 joint; 

• Evaluate key postures and understand their consequences in postural control; 

• Develop a model that can simulate the motion of a tossing task; and 
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• Explain the relationship among ID, the task movement, and Biomechanics.   

In order to satisfy the specific aims of this study, the following hypotheses 

were constructed: 

• The simulation of lifting tasks can lead to the simulation of tossing tasks: 

• The tossing posture influences tossing accuracy and the tossing accuracy 

influences tossing posture: 

• Variation of the tossing posture influences variation of the load trajectory; 

 

The primary goal of this study was to simulate the tossing tasks.   

The second goal was the development of a simulation procedure which can be used to 

study a variety of ID conditions.  The final goal was to study the relationship between 

Fitts’ Law and Biomechanics.  

 

1.3 Significance 

 Although tossing tasks have not been widely investigated, they exist in  

many occupations.  Bourdouxhe (1998) studied domestic waste collection personal in 

the Province of Quebec, Canada.  He explored the activities of workers who perform 

tossing tasks as one of their major tasks.  The accident reports have found that tossing 

or twisting tasks accounted for 19% of back pain accidents, while lifting tasks caused 

only 18% of back pain accidents.  In addition to waste collection, tossing activities 

can be found in a variety of other activities, as illustrated in Figure 1.2.  The tossing 

tasks are common activities. Tossing tasks may require a high degree of precision and 

body control.  Tossing tasks are not always easy to perform. 

In order to study tossing tasks, a kinematic acquisition system such as that 

found in a laboratory may not be suitable for an industrial activity.  Biomechanical 
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simulation is an effective tool for ergonomists to analyze these occupational tasks.  

Since many industrial sectors do not have motion capture systems, interested parties 

can use simulation programs to provide biomechanical assessments of their work 

tasks.  Through the use of simulation programs, ergonomists can modify any 

workstation and also immediately check their new workstation with the simulation 

results.  To evaluate simulation programs, a simulation algorithm has to be developed.  

The current study tried to develop an algorithm which can be utilized to evaluate 

tossing task simulation programs.  

 

 
Figure 1.2. Tossing a cardboard box (Retrieved September 21, 2008, 

from http://library.riohondo.edu/News_and_Events/Newsletters/images/throwing.jpg) 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Tossing tasks 

Since tossing tasks are not found frequently in MMH, injuries associated with 

tossing tasks are not well recorded.  A reason for non-statistical records may be that 

tossing tasks are classified as skillful jobs which require high levels of (1) quick and 

accurate muscle contraction, (2) precision movements, (3) concentration, and (4) 

visual control (Grandjean 1980).  Another reason for the lack of data on tossing tasks 

may be due to tossing being a component of a lifting task: consequently, the activity 

may simply be labeled as a lifting task.  Alain Delisle (1995) explored tossing tasks in  

the industrial sector and reported that they represented about 26% of MMH activities.   

In some occupations, tossing tasks are more prominent than lifting tasks, because 

there are some physical limitations of the environment, such as a long distance.  

Workers may need to lift and carry a load for a long distance, consuming energy not 

only for carrying the weight of the load, but also for the weight of the worker.  In the 

cases where tossing is permissible, workers probably prefer tossing instead of lifting 

and carrying, because tossing activities consumes less energy than lifting and 

carrying.  Physical barriers and the necessity for speed are other limitations which 

force workers to do tossing tasks, causing tossing tasks to be the major activity in 

some jobs, such as domestic waste collection.  Bourdouxhe’s study (1998) identified 

the activities of the waste collector, which included having to run after the collecting 

truck, lift various weight garbage bags, and toss them into the truck.  The accident 

data from this job showed that the major cause of back pain was related to tossing and 

twisting tasks for 19% of accidents studied, while lifting tasks accounted for only 
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18% of the accidents studied.  This study demonstrates the significance of tossing 

tasks.   

The main difference between lifting and tossing is the energy transfer at the 

end of the task (not the motion).  The load of the lifting task has zero velocity at the 

end of the task, while the load of the tossing task must have the proper velocity for 

traveling in the air.  The load trajectory in the air follows a projectile equation.  

Projectile motion is a curve movement influenced by gravity.  Its moving path is a 

parabola, which occurs from two independent movements, the vertical movement and 

the horizontal movement.  The vertical movement is forced by gravity with the 

vertical speed changing as time progresses, while the horizontal movement has a 

constant speed without any counter forces. 

Not only the velocity, but also muscle usage affects body posture in  

the releasing phase of a tossing task.  The human body has to generate large forces for 

energy transfer.  Lifting tasks require the back muscles to reduce movement speed 

while lowering the load on the target (Eccentric Contraction) in order to minimize the 

impact damage.  In contrast, tossing tasks activate the back muscles to increase 

movement speed while releasing the load with the proper speed (Concentric 

Contraction).  However, whole body muscle usage may not be the best strategy for 

light load tossing.  Alain Delisle and Micheline Gagnon (1995) explained muscle 

contributions by using an economical factor.  The whole body muscles consume more 

energy and are not required in submaximal conditions.  For light load tossing, humans 

prefer using only upper extremity muscles to minimize energy consumption.  

Therefore, the arm muscles are required to do tossing activities not only for heavy 

weight tossing, but also for light weight tossing. 
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The weight of a load, added with the contraction of the back muscles of  

the tossing tasks, can harm an inter-vertebra disc in ways similar to lifting tasks.  The 

cyclic compressive load and the asymmetric facet joint (Brailsford, 1929 and Wilder 

et al, 1987 referred by Hsiang, personal communication, February, 2004) cause the 

inter-vertebra disc to decrease its height with asymmetric shape.  Moreover, the 

bending or twisting of the spine while doing activities forces the inner gel (Nucleus 

pulposus) in the inter-vertebra disc to press one side of the disc wall (Anulus 

fibrosus).  These reasons are the cause of an abnormal shape of the inter-vertebra disc.  

LBP patients endure intense pain due to the abnormal shape of the inter-vertebra disc 

and cannot control their movement because the inter-vertebra disc interrupts the nerve 

cord (Figure 2.1).   

 

 

 

Figure 2.1. The unusual shape of the inter-vertebra disc (Hsiang, 2004) 
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2.2 Speed-Accuracy Trade-off 

 Unlike lifting task studies, movement accuracy is required for tossing tasks.   

Paul Fitts proposed Fitts’ Law, in 1954, as a model of human movement which 

predicts the time required to rapidly move to a target area as a function of the distance 

to the target and the size of the target.  Fitts’ Law is used to model the act of pointing, 

both in the real world (e.g., with a stylus or finger) and on displays (e.g., with a 

mouse).  The accuracy is a factor which indicates tossing performance.  Jagacinski 

and Flach (2003) proposed that human working performance can be described by 

working time, accuracy, and precision.  Not only do speed and accuracy describe 

tossing performance, but precision can also be utilized as a performance measure.  

Freivalds (2004) wrote that, “accuracy is similar to validity and precision is similar to 

reliability.”   Precision of human movement on activities depends on the physical 

conditions of the body and the level of experience.  Workers who do not frequently 

toss loads will have poor precision and accuracy, while skillful experienced workers 

will have good precision and accuracy.  Good precision with poor accuracy can occur 

when the working environment is changed and skillful workers have not adjusted their 

reference path.   

  Jagacinski and Flach (2003) also proposed Fitts’ Law as the primary 

explanation in the relationship of speed and accuracy.  The movement accuracy was 

influenced by the index of difficulty (ID, movement distance and accuracy tolerance).  

The linear relationship between the movement time and ID means that human 

movement speed will decrease when performing a difficult task.   

                                                 (2.1)AW
MT

∝
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 Schmidt (1979) modified Fitts’ Law and applied the relationship between  

the variability of the distance (W), the movement time (MT), and the movement 

amplitude (A).  The result explored the new relationship between W and the speed 

(A/MT), which was called Schmidt’s Law (Eq.  2.1). Schmidt’s Law demonstrates 

another view of Fitts’ Law.  This law explains that the variation of human movement 

will increase when the human performs a high speed task. 

Wright and Meyer (1983) presented the conditions which give the result as  

a linear speed-accuracy trade-off.  The conditions are stated because of the different 

relationship between Fitts’ model and Schmidt’s model.  Fitts’ model presents  

a logarithmic relationship, while Schmidt’s model presents a linear relationship.   

 Wright and Meyer (1983) proposed three hypotheses to explain the linearity of 

Schmidt’s model.  The first hypothesis was the Movement-brevity hypothesis.  It 

stated that a fast movement (less than 200 ms.) causes the linearity of speed-accuracy 

trade-off.  The hypothesis assumed that the short movement time created a ballistic 

movement with no corrective submovements.  The corrective submovements may 

cause the logarithmic trade-off.  The second hypothesis was the Feedback-deprivation 

hypothesis.  The fast movement will result in the lack of visual feedback.  If there is 

no visual feedback (the main feedback), the trade-off will be presented as a linear 

relationship.  The third hypothesis is the Temporal-precision hypothesis.  This 

hypothesis explains Schmidt’s model, which constrains the experiment by the time 

precision.  The assumption states that the single sinusoidal impulse minimizes the 

time variance which may cause the linear trade-off.  The multi sinusoidal impulse 

(overlapping) minimizes the space variance which may cause the logarithmic trade-

off. 
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 Wright and Meyer (1983) conducted a different experiment dissimilar to a 

tapping movement.  This experiment used wrist rotations, because the wrist uses only 

one degree of freedom and there is no deceleration by the tapping impact.  The 

distance unit was changed from centimeters to degrees.  The results stated that the 

experimenters rejected the Movement-brevity hypothesis and the Feedback-

deprivation hypothesis.  Neither of the hypotheses could explain the linear 

relationship of the data.  The experimenters agreed with Temporal-precision 

hypothesis, because it explained the linear trade-off characteristics in the results in all 

conditions of the experiment. 

 Zelaznik, et al.  (1981) presented the testing results from the Feedback-

deprivation hypothesis.  They reported two types of experiment.  The first experiment 

tested slow movements.  This experiment set the distances of 30, 45, 60, and 75 

centimeters, with the specific motion time as 500 milliseconds.  The second 

experiment tested for fast movements.  This experiment set the distances of 10, 20, 

and 30 centimeters, with the specific motion time as 200 milliseconds.  To test for 

insufficient visual feedback to correct distance error, the subjects had to press a key 

after a buzzer sounded while performing a single aiming movement.  Pressing the key 

demanded the subject’s attention, resulting in a lack of sufficient feedback for the 

single aiming movement.  The results of both experiments stated that variability in 

movement increased with this secondary task, and the task still had a linear 

relationship to the average speed. 

 Zelaznik, et al.  (1988) stated the effect of the motion time (MT) constraint 

(Temporal-precision hypothesis) and the target width constraint in the single-aiming 

movement.  A tapping motion was used to represent the single-aiming movement.   

To test the Temporal-precision hypothesis, the first experiment varied the motion time 
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tolerance by ± 10%, 20%, and 40% of the target MT.  There was no target width in 

this experiment.  The second experiment expanded the first one by varying the target 

width by 1, 2, and 3 centimeters to check for the logarithmic trade-off (Fitts’ Law).  

The results of both experiments agreed with Temporal-precision hypothesis. 

Zelaznik, et al.  (1988) still explained the single sinusoidal impulse curve 

which presented the character of the single-aiming movement.  In this case, 

acceleration was used instead of the force.  The ideal shape of this curve is given 

when the positive impulse equals the negative impulse (Figure 2.2).  This motion is 

stopped by the hand muscles and hand velocity and acceleration will be zero at the 

end of motion. 

 

 
 
 
 
 
 
 
 
 
 

Figure 2.2. The ideal impulse curve 

 

 For aimed-hand movement, motion time was the main factor.  Zelaznik, et al.  

(1988) explained that subjects increased the average velocity by increasing the 

positive impulse and delaying the onset of the negative impulse.  This strategy 

changed the impulse curve (Figure 2.3), because the velocity at the end of the motion 

was not zero.  The hand movement was stopped by the impact of the hand to the 

target.  The virtual movement time (ω) was the expected ending time without the 

impact.  The quantity of the different value between the actual movement time (T) 

Time (msec.) 

Acceleration 
Velocity 
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and the virtual movement time was called slide (ω-T).  The slide occurred when 

subjects wanted to delay the onset of the negative impulse.  The time used for the 

delay was called a trigger. 

 

 

 

 

 

 

 

 Figure 2.3. The slide impulse curve 

 

Both Fitts’ and Schmidt’s laws explain human movement based on free 

movement without an external load.  For MMH, the weight of load is an important 

factor which affects human performance.  Increasing the weight of load increases the 

level of muscle usage.  Unlike lifting, tossing has to transfer energy from the human 

body to the load in the releasing phase.  A large momentum has to be generated in the 

short period to release the load away from the body.  The higher variation of force 

occurs while higher muscle force is applied (Carlton and Newell 1993).  Thus, the 

weight of load is an important factor which affects both human movement variation 

and speed.    

 

Time (msec.) 
T ω 

Acceleration 
Velocity 
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2.3 Human Motor Control 

Another way to explain human movements is through human motor control.  

Human motor control is the model which explains the connection from the brain to  

a motion.  Dayawansa and Schovanec (1999) proposed that the brain signals the body 

by sending neural signals through the neurons to the muscles (Figure 1.1).   

In order to move the body, the muscles must contract following the neural signal.   

The motion that occurs depends on the forces generated by the muscles, which also 

affects joint stresses.  The reference path is the expected motion and resultant forces 

which the brain used for estimating task demands.  While the body moves, the internal 

muscle sensors send signals back to the brain to compare with the reference path,  

which is called tracking.  After the task is finished, the output information will be sent 

back to the brain to adjust the reference path.  The level of ID affects the brain 

processing time, because the brain needs longer tracking time to estimate task 

demands (muscle variations and forces).  The longer tracking time directly relates to 

the movement time, and then affects the body stresses.  Human motor control can 

explain the relationship between Fitts’ Law and Biomechanics. 
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2.4 Biomechanical models 

 In order to study the body stresses, Biomechanical models are usually used by 

ergonomists.  “Biomechanics uses laws of physics and engineering concepts to 

describe motion undergone by the various body segments and the forces acting on 

these body parts during normal daily activities,” states Frankel (1980), Chaffin, and 

Andersson (1984). 

 Hsiang (2006) described Biomechanics, which can be classified into  

three sections: (1) sports biomechanics; (2) clinical biomechanics (including cell, 

tissue, dental, cardiovascular, respiratory, orthopedic, rehabilitative, spinal, gait 

biomechanics); and (3) occupational biomechanics.   In sports biomechanics, the 

study aims to maximize physical performance, while clinical biomechanics studies 

aim to reduce the undesirable posture or movement.  Occupational biomechanics 

examines the physical interaction of workers with their environment (tools and 

machines), and aims to minimize the risk of musculoskeletal disorders such as (1) 

lower back pain (LBP), (2) slips and falls related injuries, and (3) repetitive motion 

disorders of the upper extremities.    

Hsiang (2006) stated that LBP has received a great deal of study because of  

the high cost associated with disability.  LBP studies state that the pain generally 

occurs around the lower back area from L3/L4 to the sacroiliac joint.  During 

movement such as lifting, the spine at the lower back area requires stiffness from 

many muscle groups (e.g., abdominis).  The musculoskeletal limitations occur from 

both mobility and stability.  The tremendous stress at the lower back area occurs as a 

result of transferring the forces and the moments from the upper torso to the lower 

extremities.  The simplified illustration in Figure 2.4 represents the transferring of the 

force and the moment from the upper torso to the lower back area. 
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-FC =FM+FB+FW

FM FC

FB

FW

m

b

w

-m FM=bFB+wFW

FC- compressive force
FM - back muscle force
 m - muscle moment arm
FB- upper body inertia
 b - moment arm of upper body
FW - external load inertia
 w - load moment arm

 
Figure 2.4. Simplified Figure of Spinal Loading (Hsiang, 2006) 

 

 Biomechanical models can be separated into two models, Static models and 

Dynamic models.  Both of them follow Newton’s Laws in different situations. 

Static models are established based on the assumption that there is no acceleration in  

their systems while Dynamic models are applied in the systems which are influenced 

by acceleration. 

 Static models were often used in the past with a limitation.  The limitation of 

Static models is that they are appropriate for static activities such as sitting and 

standing, which occur less frequently than dynamic activities.  In some cases, Static 

models may be applied to approximate very slow movements or pausing movements.  

With less resource consumption, Static models still are still being used in low 

acceleration activities. 

 Currently, Dynamic models are being used widely in Occupational 

Biomechanics.  They can be applied to various kinds of activities.  High performance 
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computers with motion capture systems are used to collect the joint positions along 

with the time for a particular activity.  The time displacement data are used to find the 

acceleration of human movement which is an important variable of Dynamic models.  

Dynamic models are essential to transform Kinematic data to Kinetic data which are 

usually used in Biomechanical simulations. 

 

2.5 Biomechanical Simulation 

 In the case where Biomechanical models cannot be developed, Biomechanical 

simulations are an alternative used by ergonomists.  The advantage of Biomechanical 

simulations is the low resource requirement (Bernard, 1999).  Researchers have 

developed many simulation methodologies to make the simulation models as close to  

the actual dynamics of the activity as possible. 

 

2.5.1 Model creation 

 Biomechanical Simulation began more than 20 years ago.  Due to limited 

computing resources, researchers created simple mathematical models to simulate 

human movement.  Flash (Yashin-Flash, 1983) presented a hand trajectory 

optimization model.  A 5th order polynomial was used to simulate a hand trajectory 

which moved between two end-points.  This article compared the results among three 

different objective functions, acceleration minimization, jerk minimization, and snap 

minimization.  The results showed that the jerk minimization was sufficient to 

represent the hand trajectory. 

From 1994 to1999, Hsiang  (Hsiang and Ayoub 1994; Hsiang and McGorry 

1997; Hsiang, Brogmus et al.  1998; Hsiang, Chang et al.  1999) developed methods 

for biomechanical simulations.  Optimization models with many constraints were 
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applied to a variety of objective functions.  The initial equations proposed to use the 

multi-order polynomials and Hermite polynomials for joint trajectory modeling.  

Mobilization, stabilization, and optimal strength utilization were always applied to 

find the most optimal model.  Unlike Flash’s concept, which utilized the starting and  

ending points to create a model, Hsiang presented four feasible pausing events to 

create the lifting task trajectory model.  However, Lin, et al.  (1999) (Lin, Ayoub et al.  

1999) utilized only initial and final pausing postures of a lifting task to simulate lifting 

task movement with a Hermite polynomial.  At the same time, Zhang (2005) utilized  

an 8th order polynomial to simulate the lifting task in three dimensions with four key 

posture controls. 

 

2.5.2 Model Validation 

 There are two statistical methods which are frequently used to validate  

the modeled data to the experimental data.  The first method is mean squared errors 

(MSE) which presents how much the model is different from the actual.  The second 

method is mean number of disconcordant pairs (MNDP) which presents how trend 

differences occur between the model and the actual (Hsiang and Ayoub 1994; Lin, 

Ayoub et al.  1999). 

 Since there is no model that has a complete 100% accuracy in prediction of  

joint trajectory, there are errors associated with both amplitude and direction.   

Errors associated with amplitude can be assessed using MSE, while errors associated  

with direction can be assessed using MNDP.  Therefore, MSE is used to identify  

the difference of the values of the modeled data from the values of the actual data,  

while MNDP is used to identify the difference of the graph of the modeled data  

which looks similar to the graph of the actual data. 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 20

CHAPTER 3 

RESEARCH DESIGN AND METHODS 

 
 
3.1 Model creation for Tossing task 

In this study, the tossing task involved lifting a given load from the floor and 

tossing the load to a specified target.  The tossing activities could be divided into  

many subactivities.  Hsiang (1998) divided lifting tasks into three subactivities with  

four key postures.  The first subactivity referred to bringing the load close to the body.  

The second subactivity referred to lifting the load and preparing for lowering.   

The third subactivity referred to lowering the load to the target.  These three 

subactivities were separated by four key postures.  The first three postures of the 

tossing task (initial, load-close-to-body and aiming postures) in the current study were 

similar to the first three key postures of the lifting task proposed by Hsiang (1998).  

The fourth posture (the releasing posture) was different because it directly related to 

the load projectile trajectory.  The fourth posture, the releasing posture, is influenced 

by the tossing factors such as the tossing distance, the tossing height, the weight of 

load, and the projectile period.  All factors required a sufficient speed and an 

appropriate direction of load release for projectile movement. 

The four key postures of a tossing task were initial, load-close-to-body, 

aiming, and releasing postures as illustrated in Figure 3.1.  The additional event was  

the load landing, which was utilized to calculate projectile motion of the load (Figure 

3.2).  The time symbols in Table 3.1 represent the time spent at each posture during  

the tossing task.  Based on the movement time, tossing tasks were divided into  

three subactivities and phases.  The first phase referred to the lifting phase (t0-tC).   
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During this phase, subjects generated large extension moment for lifting, and brought 

the load closer to the center of gravity of the body for moment arm reduction.  The 

second phase referred to the aiming phase (tC-tA), during which subjects attempted to 

balance their bodies while they lifted the load to the highest vertical position to aim 

for releasing.  The third phase referred to the releasing phase (tA-tR).  In this phase, 

subjects generated a large force to release the load with sufficient speed and 

appropriate direction.  Calculating the load projectile required an additional phase, 

referred to as the flying phase (tR-tF), after which only the load projectiles (without the 

subject movements) were recorded. 

 
Table 3.1. Time symbol present the key posture 

t0 Initial state 
tC Load-close-to-body 
tA Aiming 
tR Releasing 
tF Landing 

 
 
 
 
 
 

 

 

 

 

 

 

Figure 3.1. Four key postures of tossing task 

t0 tC tA tR 
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Figure 3.2. Landing event of tossing task 

 

3.1.1 Model assumptions for kinematic models 

During kinematic modeling of tossing activities, the following assumptions 

were made: 

• Tossing activities are assumed to occur in the sagittal plane; 

• Subjects use symmetrical movements, implying that both arms and legs 

moved in unison; 

• The human body could be represented as a five-rigid link model; 

• The links of the five-rigid link model are pin-centered at the joints; 

• The density and the mass distribution of each link are the same; 

• The abduction or adduction of the arms and the legs are not considered; 

• The subject does not walk with the load; 

• Every trial is independent of the other; and 

• There is no pre-movement before the activity starts. A still posture is assumed  

at time t = 0, thus the starting velocity is zero.   

Some of the assumptions were made to simplify the model complexity, while others 

were made based on observations.  A few additional assumptions were made in the 

current study for constructing the joint trajectories during tossing: 

tF 
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• When the subject tried to balance the body and the load, the balancing could 

be used as the objective function to construct four key postures; 

• The tossing tasks could be constructed from four key postures (Figure 3.1); 

• The body configuration could be explained by joint angles and segment 

lengths instead of using joint coordinates; 

• All angular trajectories could be constructed from the four postures by using  

an 8th order polynomial equation; 

• When the load would not hit the body because of the load momentum, the 

angular velocity and the angular acceleration would set to zero at the load-

close- to-body event; 

• When the load would not be in the line of sight because of the load 

momentum, the angular velocity and the angular acceleration would set to zero 

at the aiming event; 

• After the releasing event, the load movement was calculated as a particle 

projectile; 

• The event after the load landing, such as load bouncing or load slipping, was 

not considered; 

• A cardboard box with size 0.3×0.3×0.2 m. (length×width×height) was used for  

all tossing trials; 

• The handle location was assumed to be at the center of box; and 

• Isometric strength data were used to compare to the joint torques during 

performance of the tasks. 

In the current study, five body segments which are connected by four pin-centered 

joints in the sagittal plane (Figure 3.3) were considered in order to study the tossing 

tasks.   
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Five segments represent the lower arm (L1), the upper arm (L2), the torso (L3), the 

upper leg (L4), and the lower leg (L5).  The origin point of this system (0,0) was set at  

the ankle joint.   

 

 
Figure 3.3. Free body diagram of human-load system 

 

3.1.2 Creation of four key postures 

 The initial study was to create four postures representing four subtasks of  

the tossing task.  Geometric constraints with the objective function were applied to  

the human body to find each optimal posture for each subtask. 
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Figure 3.4. Initial posture 

 

1. Initial posture (Figure 3.4) was constructed with the following constraints and  

an objective function: 

• The upper and lower arm angles will be more than -90º  to protect the arms  

that do not swing back beyond the lowest wrist position (eq. 3.1); 

• The wrist joint position was at the center of the load (the height of the center 

of the load was 0.1 m.) (eq. 3.2); 

• The knee joint position was higher than the top of the load (the height of the 

top of the load was 0.2 m.) (eq. 3.3); 

• The close edge of the load did not hit the knee joint (eq. 3.4) (the horizontal 

distance between the edge of the load and the center of the load was 0.15 m.); 

and 

• The horizontal distance between the COG of the human body and  

the ankle joint was minimized (eq. 3.5). 
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where :  i = 1 to 5 , t0 = initial posture 

L1 = the lower arm length, L2 = the upper arm length 
L3 = the torso length, L4 = the upper leg length 
L5 = the lower leg length 
θ1= elbow joint angle,  θ2 = shoulder joint angle, θ3 = hip joint angle 

  θ4= ankle joint angle,  θ5 = knee joint angle 
  Xcg = the horizontal position of the COG of the human body 
  xankle = the horizontal position of the ankle joint 
 
 

 

 

 

 

 

 

 

 

 

Figure 3.5. Load-close-to-body posture 
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2. Load-close-to-body posture (Figure 3.5) was constructed with the following 

constraints and an objective function: 

• The upper and lower arm angles were greater than or equaled to -90º (eq.  3.6); 

• The lower leg angle equaled 90º (full stand up) (eq.  3.7); 

• The closet edge of load did not hit the knee joint or the tibia (eq.  3.8)  

(the horizontal distance between the edge of the load and the center of the load 

was 0.15 m.); and 

• The horizontal distance between the COG of the human body with  

the load and the ankle joint was minimized (eq. 3.9). 

 

 

 

where :  i = 1 to 5, tC = load-close-to-body posture 
L1 = the lower arm length, L2 = the upper arm length 
L3 = the torso length, L4 = the upper leg length 
L5 = the lower leg length 
θ1= elbow joint angle,  θ2 = shoulder joint angle, θ3 = hip joint angle 

  θ4= ankle joint angle,  θ5 = knee joint angle 
Xcg = the horizontal position of the COG of the human body 

  xankle = the horizontal position of the ankle joint 
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Figure 3.6. Aiming posture 

 

3. Aiming posture (Figure 3.6) was constructed with the following constraints and  

an objective function: 

• The upper and lower leg angles equaled 90º (eq.  3.10); 

• The closet edge of the load did not hit the torso (the horizontal distance 

between the edge of the load and the center of the load was 0.15 m., and a half 

of torso thick was 0.1 m.) (eq. 3.11); 

• The edge of the load was not higher than the shoulder joint (a half of load 

height was 0.1 m.)   (eq. 3.12); and 

• The horizontal distance between the COG of the human body with  

the load and the ankle joint was minimized (eq.  3.13). 
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where :  i = 1 to 5, tA = aiming posture 
L1 = the lower arm length, L2 = the upper arm length 
L3 = the torso length, L4 = the upper leg length 
L5 = the lower leg length 

  θ1= elbow joint angle,  θ2 = shoulder joint angle, θ3 = hip joint angle 
  θ4= ankle joint angle,  θ5 = knee joint angle 

Xcg = the horizontal position of the COG of the human body 
  xankle = the horizontal position of the ankle joint 
 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.7. Releasing posture 
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4. Releasing posture (Figure 3.7) was constructed with the following constraints and  

an objective function: 

• The upper and lower leg angles at the aiming posture were used for finding the 

wrist position at the releasing posture (eqs.  3.14 and 3.15); 

• The wrist position was calculated from the data of the workstation condition 

and the wrist position at the aiming posture by using the projectile theory 

described in section 3.1.3; 

• It was assumed that the wrist trajectory followed a liner path from the aiming 

posture to the releasing posture and that the trajectory depended on  

the load releasing speed and direction described in section 3.1.3 (Figure 3.8); 

• After the wrist position at the releasing posture was calculated, the upper and 

lower leg angles were evaluated to maximize body balancing; and 

• The objective function was the minimizing of the horizontal distance between  

the COG of the human body and the ankle joint (eq.  3.16). 

 

 

 

 

 

where : θ4= ankle joint angle,  θ5 = knee joint angle 
  tA = aiming posture, tR = releasing posture 

Xcg = the horizontal position of the COG of the human body 
  xankle = the horizontal position of the ankle joint 
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Figure 3.8. A liner path of the wrist trajectory  

 

3.1.3 Creation of load projectile 

1. The Load releasing velocity (VR) and direction (θR) at the releasing posture were 

calculated as the wrist speed and direction (Figure 3.9) by using the following 

equations (eq.  3.17): 

 

 
Figure 3.9. Releasing speed and direction diagram 
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2. The load projectile after the releasing event (tR) followed the projectile equation  

(eq. 3.18).  Figure 3.10 shows the projectile diagram. 

 

 

 

where : D = the horizontal distance of the load projectile 
H = the vertical distance of the load projectile 
x = the horizontal position of the load 
y = the vertical position of the load 
tR = the time at the load releasing, tF = the time at the load landing 
 
 
 
 

 

Figure 3.10. Load trajectory follows projectile equation diagram 
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3.1.4 Creation of polynomial equation 

 An 8th order polynomial equation (eq. 3.19) with nine constraints (eq. 3.20) 

was used to connect all angles from the four key postures. The assumptions which 

were used to construct the nine constraints are: 

1. All angles at the initial posture were calculated in section 3.1.2: 

2. All angular velocities at the initial posture were equal to zero; 

3. All angles at the load-close-to-body posture were calculated in section 3.1.2; 

4. All angular velocities at the load-close-to-body posture were equal to zero; 

5. All angular accelerations at the load-close-to-body posture were equal to zero; 

6. All angles at the aiming posture were calculated in section 3.1.2; 

7. All angular velocities at the aiming posture were equal to zero; 

8. All angular accelerations at the aiming posture were equal to zero; 

9. All angles at the releasing posture were calculated in section 3.1.2. 

 

 

 
     Constraints:  

 

 

 

where:  i = 1 to 5, t = 0 to tR   ,  
            iθ%  were calculated in section 3.1.2 (all symbol θ i in section 3.1.2 

             were changed to iθ% ). 
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3.1.5 Model constraints 

 Some constraints were investigated while the model was simulated.   

These constraints could be divided into two kinds, kinematic and kinetic constraints. 

Kinematic constraints were used to check if the human posture and movement stayed 

within the proper boundaries. 

1. Path clearance of the load movement during the lifting phase was assessed 

using the following equations (eqs. 3.21 and 3.22): 

a. Load did not hit the tibia and knee: 

 

 

where : x = the horizontal position of the center of load 
y = the vertical position of the center of the load 
0.15 = the half-width of the load 
 

 

b. Load did not hit the abdomen: 

 

 

 

 

where : x = the horizontal position of the center of load 
y = the vertical position of the center of the load 
0.15 = the half-width of the load 
0.1 = the half-height of the load 
j = 1 to 5 
L1 = the lower arm length, L2 = the upper arm length 
L3 = the torso length, L4 = the upper leg length 
L5 = the lower leg length 

  θ1= elbow joint angle,  θ2 = shoulder joint angle, θ3 = hip joint angle 
  θ4= ankle joint angle,  θ5 = knee joint angle 
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2. The COG of the tossing system, the human body with the load, was in  

the proper boundary range (eq. 3.23): 

 

 

where : Xcg = the horizontal position of the COG of the tossing system 
L = the minimum value  
U = the maximum value 

 

Kinetics constraints were used to check the joint torques to insure they were within  

the proper boundary. 

1. Torques at each joint were not to exceed the maximal voluntary torques 

according to Stobbe’s model (Stobbe 1982)). 

 

 

where : j = 1 to 5 
Γ  = torque at each joint 
S  = the maximal voluntary torques according to Stobbe’s model 
 
 

3.1.6 The optimization for time of event state adjustment  

 

 

 

 

 

 

 

 

Figure 3.11. Model adjusting to fit in load trajectory variation 
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In this section, the polynomial equation was optimized by calculating for  

the event time of the load-close-to-body event (tC ) and the aiming event (tA ) to meet  

the objective function (Figure 3.11).  At the initial step of the model, tC was started at 

30% of all tossing time and tA was started at 70% of all tossing time.  Since tC and tA 

varied in the actual data, then tC and tA of the model were varied after optimization.  

Both tC and tA were varied at the same time to find the optimum value of any objective 

function. 

 

3.1.7 The objective functions for optimization 

Three objective functions were to maximize hand movement smoothness (the 

minimized hand jerk), to maximize movement smoothness of the center of the gravity 

(COG) of the body with load, and to minimize Muscular Utilization Rate (MUR).   

The first concern was to smooth human movement.  Sudden changes of hand 

acceleration (the hand jerk) were not desired.  Thus, the minimized hand jerk equation 

(eq.  3.26) was usually used as a performance measurement.  The second concern was 

the body balance.  The COG position of the body with the load should not change 

suddenly (jerk), because a large moment is generated on the back due to COG jerk 

(eq.  3.27). The last concern was to minimize MUR, which represents the 

physiological limitations and the physical limitations of the musculoskeletal system.  

The MUR equation (eq. 3.28) represents the proportion of the actual torques and the 

maximum voluntary torques which are predicted from Stobbe’s model (Stobbe 1982).   

 Three objective functions were applied to find the three optimal models.   

The best model was selected by the indicators such as RMSE and MNDP in section 

3.3 and represented the tossing tasks in each experimental condition. 
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where : X = the horizontal position of the hand  
Y = the vertical position of the hand 
Xcg = the horizontal position of the COG of the tossing system 
Ycg = the vertical position of the COG of the tossing system 
j = 1 to 5 
Γ  = torque at each joint 
S  = the maximal voluntary torques according to Stobbe’s model 
 

 

3.1.8 Input parameters for kinematic models 

The input parameters for the general lifting simulation were:  

(1) The subject’s body weight and height; 

(2) The relative position to the subject’s body segments with respect to  

the workstation; 

(3) The load size (length × width × height), load weight, and time to 

accomplish the task; and 

(4) The initial and final static body postures from the actual tasks. 

Unlike the general lifting simulations, the initial and final static body postures were 

calculated from the models in the current study.  The input parameters of the 

simulation in this study were the following: 

(1) The subject’s body weight and height; 

(2) Total time to perform the tossing task; 

(3) The weight of load; and 
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(4) Information about the workstation (target distance, target height, and target 

tolerance).   

 

3.1.9 Model assumptions for Kinetics models 

 The kinetic data were calculated after the kinematic data were completed.   

The following assumptions which related to Newton’s law were applied:  

• All body segments were rigid, implying that there was no change in mass, 

density and shape during the tossing task; 

• The center of mass (COM) position of each link did not change with respect to  

the proximal and distal joints of each link; 

• The radius of gyration of each link did not change during the movement; 

• The load tossed was a rigid cardboard container with size 0.3×0.3×0.2 m.; and 

• The COG of the load is located at the wrist joint. 

 

3.1.10 Dynamic Biomechanical Models 

Joint forces and joint torques were calculated using Newton’s law.  Figure 

3.12 shows a free body diagram used for the kinetic models.  The moment of inertia 

of each link was included the kinetic equation (eq.  3.29).   

 

Figure 3.12. Free body diagram for kinetic models 
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where: Rj  = force acting at joint j to link j, 

mj  = mass of link j, 
g   = gravity, 
aj  = linear acceleration of COM of link j, 
Mj  = moment acting to link j around joint j, 
rj  = position from the COM of link j to joint j, 
Ij  = moment of inertia of link j around the COM onto the sagittal plane, 

jθ&&   = angular acceleration of link j. 
 
 

The central limit finite differences method was used to calculate the angular 

acceleration (eq.  3.30). 

 
where: iθ&& = angular acceleration at time i, 
            iθ& = angular velocity at time i. 
 

3.1.11 Calculation of the compressive force and the shear force on the L5/S1 joint 

 

 
Figure 3.13. Free body diagram for finding the compressive force from the joint force 
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The calculation of the compressive force on the L5/S1 joint followed  

the calculation procedure proposed by Chaffin (1984) disregarding the effective force  

due to abdominal pressure.  The compressive force on the L5/S1 joint was composed 

of the muscle force from the erector spinae muscles and the reaction forces at the hip 

joint, which were calculated from the body weight, the load, and the acceleration 

effect. The reaction forces at the hip joint were represented by Fx and Fy which were  

the vertical reaction force and the horizontal reaction force respectively.  By using 

trigonometry, the reaction forces were translated in parallel with the torso link to 

determine the compressive force, and translated perpendicularly to the torso link  

to determine the shear force (Figure 3.13).  The reaction force in parallel with the 

torso link was calculated using the following equation (eq.  3.31): 

 

 

where :  θ3 = hip joint angle 
  Fx = the horizontal reaction force on the hip joint 
  Fy = the vertical reaction force on the hip joint 
 
 
In order to find the compressive force, which was from the muscle force, the bending 

moment on the L5/S1 joint (M) was divided by the perpendicular distance from the 

line of action of the erector spinae muscles to the center of the L5/S1 joint which is 

0.06 m. (Kumar, 1988) (eq. 3.32). 

 

 

where :  M = the bending moment on the L5/S1 joint 
 

( )3 3The compressive force from the reaction force  = cos sin                   3.31x yF Fθ θ+

( )The compressive force from the muscle force = / 0.06                   3.32M
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Therefore, total compressive force on the L5/S1 joint (L5/S1) was the sum of 

equations 3.31 and 3.32 (eq 3.33). 

 

 

The shear force was calculated only from the reaction force on the hip joint translated 

perpendicularly to the torso link using the following equation (eq.  3.34), 

 

 
where :  θ3 = hip joint angle 
  Fx = the horizontal reaction force on the hip joint 
  Fy = the vertical reaction force on the hip joint 
 

 

3.2 Data collection 

 

3.2.1 Experimental Design 

 In order to address the specific aims in Chapter 2, the current study attempted  

to explore not only the tossing tasks, but also the lifting tasks in order to compare  

the results between the lifting and tossing tasks.  For studying the lifting task, two 

levels of the weight of loads were treated as factors.  Subjects were required to lift  

a load from the floor level and place the load on a table (0.75 m.) using free style 

lifting.  Ten trials were recorded for each load.  The comparison of tossing tasks to the 

lifting tasks attempted to explain the similarities between them.   

( )3 3The compressive force = cos sin  + / 0.06                      3.33x yF F Mθ θ+

( )3 3The shear force  = sin cos                                                 3.34x yF Fθ θ+
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In the case of the tossing study, a two by two by two by three factorial 

experimental design (distance, height, weight and target clearance respectively) was 

used (Table 3.2).  The distance, the height, and the target clearance represented the 

index of difficulty (ID).  Higher level of ID was represented by longer tossing 

distance or smaller target clearance.  Prior to collecting the data, subjects practiced 

until they were familiar with the tossing tasks.  The familiarization period varied from 

subject to subject depending upon successful completion.  Each subject was required 

to perform 10 trials under each condition. 

 

Table 3.2. Experimental design. 
Distance Height Weight Target clearance (% of box size)

 

Light (1 kg.) 
 

Not applicable  
Lifting 

 
Table level
(0.75 m.)  

Moderate (5 kg.)
 

Not applicable 

Small       (110) 
Moderate (150) 

 
Light (1 kg.) 

Large       (200) 
Small       (110) 
Moderate (150) 

 
 

Floor level 
(0 m.)  

Moderate (5 kg.)
Large       (200) 
Small       (110) 
Moderate (150) 

 
Light (1 kg.) 

Large       (200) 
Small       (110) 
Moderate (150) 

 
 
 
 
 

Tossing 
Near (1 m.)  

 
Table level
(0.75 m.)  

Moderate (5 kg.)
Large       (200) 
Small       (110) 
Moderate (150) 

 
Light (1 kg.) 

Large       (200) 
Small       (110) 
Moderate (150) 

 
 

Floor level 
(0 m.)  

Moderate (5 kg.)
Large       (200) 
Small       (110) 
Moderate (150) 

 
Light (1 kg.) 

Large       (200) 
Small       (110) 
Moderate (150) 

 
 
 
 
 

Tossing 
Far (1.5 m.)  

 
Table level
(0.75 m.)  

Moderate (5 kg.)
Large       (200) 
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3.2.2 Variable collection 

 The X-Y coordinates of each joint were recorded using Motion Analysis 

System at a sampling rate of 60 Hz.  The center of mass (COM) position of each 

segment was calculated as a percentage of segment length from the proximal/distal 

end of the segment (Dempster 1955; Winter 1990).   

 

3.2.3 Subjects 

(1) Subjects were 10 college students who were healthy volunteers.  An equal 

balance of male and female subjects was desired. 

(2) Subjects who had back injury history or other physical problems were 

excluded from this study.  A questionnaire was used as the screening tool.   

(3) Subjects were recruited from the student population at Texas Tech University. 

 

3.2.4 Equipment 

(1) Motion Analysis System 

For the para-sagittal plane, only one side of human body was used to attach 

reflective markers.  The subject had six reflective markers on the main joints 

(wrist, elbow, shoulder, hip, knee, and ankle).  In addition, two markers were 

attached to the side of load which represented the shape and orientation of  

the load during the tossing task.  An additional marker was attached to the side 

of the table which represented the center of the target location.  Figure 3.14 

shows all marker positions. 
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Figure 3.14. Reflective marker positions 

 

 
Figure 3.15. Subject in experimental environment 
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Figure 3.16. Experimental setup 

 

 
Figure 3.17. Computer system used for motion analysis  
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Figure 3.18. Camera used for motion capture 

 

To collect kinematic data, a 3-D real time system was used to collect  

X-Y-Z coordinates of all the markers in space, but only X-Y coordinates were 

used in this current study.  Six high speed cameras were used to capture  

the kinematic data. 

 

(2) Load 

A cardboard box (0.3×0.3×0.2 m.) with varying weight was used for the 

tossing and lifting tasks.  The weights were wrapped with foam or bubble bag 

to reduce landing impact.   
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Figure 3.19. A cardboard box (0.3×0.3×0.2 m.)   

 

(3) Landing table 

The table was adjustable in term of height and surface area.  A landing plate 

form was placed on top of the table and represented the target area. 

 

 
Figure 3.20. Landing platform 

 

3.2.5 Experimental procedures 

 Prior to participation in the experiment, subjects were briefed on the 

experiment, completed a screening questionnaire, and signed a consent form.  The 

subjects were shown the experimental set-up and were asked to lift two different 

boxes from the floor to the table.  After the subjects lifted the box several times, 
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markers were placed on their joints to obtain joint kinematic data using the motion 

capture system.  Once the markers were placed on the subjects, they were asked to lift 

each box (in a random order) 10 times, during which the data were collected.  On the 

following four days, the subjects followed similar procedures for the tossing trials 

(practice trials, followed by marker placement which in turn was followed by the data 

collection).  Subjects were allowed to rest at any point they felt they were getting 

tired.  In addition, the subjects were required to take a mandatory rest for at least five 

minutes between changes in the experimental conditions.  Six experimental treatments 

were tested during each of the four days (one distance, one height, two weights, and 

three target clearances).  All experimental trials for each day were randomized within  

the experimental condition for that day.  The four daily experimental conditions were 

also randomized. 

 

3.3 Validation 

 

In order to satisfy the simulation model, a validation process was used to 

check for certain fitness.  The simulation was tested for compliance with a given set 

of considerations.  The statistical methods for validation included: 

(1) Collecting kinematic data for a number of trials; 

(2) Normalizing the data from each trial; and 

(3) Comparing each normalized data set to a model. 

An assumption used for validation was that the variations in the trajectory patterns 

were caused by noise in the system.  In order to minimize the variation, subjects tried 

to move at a consistent pace or speed during each trial.  Another assumption (used 

with the linear statistical approach) was that each trial was an isolated and 
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independent event.  The normalization and averaging processes reduced the 

information of the true structure of the temporal variability.   

Hsiang and Ayoub (1994) and Lin (1995) used two statistical techniques to 

compare data, which were mean squares errors and mean number of disconcordant 

pairs.  These techniques were used to compare both kinematic and kinetic data in the 

current study.   

 

3.3.1 Root mean squares errors (RMSE) 

The definition of RMSE is showed in equation 3.35.  The RMSE measures  

the distance between predictive data from the model (P(i)) and actual data from  

the experiment (A(i)). 

 

3.3.2 Mean number of disconcordant pairs (MNDP) 

MNDP checks the concordance of both data, P(i) and A(i).  The total time for  

the tasks was divided into n stages which give n-1 pairs of concordance.  If P(i) and 

A(i)  are increasing or decreasing in the same manner in each pair of concordance,  

the measurement would result in a score of +1.  If they do not go in the same 

direction, the measurement would result in a score of -1. 
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CHAPTER 4 

STOP MOTION APPLICATION 
 
 

Hsiang (1998) developed a lifting simulation technique by evaluating four key 

postures and connecting them (referred to in section 3.1).  This kind of simulation can 

be referred as a stop motion.  Stop motion is organized frame-by-frame to make a 

physically manipulated body segment appear to move on its own. The body segment 

is moved by small amounts between individually photographed frames, creating the 

illusion of movement when the series of frames are played as a continuous sequence. 

In order to apply the concept of stop motion to tossing task simulation, the 

tossing tasks were studied by comparing them to the lifting tasks to find the 

similarities and dissimilarities between the two.  The similarities between lifting and 

tossing tasks should be found from the beginning of the activities through the aiming 

posture.  The joint movement sequence from proximal to distal should be: 1) Knees 

bent and toes pointing at the target and 2) The loads should be kept as close to the 

body (e.g., center of mass) as possible while standing up.  

The dissimilarities between lifting and tossing tasks should occur from the 

aiming posture to the releasing posture.  The joint movement sequence of tossing 

tasks should be: 1) As the subjects raise the box up to toss, the knees extend up, the 

elbows extend and the wrists snap toward the target, 2) While both hands are on the 

box, a good release utilizes both hands, 3) The box and the hands should go up and 

out, and 4) On the follow through, the arms should be fully extended with the fingers 

spread and pointed towards the target.  The heavier the load, the faster the movement 

occurs.  In contrast to the tossing tasks, the joint movement sequence of lifting tasks 

should be: 1) As the subjects lay the box down, the knees extend up, the elbows 

extend, the wrists contract the loads, and 2) The box and the hands should go together 
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until the box impacts the target.  The heavier the load, the slower the movement 

occurs. 

 

Table 4.1. Experimental design for Lifting-Tossing comparisons 
Distance Weight 

 

Light (1 kg.)  
Lift 

 

Moderate (5 kg.) 
 

Light (1 kg.)  
Toss1 

(Near: 1 m.)  

Moderate (5 kg.) 
 

Light (1 kg.)  
Toss2 

(Far: 1.5 m.)  

Moderate (5 kg.) 

 

In order to evaluate the similarities and dissimilarities between the lifting and 

tossing tasks, an experiment was designed to compare the tossing tasks to lifting 

tasks, as shown in Table 4.1.  To investigate the similarities between both tasks, the 

tossing condition at table height and 150% target tolerance with near distances (1.0 m) 

was selected from the experimental design in section 3.2.1, as it closely resembled the 

lifting task conditions.  The effects of target height were eliminated by using the table 

height for both tossing and lifting tasks.  At the table height, subjects had the body 

posture (especially the leg and hip angles at the releasing phase) for the lifting tasks 

similar to the tossing tasks.  In addition, the tossing condition at table height and 

150% target tolerance with far distances (1.5 m) was selected from the experimental 

design in section 3.2.1 in order to investigate the dissimilarities between both tasks 

within the distance factor.  The body movement of tossing tasks at a distance of 1.0 

m. should resemble the lifting tasks more than the tossing tasks at a distance of 1.5 m. 
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In the pilot study, some subjects, especially the female subjects, did not have enough 

capacity to toss the loads with weights of more than 5 kg.  As a result, the weight of 5 

kg. was established as the higher level of weight factors.  To investigate the weight of 

load factor, the weight of 1 kg. was set as the lower level of weight factors 

 

4.1 Subject characteristics 

Ten subjects were recruited from the college student population at Texas Tech 

University.  Prior to participating in the study, the subjects were required to 

thoroughly read and sign the consent form (Appendix A).  The subject statistics are 

shown in Table 4.2.  The variation of age and height of both male and female subjects 

were low.  The average male was 29 years old and had a height of 1.69 m. while the 

average female was 24 years old and had a height of 1.63 m. height.  Subject 3 was 

the heaviest person with a weight of 1.54 times the average weight of other male 

subjects.  Because of the heavy weight, the results of Subject 3 were expected to 

differ from the others.   

 

Table 4.2. Subject characteristics 
Subject Sex Age (year) Height (m.) Weight(kg) 

1 Male 28 1.52 68.18 
2 Male 28 1.75 67.00 
3 Male 29 1.72 106.00 
4 Male 31 1.80 71.36 
5 Male 29 1.72 79.54 
6 Female 27 1.60 53.50 
7 Male 29 1.65 58.00 
8 Female 22 1.62 43.86 
9 Female 22 1.65 46.82 

10 Female 24 1.63 48.00 
Mean/ Std.(male) 29.00/1.10 1.69/0.10 75.01/16.70 

Mean/ Std.(Female) 23.75/2.36 1.63/0.02 48.05/4.03 
Mean/ Std.(Total) 26.90/3.14 1.67/0.08 64.23/18.82 
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4.2 Comparisons between Lifting and Tossing 

Tossing-specific solutions must capitalize on the features of real-world 

complexity. An intelligent movement system should take advantage of gravity.  The 

potential energy of load ( mgh ) before releasing was defined mainly by the releasing 

height for the free-fall.  Compared to the lifting tasks, tossing movement coordination 

probably required higher hand position, higher hand velocity (to create a large 

momentum), and higher variation of the hand position for releasing the loads.  To 

increase the potential energy of load ( mgh ) before releasing, the tossing movement 

coordination was probably similar to the lifting tasks.  Both tasks had the similar 

activities, which were bringing the loads close to the body to minimize the moment 

arm of load and then lifting the loads to increase the potential energy of load.  

Therefore, the comparisons between the lifting and tossing tasks focused on the 

kinematic and kinetic differences.   

 

4.2.1 Kinematic Comparisons 

Kinematic analyses generally focused on the time- joint displacement 

relationships.  However, the uses of kinematics in this study focused on the joint 

angles rather than the joint displacement.  The joint displacement in two dimensions 

was composed of two data sets (X and Y directions), while the joint angles had only 

one data set (the joint angle related to the horizontal axis).  The advantages of using 

joint angles were that it reduced the complexity of the simulation methods and 

eliminated the distortion of body proportion (incorrect segment length).  Kinematic 

analyses also focused on the upper extremities and the trunk because these body parts 

were the major part of tossing movement which probably showed the dissimilarities 

between the lifting and tossing tasks.  In this study, the tossing and lifting movements 
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were limited at the lower extremities as subjects stood still on both feet throughout the 

tasks (no stepping).  The differences of the knee and ankle joint trajectories among the 

lifting and two tossing tasks should not be significant; thus, the motion of the lower 

extremities should not be considered. 

 Based on the task characteristics in each phase of movement, the lifting and 

tossing tasks aimed to bring the loads close to the body in lifting phase and both tasks 

aimed to increase the height of the load position in the aiming phase, therefore there 

should be no difference between the joint angle trajectories for both tasks in both 

phases.  In the releasing phase, the lifting tasks aimed to lower the loads and reduce 

the impact of the loads on the target, while the tossing tasks aimed to raise the loads 

and increase the load velocity for tossing.  Therefore, the joint angle movements and 

the load trajectories should have the differences between both tasks in the releasing 

phase. 

To minimize subject effects, the upper extremities joint angle trajectories 

(elbow, shoulder and hip joint) of each trial were normalized into the same time scale 

(from 1 to 100).  Figure 4.1 shows the joint angle trajectory comparisons for subject 1 

and the remainder of the subjects are presented in Appendix B.  Figure 4.1 is 

presented as two columns of graphs.  The graphs representing a load of 1 kg. are 

shown in the left column, and the graphs representing a load of 5 kg. are shown in the 

right column.  Each column presents three graphs of joint angle trajectories 

(corresponding to the elbows, shoulder and hip).  Three lines in each graph represent 

the normalized data of the lifting task (Lift), the tossing task with a distance of 1 m. 

(Toss1), and the tossing task with a distance of 1.5 m. (Toss2). 
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   1  kg.       5 kg. 

 
 

Figure 4.1. Joint trajectories between the lifting and tossing tasks of Subject 1 
 
 

Figure 4.1 shows that the posture dissimilarities between the lifting and 

tossing tasks happened mainly in the releasing phase (from the 3rd to 4th key posture) 

and the posture similarities happened from the lifting to aiming phase (from the 1st to 

3rd key posture).  This means the subjects moved their bodies for tossing, similar to 

lifting from the initial tasks (the 1st key posture) to the aiming posture (the 3rd key 

posture).  Thus, the 1st and the 2nd key postures of the lifting task simulation can be 

applied to the tossing task simulation. The differences between both tasks started at 

the 3rd key posture, in which the subjects initially changed their tossing postures with 

a few differences compared to their lifting postures.  Although a few differences were 

1st         2nd                       3rd                    4th  
          key posture 

1st         2nd                       3rd                    4th  
          key posture 
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found at the 3rd key posture, the 3rd key posture evaluation of tossing tasks was 

thought to be similar enough to be represented by the 3rd key posture of lifting tasks.  

In the releasing phase, the 4th key posture of tossing tasks obviously differed from the 

lifting tasks.  Compared to lifting tasks, tossing movements had more angular 

increases for all joints, which means the subjects raised their hands (with loads) for 

tossing more than lifting.  Moreover, subjects raised their hands more for tossing 

farther distances and with heavier loads.  Therefore, the 4th key posture evaluation for 

tossing tasks should be different from the lifting tasks. 

 A cause of the posture differences was the load trajectories, which were 

changed by the task conditions.  Compared to the lifting tasks, the tossing load 

trajectories should not have any differences in the lifting and aiming phases.  

However, the tossing load trajectories should differ from the lifting task in the 

releasing phase, because subjects should raise the loads at higher position for tossing 

in order to increase the potential energy of the load as it was tossed to the target.  The 

graph comparisons of load trajectories between tossing and lifting tasks of subject 1 

are shown in Figure 4.2, and the remainder of the subjects are presented in  

Appendix C. 
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Figure 4.2. Load trajectories of Subject 1 

 
  

Figure 4.2 shows that the load trajectories can be separated into three phases 

with four key postures.  The similarities between the tossing and lifting tasks were 

found from the 1st to 3rd key postures.  In the lifting phase, subjects brought the 

heavier loads closer to the body in order to reduce the torque generation.  At the 3rd 

key posture, there are few differences between the tossing and lifting tasks for the 

height position of loads which agreed with the occurrence of a few differences on 

joint angle trajectories.   

The dissimilarities between the tossing and lifting tasks were in the releasing 

phase (in the circle).  Subjects lowered and released the loads at the table height for 

lifting tasks.  Moreover, subjects released the loads in the air above the table height 

for tossing tasks.  The height of load trajectories at the releasing posture (the end of 

trajectories) of Toss2 was higher than Toss1 because subjects increased the potential 
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energy of the load.  Based on the same initial velocity of load releasing, the farther 

projectile distances required a higher height at the initial position.  In order to toss 

loads farther distances, subjects released the loads at a higher height by increasing the 

potential energy of the load instead of releasing the loads at a lower height with 

higher velocity.  Not only the joint angles comparisons, but also the comparisons of 

joint position of hand (load trajectory) show that the tossing and lifting tasks can be 

separated into three phases with four key postures, as shown in Figures 4.1 and 4.2. 

 In addition, the load velocities were compared between tossing and lifting 

tasks.  The load speed of the tossing tasks should increase after the 3rd key posture in 

order to release the loads with the proper velocity.  The load speed of the lifting tasks 

should be decrease after the 3rd key posture in order to reduce the impact of the loads 

on the target.  Figure 4.3 show the horizontal velocity of the loads for subject 1 and 

the remainder of the subjects are presented in Appendix D. 
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 Figure 4.3. Horizontal velocity of loads of Subject 1 
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The differences in load velocity between lifting and tossing happen after the 

2nd key posture.  The increase in the velocity occurred in the aiming phase because 

subjects pushed the box away from the body with a velocity.  With regard to the 

steepness of the velocity curve (acceleration), both tasks had a similar steepness, but 

the lifting tasks had the acceleration happening before the tossing tasks. A reason to 

explain this was that subjects need more time for lifting to avoid the sudden change of 

the load velocity which was the changing from pushing out the loads (by increasing 

speed) to laying down the loads (by decreasing speed).  In contrast to the lifting tasks, 

the changing in speed of the tossing task was the changing from a low steepness to a 

high steepness.  Subjects did not need time to change the speed for tossing tasks as 

much as the lifting tasks.  In the lowering phase of lifting tasks, subjects decreased the 

load speed in order to reduce the impact of the loads on the target, while in the 

releasing phase of tossing tasks subjects gradually increased the load speed for 

releasing to the closer target (Toss1) and suddenly increased the load speed (high 

acceleration) for releasing to the farther target (Toss2). 

The increase in the load speed for the heavier weight of load would increase 

the momentum transfer at the releasing posture.  The higher momentum transfer 

should provide more variation in the load movement.  Compared to the lifting tasks, 

the tossing movement should have more variation because subjects loosened their 

postural control in order to build the momentum.  Therefore, the tossing tasks should 

have more variation than the lifting tasks, especially in the releasing phase. 
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Toss1 = tossing tasks at table height, distance of 1.0 m. 
Toss2 = tossing tasks at table height, distance of 1.5 m. 
 

Figure 4.4. Standard deviation of load displacement on the horizontal direction 
 

Vertical direction

0

10

20

30

40

50

60

1 11 21 31 41 51 61 71 81 91

Norm. Time

SD
.(m

m
.)

Lift 1kg.

Lift 5kg.

Toss1 1kg.

Toss1 5kg.

Toss2 1kg.

Toss2 5kg.

 
Toss1 = tossing tasks at table height, distance of 1.0 m. 
Toss2 = tossing tasks at table height, distance of 1.5 m. 

 
Figure 4.5. Standard deviation of load displacement on the vertical direction 

 

Figures 4.4 and 4.5 show the comparisons of the standard deviation of load 

displacement between the tossing and lifting tasks on the horizontal and vertical 

directions, respectively.  Compared to the lifting tasks, the higher variation in both 

directions of load displacement of tossing tasks clearly happens in the releasing phase 
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(in the circle).   Referring to the height position of the loads at the 4th key posture, 

tossing a farther distance had a higher position of the loads at the 4th key posture in 

order to increase the potential energy of the load.  To increase the position of the 

loads, more momentum was required.  Therefore, the variances of the vertical load 

displacement of tossing tasks with farther distances (Toss2) were higher than those of 

tossing tasks with closer distances (Toss1). 

Kinematic analyses showed that the tossing postures differed from the lifting 

postures in the releasing phase.  The differences in posture were caused by the 

differences in the height of load position in the releasing phase.  Moreover, the 

differences in the horizontal velocity of loads were found because of the different 

objectives at the end of movement.  The differences in the releasing velocity and 

variation of load displacement were a result of the releasing momentum of the tossing 

tasks as compared to lifting tasks with no load release.  Therefore, the joint torques of 

tossing tasks should be higher than lifting tasks. 

 

4.2.2 Kinetic Comparisons 

Since the tossing movement had more variation than the lifting movement in 

the releasing phase as shown in the kinematic analyses, it was implied that subjects 

relaxed their postural control in order to increase the momentum for releasing the 

loads in releasing phase.  If the joint torques of the upper extremities were generated 

to increase the load momentum, then more joint torques should be found in more 

momentum conditions.  Figure 4.6 shows the joint torques of the upper extremities of 

Subject 1 and the remainder of the subjects are presented in Appendix H. 
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Figure 4.6. The upper extremities joint torques of Subject 1 

  

 The joint torque comparisons between the lifting and tossing tasks show that 

the differences clearly happen in the releasing phase (in the circle).  Compared to the 

lifting tasks, tossing tasks had more joint torques on both joints.  With regard to the 

load momentum requirement, the tossing tasks with heavier loads had more joint 

torque compare to the light loads and the tossing tasks with farther distances also had 

more joint torque than those of the closer distances in the releasing phase.   Therefore, 

the joint torque comparisons validated the load movement variation happening in the 

releasing phase. 
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Another kinetic analysis in this study was of the compressive and shear forces 

on the L5/S1 joint. The comparisons of the compressive and shear forces on the L5/S1 

joint between the lifting and tossing tasks were investigated in order to find the 

differences caused by the kinematic task factors. To minimize subject effects, the 

compressive force and shear force on the L5/S1 joint of each trial were normalized 

into the same time scale (from 1 to 100).  Figure 4.7 shows the compressive and shear 

forces on the L5/S1 joint for subject 1 and the remainder of the subjects are presented 

in Appendix B.  The comparisons of the compressive and shear forces on the L5/S1 

joint showed similar patterns for the tossing and lifting tasks.  The highest 

compressive and shear forces occurred in the initial lifting period and then suddenly 

decreased in the aiming period and gradually changed in the releasing period 

(increased for the compressive force but decreased for the shear force).   

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

    
1 kg.      5 kg. 

 
 

Figure 4.7. Compressive and Shear forces on the L5/S1 joint of Subject 1 
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There were two points of interest in the kinetic analyses.  The first point was 

the maximum value of the compressive and shear forces on the L5/S1 joint, which 

occurred in the initial period of movement. The second point was the maximum value 

of both forces in the releasing phase at where the joint angle differences were found.    

The maximum values in each point of tossing and lifting tasks were compared in 

order the study the magnitude of the kinetic differences between tossing and lifting 

tasks.  The maximum values from the 1st and the 2nd points were called Max1 and 

Max2, respectively.  To minimize subject effects, the values of Max1 and Max2 were 

normalized relative to the lifting tasks.  Tables 4.3 and 4.4 show the normalized 

maximum compressive force and the normalized maximum shear force respectively.    

The actual values are shown in Appendix E. 

 
Table 4.3. The normalized maximum compressive forces on the L5/S1 joint  

 Max1 (Newton) Max2 (Newton) 
 1 kg. 5 kg. 1 kg. 5 kg. 

Subject Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2
1 1.00 0.89 0.89 1.00 1.09 0.96 1.00 0.86 0.92 1.00 0.54 0.45
2 1.00 0.98 0.96 1.00 1.02 1.07 1.00 0.46 0.47 1.00 0.43 0.32
3 1.00 1.01 1.03 1.00 1.02 0.92 1.00 0.90 1.11 1.00 0.73 0.78
4 1.00 0.88 0.93 1.00 1.01 1.01 1.00 0.46 0.48 1.00 0.47 0.65
5 1.00 1.03 1.00 1.00 1.00 0.95 1.00 1.03 1.05 1.00 0.62 1.00
6 1.00 1.05 1.08 1.00 0.83 0.91 1.00 1.07 1.48 1.00 0.70 0.69
7 1.00 0.90 1.07 1.00 1.16 1.19 1.00 0.86 1.27 1.00 0.83 1.14
8 1.00 1.05 0.97 1.00 0.99 0.98 1.00 0.79 0.93 1.00 0.61 0.79
9 1.00 0.91 1.00 1.00 0.90 0.90 1.00 0.95 0.99 1.00 0.68 0.60

10 1.00 0.91 0.94 1.00 0.95 1.14 1.00 0.89 0.91 1.00 0.71 0.71
Mean  0.96 0.99  1.00 1.00  0.83 0.96 0.63 0.71

Std.Dev.   0.07 0.06  0.09 0.10 0.21 0.31 0.12 0.24
C.V.  0.07 0.06  0.09 0.10  0.26 0.32 0.20 0.34
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Table 4.4. The normalized maximum shear forces on the L5/S1 joint  
 Max1 (Newton) Max2 (Newton) 
 1 kg. 5 kg. 1 kg. 5 kg. 

Subject Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2
1 1.00 0.93 0.94 1.00 1.08 0.97 1.00 0.93 0.81 1.00 0.81 0.60
2 1.00 0.95 0.93 1.00 1.03 0.97 1.00 0.34 0.26 1.00 0.77 0.24
3 1.00 1.00 1.01 1.00 1.00 0.93 1.00 0.77 0.95 1.00 0.66 1.19
4 1.00 0.93 0.96 1.00 0.97 0.95 1.00 0.56 0.41 1.00 0.37 0.57
5 1.00 1.02 0.94 1.00 0.99 0.83 1.00 1.08 0.56 1.00 0.77 0.81
6 1.00 0.99 1.00 1.00 0.93 0.86 1.00 0.73 0.78 1.00 0.96 0.25
7 1.00 0.85 1.05 1.00 1.13 1.29 1.00 0.97 1.01 1.00 0.99 1.43
8 1.00 0.98 0.92 1.00 0.98 0.91 1.00 0.83 0.96 1.00 0.83 1.17
9 1.00 0.93 1.01 1.00 0.89 0.92 1.00 0.84 0.62 1.00 0.71 0.35
10 1.00 0.93 0.94 1.00 0.94 1.17 1.00 0.84 0.47 1.00 0.81 0.52

Mean  0.95 0.97  0.99 0.98  0.79 0.68  0.77 0.71
Std.Dev.   0.05 0.05  0.07 0.14  0.21 0.26  0.17 0.42

C.V.  0.05 0.05  0.07 0.15  0.27 0.38  0.22 0.59
 
 
 
 The comparisons of the normalized maximum compressive and shear forces 

on the L5/S1 joint between the lifting and tossing tasks show that there were no 

differences in Max1 because subjects used the same posture for tossing and lifting 

tasks in the lifting phase.  However, the average Max2 of tossing tasks were lower 

than lifting tasks because of the differences of trunk movement (hip angle).  Subjects 

extended their trunks for the tossing tasks more than the lifting tasks, resulting in the 

moment arms at the hip joints of the tossing tasks becoming smaller than those of the 

lifting tasks.  With regard to the variation, the coefficient of variation shows that 

tossing with more momentum (heavier loads or farther distances) had more variation 

in the maximum compressive and shear forces on the L5/S1 joint, compared to the 

lighter loads tossed shorter distances. 

 In conclusion, the comparisons in the kinematic and kinetic analyses between 

the lifting and tossing tasks show that similarities between both tasks occurred in the 

lifting phase.  Therefore the 1st and the 2nd key postures (the initial and load-close-to-

body postures) of tossing tasks could be evaluated by using a lifting task simulation. 
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Although a few differences between both tasks occurred in the lifting phases, the 3rd 

key posture (aiming posture) of tossing tasks was simulated from the lifting tasks. 

 The dissimilarities between the lifting and tossing tasks clearly happened in the 

releasing phase because subjects used different postural controls for the different 

objectives.  In the lifting tasks, subjects slowed down the box velocity to reduce the 

impact on contact with the table. In the tossing tasks, subjects raised the box and 

increased the load speed to meet the distances and accuracy requirements of the 

tosses. Therefore, the 4th key posture of tossing tasks obviously differed from lifting 

tasks.  Since the projectile motion was the movement of the box after releasing it from 

the hands, the 4th key posture can be evaluated based on the projectile motion of the 

box.  Moreover, the projectile motion is affected by the tossing factors such as the 

tossing distances, tossing height, target clearance and tossing speed (the initial speed 

of the projectile motion).  This suggests that all tossing factors should be taken into 

account when simulating the tossing tasks.  
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CHAPTER 5 

THE KEY POSTURE EVALUATION 
 
 

 The tossing tasks could be separated into three phases with four key postures, 

the same as the lifting tasks.  The comparisons between tossing and lifting tasks 

showed that similarities occurred in the lifting period while a few dissimilarities 

occurred in the aiming phase:  the dissimilarities clearly occurred in the releasing 

phase.  The 1st and 2nd key postures of tossing tasks could be guided by the lifting 

tasks based on the similarities between both tasks. Although there were a few 

differences between both tasks in the aiming phase, the 3rd key posture of tossing 

tasks in this study was simulated by using the 3rd key posture of lifting tasks.  The 4th 

key posture of tossing tasks differed from the lifting tasks; therefore, the 4th key 

posture of tossing tasks should be simulated based on the tossing factors. In order to 

simulate the four key postures, mathematical models were developed to simulate the 

tossing tasks.  The models consisted of an objective function and constraints. 

 

5.1 The body balance validation 

 In order to avoid unstable postures during tossing tasks, body balancing 

(minimized distance between COM and the ankle joint) was used as the objective 

function. To validate the objective function, the center of mass (COM) of each subject 

was investigated throughout the tasks.  Figure 5.1 shows the horizontal position of 

COM (related to the position of ankle joint) between tossing and lifting tasks for 

subject 1. The remainder of the subjects are presented in Appendix F. 
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Figure 5.1. Horizontal Position of COM between lifting and tossing for subject 1 
 

The investigation of the horizontal position of COM of tossing tasks showed 

that subjects kept their COM within their bases of support (their feet).  None of the 

subjects had the horizontal position of COM beyond the feet, which validated body 

balancing as the objective function.   

 

5.2 The 4th key posture evaluation 

The mathematical models required that not only the objective function, but 

also the constraints of the interaction between human and workstation, be 

investigated.  All key postures except the 4th had a human-workstation interaction 

similar to the lifting task simulation, which was represented by the mathematical 

models shown in section 3.1.2.  However, the human-workstation interaction of the 

4th key posture depended on the load movement before and after the 4th key posture.  

The load movement before the 4th key posture referred to the load movement from the 

3rd to the 4th key posture, and the load movement after the 4th key posture referred to 

the load projectile motion.  The load movement before releasing was considered a 

linear movement in order to reduce the energy consumption, which was presented in 

section 3.1.2 and Figure 3.8. 
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5.2.1 The load movement before the 4th key posture 

 

 
Figure 3.8. A liner path of the wrist trajectory 

 
 

The linear movement of the load before releasing was validated by the actual 

hand movements of the tossing tasks from the 3rd key posture to the 4th key posture. 

Linear regression analysis was applied to investigate the linearity of the load 

trajectories (the load with hands) from the 3rd key posture to the 4th key posture.   

R-Square, the square of a correlation coefficient, was used to identify the linearity of 

the load trajectories.  The maximum number of R-Square equals to 1, which would 

mean that the load trajectories were a perfect linear path. 

Table 5.1 shows R-Square of linear regression of the load trajectories from the 

3rd key posture to the 4th key posture.  Most of the low values of R-Square (less than 

0.7) occurred at the low level of tossing, especially at the tossing distance of  

1 m. and the tossing height of 0 m.  The higher values of R-Square occurred at the 

farther tossing distances and higher tossing heights.  This means that subjects changed 

their hand movements before releasing the load to a more linear movement while 

tossing at the higher levels of the tossing factors.  Based on the relative high number 
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of R-Square > 0.7 values, the assumption of linear movement of the hand could be 

valid for evaluating the 4th key posture.  

 
Table 5.1. R-Square of load trajectory from the aiming to releasing postures 

    Subject 
Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 

1 0 110% 1 0.043 0.020 0.808 0.835 0.962 0.405 0.867 0.925 0.905 0.599
1 0 110% 5 0.329 0.477 0.981 0.383 0.898 0.120 0.761 0.958 0.947 0.921
1 0 150% 1 0.260 0.143 0.847 0.551 0.959 0.839 0.822 0.989 0.959 0.711
1 0 150% 5 0.505 0.644 0.985 0.688 0.866 0.501 0.784 0.979 0.921 0.853
1 0 200% 1 0.380 0.366 0.887 0.659 0.973 0.898 0.889 0.988 0.925 0.761
1 0 200% 5 0.556 0.059 0.957 0.741 0.875 0.497 0.825 0.961 0.794 0.490
1 0.8 110% 1 0.887 0.821 0.922 0.976 0.955 0.924 0.968 0.998 0.971 0.977
1 0.8 110% 5 0.954 0.913 0.943 0.957 0.975 0.992 0.938 0.996 0.985 0.987
1 0.8 150% 1 0.900 0.803 0.931 0.975 0.983 0.996 0.965 0.998 0.978 0.981
1 0.8 150% 5 0.913 0.931 0.920 0.977 0.968 0.975 0.963 0.998 0.981 0.987
1 0.8 200% 1 0.896 0.885 0.954 0.960 0.981 0.988 0.987 0.996 0.988 0.989
1 0.8 200% 5 0.874 0.966 0.943 0.986 0.987 0.982 0.965 0.998 0.980 0.990

1.5 0 110% 1 0.888 0.779 0.931 0.971 0.953 0.771 0.796 0.795 0.985 0.957
1.5 0 110% 5 0.882 0.785 0.986 0.962 0.981 0.819 0.825 0.983 0.966 0.953
1.5 0 150% 1 0.861 0.526 0.929 0.965 0.971 0.544 0.867 0.912 0.992 0.953
1.5 0 150% 5 0.891 0.693 0.979 0.969 0.990 0.713 0.875 0.952 0.964 0.978
1.5 0 200% 1 0.801 0.032 0.974 0.967 0.969 0.732 0.867 0.938 0.983 0.950
1.5 0 200% 5 0.987 0.678 0.960 0.970 0.997 0.821 0.900 0.953 0.964 0.95 
1.5 0.8 110% 1 0.968 0.922 0.946 0.988 0.794 0.930 0.961 0.999 0.995 0.906
1.5 0.8 110% 5 0.954 0.958 0.985 0.981 0.980 0.964 0.940 0.996 0.990 0.925
1.5 0.8 150% 1 0.934 0.862 0.990 0.984 0.888 0.969 0.971 0.976 0.994 0.879
1.5 0.8 150% 5 0.945 0.958 0.992 0.980 0.996 0.976 0.936 0.996 0.988 0.974
1.5 0.8 200% 1 0.959 0.826 0.988 0.992 0.931 0.976 0.968 0.989 0.995 0.963
1.5 0.8 200% 5 0.950 0.933 0.984 0.988 0.991 0.971 0.949 0.994 0.984 0.981

 

 

5.2.2 The load movement after the 4th key posture 

 The next validation was the load movement (the projectile motion) after 

releasing.  Based on the projectile motion, tossing factors, such as tossing distances 

and tossing heights, were investigated. This investigation included target clearances 

and weights of the load, which were based on Fitts’ Law and biomechanics 

considerations (referred to the experimental design in section 3.2.1). 
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 In this investigation, Fitts’ Law was referred to as it related to movement time 

of tossing tasks and tossing error.  Table 5.2 shows the movement time for all tossing 

conditions (tossing distances, tossing heights, weights of load and target clearances).  

 
Table 5.2. The movement time of all tossing conditions (sec.) 

    Subject 
Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 

1 0 110% 1 1.19 1.21 1.15 1.13 1.19 1.13 1.08 1.07 1.2.0 1.16

1 0 110% 5 1.30 1.35 1.05 1.47 1.41 1.08 1.17 1.30 1.81 1.46

1 0 150% 1 1.11 1.01 1.00 0.92 0.98 1.05 1.10 1.18 1.73 1.03

1 0 150% 5 1.15 1.19 1.19 1.36 1.21 1.07 1.09 1.34 1.87 1.42

1 0 200% 1 1.06 0.99 1.16 0.91 1.00 0.90 1.10 1.24 1.68 1.17

1 0 200% 5 1.16 1.13 1.09 1.23 1.16 0.93 1.07 1.43 1.45 1.39

1 0.8 110% 1 1.04 1.54 1.13 1.50 1.29 1.42 1.05 1.14 0.94 1.17

1 0.8 110% 5 1.13 1.49 1.14 1.74 1.36 1.44 1.10 1.23 1.35 1.50

1 0.8 150% 1 0.93 1.25 1.05 1.44 1.15 1.09 0.97 1.00 1.03 1.11

1 0.8 150% 5 0.98 1.06 1.07 1.56 1.29 1.09 1.03 1.12 1.42 1.54

1 0.8 200% 1 0.85 1.05 0.88 1.32 1.13 1.05 0.86 0.96 1.06 1.03

1 0.8 200% 5 0.86 0.88 1.06 1.47 1.14 0.99 1.06 1.13 1.48 1.49

1.5 0 110% 1 1.19 1.41 1.18 1.47 1.35 1.47 1.03 1.37 1.21 1.20

1.5 0 110% 5 1.35 1.39 1.45 1.63 1.43 1.45 1.15 1.39 1.53 1.38

1.5 0 150% 1 1.15 1.26 1.00 1.49 1.25 1.25 1.07 1.31 1.19 1.11

1.5 0 150% 5 1.28 1.14 1.34 1.69 1.38 1.42 0.88 1.40 1.48 1.70

1.5 0 200% 1 1.10 1.16 1.02 1.36 1.05 0.95 1.08 1.35 1.34 1.20

1.5 0 200% 5 1.29 1.18 1.15 1.64 1.36 1.27 0.73 1.34 1.60 1.42

1.5 0.8 110% 1 1.23 1.66 1.05 1.70 1.26 1.38 1.09 1.12 1.42 1.36

1.5 0.8 110% 5 1.34 1.67 0.95 1.83 1.45 1.62 1.18 1.26 1.79 1.67

1.5 0.8 150% 1 1.06 1.43 0.96 1.60 1.30 1.17 1.03 1.28 1.39 1.28

1.5 0.8 150% 5 1.27 1.48 0.98 1.79 1.40 1.48 1.00 1.34 1.87 1.82

1.5 0.8 200% 1 0.95 1.26 0.71 1.29 1.19 1.06 0.98 1.12 1.46 1.43

1.5 0.8 200% 5 1.14 1.41 0.98 1.55 1.21 1.33 0.96 1.41 1.84 1.71

 
 

As can be shown in Table 5.2, the expectations from Fitts’ Law were met.  For 

example, for subject 1 at distance 1, height 0 and weight 1, the movement time was 

1.19 sec. for 110% clearance: the movement time was reduced to 1.11 sec. for 150% 

clearance, and was further reduced to 1.06 sec. for 200% clearance.  Similar patterns 

can be shown for the other subjects and task conditions.  As would be expected from 

Fitts’ Law, movement time decreased as the accuracy constraints were relaxed.  

Similar to the lifting tasks, the increase of tossing distance or weight of load would 
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increase the movement time.  For an example, the weight factor for subject 1 at 

distance 1, height 0 and clearance 200%, the movement time was 1.06 sec. for a 

weight of 1 kg. and was increased to 1.16 sec. for a weight of 5 kg.  For an example, 

in relation to  distance factor, the distances for subject 1 at height 0.8, clearance 150% 

and weight 5, the movement time was 0.98 sec. for a distance of 1 m. and was 

increased to 1.27 sec. for a distance of 1.5 m. 

In section 4.2.1, the height position of load trajectories at the releasing posture 

increased along with the tossing distance increase.  Therefore, the movement distance 

of the load from the initial to the releasing posture increased along with the tossing 

distance increase, which caused an increase of the movement time.  In section 4.2.2, 

the joint torques of the upper extremities in the releasing phase increased along with 

the weight of load.  Therefore, subjects moved slower (longer movement time) for the 

heavier load-carrying in order to generate higher joint torques.   

The analysis of variance (ANOVA) for movement time is shown in Table 5.3. 

The ANOVA shows that the tossing distances, target clearances, weights of load and 

the interaction between the tossing heights and target clearances significantly affected 

movement time, but the tossing heights were found to have no effect on movement 

time.   
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Table 5.3. ANOVA for the movement time  

Source SS df MS F Sig.  
Distance 0.885 1 0.885 16.963 0.003 * 
Height 0.004 1 0.004 0.041 0.844  
Clearance 0.769 2 0.385 9.655 0.001 * 
Weight 1.358 1 1.358 16.063 0.003 * 
Distance * Height 0.069 1 0.069 0.697 0.425  
Distance * Clearance 0.009 2 0.004 0.607 0.556  
Height * Clearance 0.052 2 0.026 4.850 0.021 * 
Distance * Height * Clearance 0.025 2 0.012 1.401 0.272  
Distance * Weight 0.010 1 0.010 0.613 0.454  
Height * Weight 0.001 1 0.001 0.074 0.792  
Distance * Height * Weight 0.016 1 0.016 1.336 0.278  
Clearance * Weight 0.004 2 0.002 0.252 0.780  
Distance * Clearance * Weight 0.017 2 0.009 1.573 0.235  
Height * Clearance * Weight 0.022 2 0.011 1.303 0.296  
Distance * Height * Clearance * Weight 0.004 2 0.002 0.485 0.624  
Error(Distance) 0.469 9 0.052    
Error(Height) 0.929 9 0.103    
Error(Clearance) 0.717 18 0.040    
Error(Weight) 0.761 9 0.085    
Error(Distance*Height) 0.891 9 0.099    
Error(Distance*Clearance) 0.131 18 0.007    
Error(Height*Clearance) 0.097 18 0.005    
Error(Distance*Height*Clearance) 0.158 18 0.009    
Error(Distance*Weight) 0.139 9 0.015    
Error(Height*Weight) 0.132 9 0.015    
Error(Distance*Height*Weight) 0.109 9 0.012    
Error(Clearance*Weight) 0.158 18 0.009    
Error(Distance*Clearance*Weight) 0.099 18 0.006    
Error(Height*Clearance*Weight) 0.154 18 0.009    
Error(Distance*Height*Clearance*Weight) 0.080 18 0.004    
* Significant level at α = 0.05 
 

 

Referring to the speed-accuracy tradeoff (Fitts’ Law), the movement time 

represented the speed while the tossing error represented the accuracy.  The tossing 

error was investigated under the tossing distance, height, clearance and the weight of 

load, which is shown in Table 5.4.  The tossing error was equal to the differences in 

the position of load at the landing event compared to the target.  The tossing error can 

be represented as the variation of the tossing task or the task performances.  A good 

tossing task should have low tossing error.  The tossing error in this study was a 
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measurement on the horizontal distance between the center of the load at the first 

impact event (not include bouncing) and the center of the target area. 

 

Table 5.4. Tossing error of all tossing conditions (m.) 
    Subject 

Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 
1 0 110% 1 0.04 0.03 0.04 0.03 0.03 0.03 0.03 0.08 0.05 0.05
1 0 110% 5 0.03 0.04 0.06 0.05 0.06 0.03 0.03 0.12 0.13 0.06
1 0 150% 1 0.04 0.02 0.04 0.03 0.05 0.04 0.06 0.05 0.03 0.03
1 0 150% 5 0.03 0.05 0.07 0.03 0.03 0.03 0.02 0.08 0.09 0.07
1 0 200% 1 0.06 0.03 0.04 0.05 0.05 0.03 0.03 0.08 0.07 0.04
1 0 200% 5 0.02 0.05 0.07 0.03 0.07 0.05 0.03 0.12 0.10 0.14
1 0.8 110% 1 0.02 0.03 0.02 0.03 0.04 0.04 0.02 0.05 0.16 0.04
1 0.8 110% 5 0.02 0.02 0.03 0.04 0.09 0.02 0.02 0.08 0.16 0.05
1 0.8 150% 1 0.02 0.03 0.04 0.05 0.05 0.03 0.02 0.03 0.15 0.04
1 0.8 150% 5 0.03 0.02 0.03 0.06 0.06 0.05 0.02 0.06 0.17 0.05
1 0.8 200% 1 0.04 0.07 0.04 0.07 0.07 0.06 0.04 0.05 0.16 0.07
1 0.8 200% 5 0.06 0.05 0.05 0.04 0.08 0.10 0.04 0.05 0.16 0.11

1.5 0 110% 1 0.08 0.05 0.04 0.08 0.05 0.05 0.03 0.07 0.11 0.06
1.5 0 110% 5 0.03 0.03 0.06 0.08 0.07 0.06 0.05 0.07 0.16 0.10
1.5 0 150% 1 0.08 0.04 0.06 0.10 0.06 0.08 0.03 0.04 0.07 0.05
1.5 0 150% 5 0.07 0.04 0.03 0.04 0.05 0.04 0.03 0.08 0.16 0.15
1.5 0 200% 1 0.07 0.06 0.11 0.11 0.08 0.06 0.02 0.06 0.11 0.09
1.5 0 200% 5 0.06 0.09 0.09 0.09 0.07 0.06 0.03 0.07 0.16 0.13
1.5 0.8 110% 1 0.08 0.05 0.03 0.06 0.05 0.03 0.04 0.08 0.15 0.07
1.5 0.8 110% 5 0.08 0.06 0.06 0.03 0.07 0.05 0.04 0.08 0.19 0.11
1.5 0.8 150% 1 0.10 0.03 0.05 0.07 0.06 0.07 0.03 0.06 0.16 0.07
1.5 0.8 150% 5 0.03 0.04 0.06 0.05 0.04 0.02 0.04 0.09 0.21 0.17
1.5 0.8 200% 1 0.04 0.07 0.05 0.08 0.09 0.07 0.05 0.08 0.17 0.17
1.5 0.8 200% 5 0.03 0.09 0.07 0.06 0.09 0.09 0.07 0.10 0.25 0.18

 
 

As can be shown in Table 5.4, the expectations from tossing clearance effects 

were met.  For example, for subject 2 at distance 1.5, height 0 and weight 5, the 

tossing error was 0.03 m. for 110% clearance; it was increased to 0.04 m. for 150% 

clearance and was further increased to 0.09 sec. for 200% clearance.  Similar patterns 

can be found in most subjects and task conditions.  Therefore, the levels of tossing 

clearance used in the experiment were valid, in that that subjects paid attention to the 

clearance factor.  
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In addition, the tossing errors increased along with the increase of tossing 

distances.  In section 4.2.1, the tossing velocity at the releasing phase increased along 

with the increase of tossing distance.  Tossing errors increased along with the increase 

of tossing speed as would be expected from Fitts’ Law.  The analysis of variance 

(ANOVA) for the tossing error is shown in Table 5.5. 

 

Table 5.5. ANOVA for the tossing error 
 
Source SS df MS F Sig.  
Distance 0.027 1 0.027 19.801 0.002 * 
Height 0.003 1 0.003 0.842 0.383  
Clearance 0.016 2 0.008 14.250 0.000 * 
Weight 0.007 1 0.007 2.809 0.128  
Distance * Height 0.000 1 0.000 0.121 0.736  
Distance * Clearance 0.000 2 0.000 0.523 0.602  
Height * Clearance 0.002 2 0.001 2.363 0.123  
Distance * Height * Clearance 0.000 2 0.000 0.131 0.878  
Distance * Weight 0.000 1 0.000 0.205 0.661  
Height * Weight 0.000 1 0.000 0.486 0.503  
Distance * Height * Weight 0.001 1 0.001 1.761 0.217  
Clearance * Weight 0.000 2 0.000 0.353 0.707  
Distance * Clearance * Weight 0.000 2 0.000 0.013 0.988  
Height * Clearance * Weight 0.000 2 0.000 0.021 0.980  
Distance * Height * Clearance * Weight 0.000 2 0.000 1.225 0.317  
Error(Distance) 0.012 9 0.001    
Error(Height) 0.031 9 0.003    
Error(Clearance) 0.010 18 0.001    
Error(Weight) 0.024 9 0.003    
Error(Distance*Height) 0.010 9 0.001    
Error(Distance*Clearance) 0.005 18 0.000    
Error(Height*Clearance) 0.006 18 0.000    
Error(Distance*Height*Clearance) 0.005 18 0.000    
Error(Distance*Weight) 0.005 9 0.001    
Error(Height*Weight) 0.002 9 0.000    
Error(Distance*Height*Weight) 0.003 9 0.000    
Error(Clearance*Weight) 0.007 18 0.000    
Error(Distance*Clearance*Weight) 0.008 18 0.000    
Error(Height*Clearance*Weight) 0.003 18 0.000    
Error(Distance*Height*Clearance*Weight) 0.002 18 0.000    
* Significant level at α = 0.05 
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The ANOVA of the tossing error in Table 5.5 shows that the tossing distances 

and target clearances significantly affected the tossing error.  The tossing clearance 

factors were used to control the attention of subjects on their tossing error.  Higher 

tossing clearances (larger target area) relaxed the subject’s postural control, which 

resulted in higher tossing error.  For more understanding about the effect of the 

tossing factors and the weight of load, all factors were investigated from 

biomechanical viewpoints. 

 The next investigation into the differences between the lifting and tossing 

phases deals with the biomechanics of maximum compressive forces on the L5/S1 

joint in the lifting and releasing phases.  In section 4.2.2, the maximum compressive 

forces on the L5/S1 joint in the lifting phase were of interest because they were  also 

the maximum compressive forces of the tossing task.  In addition, the maximum 

compressive forces on the L5/S1 joint in the releasing phase were also evaluated 

because they occurred in the 4th key posture, which was different for lifting and 

tossing tasks.  Table 5.6 shows the maximum compressive forces on the L5/S1 joint in 

the lifting phase, for which the ANOVA is shown in Table 5.7. 
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Table 5.6. Maximum compressive forces on the L5/S1 joint in the lifting phase (N.) 
    Subject 

Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 
1 0 110% 1 3918 4209 6403 4354 4421 3524 3276 2678 2910 2816
1 0 110% 5 4143 4183 7034 4419 4752 3712 4211 3151 3348 3366
1 0 150% 1 4113 4158 6258 4636 4586 3481 3798 2655 2762 2835
1 0 150% 5 4233 4167 6831 4477 4636 3830 3727 2829 3149 3107
1 0 200% 1 4028 4110 6540 4460 4568 3520 3545 2557 2803 2805
1 0 200% 5 4425 4848 7145 4598 4637 3776 3717 2773 3788 3012
1 0.8 110% 1 3814 4170 6671 4005 4333 3697 3084 2776 2843 2437
1 0.8 110% 5 4339 4653 7454 4521 4658 3716 3998 3064 3200 3205
1 0.8 150% 1 3659 3974 6409 3973 4570 3545 3052 2792 2967 2599
1 0.8 150% 5 4416 4371 7250 4606 4733 3453 3847 2969 3159 3060
1 0.8 200% 1 3835 4145 6380 4051 4496 3663 3059 2721 3133 2730
1 0.8 200% 5 4816 4483 7041 4610 4801 3570 3799 3143 3169 3111

1.5 0 110% 1 3752 3806 6828 4199 4460 3608 3218 3276 2720 2757
1.5 0 110% 5 4186 4400 6892 4396 4796 3827 4059 3293 3648 2982
1.5 0 150% 1 3680 3790 6555 4050 4556 3552 3010 2743 2818 2745
1.5 0 150% 5 3967 4595 7183 4449 4881 3786 3784 3564 3959 3054
1.5 0 200% 1 3576 4000 6671 4196 4458 3834 3249 2692 2649 2713
1.5 0 200% 5 3875 4303 6830 4292 5126 3800 3624 2976 3848 3122
1.5 0.8 110% 1 3555 4117 6436 4117 4088 3682 4025 2848 2943 2716
1.5 0.8 110% 5 3985 4395 6323 4713 5077 3771 4486 3148 3173 3320
1.5 0.8 150% 1 3664 3873 6555 4198 4514 3674 3622 2605 3003 2675
1.5 0.8 150% 5 3875 4354 6133 4652 4819 3655 5371 2981 3172 3227
1.5 0.8 200% 1 3668 3857 6156 4303 4435 3644 3359 2626 2848 2751
1.5 0.8 200% 5 4267 4246 6557 4813 5115 3608 4254 3022 3244 3193

 
 

  As can be shown in Table 5.6, the weights of load affected the maximum 

compressive forces on the L5/S1 joint in the lifting phase.  For example, for subject 5 

at distance 1, height 0 and clearance 110%, the maximum compressive forces on the 

L5/S1 joint in the lifting phase were 4421 N. for a weight of 1 kg. and it were 

increased to 4752 N. for a weight of 5 kg.  Similar patterns can be shown for the other 

subjects and task conditions.  In section 4.2.2, the joint torques of the elbow in the 

lifting phase increased along with the increase of weight of load, which  also would 

increase the moment at the L5/S1 joint.  Therefore, the increased moment at the L5/S1 

joint directly increased the maximum compressive forces on the L5/S1 joint, as shown 

in section 3.1.11. 
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With regard to subject 3, the maximum compressive forces on the L5/S1 joint 

in the lifting phase for all conditions stood out  from other subjects.  Subject 3 was the 

heaviest person in the study, about 150% weight of the other male subjects, and his  

body weight contributed to the high maximum compressive forces on the L5/S1 joint 

in the lifting phase. 

In addition, unexpected data occurred with subject 9 at two tossing conditions, 

one at distance 1, height 0, clearance 110% and weight 5, and the other  at distance 1, 

height 0, clearance 200% and weight 5.  The data in both conditions were investigated 

in order to explain outlying information: it was found  that when subject 9 lifted the 

load with very high joint accelerations, especially at the hip joint, the high moments 

occurred at the L5/S1 joint. 

Moreover, atypical data occurred as the maximum compressive forces on the 

L5/S1 joint in the lifting phase did not increase along with the increase of the weight 

of load.  For example, for subject 4 at distance 1, height 0 and clearance 150%, the 

maximum compressive forces on the L5/S1 joint in the lifting phase were 4636 N. for 

a weight of 1 kg., which was higher than those of a weight of 5 kg. (4477 N.).  

Atypical data were also found in subject 3, subject 6 and subject 7.   The weights of 

load used in the current study were relatively light compared to the subject weights.  

Therefore, the levels of the weight of load were probably insufficient to affect the 

subject’s strength.  Furthermore, all subjects were not trained for tossing tasks for a 

long period, thus, their tossing movements were not consistent.  The combinations of 

the weight of load and the untrained subjects probably were the cause of atypical data. 
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Table 5.7. ANOVA for maximum compressive forces on the L5/S1 in the lifting 
phase  
 
Source SS df MS F Sig.  
Distance 618 1 618 0.004 0.953 
Height 18463 1 18463 0.297 0.599 
Clearance 38206 2 19103 0.496 0.617 
Weight 9864599 1 9864599 65.312 0.000* 
Distance * Height 13515 1 13515 0.050 0.828 
Distance * Clearance 123352 2 61676 3.815 0.042* 
Height * Clearance 2241 2 1120 0.042 0.959 
Distance * Height * Clearance 7088 2 3544 0.133 0.877 
Distance * Weight 32643 1 32643 0.319 0.586 
Height * Weight 47912 1 47912 0.314 0.589 
Distance * Height * Weight 116116 1 116116 5.164 0.049* 
Clearance * Weight 7031 2 3515 0.179 0.837 
Distance * Clearance * Weight 140517 2 70259 2.221 0.137 
Height * Clearance * Weight 3174 2 1587 0.049 0.952 
Distance * Height * Clearance * Weight 154023 2 77012 3.652 0.047* 
Error(Distance) 1513038 9 168115    
Error(Height) 559330 9 62148    
Error(Clearance) 693808 18 38545    
Error(Weight) 1359347 9 151039    
Error(Distance*Height) 2439932 9 271104    
Error(Distance*Clearance) 290980 18 16166    
Error(Height*Clearance) 479037 18 26613    
Error(Distance*Height*Clearance) 481169 18 26732    
Error(Distance*Weight) 921274 9 102364    
Error(Height*Weight) 1372141 9 152460    
Error(Distance*Height*Weight) 202354 9 22484    
Error(Clearance*Weight) 352997 18 19611    
Error(Distance*Clearance*Weight) 569453 18 31636    
Error(Height*Clearance*Weight) 577880 18 32104    
Error(Distance*Height*Clearance*Weight) 379581 18 21088    
* Significant level at α = 0.05 
 
  

The ANOVA in Table 5.7 shows that the weights of load, the interaction 

between tossing distance and clearance, the interaction among tossing distance, height 

and weight of load, and the interaction among tossing distance, height, clearance and 

weight of load significantly affected the maximum compressive forces on the L5/S1 

joint in the lifting phase.  With regard to the occurrence of the maximum compressive 

forces on the L5/S1 joint in the lifting phase, maximum compressive forces occurred 

in the 1st key posture (the lifting phase) in which subjects aimed to bring the load 
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(from the floor) close to the body before raising the load in the next phase.  Only the 

loads had an interaction with the subjects, thus the tossing distances, heights, and 

clearances had no effect in this phase.   

The next biomechanics of interest were the maximum compressive forces on 

the L5/S1 joint in the releasing phase.  Since the tossing factors influenced the 4th key 

posture, the tossing factors should also affect the maximum compressive forces on the 

L5/S1 joint in the releasing phase.  The investigation of the compressive forces on the 

L5/S1 joint in the releasing phase is shown in Table 5.8 and the ANOVA is shown in 

Table 5.9. 

 
Table 5.8. Maximum compressive forces on the L5/S1 in the releasing phase (N.) 

    Subject 
Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 

1 0 110% 1 2201 2811 2956 1599 2017 2054 1488 1727 2024 1976
1 0 110% 5 2375 2978 3077 2382 2391 1841 1522 2090 2007 2155
1 0 150% 1 2088 2512 2871 1456 2079 1959 1438 2010 2030 1565
1 0 150% 5 2084 2719 3189 1963 2447 1550 1564 2008 2130 2337
1 0 200% 1 1906 2057 2596 1403 1852 1603 1159 1757 2126 1618
1 0 200% 5 2270 2327 3179 1686 2194 1397 1506 1883 2267 2199
1 0.8 110% 1 2057 1383 3266 1803 2133 1826 1425 1762 1973 1753
1 0.8 110% 5 2153 1539 3482 2183 2438 2090 1695 1825 1969 1950
1 0.8 150% 1 2082 1242 3084 1664 2184 1792 1355 1529 1973 1823
1 0.8 150% 5 2036 1544 3323 2021 2547 1739 1615 1671 1907 1910
1 0.8 200% 1 1496 1189 2438 1698 1836 1562 1154 1511 1986 1496
1 0.8 200% 5 1942 1593 3030 1893 2281 1612 1686 1736 1846 1965

1.5 0 110% 1 1907 1819 3859 1759 2808 2412 1809 2356 2383 2111
1.5 0 110% 5 1968 1884 3389 1872 3355 2119 2224 2213 2500 2409
1.5 0 150% 1 1934 2312 3555 1606 2897 2525 1821 2251 2380 2054
1.5 0 150% 5 1917 2201 3891 1960 3346 2341 1504 2089 2584 2195
1.5 0 200% 1 1667 2162 2750 1624 2397 2477 1710 1987 2493 2042
1.5 0 200% 5 2161 1994 3687 2006 2948 2295 1774 2289 2205 2157
1.5 0.8 110% 1 1850 1335 4072 2829 1910 2307 2029 1667 1954 1933
1.5 0.8 110% 5 1933 1344 3909 3088 3173 1762 2191 2116 2063 1758
1.5 0.8 150% 1 1899 1288 3805 2549 2193 2413 1992 1749 2123 1823
1.5 0.8 150% 5 1778 1385 3466 3120 3629 1898 2244 1942 1859 1819
1.5 0.8 200% 1 2010 1208 1622 2466 2530 2239 1628 1737 2056 1784
1.5 0.8 200% 5 1829 1482 3851 3086 3128 1932 2110 2202 1903 2046
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As can be shown in Table 5.8, the increase of weight of load or tossing 

distance increased the maximum compressive forces on the L5/S1 in the releasing 

phase.  For example, the weights for subject 4 at distance 1, height 0 and clearance 

200%, the maximum compressive forces on the L5/S1 in the releasing phase were 

1403 kg. for a weight of 1 kg. and were increased to 1686 kg. for a weight of 5 kg.  

For an example, the distance factors for subject 4 at height 0.8, clearance 200% and 

weight 5, the maximum compressive forces on the L5/S1 in the releasing phase were 

1893 kg. for a distance of 1 m. and were increased to 3086 kg. for a distance of 1.5 

kg.  Similar patterns can be shown for the other subjects and task conditions. 

An increment in maximum compressive forces on the L5/S1 in the releasing 

phase corresponded to the joint torque generations of the upper extremities in section 

4.2.  The joint torque generation in the releasing phase increased, along with the 

increasing of the weights of load or the tossing distances.  In addition, the joint torque 

generation directly related to the L5/S1 moment and also the compressive force on the 

L5/S1 joint increased.  Therefore, the maximum compressive forces on the L5/S1 in 

the releasing phase increased along with either the increase of the load weights or the 

tossing distances.  The relationships among the maximum compressive forces on the 

L5/S1 in the releasing phase and the tossing factors were validated by the ANOVA in 

Table 5.9, which shows that the tossing distances, tossing clearances, and weights of 

load significantly affected the maximum compressive forces on the L5/S1 joint during 

the releasing phase (the 3rd key posture to 4th key posture).   
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Table 5.9. ANOVA for maximum compressive forces on the L5/S1 in the releasing 
phase 

 
Source SS df MS F Sig.  
Distance 4275199 1 4275199 7.608 0.022* 
Height 971007 1 971007 1.099 0.322 
Clearance 1363946 2 681973 9.110 0.002* 
Weight 2436603 1 2436603 7.943 0.020* 
Distance * Height 29485 1 29485 0.128 0.728 
Distance * Clearance 147321 2 73660 1.534 0.243 
Height * Clearance 1332 2 666 0.016 0.985 
Distance * Height * Clearance 1915 2 958 0.029 0.972 
Distance * Weight 34223 1 34223 0.530 0.485 
Height * Weight 48269 1 48269 1.123 0.317 
Distance * Height * Weight 50174 1 50174 1.140 0.313 
Clearance * Weight 378562 2 189281 2.224 0.137 
Distance * Clearance * Weight 37159 2 18580 0.361 0.702 
Height * Clearance * Weight 34922 2 17461 0.696 0.512 
Distance * Height * Clearance * Weight 5839 2 2919 0.091 0.913 
Error(Distance) 5057416 9 561935    
Error(Height) 7952687 9 883632    
Error(Clearance) 1347531 18 74863    
Error(Weight) 2760702 9 306745    
Error(Distance*Height) 2067279 9 229698    
Error(Distance*Clearance) 864209 18 48012    
Error(Height*Clearance) 769490 18 42749    
Error(Distance*Height*Clearance) 603858 18 33548    
Error(Distance*Weight) 581510 9 64612    
Error(Height*Weight) 386810 9 42979    
Error(Distance*Height*Weight) 396034 9 44004    
Error(Clearance*Weight) 1532029 18 85113    
Error(Distance*Clearance*Weight) 925564 18 51420    
Error(Height*Clearance*Weight) 451591 18 25088    
Error(Distance*Height*Clearance*Weight) 577470 18 32082    
* Significant level at α = 0.05 
 
 

 To evaluate the 4th key posture, the load movements after the releasing posture 

were investigated under the tossing factors and the weights of load.  The load 

movement after the releasing posture was the projectile’s motion which was used as 

the model constraints for the 4th key posture evaluation.  Two parameters of the 

projectile motion, the initial horizontal speed and the initial angle of load projectile, 

were investigated and are shown in Tables 5.10 and 5.12 respectively. 
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Table 5.10. The initial horizontal speed of load projectile (m./sec.) 
    Subject 

Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 
1 0 110% 1 2.56 3.33 2.63 2.22 2.44 2.70 2.78 2.50 2.56 3.03
1 0 110% 5 2.50 3.13 2.38 2.56 2.44 2.94 2.78 2.86 2.70 2.78
1 0 150% 1 2.50 3.03 2.63 2.27 2.44 2.63 2.56 2.63 2.44 2.86
1 0 150% 5 2.33 2.86 2.44 2.33 2.56 2.70 2.78 2.70 2.70 3.03
1 0 200% 1 2.38 2.94 2.56 2.27 2.44 2.56 2.70 2.50 2.56 2.86
1 0 200% 5 2.38 2.86 2.44 2.17 2.50 2.56 2.70 2.63 2.78 3.13
1 0.8 110% 1 3.45 3.70 3.57 2.94 3.23 2.63 3.70 4.00 4.35 4.55
1 0.8 110% 5 3.03 3.57 3.57 3.23 3.03 3.03 3.45 4.76 4.55 4.00
1 0.8 150% 1 3.33 3.57 3.70 2.86 2.94 2.78 3.85 3.57 4.55 4.55
1 0.8 150% 5 3.13 3.57 3.57 2.94 3.03 3.45 3.33 4.00 4.76 4.00
1 0.8 200% 1 3.33 3.45 3.45 2.78 2.94 2.94 3.45 4.00 4.00 4.35
1 0.8 200% 5 3.33 3.13 3.70 2.78 2.86 3.57 3.70 4.00 4.35 4.17

1.5 0 110% 1 2.68 3.57 3.41 2.78 2.94 3.49 3.95 3.57 3.33 3.33
1.5 0 110% 5 2.73 3.49 3.00 2.94 3.06 3.26 3.49 3.66 3.66 3.57
1.5 0 150% 1 2.73 3.75 3.41 2.83 2.94 3.49 3.75 3.57 3.26 3.41
1.5 0 150% 5 2.78 3.57 3.00 2.78 3.00 3.49 3.41 3.66 3.66 3.66
1.5 0 200% 1 2.73 3.95 3.13 2.68 2.94 3.49 3.57 3.57 3.49 3.33
1.5 0 200% 5 2.73 3.66 3.00 2.88 2.73 3.33 3.41 3.66 3.49 3.49
1.5 0.8 110% 1 2.83 3.85 3.95 3.41 3.95 3.49 3.85 3.49 4.05 4.29
1.5 0.8 110% 5 3.00 3.66 3.85 3.49 3.49 3.57 3.95 3.75 3.75 4.29
1.5 0.8 150% 1 3.06 3.95 3.57 3.41 3.75 3.41 3.75 3.85 4.29 4.05
1.5 0.8 150% 5 3.13 3.49 3.66 3.49 3.33 3.75 3.75 3.85 4.29 4.29
1.5 0.8 200% 1 3.26 3.85 3.66 3.33 3.41 3.49 3.66 3.95 4.05 4.05
1.5 0.8 200% 5 3.19 3.75 3.75 3.41 3.26 3.85 3.57 3.75 4.41 4.05

 
 

Table 5.10 shows that the initial horizontal speed of load projectile increased 

along with the increment of the tossing distances or tossing heights.  For an example, 

the tossing distances for subject 10 at height 0, clearance 110% and weight 1, the 

initial horizontal speed of load projectile was 3.03 m./sec. for a distance of 1 m. and 

was increased to 3.33 m./sec. for a distance of 1.5 m.   Similarly, the initial horizontal 

speed of load projectile was 3.13 m./sec. for a height of 0 m. and was increased to 

4.17 m./sec. for a height of 0.8 m with  the tossing heights, for subject 10, at distance 

1, clearance 200% and weight 5.  Similar patterns can be shown for the other subjects 

and task conditions.   
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The effects of tossing distances over the initial horizontal speed of load 

projectile corresponded to the horizontal velocity of load during the releasing phase in 

section 4.2.1.  The farther tossing distances influenced subjects to toss the load with 

higher momentum (higher speed).  For the effects of the initial horizontal speed of the 

load projectile under the effects of tossing heights, similar tossing distances with 

different heights were expected to have similar initial horizontal speeds of load 

projectile.  However, an investigation in Table 5.10 showed that the higher tossing 

heights provided higher initial horizontal speeds of load projectile.  The investigations 

on the initial horizontal speed of load projectile were validated by the ANOVA in 

Table 5.11. 

Table 5.11 showed that the tossing distances, heights, and interaction between 

the tossing distances and heights significantly affected the initial horizontal speed of 

load projectile.  As would be expected from the projectile motion, the initial 

horizontal speed of load projectile increased as tossing distances were farther.  In 

addition, the tossing heights also influenced the initial horizontal speed of the load 

projectile, which did not correspond to the projectile motion. Therefore, the load 

projectile movement should be studied by investigating the initial angle of load 

projectile. 
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Table 5.11. ANOVA for the initial horizontal speed of load projectile 
 
Source SS df MS F Sig.  
Distance 9.14 1 9.14 51.058 0.000* 
Height 26.93 1 26.93 49.099 0.000* 
Clearance 0.15 2 0.08 3.219 0.064 
Weight 0.01 1 0.01 0.055 0.819 
Distance * Height 4.13 1 4.13 14.625 0.004* 
Distance * Clearance 0.07 2 0.03 0.888 0.429 
Height * Clearance 0.00 2 0.00 0.021 0.979 
Distance * Height * Clearance 0.01 2 0.00 0.168 0.847 
Distance * Weight 0.04 1 0.04 0.825 0.388 
Height * Weight 0.00 1 0.00 0.022 0.885 
Distance * Height * Weight 0.00 1 0.00 0.080 0.784 
Clearance * Weight 0.01 2 0.00 0.226 0.800 
Distance * Clearance * Weight 0.00 2 0.00 0.161 0.853 
Height * Clearance * Weight 0.02 2 0.01 0.837 0.449 
Distance * Height * Clearance * Weight 0.00 2 0.00 0.024 0.976 
Error(Distance) 1.61 9 0.18    
Error(Height) 4.94 9 0.55    
Error(Clearance) 0.42 18 0.02    
Error(Weight) 1.07 9 0.12    
Error(Distance*Height) 2.54 9 0.28    
Error(Distance*Clearance) 0.70 18 0.04    
Error(Height*Clearance) 0.56 18 0.03    
Error(Distance*Height*Clearance) 0.46 18 0.03    
Error(Distance*Weight) 0.46 9 0.05    
Error(Height*Weight) 0.65 9 0.07    
Error(Distance*Height*Weight) 0.26 9 0.03    
Error(Clearance*Weight) 0.36 18 0.02    
Error(Distance*Clearance*Weight) 0.23 18 0.01    
Error(Height*Clearance*Weight) 0.24 18 0.01    
Error(Distance*Height*Clearance*Weight) 0.34 18 0.02    
* Significant level at α = 0.05 
 

 

 The initial angle of the load projectile was defined as the angle between the 

load path after releasing and the horizontal axis.  Tossing with higher initial angle of 

load projectile provided more bending on the parabola curves of the projectile motion.  

Therefore, the initial angle of load projectile influenced the 4th key posture evaluation.  

The initial angle of the load projectile was investigated, and is shown in Table 5.12: 

the ANOVA is shown in Table 5.13. 
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Table 5.12. Initial angle of load projectile of all tossing conditions (rad.) 

    Subject 
Distance Height Clearance Weight 1 2 3 4 5 6 7 8 9 10 

1 0 110% 1 -0.63 -0.80 -0.44 -0.26 -0.16 -0.46 -0.45 -0.32 -0.37 -0.55
1 0 110% 5 -0.64 -0.69 0.04 -0.60 -0.40 -0.73 -0.52 -0.29 -0.38 -0.54
1 0 150% 1 -0.57 -0.59 -0.33 -0.38 -0.08 -0.36 -0.31 -0.09 -0.33 -0.52
1 0 150% 5 -0.52 -0.51 0.00 -0.44 -0.38 -0.59 -0.45 -0.17 -0.47 -0.60
1 0 200% 1 -0.48 -0.51 -0.31 -0.31 0.04 -0.32 -0.34 -0.08 -0.41 -0.48
1 0 200% 5 -0.50 -0.56 -0.06 -0.29 -0.34 -0.42 -0.35 -0.25 -0.50 -0.67
1 0.8 110% 1 -0.15 -0.31 -0.11 0.08 -0.03 0.56 -0.04 0.29 0.10 -0.09
1 0.8 110% 5 0.06 -0.22 -0.14 -0.08 0.20 0.32 -0.02 0.16 -0.03 -0.05
1 0.8 150% 1 -0.09 -0.30 -0.06 0.11 0.18 0.48 -0.01 0.37 0.03 0.00
1 0.8 150% 5 -0.07 -0.11 -0.21 0.08 0.17 0.13 0.08 0.32 -0.12 -0.04
1 0.8 200% 1 -0.06 -0.13 0.09 0.18 0.25 0.43 0.24 0.37 0.08 0.12
1 0.8 200% 5 -0.09 0.21 -0.10 0.23 0.34 0.24 0.06 0.29 -0.08 0.01

1.5 0 110% 1 0.07 -0.34 -0.10 0.12 0.02 -0.28 -0.30 0.09 0.01 -0.10
1.5 0 110% 5 0.01 -0.30 0.15 0.01 0.08 -0.26 -0.19 0.03 -0.20 -0.21
1.5 0 150% 1 -0.03 -0.39 -0.05 0.07 0.08 -0.29 -0.22 0.07 0.01 -0.09
1.5 0 150% 5 0.00 -0.34 0.10 0.10 0.18 -0.29 -0.10 0.01 -0.21 -0.15
1.5 0 200% 1 -0.08 -0.45 0.18 0.21 0.13 -0.22 -0.19 0.07 -0.09 -0.07
1.5 0 200% 5 0.28 -0.35 0.07 0.10 0.36 -0.23 -0.08 0.04 -0.14 -0.17
1.5 0.8 110% 1 0.50 0.02 0.17 0.34 -0.08 0.56 0.19 0.49 0.25 0.08
1.5 0.8 110% 5 0.37 0.11 0.37 0.42 0.38 0.11 0.20 0.41 0.24 -0.03
1.5 0.8 150% 1 0.34 -0.01 0.45 0.37 0.05 0.56 0.27 0.48 0.17 0.12
1.5 0.8 150% 5 0.37 0.16 0.47 0.44 0.51 0.11 0.22 0.41 0.15 0.09
1.5 0.8 200% 1 0.39 -0.02 0.55 0.38 0.30 0.56 0.33 0.48 0.22 0.25
1.5 0.8 200% 5 0.34 0.08 0.37 0.51 0.48 0.06 0.31 0.44 0.07 0.18

 

As can be shown in Table 5.12, the expectations from the projectile motion 

were met.  For an example, the distances for subject 7 at height 0, clearance 110% and 

weight 1, the initial angle of load projectile was -0.45 rad. for a distance of 1 m. and 

was increased to -0.30 rad. for a distance of 1.5 m.  As an example, the heights for 

subject 9 at distance 1, clearance 150% and weight 1, with the initial angle of load 

projectile were -0.33 rad. for a height of 0 m. and increased to 0.03 rad. for a height of 

0.8 m.   Moreover, the tossing clearance also influenced the initial angle of load 

projectile.  For an example, the clearances for subject 10 at distance 1.5, height 0.8 

and weight 5, the initial angle of load projectile was -0.03 rad. for a clearance of 

110%; it was increased to 0.09 rad. for a clearance of 150% and was further increased 
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to 0.18 rad. for a clearance of 200%.  Similar patterns can be shown for the other 

subjects and task conditions.  The investigation of the initial angle of load projectile 

was validated by the ANOVA in Table 5.13. 

 

Table 5.13. ANOVA for Initial angle of load projectile 

Source SS df MS F Sig.  
Distance 4.579 1 4.579 51.500 0.000 * 
Height 10.049 1 10.049 95.279 0.000 * 
Clearance 0.264 2 0.132 12.197 0.000 * 
Weight 0.028 1 0.028 0.436 0.526  
Distance * Height 0.214 1 0.214 5.695 0.041 * 
Distance * Clearance 0.025 2 0.012 1.611 0.227  
Height * Clearance 0.005 2 0.002 0.330 0.723  
Distance * Height * Clearance 0.020 2 0.010 3.480 0.053  
Distance * Weight 0.031 1 0.031 1.443 0.260  
Height * Weight 0.000 1 0.000 0.007 0.933  
Distance * Height * Weight 0.009 1 0.009 0.460 0.515  
Clearance * Weight 0.006 2 0.003 0.428 0.658  
Distance * Clearance * Weight 0.005 2 0.003 0.542 0.591  
Height * Clearance * Weight 0.007 2 0.004 1.032 0.376  
Distance * Height * Clearance * Weight 0.012 2 0.006 1.484 0.253  
Error(Distance) 0.800 9 0.089    
Error(Height) 0.949 9 0.105    
Error(Clearance) 0.195 18 0.011    
Error(Weight) 0.586 9 0.065    
Error(Distance*Height) 0.339 9 0.038    
Error(Distance*Clearance) 0.140 18 0.008    
Error(Height*Clearance) 0.124 18 0.007    
Error(Distance*Height*Clearance) 0.051 18 0.003    
Error(Distance*Weight) 0.191 9 0.021    
Error(Height*Weight) 0.427 9 0.047    
Error(Distance*Height*Weight) 0.171 9 0.019    
Error(Clearance*Weight) 0.132 18 0.007    
Error(Distance*Clearance*Weight) 0.090 18 0.005    
Error(Height*Clearance*Weight) 0.065 18 0.004    
Error(Distance*Height*Clearance*Weight) 0.070 18 0.004    
* Significant level at α = 0.05 
 

 

Table 5.13 shows that the tossing distances, tossing heights, target clearances 

and interaction between the tossing distances and heights significantly affected the 

initial angle of load projectile.  As would be expected from the projectile motion, the 
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initial angle of load projectile increased as tossing targets were farther and higher.  

Moreover, the effects of tossing clearances were found as a reason that subjects 

reduced their tossing error by tossing with a higher initial angle of load projectile 

instead of tossing with higher speed. 

Since validation of the body balance, the linear hand movement, and the hand 

projectile movement occurred previously, including the tossing factors and weights of 

load , the four key postures should be evaluated similarly to the actual key postures.  

However, there were other factors which were not considered but influenced the four 

key posture evaluations.  The following discussion introduces some factors which 

might have effects on the four key posture evaluation. 

 

5.3. Four key postures discussion 

Four key postures in this study were evaluated by mathematical models which 

used body balance as the objective function.  The differences between the modeled 

and actual key postures were caused by the varieties of the tossing styles utilized by 

individual subjects.  Figures 5.2-5.5 show the graphical comparisons between the 

modeled and actual key postures for the 1st through the 4th key postures respectively.  

The figure on the left side is the modeled key posture, and the figure on the right is 

the actual posture.  
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Figure 5.2. The 1st postures of the model (left) and the actual (right)  

At the initial postures, subjects used a half stoop-half squat lifting style while 

the modeled key posture looked like the squat lifting style.  Based on body balancing, 

the modeled key posture lowered the hips to move the trunk and upper leg weights 

backward in order to compensate for the weights of load on the hands.  Subjects 

reduced the use of energy by lifting the load with a half stoop-half squat instead of the 

full squat posture.  The angle between the lower and upper arms of the actual posture 

was an obtuse angle, unlike the straight arm in the modeled posture.  To increase the 

arm strength, subjects bent their elbow while they initially lifted the load.  Therefore, 

to modify the 1st key posture in the future studies, not only the body balance, but also 

the arm strength and the utilization of leg and back muscles should be considered as 

constraints to model the initial key posture. 
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Figure 5.3. The 2nd key postures of the model (left) and the actual (right) 

 

At the load-close-to-body posture, subjects bent their elbows to keep their arm 

strength while lifting the load; hence, the arm did not have the full extension as in the 

modeled posture.  The relative light weights of load may not have affected the balance 

control of subjects.  Subjects tried to smooth their COG movements, by not swaying 

their body backward, as shown in Appendix F.  Therefore, arm strength and 

utilization of leg muscles should be considered for evaluating this key posture. 

 

 
Figure 5.4. The 3rd key posture of the model (left) and the actual (right) 
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At the aiming posture, the modeled key posture had a full standing posture and 

held the load at the chest level, based on the assumption that subjects would hold the 

load at the chest level and hold it close to the body in order to maximize body 

balancing.  Unlike the modeled posture, subjects actually leaned forward slightly 

while holding the load below the level of the chest. A reason for this is that subjects 

prepared themselves by leaning forward to compensate for the momentum transfer at 

the releasing posture.  In addition, subjects bent their knees slightly to lower their 

COG, which increased their postural control capability.  Because of this 

compensation, the dynamic concept with the momentum transfer should be 

considered to evaluate this key posture. 

 

Figure 5.5. The 4th key posture of the model (left) and the actual (right) 

At the releasing postures, subjects leaned forward to compensate for 

momentum transfer after releasing the load and bent their knees slightly to control 

their COG perturbations which were similar to the 3rd key posture.  Moreover, the arm 

angle of subjects was not straight while releasing the load.  A reason for this is that as 

subjects released the load with a fast velocity, their arms required a slowdown 
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distance to reduce the joint impact (jerking) at the end of hand movement, which 

acted like a shock absorber.    

Dissimilar to the actual posture, the modeled posture assumed that subjects 

reached a full standing posture and released the load with full extension of their arms. 

In the actual posture, subjects leaned forward slightly and were concerned with the 

shock absorber of the hands.  Therefore, dynamic considerations, such as the shock 

absorption of the hand, and the momentum transfer after releasing the load, should be 

considered to evaluate this posture in the future studies. 

 

5.4. Four key postures conclusion 

In conclusion, the mathematical models for evaluating four key postures 

consisted of the objective function and the constraints.  Body balancing was used as 

the objective function for the evaluation of the four key postures in order to avoid 

unstable posture creation.  Body balancing was validated by investigating the COM of 

subjects while performing the tossing tasks.  Since none of the subjects had the COM 

beyond the base of support, this suggested that the body balancing was valid to 

evaluate the four key postures.  For the constraints, all key postures except the 4th key 

posture were similar to the lifting simulation.  The original position of the load of both 

tasks was the floor level in front of the subject.  The 1st, 2nd and 3rd key posture 

evaluations used the same constraints as the lifting tasks. The load position at the 4th 

key posture of the tossing tasks was not same as those of the lifting tasks.  

The constraints (the load position) of the 4th key posture were evaluated from 

the load movement before and after the 4th key posture. The load movement before 

the 4th key posture was considered a linear movement.  The linear movement was 

valid because subjects reduced the tossing energy and tossed with more concentration, 
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such as for the increased tossing distance.  The load movement after the 4th key 

posture was a projectile motion, which was affected by the tossing distances, heights 

and clearances.  These factors were validated by investigating their relationships with 

the projectile parameters.  The tossing distances and heights significantly affected the 

initial horizontal speed and initial angle of projectile.  

Dissimilar to the lifting tasks, the tossing tasks caused the load to be released 

with higher speed and initial angle for the target at farther distance and higher height.  

In addition, the tossing clearances (not involved in the lifting factors) affected the 

initial angle of projectile.  However, the levels of tossing clearances in this study were 

not sufficient to establish a relationship between the tossing clearances and the initial 

angle of projectile.  Therefore, only the tossing distances and heights were used to 

evaluate the 4th key posture. 

With regard to the compressive force on the L5/S1 joint, the tossing tasks were 

similar to the lifting tasks.  The weights of load affected the maximum compressive 

forces on the L5/S1 joint in the lifting phase and also in the releasing phase.  The 

tossing distances affected the maximum compressive forces on the L5/S1 joint in the 

releasing phase.  The dissimilarities between the tossing and lifting tasks were the 

causes of the differences between the compressive forces on the L5/S1 joint of both 

tasks in the releasing phase.  Since the compressive forces on the L5/S1 joint were 

calculated from the joint torques, the increase of the joint torques would increase the 

compressive forces on the L5/S1 joint. The lifting tasks generated higher joint torques 

in order to reduce the load momentum for decreasing the load impact on the target, 

while the tossing tasks generated higher joint torques in order to increase the load 

momentum for releasing the load at the speed requirements from the tossing 

conditions. 
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With regard to Fitts’ Law, all factors except tossing height affected the 

movement time, while the tossing distances and clearances affected tossing error.  The 

validation of all factors showed results expected from Fitts’ Law.  Therefore, Fitts’ 

Law was validated for the tossing task factors. 

All analyses in this chapter were used to validate the four key posture 

evaluations used in the development of tossing simulation.  Since the four key 

postures were evaluated, they were connected using optimization techniques.  Since 

the positions in the time frames of the 2nd and 3rd key postures would be optimized by 

using three different objective functions, then all key postures could be connected 

using an 8th order polynomial equation. 
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CHAPTER 6 

THE KEY POSTURE CONNECTION 
 
 

 Similar to the lifting tasks, the tossing tasks could be separated into three 

phases with four key postures.  The previous chapter presents the evaluations of four 

key postures: the chapter considered body balance and load movement before and 

after releasing a projectile from the hands.  To evaluate the tossing movements, four 

key postures had to be located in the suitable positions in a time frame reference.   

The 1st key posture was located at the beginning of the time frame and the 4th key 

posture was located at the end of the time frame.  Based on the pilot study, the 2nd and 

3rd key postures were initially located approximately at 30% and 70% of the time 

frame respectively.   

The positions of the 2nd and 3rd key postures could be varied from the initial 

locations (30% and 70% of the time frame respectively).  If the 2nd key posture shifted 

location early (less than 30%), the lifting period became shorter, which meant subjects 

lifted the load with faster speed compared to 30% of the time frame.  Fast lifting 

speed could occur when subjects lifted light weights of load.  Moreover, if the 2nd key 

posture shifted location later (more than 30%), the lifting period became longer. This 

meant subjects lifted the load with lower speed compared to 30% of the time frame.  

Slow lifting speed could occur when subjects lifted a heavy weight of load. 

 At the same time, if the 3rd key posture shifted to an earlier time (less than 

70%), the releasing period became longer. This meant subjects released the load with 

slower speed compared to 70% of the time frame.  Slow releasing speed could occur 

when subjects released the load at a closer distance of the target.  Moreover, if the 3rd 

key posture shifted location later (more than 70%), the releasing period became 

shorter, which meant subjects released the load with a faster speed compared to 70% 
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of the time frame.  Fast releasing speed could occur when subjects released the load 

for farther distances. 

 There were many ways to locate the body position in the time frame of the 2nd 

and 3rd key postures.  The current study applied optimization methods which used 

three objective functions to evaluate the positions of the 2nd and 3rd key postures.    

The results (tossing movements) from three objective functions were compared to the 

actual tossing movements to determine which objective function provided results 

closest to the actual tossing movements.  Figure 3.11 illustrates the positions of the 2nd 

and 3rd key postures which were varied in relation to the objective functions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.11 Model adjusting to fit in load trajectory variation 

  

6.1 The positions in the time frames of the 2nd and 3rd key postures 

The three different objective functions in the current study were 1) maximize 

hand movement smoothness or minimize hand jerk (model 1), 2) maximize COG 

smoothness or minimize COG jerk (model 2), and 3) minimize MUR, Muscular 

Utilization Rate (model 3).  The results of the optimization were three sets of the 
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positions of the 2nd and 3rd key postures (each set representing the result of each 

objective function).   

Three sets of three models were compared to the actual positions of the 2nd and 

3rd key postures to find which model yielded results close to the actual positions.  The 

actual positions of four key postures were identified by the horizontal (X) and vertical 

(Y) displacements of wrist and load.  The initial posture was at the first frame in 

which the load departed from the floor level.  Referring to the stop motion concept, 

the 2nd and 3rd key postures should occur at the postures which had zero acceleration. 

Based on the pilot study, the 2nd key posture (the load-close-to-body posture) occurred 

at about 30% of the tossing movements, when the wrist had an acceleration rate close 

to zero.  The 3rd key posture (the aiming posture) occurred at about 70% of tossing 

movements, when the wrist acceleration was close to zero.  The 4th key posture (the 

releasing posture) was the point of the tossing motion in which the wrist and the load 

positions were separated.   

Figure 6.1 illustrates the actual position identification of the four key postures 

pointed out by the displacements of wrist and load in X-Y directions.  To find the 

time frame of the tossing tasks at first, the initial posture (t0) was identified at the first 

frame where the wrist and load displacements increased in the Y-direction, and the 

releasing posture was located where the wrist and load initially separated in the X-

direction.   After the time frame was evaluated, the load-close-to-body posture was 

identified at about 30% of time frame where the steepness of the Y displacement 

curve did not change (the wrist and load had the zero acceleration in the Y-direction).  

The aiming posture was identified at about 70% of time frame (from the 1st to 4th key 

posture) where the steepness of the Y displacement curve did not change (the wrist 
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and load displacements had the zero acceleration in the Y-direction).  In case zero 

acceleration was found in a range (not found in one frame), the aiming posture was 

identified as the frame in the middle of the range of the zero acceleration.   

 

 

 

Figure 6.1. Four posture identifications from the wrist and load displacements 

 

The differences between the actual and three model positions of the 2nd and 3rd 

key postures were calculated by using the root mean square error (RMSE).  Figures 

6.2 and 6.3 show the root mean square error (RMSE) between each model and the 

actual position of the 2nd key posture (tc) and the 3rd key posture (ta) respectively. 
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Figure 6.2. RMSE of positions in the time frames of the load-close-to-body posture 
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Figure 6.3. RMSE of positions in the time frames of the aiming posture 

 
 

RMSE in Figure 6.2 shows that model 2 optimized the position of the 2nd key 

posture with the lowest RMSE for eight subjects.  Most subjects performed their 

movements in the lifting phase close to the COG movement smoothness (model 2).  

This result coincided with the COM investigations in section 5.1 and the discussion of 

the 2nd key posture evaluation in section 5.2.  At the same time, RMSE in Figure 6.3 

shows that model 1 optimized the position of the 3rd key posture with the lowest 

RMSE for four subjects while model 2 and model 3 had the lowest RMSE for three 
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subjects for each model.  This may imply that the subject movement in the releasing 

phase did not follow a major objective function.  Referring to the discussion of the 3rd 

and 4th key posture evaluations in section 5.2, subjects leaned forward slightly in the 

releasing phase to smooth their COG movement which coincided with the COG 

movement smoothness (model 2).  Concurrent with leaning forward, subjects avoided 

the jerk on their arm joints by releasing the load before their arms had a full 

extension.  This movement observation coincided with the hand movement 

smoothness (model 1).  At the same time, subjects moved their hands linearly from 

the 3rd to the 4th key posture to reduce the releasing energy in section 5.2.1, which 

probably coincided with the minimized MUR (model 3).   Therefore, none of the 

objective functions were obviously similar to the actual movements in the releasing 

phase. 

With regard to the entire task movement (from the 1st  to 4th key posture), 

model 2 was thought to yield better results of the tossing simulation compared to 

model 1 and model 3, because model 2 yielded the best results in the 2nd key posture 

and had similar results in the 3rd key posture, compared to other models.  All models 

should therefore be validated over the entire movement by comparing the joint angle 

trajectories created from all models (the simulation results) to the actual joint angle 

trajectories.  

 

6.2 Tossing task simulation 

 Since the body postures were represented by five joint angles: the elbow, 

shoulder, hip, knee and ankle, the tossing task movements should be represented by 

all joint angle trajectories.  The joint angle trajectories were the lines connecting each 

joint from the 1st key posture through the 4th key posture.  The differences of the 
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positions in the time frames of the 2nd and 3rd key postures yielded different joint 

angle trajectories (tossing movements).  The optimization method with three objective 

functions provided three different positions in the time frames of the 2nd and 3rd key 

postures.  Therefore, three joint angle trajectories were simulated based on three 

objective functions.   

Figures 6.4 and 6.5 show the joint angle trajectories from three models and ten 

trials of the actual movement.  All trajectories were normalized and plotted in the 

same graph.  Ten trials of the actual movement were plotted in the same graph to 

present the envelope of the joint angle trajectories.  The envelope of the joint angle 

trajectories represented the actual joint angle trajectories and showed subject 

variability for the task. 

The elbow angle trajectories show that all models exaggerate the elbow angles 

throughout the graph.  The shoulder angle trajectories show that all models minimize 

and underestimate the shoulder angles from the 1st key posture to the 3rd key posture.  

All models of the hip angle trajectories have wider variation from the 1st key posture 

to the 3rd key posture.  Model 1 of the knee angle trajectories underestimates the angle 

from the 2nd key posture to the 3rd key posture, while other models fit the knee angles 

over the entirety of graph.  All models overestimate the ankle angle trajectories 

throughout the graph.  The load projectile trajectories show that model 1 and model 2 

overestimate the projectile trajectories, while model 3 resulted in underestimate of 

load trajectories.  The remainder of the conditions are presented in Appendix G.   

The variations between the model and the actual joint angle trajectories were high for 

the elbow, shoulder, and hip angles compared to the knee and ankle angles.  With 

regard to the elbow angle trajectories, the simulation models tend towards extreme 

situations at the 2nd and 3rd key postures while the actual subject elbow trajectories did 
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not push toward extremes.  The extreme situations at the 2nd and 3rd key postures were 

caused by the constraints and the objective function of the mathematical models 

which were used to evaluate the key postures.  

The variations of the elbow simulation were high during the releasing phase.  

The overestimation of the elbow angle came from the 4th key posture evaluation, 

which assumed subjects held the load at the chest level while the actual posture 

showed that subjects held the load below the chest level.   

The overestimation of the shoulder angle occurred during the lifting and 

aiming phases, which came from the shoulder angle of the 1st and 2nd key posture 

evaluation.  Subjects bent their elbows to hold the load during the lifting and aiming 

phases, while the 1st and 2nd key posture evaluation did not include the elbow bending 

characteristic.  Therefore, the elbow angles at the 1st and 2nd key postures were 

evaluated without bending, which was the cause of the shoulder angle overestimation. 

The overestimation of the hip angle occurred during the lifting and aiming 

phases, which came from the hip angle of the 1st and 2nd key posture evaluations.  In 

actual task performance, subjects leaned their trunks forward in order to smooth their 

COG movement while the 1st and 2nd key postures were evaluated based maximizing 

body balance.  To maximize the body balance during the lifting and aiming phases, 

the hip should be extended to increase the hip angle and then the COG of trunk would 

move backward to compensate for the COG of load on the hands.  In addition, the 

smoothness of the subject COG movement in the actual tasks also slightly influenced 

the overestimation of the ankle angle of the simulation during the tossing tasks. 
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Figure 6.4. Elbow, shoulder and hip angle trajectories for subject1 at distance =1m., 
height =0m., load =1kg., clearance =110% 
 

1st                         2nd            3rd                    4th key posture
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Figure 6.5. Knee and ankle angle and load projectile trajectories for subject1 at 
distance =1m., height =0m., load =1kg., clearance =110% 
 

1st                         2nd             3rd                    4th key posture
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The graphical comparisons were presented previously and there were three 

model results shown in each joint angle trajectory.  The results from three models 

would be validated by RMSE and MNDP (mean number of disconcordant pairs) 

methods:  the comparisons among three models were then examined using the RMSE 

and MNDP values.  RMSE refers to the mean squared error which measures the 

closeness of prediction values from the actual values.  Lower values of RMSE 

represent better predictions.  RMSE used in the current study were averaged from ten 

MSEs, which were compared between the model and ten trials. MNDP refers to the 

mean number of disconcordant pairs, which compares the direction of data of 

prediction value and the actual value.  Higher values of MNDP represent better trend 

predictions. MNDP used in the current study were averaged from ten MNDPs which 

compared between the model and ten trials.  Figures 6.6 to 6.10 show RMSE of three 

models for the elbow, shoulder, hip, knee and ankle joints respectively.   
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Figure 6.6. RMSE of elbow angle trajectory 
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Figure 6.7. RMSE of shoulder angle trajectory 
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Figure 6.8. RMSE of hip angle trajectory  
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Figure 6.9. RMSE of knee angle trajectory 
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Figure 6.10. RMSE of ankle angle trajectory 

 
 

RMSE comparisons show that: 1) model 1 provided the lowest RMSE of the 

elbow angle trajectories for six subjects; 2) all models provided the similar RMSE of 

the shoulder angle trajectories for all subjects; 3) model 2 obviously provided the 

lowest RMSE of the hip angle trajectories for five subjects; 4) model 2 obviously 

provided the lowest RMSE of the knee angle trajectories for four subjects; and 5) 

model 2 obviously provided the lowest RMSE of the ankle angle trajectories for four 

subjects. 

Model 2 provided the lowest RMSE in most subjects for the trunk and leg 

movement, while model 1 provided the lowest RMSE in most subjects for the arm 

movement.  This may imply that most subjects concentrated on their COG 

smoothness while moving their legs and trunks and concentrated on their hand 

movement smoothness while moving their arms.  

RMSE comparisons show that model 1 and model 3 were sensitive to 

individual differences, especially for subjects 2, 5 and 7.  At the same time, model 2 

was not sensitive to individual differences: model 2 should be selected as the 

objective function for tossing task simulation.  Dissimilar to models 1 and 3, the 

objective function of model 2 was to smooth the COG movement of the whole body.  
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The few changes of arm movements did not influence the COG movement of the 

whole body.  At the same time, model 1 was developed to smooth hand movement.  

In the current study, the tossing task styles were not controlled, hence the hand 

movements were individual differences which affected the results of model 1.  

Therefore, model 1 was sensitive to individual differences.   Compared to model 1, 

the objective of model 3 was to minimize muscle utilization. The arms had higher 

degrees of movements compared to other segments, hence arm muscle utilization 

affected the results of model 3.  Similar to model 1, the hand movements of tossing 

tasks showed individual differences, therefore model 3 was also sensitive to 

individual differences. 
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Figure 6.11. MNDP of elbow angle trajectory 
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Figure 6.12. MNDP of shoulder angle trajectory 
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Figure 6.13. MNDP of hip angle trajectory 
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Figure 6.14. MNDP of knee angle trajectory 
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Figure 6.15. MNDP of ankle angle trajectory 

 
 

 

Figures 6.11 to 6.15 show MNDP of three models for the elbow, shoulder, hip, 

knee and ankle joints respectively.  MNDP comparisons show that: 1) model 1 

provided the highest MNDP of the elbow angle trajectories for five subjects; 2) model 

1 provided the highest MNDP of the shoulder angle trajectories for seven subjects; 3) 

model 2 provided the highest MNDP of the hip angle trajectories for six subjects; 4) 

model 2 and model 3 provided the highest MNDP of the knee angle trajectories for 

equal number of subjects (four subjects); and 5) model 1 provided the highest MNDP 

of the ankle angle trajectories for five subjects 

Based on the highest MNDP in most subjects, model 1 had the best fit for 

elbow, shoulder, and ankle joint angle trajectories.  Model 2 had the best fit for hip 

and knee angle trajectories.  Most subjects moved their legs and trunks to balance 

their body and moved their arms to smooth their hand movement. 

If the simulation of each joint angle trajectory was examined individually, one 

model cannot fit all joint angle trajectories.  The hand movement smoothness (model 

1) was the best predictor for the arm movements; however, body balance (model 2) 

was the best predictor for trunk and leg movements. 
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With regard to the whole body movement simulation, model 1 should be 

considered to simulate tossing tasks because the important part of tossing task 

movement in the current study occurred in the upper extremities.  Since the subjects 

stood at a fixed point (no stepping) while doing the tossing tasks, the movement of 

lower extremities had low variation: The lower extremities might be not a concern for 

tossing task simulation.  Unlike the lower extremities, the upper extremities moved in 

a wider range and faster speed including more varieties of hand movement compared 

to leg movement.  The varieties of tossing factors and weight of load affected the 

varieties of hand movement more than the leg movement.  Therefore, the movement 

of upper extremities should be a major consideration which could be simulated by 

model 1. 

 Additionally, the minimize MUR (model 3) did not yield better results 

compared to the other models. This may imply that subjects moved their postures for 

tossing tasks without consideration of muscle strength.  An explanation for this is that 

the weight levels of load in the current study were not sufficient to affect subject 

strength.  A weight of 5 kg. was a relatively light load compared to subject weights: 

subjects minimally utilized their muscles compared to their actual muscle strength. 

 

6.3 Joint angle trajectory discussion 

 A cause of deviation of tossing task simulation was the joint angle trajectory 

creation.  An 8th order polynomial equation was applied to connect each joint from 

four key postures with some constraints.  Based on the stop motion concept, the 

constraints of the polynomial equation were the zero joint angle velocity and 

acceleration at the key posture.   
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In contrast to the actual movement, the actual joint angle velocity and 

acceleration at the 2nd and the 3rd postures were not zero, as shown in Tables 6.1 and 

6.2.  The actual joint angle velocity and acceleration in both tables were averaged 

across all subjects. 

 
Table 6.1. The joint angle velocities at the 2nd and the 3rd postures (deg./sec) 

Conditions The 2nd posture The 3rd posture 
Distance Height Clearance Weight Elbow Shoulder Hip Knee Ankle Elbow Shoulder Hip Knee Ankle

1 0 110% 1 0.93 -0.59 2.50 -1.28 0.55 0.91 0.81 0.61 -0.33 -0.03
1 0 110% 5 0.47 -0.61 2.14 -1.26 0.65 0.92 0.86 0.59 -0.19 -0.17
1 0 150% 1 0.84 -0.78 2.23 -1.23 0.57 1.25 1.12 0.83 -0.37 -0.04
1 0 150% 5 0.46 -0.61 2.20 -1.22 0.71 1.03 0.95 0.70 -0.24 -0.15
1 0 200% 1 0.79 -0.86 2.25 -1.32 0.66 1.27 1.28 0.83 -0.32 -0.09
1 0 200% 5 0.42 -0.63 2.17 -1.25 0.73 1.27 1.17 0.84 -0.33 -0.12
1 0.8 110% 1 1.40 -0.73 2.57 -1.22 0.48 1.11 1.04 0.61 -0.31 -0.06
1 0.8 110% 5 0.82 -0.50 2.62 -1.14 0.52 0.83 0.93 0.36 -0.21 -0.11
1 0.8 150% 1 1.22 -0.83 2.52 -1.21 0.50 1.51 1.39 0.82 -0.36 -0.08
1 0.8 150% 5 0.66 -0.77 2.54 -1.15 0.55 1.45 1.40 0.90 -0.37 -0.13
1 0.8 200% 1 1.25 -0.86 2.54 -1.26 0.54 1.84 1.51 1.05 -0.49 -0.05
1 0.8 200% 5 0.64 -0.77 2.50 -1.19 0.62 1.56 1.49 1.15 -0.50 -0.06

1.5 0 110% 1 1.35 -0.43 2.40 -1.23 0.53 0.52 0.41 0.09 -0.08 -0.16
1.5 0 110% 5 0.83 -0.16 2.36 -1.12 0.57 0.43 0.46 0.04 -0.14 -0.13
1.5 0 150% 1 1.35 -0.51 2.34 -1.24 0.54 0.86 0.72 0.19 -0.13 -0.13
1.5 0 150% 5 0.66 -0.21 2.23 -1.22 0.58 0.59 0.59 0.11 -0.27 -0.07
1.5 0 200% 1 1.31 -0.53 2.30 -1.28 0.58 1.05 0.90 0.28 -0.18 -0.11
1.5 0 200% 5 0.67 -0.30 2.11 -1.20 0.67 0.71 0.89 0.24 -0.27 -0.05
1.5 0.8 110% 1 1.82 -0.32 2.66 -1.18 0.32 0.76 0.95 0.02 -0.21 -0.04
1.5 0.8 110% 5 1.17 0.02 2.48 -1.06 0.45 0.55 0.45 0.27 -0.24 -0.21
1.5 0.8 150% 1 1.68 -0.47 2.63 -1.21 0.40 0.99 1.03 0.10 -0.15 -0.10
1.5 0.8 150% 5 1.06 -0.04 2.51 -1.06 0.43 0.61 0.49 0.30 -0.21 -0.24
1.5 0.8 200% 1 1.51 -0.65 2.61 -1.23 0.45 1.15 1.10 0.43 -0.26 -0.11
1.5 0.8 200% 5 1.08 -0.24 2.50 -1.15 0.50 0.98 0.73 0.41 -0.28 -0.20

Mean 1.02 -0.52 2.41 -1.20 0.55 1.01 0.94 0.49 -0.27 -0.11
SD. 0.39 0.26 0.17 0.06 0.10 0.36 0.33 0.34 0.11 0.06

 

With regard to the 2nd key posture in Table 6.1, the shoulder and ankle angles 

changed slowly (less than 1 deg./sec.) in most conditions.  SD of hip, knee and ankle 

angles were relative low compared to the elbow and shoulder angles. Therefore, the 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 113

hip, knee and ankle angle velocities did not vary across the tossing conditions 

comparing to other angles.   

Moreover, the magnitude of velocities of all angles except the ankle angle at 

the 2nd key posture decreased along with the increase of the weight of load, but the 

ankle angle increased the magnitude of velocity along with the increase of the weight 

of load.  For example, at distance 1, height 0.8 and clearance 200%, the magnitude of 

angle velocities of the elbow, shoulder, hip and knee were 1.25, -0.86, 2.54 and -1.26 

deg./sec. respectively for a weight of 1 kg. and they were decreased to 0.64, -0.77, 

2.50 and -1.19 deg./sec. respectively for a weight of 5 kg.  At the same time, the 

magnitude angle velocities of the ankle were 0.54 deg./sec. for a weight of 1 kg. and 

increased to 0.62 deg./sec. for a weight of 5 kg.  Similar patterns can be shown for 

most task conditions.  A cause of the decrease of the magnitude of joint angle 

velocities, along with the increase of the weight of load, was probably that subjects 

tried to maintain their energy spent in the lifting phase.  The relatively light load 

compared to the subject weight, including the smoothness of the joint torque 

generation, probably caused subjects to not stop their movements at the 2nd key 

posture. 

With regard to the 3rd key posture, the actual joint angle velocities show that 

subjects moved their legs (ankle and knee angles) slowly in all conditions and also 

moved their trunks (hip angle) slowly in most conditions (22 conditions).  The upper 

extremities moved slowly in some conditions (14 conditions for shoulder angle and 13 

conditions for elbow angle).  Moreover the velocities of the elbow and shoulder 

angles at the 3rd key posture decreased along with the increase of the tossing 

distances, but their velocities increased along with the increase of the tossing heights.  

For an example of the tossing distances, at height 0.8, clearance 200% and weight 5, 
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the angle velocities of the elbow and shoulder were 1.56 and 1.49 deg./sec. 

respectively for a distance of 1 m., and they were decreased to 0.98 and 0.73 deg./sec. 

respectively for a distance of 1.5 m.  For an example of the tossing heights, at distance 

1, clearance 150% and weight 5, the angle velocities of the elbow and shoulder were 

1.03 and 0.95 deg./sec. respectively for a height of 0 m., and they were increased to 

1.45 and 1.40 deg./sec. respectively for a height of 0.8 m. Similar patterns can be 

shown for the most task conditions.  Subjects slowed down their movement at the 3rd 

key posture along with the increase of the tossing distances and the decrease of the 

tossing heights.  The slow down movement at the aiming posture (the 3rd key posture) 

was probably caused by the difficult of the tossing condition.   

Referring to Fitts’ Law, human movement speed will decrease when 

performing a difficult task.  In the current study, subjects spent more time at the 

aiming posture to estimate the releasing posture for higher difficulty of the tossing 

condition.  In the current tossing conditions, farther tossing distances and lower 

tossing heights resulted in more difficulties for tossing, because subjects slowed down 

their speed at the aiming posture. 

 For the actual angle of acceleration in Table 6.2, there were no joint angles 

which had the low acceleration (less than 1 deg./sec2), except the knee angle of the 2nd 

key posture for most conditions.  With regard to the 2nd key posture in Table 6.2, the 

accelerations of hip and knee angles increased along with the increase of the weight of 

load, but the accelerations of ankle angle decreased along with the increase of the 

weight of load.  For example, at distance 1.5, height 0 and clearance 150%, the angle 

accelerations of the hip and knee were 3.36 and -0.51 deg./sec2. respectively, for a 

weight of 1 kg., and they were increased to 4.72 and 0.48 deg./sec2. respectively for a 

weight of 5 kg.  At the same time, the angle velocities of the ankle were -1.11 
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deg./sec2. for a weight of 1 kg. and were decreased to -2.52 deg./sec2. for a weight of 

5 kg.  Similar patterns can be shown for most task conditions.  The increase of the hip 

angle accelerations, along with the increase of the weight of load, coincided with the 

increase of the joint torque generation along with the increase of the weight of load in 

section 4.2.2 and the increase of maximum compressive force on the L5/S1 joint in 

section 5.2.2.  At the same time, subjects dropped their bodies slightly by increasing 

the knee angle accelerations and decreasing the ankle angle accelerations in order to 

reduce the impact on the leg joints which acted like a coil spring. 

 
 Table 6.2. The joint angle acceleration at the 2nd and the 3rd postures (deg./sec2) 

Conditions The 2nd posture The 3rd posture 
Distance Height Clearance Weight Elbow Shoulder Hip Knee Ankle Elbow Shoulder Hip Knee Ankle

1 0 110% 1 0.31 3.99 3.34 -1.18 -0.97 5.07 7.32 -5.82 1.55 0.84
1 0 110% 5 0.24 3.18 5.31 0.20 -2.21 2.98 5.63 -5.44 1.38 0.78
1 0 150% 1 0.05 3.74 3.74 -0.47 -0.61 4.75 9.96 -5.41 1.91 0.04
1 0 150% 5 1.32 3.64 4.98 -0.19 -1.93 2.56 6.98 -4.88 1.80 0.27
1 0 200% 1 -1.71 2.89 4.04 -0.69 -0.82 3.21 10.67 -5.42 1.83 0.61
1 0 200% 5 0.91 4.05 5.86 -0.65 -1.90 3.18 8.10 -5.97 1.03 1.14
1 0.8 110% 1 3.03 3.51 3.29 -0.43 -1.59 6.86 9.99 -5.03 0.75 0.94
1 0.8 110% 5 2.55 4.07 6.15 -0.15 -2.76 5.06 7.03 -3.74 0.37 0.84
1 0.8 150% 1 1.40 2.14 3.84 -0.37 -1.78 8.36 12.66 -4.99 1.28 0.57
1 0.8 150% 5 2.41 3.48 6.71 0.84 -3.38 4.94 9.11 -5.95 1.44 0.36
1 0.8 200% 1 1.05 2.82 4.00 -0.12 -2.36 10.12 16.47 -5.58 1.95 0.35
1 0.8 200% 5 2.46 3.70 7.18 0.56 -3.31 4.83 11.45 -5.74 1.27 0.14

1.5 0 110% 1 1.24 4.71 3.09 -0.81 -1.44 7.29 8.03 -3.51 -0.02 1.26
1.5 0 110% 5 1.49 2.70 5.38 0.46 -2.48 5.94 7.17 -2.76 -0.64 1.65
1.5 0 150% 1 0.54 3.68 3.36 -0.51 -1.11 7.35 10.57 -4.65 0.83 0.86
1.5 0 150% 5 1.85 2.80 4.72 0.48 -2.52 5.99 7.62 -3.42 0.47 1.04
1.5 0 200% 1 0.17 2.74 2.96 -0.90 -1.40 9.14 14.24 -4.42 1.45 0.84
1.5 0 200% 5 2.42 2.70 4.50 0.14 -2.41 5.79 9.62 -2.92 -0.28 1.29
1.5 0.8 110% 1 1.43 3.90 1.39 -0.43 -1.47 7.26 13.33 -4.52 -0.38 2.89
1.5 0.8 110% 5 3.37 4.64 2.98 -0.03 -1.29 6.67 7.15 -2.37 -2.81 3.44
1.5 0.8 150% 1 1.38 4.95 2.27 -1.17 -1.35 9.34 14.30 -4.23 -0.31 2.52
1.5 0.8 150% 5 3.36 4.96 3.41 -0.03 -2.18 5.33 7.35 -2.99 -2.70 3.78
1.5 0.8 200% 1 2.31 3.64 2.62 -0.12 -1.67 12.55 15.34 -4.28 -0.22 2.34
1.5 0.8 200% 5 2.83 4.20 4.12 0.53 -2.81 6.70 9.48 -3.29 -1.70 3.47

Mean 1.52 3.62 4.14 -0.21 -1.91 6.30 9.98 -4.47 0.43 1.34
SD. 1.22 0.77 1.43 0.55 0.75 2.41 3.02 1.12 1.37 1.12
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With regard to the 3rd key posture, the accelerations of the elbow and shoulder 

angles decreased along with the increase of the weight of load, but increased along 

with the increase of the tossing distances and heights.  For an example of the weights 

of load, at distance 1, height 0 and clearance 110%, the angle accelerations of the 

elbow and shoulder were 5.07 and 7.32 deg./sec2. respectively for a weight of 1 kg., 

and they were decreased to 2.98 and 5.63 deg./sec2. respectively for a weight of 5 kg.  

For an example of the tossing distances, at height 0.8, clearance 110% and weight 1, 

the angle accelerations of the elbow and shoulder were 6.86 and 9.99 deg./sec2. 

respectively for a distance of 1 m., and they were increased to 7.26 and 13.33 

deg./sec2. respectively for a distance of 1.5 m.  For an example of the tossing heights, 

at distance 1, clearance 150% and weight 5, the angle accelerations of the elbow and 

shoulder were 2.56 and 6.98 deg./sec2. respectively for a height of 0 m., and they were 

increased to 4.94 and 9.11 deg./sec2. respectively for a height of 0.8 m. Similar 

patterns can be shown for the most task conditions.  Subjects decreased the arm joint 

angle accelerations at the 3rd key posture along with the increase of the weight of load 

in order to maintain the used of energy.  However, subjects increased the arm joint 

angle accelerations at the 3rd key posture along with the increase of the tossing 

distances and heights in order to increase the joint torque generation before releasing 

the load (coincided with the joint torque generation in section 4.2.2). 

The investigation of the joint angle velocities and accelerations at the 2nd and 

the 3rd key postures showed that none of the complete stops occurred on both actual 

key postures.  Therefore, an 8th order polynomial equation with zero velocity and 

acceleration constraints predicted the joint angle trajectories different from the actual 

joint angle trajectories.  The zero velocity and acceleration at the 2nd and 3rd key 

postures would force the polynomial equation to smooth the trajectories with zero 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 117

steepness at the 2nd and 3rd key postures.  For example, the elbow angle trajectories in 

Figure 6.4 and in case of the 2nd and 3rd key postures predicted the elbow angle 

correctly: the models had zero steepness at the 2nd key posture and underestimated the 

trajectories from the 2nd key posture (about at the 25th frame) to the middle of the 

entire tasks.  Moreover, the models overestimated the trajectories from the middle of 

the entire task to the 3rd key posture (about at the 80th frame) and then had zero 

steepness at the 3rd key posture.  Therefore, an 8th order polynomial equation with 

zero velocity and acceleration constraints should have predicted the tossing tasks 

more precisely if the key posture evaluation created more precise postures.  For an 

example, the elbow angle trajectories in Figure 6.4, the simulation models, forced the 

modeled angle trajectories to the extreme angles at the 2nd and 3rd postures.  The 

causes of the extreme angles of the elbow were the key posture evaluations.  If the 

key posture evaluations were modified by increasing the elbow angle at the 2nd key 

posture and decreasing the elbow angle at the 3rd key posture,  the modeled 

trajectories would close to the actual trajectories.  Moreover, if the constraints of an 

8th order polynomial equation were modified by changing the joint angle velocity and 

acceleration from zero to the average values in Tables 6.1 and 6.2, the modeled curves 

would have the steepness close to the actual curves at the 2nd and 3rd key postures. 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 118

CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

 
Predicting human postures and movements in various industrial environments 

has long been a challenging goal for biomechanics and ergonomics researchers.  The 

pursuit of this goal is a continuous learning process of obtaining a clear and concise 

description of the fundamental mechanisms of human motor and postural control.  

Such predictive capability, often formulated by a model in a computerized form, also 

provides extensive practicality in job design, job stress approximation, workstation 

mockup, and evaluation.  The advantages of computerized modeling also include 

many inexpensive opportunities for using the computer program manipulations to ask 

any plausible, and implausible, “what if” questions.   

When the aforementioned predictive and manipulation capability is accessible 

to ergonomic analysts or human-machine system designers, a tremendous amount of 

time and effort invested in observing, measuring, and specifying the kinematics of 

human body can be saved.  Not only an ergonomics assessment, but also the design 

process becomes faster, easier, and less costly.  The need for physically constructing 

mock-ups or prototypes and testing subjects can be curtailed, or even eliminated. 

Since the beginning of physical ergonomics, many researchers, such as Ayoub 

and Chaffin, have been investing in efforts for the development of quantitative models 

that realistically predict how people normally move and interact with systems.  

Indeed, this has been one of the most enduring challenges in the field of ergonomics.  

One such challenge is developing a simulation model for a tossing task. 
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7.1 Conclusions 

 The primary goal of the current study was to develop a tossing task simulation. 

The simulation techniques were modified from a lifting task simulation with a stop 

motion concept.  The comparisons between the tossing tasks and lifting tasks showed 

that the tossing tasks could be separated in to three phases with four key postures, the 

same as the lifting tasks.  The tossing simulation was composed of the four key 

posture evaluations and the joint trajectory creations.  The four key postures can be 

evaluated by the mathematical models, which used body balancing as the objective 

function.  At the same time, joint trajectory creations were separated into two steps.  

The first step was the evaluation of the position in the time frames of the 2nd and the 

3rd postures.  The body segment positions in the time frames of the 2nd and the 3rd 

postures were optimized by three objective functions.  The second step was 

connecting all key postures.  All joint angle trajectories were created by an 8th order 

polynomial equation. 

 
To test the validity of the tossing simulation development, the current study 

aimed to compare tossing tasks to lifting tasks in order to argue that a tossing task 

simulation can be guided by a lifting task simulation.  If the tossing tasks may be 

classified as an extension of lifting tasks, then the tossing tasks can be separated into 

three phases with four key postures, the same as the lifting tasks.  

The most similarities between the tossing and lifting tasks occurred from the 

1st key posture to the 2nd key posture for kinematic and kinetic concerns.  A few 

differences between the tossing and lifting tasks occurred from the 2nd key posture to 

the 3rd key posture. The horizontal hand velocities of the lifting tasks were higher than 

the tossing tasks in the aiming phase.  Moreover, the hand positions of the lifting tasks 

were lower than the tossing tasks at the 3rd key posture (the aiming posture).  Despite 
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the differences between tossing and lifting tasks from the 2nd to the 3rd key posture, it 

was determined that tossing simulation would be adequately represented by a lifting 

simulation. 

Obvious differences between the tossing and lifting tasks occurred in the 

releasing phase (from the 3rd key posture to the 4th key posture).  The hand 

movements of tossing tasks had higher velocity and higher position compared to the 

lifting tasks because of the different objective at the end of the tasks.  Subjects 

increased the load velocities and raised the load position in order to release the load 

depending on the tossing conditions.  At the same time, subjects decreased the load 

velocities and lowered the load position in order to reduce the impact of the load on 

the target.  Due to the high velocity of the hand movement, tossing tasks had higher 

variations of hand movement and higher joint torque generation compared to the 

lifting task in the releasing phase.  

With regard to the tossing distances, the load movements were influenced by 

the tossing distances after the releasing posture based on the projectile theory.  

Subjects changed their releasing postures to change the load projectile movements 

depending on the tossing distances.  The current study found that farther tossing 

distances increased the height of load at the releasing posture.  Therefore, the 

hypothesis that variation of the tossing posture influences variation of the load 

trajectories was accepted in the releasing period.   

Based on these results, the 1st and 2nd key postures can be evaluated based on a 

lifting task simulation.  Since a few differences occurred at the 3rd key posture, the 

current study tried to use the 3rd key posture based on the lifting task simulation.  The 

4th key posture had to be evaluated based on tossing task conditions, which differed 

from the lifting tasks.  Therefore the hypothesis that a tossing task simulation could be 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 121

guided by a lifting task simulation was accepted for only the lifting and aiming 

phases. 

One other specific aim was to evaluate the four key postures by using 

mathematical models, which were composed of objective functions and constraints.  

Body balancing was used as the objective function, which was validated by 

investigating the movement of COM of tossing tasks.  The constraints of the four key 

postures were the interaction between the human posture and the load position, which 

were similar to the lifting task simulation.   However, the load positions (the 

constraints) of the 4th key posture were evaluated by the load movements before and 

after the 4th key posture, which differed from to the lifting task simulation.  The load 

movement before the 4th key posture was considered as a linear movement which was 

validated by investigating the hand movements from the 3rd key posture to the 4th key 

posture.  At the same time, the load movement after the 4th key posture was 

considered as a projectile movement which was affected by the tossing distance, 

tossing height, weights of load, and target clearance. 

The tossing distances and heights affected the initial horizontal speed and 

initial angle of projectile.  Tossing tasks had a releasing speed and a releasing 

direction, which depended on the tossing distances and heights, while the lifting tasks 

had the zero speed and a fixed position of the hand at the releasing posture.  In 

addition, the tossing clearances were a factor, which was dissimilar to the lifting 

factors.  The tossing clearances affected the initial angle of projectile which also 

affected the releasing posture.  Therefore, the effects of the tossing clearances could 

lead us to accept the hypothesis that tossing accuracy influences the tossing postures.  

Another specific aim was to explain the relationship among ID, Fitts’ Law and 

Biomechanics. With regard to the movement time, the tossing distances and the 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 122

weights of load affected the movement times in a way similar to the lifting process.  

However, the tossing heights did not affect the movement time, which were dissimilar 

from the lifting tasks.  As expected from Fitts’ Law, the tossing clearances affected 

the movement time and tossing error.  Moreover, the tossing distances affected the 

tossing error. 

With regard to the compressive force, the weights of load affected the 

maximum compressive force on the L5/S1 joint in the lifting and releasing phases for 

both lifting and tossing tasks.  The increase weights of load had similar effects on the 

tossing tasks as compared to the lifting tasks which increased the compressive force 

on the L5/S1 joint.  At the same time, the tossing distances affected the maximum 

compressive forces on the L5/S1 joint only in the releasing phase.  Although the 

target distances affected the maximum compressive forces on the L5/S1 joint in the 

releasing phase for lifting tasks, the occurrence of the compressive forces came from a 

different movement objective.  The lifting tasks generated high joint torques in order 

to reduce the momentum for reducing the impact of the load on the target, while the 

tossing task generated high joint torques in order to increase the momentum for 

releasing the load depending on the target position.  The relationships between the 

tossing factors, the weight of the load, Fitts’ Law, and Biomechanics were 

investigated and satisfied the final goal of the current study. 

Another specific aim was to develop a simulation model that can simulate the 

tossing tasks.  Since the four key postures were evaluated, the joint angles of each key 

posture were connected to create the joint angle trajectories.  The optimization 

methods with three different objective functions were applied to find the positions in 

time frame of the 2nd and the 3rd key postures.  Three modeled results from three 

objective functions were compared together.  The model comparisons showed that the 
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maximized body balance (model 2) fit the hip angle and leg angle’s trajectories, while 

the maximized hand movement smoothness (model 1) fit the arm angles trajectories.  

With regard to the whole body movement, the actual arm movement should be a 

major consideration because it had higher ranges of motions than the actual trunk and 

leg movements, including the tossing results (the load projectile motion) related to the 

arm movement.  Since the hand is an extension of the arm, hand movement 

smoothness (model 1) was selected as an objective function in order to simulate the 

tossing tasks.  Therefore, the tossing task simulations were developed and validated 

with a variety of tossing task conditions which satisfied the second goal of the current 

study. 

Compared to the lifting task simulation of Hsiang (1998), the key postures of 

the lifting tasks were constructed by using actual key postures, which represented the 

four key postures accurately.  The motion capture system and the measurement 

system were important in order to validate the modeled key postures.  However, 

motion capture and measurement systems can be expensive investments for a 

company, especially those with a low budget for ergonomics development.  In 

developing countries such as Thailand, there are many small and medium enterprises 

(SMEs) which have no budget for ergonomics development or evaluation. Therefore, 

computer simulations of ergonomics activities are much more desirable than 

evaluations that rely on costly equipment. 

Simple and inexpensive systems (without motion capture and measurement 

systems) which use simple tools, such as stop watches, measuring tapes, and weight 

scales should encourage SMEs to conduct and evaluate ergonomics related studies.  

Therefore, computer simulations should continue to be developed and validated as 

low cost and effective ergonomics evaluation tools.  
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7.2 Limitations of this Study 

In the current study, the limitations came from many factors such as the 

subject characteristics and the information from the previous studies.  All subjects 

were recruited from students of Texas Tech University.  Female subjects in the 

current study could not perform tossing for heavier weight of load and higher target 

height than the conditions in the current study.  Since no previous research on tossing 

simulation was found, the tossing task simulation in the current study was developed 

based on the lifting task simulation. The procedure in tossing simulation was limited 

because of the differences between the lifting and tossing tasks.  The limitations of the 

current study can be presented in three points: the subject used, the levels of tossing 

factors, and the procedure in tossing simulation. 

The first limitation of this study was the subjects used.  All subjects were 

volunteers without any financial motivation, hence their motivation to perform the 

tasks precisely may be lower than paid subjects.  Furthermore, the inexperience in 

tossing tasks of these subjects provided a high variation of movement.  Although 

subjects were familiar with tossing before performing the experiments, the subjects 

were not “trained” and their performance was likely different from that expected from 

industrial workers who are experienced in tossing tasks. 

The second limitation was the levels of tossing factors.  The heights of target 

and the weights of load were fixed (not related to subject characteristics), hence the 

effort levels were not similar for all subjects.  Relative tossing heights and weights of 

load should be considered in future studies. 

The final limitation was the tossing task simulation.  The modeled four key 

postures were evaluated based on static models, while the tossing tasks were dynamic 

activities.  Since tossing style was not controlled, subjects had their own tossing styles 
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which differed from the modeled four key postures.  Additionally, the limitations of 

the constraint of an 8th order polynomial equation (zero speed and acceleration at the 

2nd and the 3rd key postures) did not relate to the actual movement.  One possible 

reason was the varying level of the weight of load, which was relatively light 

compared to subject strength, and did not require the subjects to slow down or stop 

the load movement at key postures in order to change the direction of load 

trajectories. 

 

7.3 Recommendations for Future Study 

 Although tossing tasks have not been frequently studied in MMH research, the 

tossing task simulation will help ergonomists develop workstations which are 

appropriate for tossing tasks and avoid or reduce accidents resulting from tossing 

tasks.  Tossing task simulation development should be continued to develop more 

accurate models.  The following recommendations may fulfill the future development 

of tossing task simulations. 

With regard to comparisons between tossing and lifting tasks, the tossing 

conditions in the experimental design were selected based on the similarity of target 

location compared to the lifting conditions.  Therefore, the similarities between the 

tossing and lifting tasks might have occurred only in the experimental conditions used 

in this study.   Future studies should investigate the similarities and dissimilarities 

between dissimilar tossing and lifting tasks to determine whether or not tossing tasks 

can continue to be based on lifting task simulation. 

The levels of tossing factors, such as a relatively heavy weight of load and 

tossing heights over chest level should be considered.  Higher level of tossing factors, 

such as the tossing heights and clearances and the weight of load may reveal the 
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effects of tossing factors on biomechanics of interest, such as the shear forces on the 

L5/S1 joint, or Fitts’ Law considerations.   

With regard to the development of tossing task simulation, other objective 

functions, such as the smoothness of COG perturbation, should be considered to 

evaluate four key postures.  To utilize Fitts’ Law in the simulation, the hand position 

at the 4th key posture should be developed by investigating the relationship between 

the target clearances and the load projectile.  Moreover, the joint angle speed and 

acceleration at four key postures, especially the 2nd and 3rd key postures, should be 

investigated to modify the constraints of an 8th order polynomial equation. 
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Consent Form 
Script to be read to subjects and a copy given to them. 

 
The research project which you will be participated in is entitled “Trade-off between 
Tossing Performance and Biomechanics– a 2D Simulation Approach.”  
Contact information: 

• If you have any questions about this project, you can ask Dr. James Smith of 
the Department of Industrial Engineering at Texas Tech University who is in 
charge of the study. His phone number is 806-742-3543. His office is in 201 
Industrial engineering. 

• You can also contact Phairoat Ladavichitkul who will carry out this research 
project at 806-742-3429. 

• You can ask about the subject rights or injuries caused by this research project 
at the Texas Tech University Institute Review Board for the Protection of 
Human Subjects, Office of Research Services, Texas Tech University, 
Lubbock, Texas, 79409, or call (806) 742-3884 

Purpose: 
• This project purpose to study and simulate a variety of tossing tasks. 
• The study aims to find the relationships between subject movement and an 

index of difficulty such as a weight of box, a tossing distance, a tossing height, 
and a target clearance. 

• The second purpose is to simulate human movement under a variety of tossing 
task conditions. 

• Another purpose is to compare lifting tasks to the tossing tasks. 
Procedures: 
You will attend a five-day experiment. Each day, Phairoat will brief you on the 
procedures of each day’s experiment as follows: 
1. The first day, you will complete a personal information form about height, weight, 

exercise experience, and physical problems etc. You will be excluded from the 
project if you have had any physical problems especially a back injury. You will 
perform several lifting tasks. In this condition, you will lift a box from the ground 
to a table. There are three boxes which vary their weight from 1 kg., 5 kg., and 7 
kg. You will lift each box for 5 familiarizations for each condition, then markers 
will be attached to your joints (wrist, elbow, shoulder, hip, knee, and ankle) and 
you will repeat 10 trials of each lift while data are collected. 

2. The second day, you will toss three boxes in the first condition. This condition is 
that the tossing target is on the floor at 1 meter far from the standing point. The 
target clearances have three sizes, 110%, 150%, and 200%. You will toss each box 
onto each clearance size for 5 familiarizations for each condition, then markers 
will be attached to your joints and you will repeat 10 trials of each lift while data 
are collected 

3. Following the same procedure on the third-, fourth-, and fifth-day, you will toss on 
the target which are on the floor at 1.5 meter, the table at 1 meter, and the table at 
1.5 meter, respectively. 
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4. During the experiment, your movement data will be collected by using infrared 

cameras that collect the position of reflective markers attached to your body. The 
ground reaction force will be recorded by a force plate under your feet.  
 

5. Total duration of participation will be approximately five to 7.5 hours (about 1-1.5 
hr./day) 

 
Risks: 

• Due to lifting task and tossing task, you may be tried and may get muscle 
spasms, muscle pain and fatigue, increased sweating, or a general feeling of 
fatigue. 

• The likelihood of risks is very low based on previous research conducted in 
this area. 

• Every effort and precaution will be taken to minimize these risks during the 
experiment. 

 
Confidentiality: 

• Your data will be kept in Ergonomics laboratory. Only Dr. James Smith or his 
authorized representative can access to your information. 

• You can review a copy of your record and the final results of this project upon 
request by contacting Phairoat Ladavichitkul at 806-742-3429. 

• Your name will not be published in all cases. 
 
Benefits: 

• This is a voluntary study with no payment. Your participation is voluntary. 
 
Rights: 

• You can stop or take a rest at any time during the experiment. 
• You can withdraw participation from this project any time. 
• If this research project causes injury (physical, psychological, financial, etc.), 

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. 

 
Please sign this sheet to state that you have read and understood this form. 
 
                    
Signature of Subject        Date  
 
This consent form is not valid after September 1, 2007. 
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Figure B.1. Comparisons between the lifting and tossing tasks of Subject 1 
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Figure B.2. Comparisons between the lifting and tossing tasks of Subject 2 
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Figure B.3. Comparisons between the lifting and tossing tasks of Subject 3 
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Figure B.4. Comparisons between the lifting and tossing tasks of Subject 4 
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Figure B.5. Comparisons between the lifting and tossing tasks of Subject 5 
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Figure B.6. Comparisons between the lifting and tossing tasks of Subject 6 
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Figure B.7. Comparisons between the lifting and tossing tasks of Subject 7 
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Figure B.8. Comparisons between the lifting and tossing tasks of Subject 8 
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Figure B.9. Comparisons between the lifting and tossing tasks of Subject 9 
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Figure B.10. Comparisons between the lifting and tossing tasks of Subject 10 
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LOAD TRAJECTORIES BETWEEN TOSSING AND 

LIFTING TASKS 
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Figure C.1. Load trajectories of Subject 1 

 

Figure C.2. Load trajectories of Subject 2 
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Figure C.3. Load trajectories of Subject 3 

 

Figure C.4. Load trajectories of Subject 4 
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Figure C.5. Load trajectories of Subject 5 

 

Figure C.6. Load trajectories of Subject 6 
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Figure C.7. Load trajectories of Subject 7 

 

Figure C.8. Load trajectories of Subject 8 
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Figure C.9. Load trajectories of Subject 9 

 

Figure C.10. Load trajectories of Subject 10 
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HORIZONTAL VELOCITY OF LOAD 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 151

Horizontal velocity of load

-1
-0.5

0
0.5

1
1.5

2
2.5

3

1 11 21 31 41 51 61 71 81 91

Normalize time

m
./s

ec
.

L 1kg

L 5kg

T1 1kg

T1 5kg

T2 1kg

T2 5kg

 

Figure D.1. Horizontal velocity of load of Subject 1 
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Figure D.2. Horizontal velocity of load of Subject 2 
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Figure D.3. Horizontal velocity of load of Subject 3 
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Figure D.4. Horizontal velocity of load of Subject 4 
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Figure D.5. Horizontal velocity of load of Subject 5 
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Figure D.6. Horizontal velocity of load of Subject 6 
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Figure D.7. Horizontal velocity of load of Subject 7 
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Figure D.8. Horizontal velocity of load of Subject 8 
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Figure D.9. Horizontal velocity of load of Subject 9 
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Figure D.10. Horizontal velocity of load of Subject 10 
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APPENDIX E 

MAXIMUM COMPRESSIVE AND SHEAR FORCES ON  

L5/S1 JOINT OF TOSSING AND LIFTING TASKS 
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Table E.1. The maximum compressive force on the L5/S1 joint  
 Max1 (Newton) Max2 (Newton) 
 1 kg. 5 kg. 1 kg. 5 kg. 

Subject Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2
1 4064 3626 3606 4037 4410 3894 1931 1658 1775 3062 1641 1371
2 3991 3916 3843 4264 4364 4552 2529 1153 1190 3262 1416 1058
3 6325 6394 6506 7115 7240 6572 3038 2737 3382 4458 3257 3495
4 4474 3946 4159 4543 4587 4610 2969 1351 1416 3803 1796 2454
5 4423 4541 4441 4691 4708 4454 2039 2097 2138 3448 2136 3443
6 3356 3521 3622 4126 3419 3748 1575 1679 2325 2478 1736 1721
7 3327 2993 3560 3217 3747 3824 1562 1345 1986 1926 1601 2197
8 2650 2774 2583 3007 2964 2934 1866 1468 1743 2735 1657 2156
9 2962 2706 2957 3488 3124 3135 1883 1793 1862 2496 1707 1499
10 2828 2573 2650 3210 3053 3644 2001 1771 1813 2541 1795 1801

Mean 3840 3699 3793 4170 4162 4137 2139 1705 1963 3021 1874 2120
Std.Dev. 1090 1141 1131 1191 1270 1024 528 453 595 745 519 823

 
 
Table E.2. The maximum shear force on the L5/S1 joint  

 Max1 (Newton) Max2 (Newton) 
 1 kg. 5 kg. 1 kg. 5 kg. 

Subject Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2 Lift Toss1 Toss2
1 692 644 653 688 741 670 248 231 201 319 259 190
2 634 600 591 650 669 630 267 90 69 333 258 79
3 990 986 999 1097 1096 1024 373 288 354 442 293 524
4 659 612 634 702 679 668 307 171 127 395 148 224
5 686 699 648 740 734 611 250 269 140 371 285 301
6 519 515 518 631 589 541 162 118 126 223 215 55
7 491 417 518 447 505 576 157 153 158 196 195 280
8 437 429 400 473 465 432 208 172 200 286 237 334
9 476 444 483 552 489 507 213 179 132 268 191 95
10 452 420 424 516 485 606 196 165 92 259 209 134

Mean 604 577 587 650 645 627 238 184 160 309 229 222
Std.Dev. 168 177 171 186 191 158 66 62 80 78 46 144
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APPENDIX F 

CENTER OF MASS BETWEEN TOSSING AND LIFITNG TASK 
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Figure F.1. Horizontal Position of COM between lifting and tossing of Subject 1 

 

 

 

 

 

 

Figure F.2. Horizontal Position of COM between lifting and tossing of Subject 2 

 

 

 

 

 

 

Figure F.3. Horizontal Position of COM between lifting and tossing of Subject 3 
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Figure F.4. Horizontal Position of COM between lifting and tossing of Subject 4 

 

 

 

 

 

 

Figure F.5. Horizontal Position of COM between lifting and tossing of Subject 5 

 

 

 

 

 

 

Figure F.6. Horizontal Position of COM between lifting and tossing of Subject 6 
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Figure F.7. Horizontal Position of COM between lifting and tossing of Subject 7 

 

 

 

 

 

 

Figure F.8. Horizontal Position of COM between lifting and tossing of Subject 8 

 

 

 

 

 

 

Figure F.9. Horizontal Position of COM between lifting and tossing of Subject 9 
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Figure F.10. Horizontal Position of COM between lifting and tossing of Subject 10 
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APPENDIX G 

JOINT ANGLE TRAJECTORIES 
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Figure G.1. Elbow, shoulder and hip angle trajectories for subject6 at distance =1m., 
height =0m., clearance =110%, load =5kg. 
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Figure G.2. Knee and ankle angle and load projectile trajectories for subject6 at 
distance =1m., height =0m., clearance =110%, load =5kg. 
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Figure G.3. Elbow, shoulder and hip angle trajectories for subject4 at distance =1m., 
height =0m., clearance =150%, load =1kg. 
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Figure G.4. Knee and ankle angle and load projectile trajectories for subject4 at 
distance =1m., height =0m., clearance =150%, load =1kg. 
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Figure G.5. Elbow, shoulder and hip angle trajectories for subject1 at distance =1m., 
height =0m., clearance =150%, load =5kg. 
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Figure G.6. Knee and ankle angle and load projectile trajectories for subject1 at 
distance =1m., height =0m., clearance =150%, load =5kg. 
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Figure G.7. Elbow, shoulder and hip angle trajectories for subject6 at distance =1m., 
height =0m., clearance =200%, load =1kg. 
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Figure G.8. Knee and ankle angle and load projectile trajectories for subject6 at 
distance =1m., height =0m., clearance =200%, load =1kg. 
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Figure G.9. Elbow, shoulder and hip angle trajectories for subject1 at distance =1m., 
height =0m., clearance =200%, load =5kg. 
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Figure G.10. Knee and ankle angle and load projectile trajectories for subject1 at 
distance =1m., height =0m., clearance =200%, load =5kg. 
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Figure G.11. Elbow, shoulder and hip angle trajectories for subject9 at distance =1m., 
height =0.8m., clearance =110%, load =1kg. 
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Figure G.12. Knee and ankle angle and load projectile trajectories for subject9 at 
distance =1m., height =0.8m., clearance =110%, load =1kg. 
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Figure G.13. Elbow, shoulder and hip angle trajectories for subject8 at distance =1m., 
height =0.8m., clearance =110%, load =5kg. 
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Figure G.14. Knee and ankle angle and load projectile trajectories for subject8 at 
distance =1m., height =0.8m., clearance =110%, load =5kg. 
 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 177

 
Figure G.15. Elbow, shoulder and hip angle trajectories for subject6 at distance =1m., 
height =0.8m., clearance =150%, load =1kg. 
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Figure G.16. Knee and ankle angle and load projectile trajectories for subject6 at 
distance =1m., height =0.8m., clearance =150%, load =1kg. 
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Figure G.17. Elbow, shoulder and hip angle trajectories for subject1 at distance =1m., 
height =0.8m., clearance =150%, load =5kg. 
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Figure G.18. Knee and ankle angle and load projectile trajectories for subject1 at 
distance =1m., height =0.8m., clearance =150%, load =5kg. 
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Figure G.19. Elbow, shoulder and hip angle trajectories for subject3 at distance =1m., 
height =0.8m., clearance =200%, load =1kg. 
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Figure G.20. Knee and ankle angle and load projectile trajectories for subject3 at 
distance =1m., height =0.8m., clearance =200%, load =1kg. 
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Figure G.21. Elbow, shoulder and hip angle trajectories for subject6 at distance =1m., 
height =0.8m., clearance =200%, load =5kg. 
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Figure G.22. Knee and ankle angle and load projectile trajectories for subject6 at 
distance =1m., height =0.8m., clearance =2000%, load =5kg. 
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Figure G.23. Elbow, shoulder and hip angle trajectories for subject9 at distance =1.5m., 
height =0m., clearance =110%, load =1kg. 
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Figure G.24. Knee and ankle angle and load projectile trajectories for subject9 at 
distance =1.5m., height =0m., clearance =110%, load =1kg. 
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Figure G.25. Elbow, shoulder and hip angle trajectories for subject3 at distance =1.5m., 
height =0m., clearance =110%, load =5kg. 
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Figure G.26. Knee and ankle angle and load projectile trajectories for subject3 at 
distance =1.5m., height =0m., clearance =110%, load =5kg. 
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Figure G.27. Elbow, shoulder and hip angle trajectories for subject6 at distance =1.5m., 
height =0m., clearance =150%, load =1kg. 
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Figure G.28. Knee and ankle angle and load projectile trajectories for subject6 at 
distance =1.5m., height =0m., clearance =150%, load =1kg. 
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Figure G.29. Elbow, shoulder and hip angle trajectories for subject9 at distance =1.5m., 
height =0m., clearance =150%, load =5kg. 
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Figure G.30. Knee and ankle angle and load projectile trajectories for subject9 at 
distance =1.5m., height =0m., clearance =150%, load =5kg. 
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Figure G.31. Elbow, shoulder and hip angle trajectories for subject10 at distance 
=1.5m., height =0m., clearance =200%, load =1kg. 
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Figure G.32. Knee and ankle angle and load projectile trajectories for subject10 at 
distance =1.5m., height =0m., clearance =200%, load =1kg. 
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Figure G.33. Elbow, shoulder and hip angle trajectories for subject1 at distance =1.5m., 
height =0m., clearance =200%, load =5kg. 
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Figure G.34. Knee and ankle angle and load projectile trajectories for subject1 at 
distance =1.5m., height =0m., clearance =200%, load =5kg. 
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Figure G.35. Elbow, shoulder and hip angle trajectories for subject4 at distance =1.5m., 
height =0.8m., clearance =110%, load =1kg. 
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Figure G.36. Knee and ankle angle and load projectile trajectories for subject4 at 
distance =1.5m., height =0.8m., clearance =110%, load =1kg. 
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Figure G.37. Elbow, shoulder and hip angle trajectories for subject9 at distance =1.5m., 
height =0.8m., clearance =110%, load =5kg. 
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Figure G.38. Knee and ankle angle and load projectile trajectories for subject9 at 
distance =1.5m., height =0.8m., clearance =110%, load =5kg. 
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Figure G.39. Elbow, shoulder and hip angle trajectories for subject8 at distance =1.5m., 
height =0.8m., clearance =150%, load =1kg. 
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Figure G.40. Knee and ankle angle and load projectile trajectories for subject8 at 
distance =1.5m., height =0.8m., clearance =150%, load =1kg. 
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Figure G.41. Elbow, shoulder and hip angle trajectories for subject3 at distance =1.5m., 
height =0.8m., clearance =150%, load =5kg. 
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Figure G.42. Knee and ankle angle and load projectile trajectories for subject3 at 
distance =1.5m., height =0.8m., clearance =150%, load =5kg. 
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Figure G.43. Elbow, shoulder and hip angle trajectories for subject9 at distance =1.5m., 
height =0.8m., clearance =200%, load =1kg. 
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Figure G.44. Knee and ankle angle and load projectile trajectories for subject9 at 
distance =1.5m., height =0.8m., clearance =200%, load =1kg. 
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Figure G.45. Elbow, shoulder and hip angle trajectories for subject3 at distance =1.5m., 
height =0.8m., clearance =200%, load =5kg. 
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Figure G.46. Knee and ankle angle and load projectile trajectories for subject3 at 
distance =1.5m., height =0.8m., clearance =200%, load =5kg. 
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APPENDIX H 

THE UPPER EXTREMITIES JOINT TORQUES 
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Figure H.1. The upper extremities joint torques for Subject 2 
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Figure H.2. The upper extremities joint torques for Subject 3 
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Figure H.3. The upper extremities joint torques for Subject 4 
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Figure H.4. The upper extremities joint torques for Subject 5 
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Figure H.5. The upper extremities joint torques for Subject 6 
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Figure H.6. The upper extremities joint torques for Subject 7 
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Figure H.7. The upper extremities joint torques for Subject 8 
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Figure H.8. The upper extremities joint torques for Subject 9 
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Figure H.9. The upper extremities joint torques for Subject 10 
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APPENDIX I 

MATLAB CODES 
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INITIAL DATA 
 

SUBJECT 
function [c, ceq] = confun(x) 
height = 1.52; 
L = [0.146;0.186;0.288;0.245;0.246;0.025]*height; 
m = [0.044,0.056,0.578,0.2,0.122]; 
% Nonlinear inequality constraints 
c = [x(2)-x(1); 
     0.2032-L(5)*sin(x(5)); 
     
0.1524+L(5)*cos(x(5))-(L(1)*cos(x(1))+L(2)*cos(x(2))+L(3)*cos(x(3))+L(4)*cos(x(
4))+L(5)*cos(x(5))); 
     
L(6)-((L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))+L(2)*cos(x(2))+L(1)*cos(x(1)
)*0.682)*m(1)+(L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))+L(2)*cos(x(2))*0.43
6)*m(2)+(L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))*0.66)*m(3)+(L(5)*cos(x(5
))+L(4)*cos(x(4))*0.567)*m(4)+(L(5)*cos(x(5))*0.394)*m(5))]; 
% Nonlinear equality constraints 
ceq = 
[L(1)*sin(x(1))+L(2)*sin(x(2))+L(3)*sin(x(3))+L(4)*sin(x(4))+L(5)*sin(x(5))-0.2032
]; 
 
ENVIRONMENT 
function [c, ceq] = confun(te) 
ti = 0; %Time at initial 
tr = 1.0;    %Time at releasing 
anglei = [-0.5, -0.5,  0.2,  2.0,  0.8];   %5 joint angles at initial state 
anglec = [-1.2, -1.2,  0.5,  1.8,  1.4];   %5 joint angles at close to body state 
anglea = [ 1.0, -1.2, 1.57, 1.57, 1.57];   %5 joint angles at aiming state 
angler = [ 0.0,  0.0, 1.57, 1.57, 1.57];   %5 joint angles at releasing state 
height = 1.7; 
L = [0.146;0.186;0.288;0.245;0.246;0.025;0.113;0.04]*height; 
weight = 70; 
m = [0.044,0.056,0.578,0.2,0.122]*weight; 
omass = 5; 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
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8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
  
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
  
  
% Nonlinear inequality constraints 
c = [hittibia(L,a1,a2,a3,a4,te);    %object not hit tibia  
     hitabY(L,a1,a2,a3,te);         %object not hit abdomin 
     hitabX(L,a1,a2,a3,te);         %object not hit abdomin 
     upangle(a1,tr,1.57);           %elbow angle under upper limit 
     lowangle(a1,tr,-1.57);         %elbow angle over lower limit 
     upangle(a2,tr,0.79);           %shoulder angle under upper limit 
     lowangle(a2,tr,-2.35);         %shoulder angle over lower limit 
     upangle(a3,tr,1.6);            %hip angle under upper limit 
     lowangle(a3,tr,0);             %hip angle over lower limit 
     upangle(a4,tr,3.14);           %knee angle under upper limit 
     %lowangle(a4,tr,1.4);           %knee angle over lower limit 
     %upangle(a5,tr,1.8);            %ankle angle under upper limit 
     lowangle(a5,tr,0.5);           %ankle angle over lower limit 
     %UXcg(L,a1,a2,a3,a4,a5,tr,m,omass);            %Xcg Upper limit 
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     %LXcg(L,a1,a2,a3,a4,a5,tr,m,omass);            %Xcg Lower limit 
     %stobbe1(L,a1,a2,a3,a4,a5,m,omass,tr);          %Elbow Stobbe limit 
     %stobbe2(L,a1,a2,a3,a4,a5,m,omass,tr);          %Shoulder Stobbe limit 
     %stobbe3(L,a1,a2,a3,a4,a5,m,omass,tr);          %Hip Stobbe limit 
     %stobbe4(L,a1,a2,a3,a4,a5,m,omass,tr);          %Knee Stobbe limit 
     %stobbe5(L,a1,a2,a3,a4,a5,m,omass,tr);          %Ankle Stobbe limit 
     ]; 
%c = []; 
% Nonlinear equality constraints 
ceq = []; 
 
 
 

KEY POSTURES 
 
function f = objfun(x) 
height = 1.52; 
bmass = 68.18; 
omass = 1;  
L = [0.146;0.186;0.288;0.245;0.246]*height; 
m = [0.044,0.056,0.578,0.2,0.122]*bmass; 
   
f = 
((L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))+L(2)*cos(x(2))+L(1)*cos(x(1)))*o
mass+(L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))+L(2)*cos(x(2))+L(1)*cos(x(1)
)*0.682)*m(1)+(L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))+L(2)*cos(x(2))*0.43
6)*m(2)+(L(5)*cos(x(5))+L(4)*cos(x(4))+L(3)*cos(x(3))*0.66)*m(3)+(L(5)*cos(x(5
))+L(4)*cos(x(4))*0.567)*m(4)+(L(5)*cos(x(5))*0.394)*m(5))/(bmass+omass); 
 
1ST KEY POSTURE 
x0 = [-1,-1,0.5,3,1];     % Make a starting guess at the solution 
% Lower boundary 
lb = [-pi/2;-pi/2;0;pi/2;0]; 
% Upper boundary 
ub = [0;0;pi/2;pi;pi/2]; 
options = optimset('LargeScale','off'); 
[x, fval] = ...  
fmincon(@objfun1,x0,[],[],[],[],lb,ub,@confun1,options) 
plot1; 
 
2ND KEY POSTURE 
x0 = [-pi/2,-pi/2,pi/6,pi/2,1.4];     % Make a starting guess at the solution 
% Lower boundary 
lb = [-pi/2;-pi/2;pi/6;pi/2;1.39]; 
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% Upper boundary 
ub = [0    ;0    ;pi/2;pi;pi/2]; 
options = optimset('LargeScale','off'); 
[x, fval] = ...  
fmincon(@objfun2,x0,[],[],[],[],lb,ub,@confun2,options) 
plot2; 
 
3RD KEY POSTURE 
x0 = [pi/4,-pi/2,pi/2,pi/2,pi/2];     % Make a starting guess at the solution 
% Lower boundary 
lb = [0   ;-pi*3/4;pi/4  ;pi/2  ;pi/3]; 
% Upper boundary 
ub = [pi/2;-pi/4  ;pi/2  ;pi*2/3;pi/2]; 
options = optimset('LargeScale','off'); 
[x, fval] = ...  
fmincon(@objfun3,x0,[],[],[],[],lb,ub,@confun3,options) 
plot3; 
 
4TH KEY POSTURE 
wr 
xr0 = [pi/2,pi/2,pi/2];     % Make a starting guess at the solution 
% Lower boundary 
lb = [pi/4  ;pi*4/9  ;pi/3]; 
% Upper boundary 
ub = [pi*5/9  ;pi*2/3;pi*5/9]; 
options = optimset('LargeScale','off'); 
[xr, fval] = ...  
fmincon(@objfun4,xr0,[],[],[],[],lb,ub,@confun4,options) 
plot5; 
 
LOAD POSITION AT 4TH KEY POSTURE 
xwr0 = [0.21; 1.2];           % Make a starting guess at the solution 
options=optimset('Display','iter');   % Option to display output 
[xwr,fval] = fsolve(@myfun1,xwr0,options)  % Call optimizer 
x(1) = atan((xwr(2)-Ypos(4))/(xwr(1)-Xpos(4))); 
x(2) = x(1); 
angle = atan((xwr(2)-Ypos(6))/(xwr(1)-Xpos(6))); 
angle 
x 
%plot4 
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JOINT TRAJECTORIES 
 

KINEMATICS 
 
ANGLE JERKS 
function dddq1t = dddiffangle1(a1,t) %third diff of elbow angle along time 
dddq1t = 
6*a1(4)+24*a1(5)*t+60*a1(6)*t.^2+120*a1(7)*t.^3+210*a1(8)*t.^4+336*a1(9)*t.^5; 
function dddq2t = dddiffangle2(a2,t) %third diff of shoulder angle along time 
dddq2t = 
6*a2(4)+24*a2(5)*t+60*a2(6)*t.^2+120*a2(7)*t.^3+210*a2(8)*t.^4+336*a2(9)*t.^5; 
function dddq3t = dddiffangle3(a3,t) %third diff of hip angle along time 
dddq3t = 
6*a3(4)+24*a3(5)*t+60*a3(6)*t.^2+120*a3(7)*t.^3+210*a3(8)*t.^4+336*a3(9)*t.^5; 
function dddq4t = dddiffangle4(a4,t) %third diff of knee angle along time 
dddq4t = 
6*a4(4)+24*a4(5)*t+60*a4(6)*t.^2+120*a4(7)*t.^3+210*a4(8)*t.^4+336*a4(9)*t.^5; 
function dddq5t = dddiffangle5(a5,t) %third diff of ankle angle along time 
dddq5t = 
6*a5(4)+24*a5(5)*t+60*a5(6)*t.^2+120*a5(7)*t.^3+210*a5(8)*t.^4+336*a5(9)*t.^5; 
 
ANGLE ACCELERATIONS 
function ddq1t = ddiffangle1(a1,t) %double diff of elbow angle along time 
ddq1t = 
2*a1(3)+6*a1(4)*t+12*a1(5)*t.^2+20*a1(6)*t.^3+30*a1(7)*t.^4+42*a1(8)*t.^5+56*
a1(9)*t.^6; 
function ddq2t = ddiffangle2(a2,t) %double diff of shoulder angle along time 
ddq2t = 
2*a2(3)+6*a2(4)*t+12*a2(5)*t.^2+20*a2(6)*t.^3+30*a2(7)*t.^4+42*a2(8)*t.^5+56*
a2(9)*t.^6; 
function ddq3t = ddiffangle3(a3,t) %double diff of hip angle along time 
ddq3t = 
2*a3(3)+6*a3(4)*t+12*a3(5)*t.^2+20*a3(6)*t.^3+30*a3(7)*t.^4+42*a3(8)*t.^5+56*
a3(9)*t.^6; 
function ddq4t = ddiffangle4(a4,t) %double diff of knee angle along time 
ddq4t = 
2*a4(3)+6*a4(4)*t+12*a4(5)*t.^2+20*a4(6)*t.^3+30*a4(7)*t.^4+42*a4(8)*t.^5+56*
a4(9)*t.^6; 
function ddq5t = ddiffangle5(a5,t) %double diff of ankle angle along time 
ddq5t = 
2*a5(3)+6*a5(4)*t+12*a5(5)*t.^2+20*a5(6)*t.^3+30*a5(7)*t.^4+42*a5(8)*t.^5+56*
a5(9)*t.^6; 
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ANGLE VELOCITIES 
function dq1t = diffangle1(a1,t) %diff of elbow angle along time 
dq1t = 
a1(2)+2*a1(3)*t+3*a1(4)*t.^2+4*a1(5)*t.^3+5*a1(6)*t.^4+6*a1(7)*t.^5+7*a1(8)*t.^
6+8*a1(9)*t.^7; 
function dq2t = diffangle2(a2,t) %diff of shoulder angle along time 
dq2t = 
a2(2)+2*a2(3)*t+3*a2(4)*t.^2+4*a2(5)*t.^3+5*a2(6)*t.^4+6*a2(7)*t.^5+7*a2(8)*t.^
6+8*a2(9)*t.^7; 
function dq3t = diffangle3(a3,t) %diff of hip angle along time 
dq3t = 
a3(2)+2*a3(3)*t+3*a3(4)*t.^2+4*a3(5)*t.^3+5*a3(6)*t.^4+6*a3(7)*t.^5+7*a3(8)*t.^
6+8*a3(9)*t.^7; 
function dq4t = diffangle4(a4,t) %diff of knee angle along time 
dq4t = 
a4(2)+2*a4(3)*t+3*a4(4)*t.^2+4*a4(5)*t.^3+5*a4(6)*t.^4+6*a4(7)*t.^5+7*a4(8)*t.^
6+8*a4(9)*t.^7;  
function dq5t = diffangle5(a5,t) %diff of ankle angle along time 
dq5t = 
a5(2)+2*a5(3)*t+3*a5(4)*t.^2+4*a5(5)*t.^3+5*a5(6)*t.^4+6*a5(7)*t.^5+7*a5(8)*t.^
6+8*a5(9)*t.^7; 
 
ANGLES 
function q1t = angle1(a1,t) %elbow angle along time 
q1t = 
a1(1)+a1(2)*t+a1(3)*t.^2+a1(4)*t.^3+a1(5)*t.^4+a1(6)*t.^5+a1(7)*t.^6+a1(8)*t.^7+a
1(9)*t.^8; 
function q2t = angle2(a2,t) %shoulder angle along time 
q2t = 
a2(1)+a2(2)*t+a2(3)*t.^2+a2(4)*t.^3+a2(5)*t.^4+a2(6)*t.^5+a2(7)*t.^6+a2(8)*t.^7+a
2(9)*t.^8; 
function q3t = angle3(a3,t) %hip angle along time 
q3t = 
a3(1)+a3(2)*t+a3(3)*t.^2+a3(4)*t.^3+a3(5)*t.^4+a3(6)*t.^5+a3(7)*t.^6+a3(8)*t.^7+a
3(9)*t.^8; 
function q4t = angle4(a4,t) %knee angle along time 
q4t = 
a4(1)+a4(2)*t+a4(3)*t.^2+a4(4)*t.^3+a4(5)*t.^4+a4(6)*t.^5+a4(7)*t.^6+a4(8)*t.^7+a
4(9)*t.^8; 
function q5t = angle5(a5,t) %ankle angle along time 
q5t = 
a5(1)+a5(2)*t+a5(3)*t.^2+a5(4)*t.^3+a5(5)*t.^4+a5(6)*t.^5+a5(7)*t.^6+a5(8)*t.^7+a
5(9)*t.^8; 
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CONSTRAINTS 
 
INTERACTION BETWEEN SUBJECT AND LOAD 
function hitabX = hitabdomenX(L,a1,a2,a3,te) 
hitx = -1; 
for t = 0:0.01:te(1) 
h = 0.1524+L(1)*sin(q1t(a1,t))+L(2)*sin(q2t(a2,t))+L(3)*sin(q3t(a3,t)); 
    if h > 0 
        hitx = 1; 
    end     
end 
hitabX = hitx; 
 
function hitabY = hitabdomenY(L,a1,a2,a3,te) 
hity = -1; 
for t = 0:0.01:te(1) 
h = 0.1524-(L(1)*cos(q1t(a1,t))+L(2)*cos(q2t(a2,t))+L(3)*cos(q3t(a3,t))); 
    if h > 0 
        hity = 1; 
    end     
end 
hitabY = hity; 
 
function hitti = hittibia(L,a1,a2,a3,a4,te) 
hitt = -1; 
for t = 0:0.01:te(1) 
h = 
0.1524-(L(1)*cos(q1t(a1,t))+L(2)*cos(q2t(a2,t))+L(3)*cos(q3t(a3,t))+L(4)*cos(q4t(a
4,t))); 
    if h > 0 
        hitt = 1; 
    end     
end 
hitti = hitt; 
 
JOINT STRENGTH 
function Stob = stobbe1(L,a1,a2,a3,a4,a5,m,omass,tr) %elbow stobe check 
Sindex = -1; 
  
for t = 0:0.05:tr 
     
    RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
    RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
    REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
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    REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
    Mo  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy), 
           
    if Mo > 0 
        St = selbowf(a1,a2,a3,t), 
    else 
        St = selbowe(a1,a2,a3,t), 
    end 
    if Mo^2 > St^2 
        Sindex = 1; 
    end 
end 
  
Stob = Sindex, 
function Stob = stobbe2(L,a1,a2,a3,a4,a5,m,omass,tr) %shoulder stobe check 
Sindex = -1; 
  
  
for t = 0:0.05:tr 
     
    RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
    RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
    REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
    REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
    RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx); 
    RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy); 
    ME  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy); 
    Mo  = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME); 
    if Mo > 0 
        St = sshoulf(a1,a2,a3,t), 
    else 
        St = sshoule(a1,a2,a3,t), 
    end 
    if Mo^2 > St^2 
        Sindex = 1; 
    end 
end 
  
Stob = Sindex, 
function Stob = stobbe3(L,a1,a2,a3,a4,a5,m,omass,tr) %hip stobe check 
Sindex = -1; 
  
  
for t = 0:0.05:tr 
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    RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
    RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
    REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
    REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
    RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx); 
    RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy); 
    RHx = rhipx(L,a1,a2,a3,a4,a5,t,m,RSx); 
    RHy = rhipy(L,a1,a2,a3,a4,a5,t,m,RSy); 
    ME  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy); 
    MS  = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME); 
    Mo  = mhip(L,a1,a2,a3,a4,a5,t,m,RSx,RSy,RHx,RHy,MS); 
     
    if Mo > 0 
        St = -shipe(a3,a4,t), 
    else 
        St = -shipf(a3,a4,t), 
    end 
    if Mo^2 > St^2 
        Sindex = 1; 
    end 
end 
 Stob = Sindex, 
function Stob = stobbe4(L,a1,a2,a3,a4,a5,m,omass,tr) %knee stobe check 
Sindex = -1; 
   
for t = 0:0.05:tr 
     
    RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
    RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
    REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
    REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
    RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx); 
    RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy); 
    RHx = rhipx(L,a1,a2,a3,a4,a5,t,m,RSx); 
    RHy = rhipy(L,a1,a2,a3,a4,a5,t,m,RSy); 
    RKx = rkneex(L,a1,a2,a3,a4,a5,t,m,RHx); 
    RKy = rkneey(L,a1,a2,a3,a4,a5,t,m,RHy); 
    ME  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy); 
    MS  = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME); 
    MH  = mhip(L,a1,a2,a3,a4,a5,t,m,RSx,RSy,RHx,RHy,MS); 
    Mo  = mknee(L,a1,a2,a3,a4,a5,t,m,RHx,RHy,RKx,RKy,MH); 
     
    if Mo > 0 
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        St = -skneef(a4,a5,t), 
    else 
        St = -skneee(a4,a5,t), 
    end 
    if Mo^2 > St^2 
        Sindex = 1; 
    end 
end 
  
Stob = Sindex, 
function Stob = stobbe4(L,a1,a2,a3,a4,a5,m,omass,tr) %ankle stobe check 
Sindex = -1; 
  
  
for t = 0:0.05:tr 
     
    RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
    RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
    REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
    REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
    RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx); 
    RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy); 
    RHx = rhipx(L,a1,a2,a3,a4,a5,t,m,RSx); 
    RHy = rhipy(L,a1,a2,a3,a4,a5,t,m,RSy); 
    RKx = rkneex(L,a1,a2,a3,a4,a5,t,m,RHx); 
    RKy = rkneey(L,a1,a2,a3,a4,a5,t,m,RHy); 
    RAx = ranklex(L,a1,a2,a3,a4,a5,t,m,RKx); 
    RAy = rankley(L,a1,a2,a3,a4,a5,t,m,RKy); 
    ME  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy); 
    MS  = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME); 
    MH  = mhip(L,a1,a2,a3,a4,a5,t,m,RSx,RSy,RHx,RHy,MS); 
    MK  = mknee(L,a1,a2,a3,a4,a5,t,m,RHx,RHy,RKx,RKy,MH); 
    Mo  = mankle(L,a1,a2,a3,a4,a5,t,m,RKx,RKy,RAx,RAy,MK); 
        if Mo > 0 
        St = -sanklee(a5,t), 
    else 
        St = sanklee(a5,t), 
    end 
    if Mo^2 > St^2 
        Sindex = 1; 
    end 
end 
  
Stob = Sindex, 
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BALANCING 
function xpos = UXcg(L,a1,a2,a3,a4,a5,tr,m,omass) 
xp = -1; 
for t = 0:0.01:tr 
cg = 
((L(5)*cos(q5t(a5,t))+L(4)*cos(q4t(a4,t))+L(3)*cos(q3t(a3,t))+L(2)*cos(q2t(a2,t))+L
(1)*cos(q1t(a1,t)))*omass+(L(5)*cos(q5t(a5,t))+L(4)*cos(q4t(a4,t))+L(3)*cos(q3t(a3,
t))+L(2)*cos(q2t(a2,t))+L(1)*cos(q1t(a1,t))*0.682)*m(1)+(L(5)*cos(q5t(a5,t))+L(4)*
cos(q4t(a4,t))+L(3)*cos(q3t(a3,t))+L(2)*cos(q2t(a2,t))*0.436)*m(2)+(L(5)*cos(q5t(a
5,t))+L(4)*cos(q4t(a4,t))+L(3)*cos(q3t(a3,t))*0.66)*m(3)+(L(5)*cos(q5t(a5,t))+L(4)
*cos(q4t(a4,t))*0.567)*m(4)+(L(5)*cos(q5t(a5,t))*0.394)*m(5))/(m(1)+m(2)+m(3)+
m(4)+m(5)+omass); 
    if cg > L(7) 
        xp = 1; 
    end 
end 
xpos = xp; 
 
 

KINETICS 
COG JERK 
function Jcgx = jerkcgx(L,a1,a2,a3,a4,a5,m,omass,t) 
 Jcgx = 
((L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))+L(4)*(-sin(q4t(a4,t))*
ddq4t(a4,t)-dq4t(a4,t)^2*cos(q4t(a4,t)))+L(3)*(-sin(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)^
2*cos(q3t(a3,t)))+L(2)*(-sin(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*cos(q2t(a2,t)))+L(1)
*(-sin(q1t(a1,t))*ddq1t(a1,t)-dq1t(a1,t)^2*cos(q1t(a1,t))))*omass+... 
+(L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))+L(4)*(-sin(q4t(a4,t))
*ddq4t(a4,t)-dq4t(a4,t)^2*cos(q4t(a4,t)))+L(3)*(-sin(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)
^2*cos(q3t(a3,t)))+L(2)*(-sin(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*cos(q2t(a2,t)))+L(1
)*(-sin(q1t(a1,t))*ddq1t(a1,t)-dq1t(a1,t)^2*cos(q1t(a1,t)))*0.682)*m(1)+... 
+(L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))+L(4)*(-sin(q4t(a4,t))
*ddq4t(a4,t)-dq4t(a4,t)^2*cos(q4t(a4,t)))+L(3)*(-sin(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)
^2*cos(q3t(a3,t)))+L(2)*(-sin(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*cos(q2t(a2,t)))*0.43
6)*m(2)+... 
+(L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))+L(4)*(-sin(q4t(a4,t))
*ddq4t(a4,t)-dq4t(a4,t)^2*cos(q4t(a4,t)))+L(3)*(-sin(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)
^2*cos(q3t(a3,t)))*0.66)*m(3)+... 
+(L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))+L(4)*(-sin(q4t(a4,t))
*ddq4t(a4,t)-dq4t(a4,t)^2*cos(q4t(a4,t)))*0.567)*m(4)+... 
+(L(5)*(-sin(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*cos(q5t(a5,t)))*0.394)*m(5))/(m(1)+
m(2)+m(3)+m(4)+m(5)+omass); 
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function Jcgy = jerkcgy(L,a1,a2,a3,a4,a5,m,omass,t) 
 Jcgy = 
((L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))+L(4)*(cos(q4t(a4,t))*d
dq4t(a4,t)-dq4t(a4,t)^2*sin(q4t(a4,t)))+L(3)*(cos(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)^2*
sin(q3t(a3,t)))+L(2)*(cos(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*sin(q2t(a2,t)))+L(1)*(co
s(q1t(a1,t))*ddq1t(a1,t)-dq1t(a1,t)^2*sin(q1t(a1,t))))*omass+... 
+(L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))+L(4)*(cos(q4t(a4,t))*
ddq4t(a4,t)-dq4t(a4,t)^2*sin(q4t(a4,t)))+L(3)*(cos(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)^2
*sin(q3t(a3,t)))+L(2)*(cos(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*sin(q2t(a2,t)))+L(1)*(c
os(q1t(a1,t))*ddq1t(a1,t)-dq1t(a1,t)^2*sin(q1t(a1,t)))*0.682)*m(1)+... 
+(L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))+L(4)*(cos(q4t(a4,t))*
ddq4t(a4,t)-dq4t(a4,t)^2*sin(q4t(a4,t)))+L(3)*(cos(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)^2
*sin(q3t(a3,t)))+L(2)*(cos(q2t(a2,t))*ddq2t(a2,t)-dq2t(a2,t)^2*sin(q2t(a2,t)))*0.436)*
m(2)+... 
+(L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))+L(4)*(cos(q4t(a4,t))*
ddq4t(a4,t)-dq4t(a4,t)^2*sin(q4t(a4,t)))+L(3)*(cos(q3t(a3,t))*ddq3t(a3,t)-dq3t(a3,t)^2
*sin(q3t(a3,t)))*0.66)*m(3)+... 
+(L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))+L(4)*(cos(q4t(a4,t))*
ddq4t(a4,t)-dq4t(a4,t)^2*sin(q4t(a4,t)))*0.567)*m(4)+... 
+(L(5)*(cos(q5t(a5,t))*ddq5t(a5,t)-dq5t(a5,t)^2*sin(q5t(a5,t)))*0.394)*m(5))/(m(1)+
m(2)+m(3)+m(4)+m(5)+omass); 
 
HAND JERK 
function Jlinkx1 = jerkx(L,a1,t) 
Jlinkx1 = 
-L(1)*(dq1t(a1,t)*ddq1t(a1,t)*cos(q1t(a1,t))+dddq1t(a1,t)*sin(q1t(a1,t))-dq1t(a1,t)^3
*sin(q1t(a1,t))+2*dq1t(a1,t)*ddq1t(a1,t)*cos(q1t(a1,t))); 
function Jlinky1 = jerky(L,a1,t) 
Jlinky1 = 
L(1)*(-dq1t(a1,t)*ddq1t(a1,t)*sin(q1t(a1,t))+dddq1t(a1,t)*cos(q1t(a1,t))-dq1t(a1,t)^3
*cos(q1t(a1,t))-2*dq1t(a1,t)*ddq1t(a1,t)*sin(q1t(a1,t))); 
function Jlinkx2 = jerkx(L,a2,t) 
Jlinkx2 = 
-L(2)*(dq2t(a2,t)*ddq2t(a2,t)*cos(q2t(a2,t))+dddq2t(a2,t)*sin(q2t(a2,t))-dq2t(a2,t)^3
*sin(q2t(a2,t))+2*dq2t(a2,t)*ddq2t(a2,t)*cos(q2t(a2,t))); 
function Jlinky2 = jerky(L,a2,t) 
Jlinky2 = 
L(2)*(-dq2t(a2,t)*ddq2t(a2,t)*sin(q2t(a2,t))+dddq2t(a2,t)*cos(q2t(a2,t))-dq2t(a2,t)^3
*cos(q2t(a2,t))-2*dq2t(a2,t)*ddq2t(a2,t)*sin(q2t(a2,t))); 
function Jlinkx3 = jerkx(L,a3,t) 
Jlinkx3 = 
-L(3)*(dq3t(a3,t)*ddq3t(a3,t)*cos(q3t(a3,t))+dddq3t(a3,t)*sin(q3t(a3,t))-dq3t(a3,t)^3
*sin(q3t(a3,t))+2*dq3t(a3,t)*ddq3t(a3,t)*cos(q3t(a3,t))); 
function Jlinky3 = jerky(L,a3,t) 
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Jlinky3 = 
L(3)*(-dq3t(a3,t)*ddq3t(a3,t)*sin(q3t(a3,t))+dddq3t(a3,t)*cos(q3t(a3,t))-dq3t(a3,t)^3
*cos(q3t(a3,t))-2*dq3t(a3,t)*ddq3t(a3,t)*sin(q3t(a3,t))); 
function Jlinkx4 = jerkx(L,a4,t) 
Jlinkx4 = 
-L(4)*(dq4t(a4,t)*ddq4t(a4,t)*cos(q4t(a4,t))+dddq4t(a4,t)*sin(q4t(a4,t))-dq4t(a4,t)^3
*sin(q4t(a4,t))+2*dq4t(a4,t)*ddq4t(a4,t)*cos(q4t(a4,t))); 
function Jlinky4 = jerky(L,a4,t) 
Jlinky4 = 
L(4)*(-dq4t(a4,t)*ddq4t(a4,t)*sin(q4t(a4,t))+dddq4t(a4,t)*cos(q4t(a4,t))-dq4t(a4,t)^3
*cos(q4t(a4,t))-2*dq4t(a4,t)*ddq4t(a4,t)*sin(q4t(a4,t))); 
function Jlinkx5 = jerkx(L,a5,t) 
Jlinkx5 = 
-L(5)*(dq5t(a5,t)*ddq5t(a5,t)*cos(q5t(a5,t))+dddq5t(a5,t)*sin(q5t(a5,t))-dq5t(a5,t)^3
*sin(q5t(a5,t))+2*dq5t(a5,t)*ddq5t(a5,t)*cos(q5t(a5,t))); 
function Jlinky5 = jerky(L,a5,t) 
Jlinky5 = 
L(5)*(-dq5t(a5,t)*ddq5t(a5,t)*sin(q5t(a5,t))+dddq5t(a5,t)*cos(q5t(a5,t))-dq5t(a5,t)^3
*cos(q5t(a5,t))-2*dq5t(a5,t)*ddq5t(a5,t)*sin(q5t(a5,t))); 
 
 
 
JOINT TORQUES 
function ME = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy) 
  
Icg = (0.468*L(1))^2*m(1); 
%accy = 
0.682*L(1)*(-dq1t(a1,t)^2*sin(q1t(a1,t))+ddq1t(a1,t)*cos(q1t(a1,t)))+L(2)*(-dq2t(a2,
t)^2*sin(q2t(a2,t))+ddq2t(a2,t)*cos(q2t(a2,t)))+L(3)*(-dq3t(a3,t)^2*sin(q3t(a3,t))+dd
q3t(a3,t)*cos(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*sin(q4t(a4,t))+ddq4t(a4,t)*cos(q4t(a4,t)
))+L(5)*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t))); 
ME = 
-RWx*0.318*L(1)*sin(q1t(a1,t))+RWy*0.318*L(1)*cos(q1t(a1,t))-REx*0.682*L(1)*
sin(q1t(a1,t))+REy*0.682*L(1)*cos(q1t(a1,t))+Icg*ddq1t(a1,t); 
  
function MS = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME) 
  
Icg = (0.322*L(2))^2*m(2); 
MS = 
ME-REx*0.564*L(2)*sin(q2t(a2,t))+REy*0.564*L(2)*cos(q2t(a2,t))-RSx*0.436*L(2
)*sin(q2t(a2,t))+RSy*0.436*L(2)*cos(q2t(a2,t))+Icg*ddq2t(a2,t); 
  
function MH = mhip(L,a1,a2,a3,a4,a5,t,m,RSx,RSy,RHx,RHy,MS) 
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Icg = (0.503*L(3))^2*m(3); 
MH = 
MS-RSx*0.34*L(3)*sin(q3t(a3,t))+RSy*0.34*L(3)*cos(q3t(a3,t))-RHx*0.66*L(3)*si
n(q3t(a3,t))+RHy*0.66*L(3)*cos(q3t(a3,t))+Icg*ddq3t(a3,t); 
  
function MK = mknee(L,a1,a2,a3,a4,a5,t,m,RHx,RHy,RKx,RKy,MH) 
  
Icg = (0.323*L(4))^2*m(4); 
MK = 
MH-RHx*0.433*L(4)*sin(q4t(a4,t))+RHy*0.433*L(4)*cos(q4t(a4,t))-RKx*0.567*L(
4)*sin(q4t(a4,t))+RKy*0.567*L(4)*cos(q4t(a4,t))+Icg*ddq4t(a4,t); 
  
function MA = mankle(L,a1,a2,a3,a4,a5,t,m,RKx,RKy,RAx,RAy,MK) 
  
Icg = (0.416*L(5))^2*m(5); 
MA = 
MK-RKx*0.606*L(5)*sin(q5t(a5,t))+RKy*0.606*L(5)*cos(q5t(a5,t))-RAx*0.394*L(
5)*sin(q5t(a5,t))+RAy*0.394*L(5)*cos(q5t(a5,t))+Icg*ddq5t(a5,t); 
  
 
JOINT FORCES 
function RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass) 
  
accx = 
L(1)*(-dq1t(a1,t)^2*cos(q1t(a1,t))-ddq1t(a1,t)*sin(q1t(a1,t)))+L(2)*(-dq2t(a2,t)^2*co
s(q2t(a2,t))-ddq2t(a2,t)*sin(q2t(a2,t)))+L(3)*(-dq3t(a3,t)^2*cos(q3t(a3,t))-ddq3t(a3,t)
*sin(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*cos(q4t(a4,t))-ddq4t(a4,t)*sin(q4t(a4,t)))+L(5)*(
-dq5t(a5,t)^2*cos(q5t(a5,t))-ddq5t(a5,t)*sin(q5t(a5,t))); 
RWx = omass*accx; 
  
function RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass) 
  
accy = 
L(1)*(-dq1t(a1,t)^2*sin(q1t(a1,t))+ddq1t(a1,t)*cos(q1t(a1,t)))+L(2)*(-dq2t(a2,t)^2*si
n(q2t(a2,t))+ddq2t(a2,t)*cos(q2t(a2,t)))+L(3)*(-dq3t(a3,t)^2*sin(q3t(a3,t))+ddq3t(a3,t
)*cos(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*sin(q4t(a4,t))+ddq4t(a4,t)*cos(q4t(a4,t)))+L(5)
*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t))); 
RWy = omass*9.81+omass*accy; 
  
function REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx) 
  
accx = 
0.682*L(1)*(-dq1t(a1,t)^2*cos(q1t(a1,t))-ddq1t(a1,t)*sin(q1t(a1,t)))+L(2)*(-dq2t(a2,t
)^2*cos(q2t(a2,t))-ddq2t(a2,t)*sin(q2t(a2,t)))+L(3)*(-dq3t(a3,t)^2*cos(q3t(a3,t))-ddq
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3t(a3,t)*sin(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*cos(q4t(a4,t))-ddq4t(a4,t)*sin(q4t(a4,t)))
+L(5)*(-dq5t(a5,t)^2*cos(q5t(a5,t))-ddq5t(a5,t)*sin(q5t(a5,t))); 
REx = RWx+m(1)*accx; 
  
function REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy) 
  
accy = 
0.682*L(1)*(-dq1t(a1,t)^2*sin(q1t(a1,t))+ddq1t(a1,t)*cos(q1t(a1,t)))+L(2)*(-dq2t(a2,
t)^2*sin(q2t(a2,t))+ddq2t(a2,t)*cos(q2t(a2,t)))+L(3)*(-dq3t(a3,t)^2*sin(q3t(a3,t))+dd
q3t(a3,t)*cos(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*sin(q4t(a4,t))+ddq4t(a4,t)*cos(q4t(a4,t)
))+L(5)*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t))); 
REy = RWy+m(1)*9.81+m(1)*accy; 
  
function RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx) 
  
accx = 
0.436*L(2)*(-dq2t(a2,t)^2*cos(q2t(a2,t))-ddq2t(a2,t)*sin(q2t(a2,t)))+L(3)*(-dq3t(a3,t
)^2*cos(q3t(a3,t))-ddq3t(a3,t)*sin(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*cos(q4t(a4,t))-ddq
4t(a4,t)*sin(q4t(a4,t)))+L(5)*(-dq5t(a5,t)^2*cos(q5t(a5,t))-ddq5t(a5,t)*sin(q5t(a5,t))); 
RSx = REx+m(2)*accx; 
  
function RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy) 
  
accy = 
0.436*L(2)*(-dq2t(a2,t)^2*sin(q2t(a2,t))+ddq2t(a2,t)*cos(q2t(a2,t)))+L(3)*(-dq3t(a3,
t)^2*sin(q3t(a3,t))+ddq3t(a3,t)*cos(q3t(a3,t)))+L(4)*(-dq4t(a4,t)^2*sin(q4t(a4,t))+dd
q4t(a4,t)*cos(q4t(a4,t)))+L(5)*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t)
)); 
RSy = REy+m(2)*9.81+m(2)*accy; 
  
function RHx = rhipx(L,a1,a2,a3,a4,a5,t,m,RSx) 
  
accx = 
0.66*L(3)*(-dq3t(a3,t)^2*cos(q3t(a3,t))-ddq3t(a3,t)*sin(q3t(a3,t)))+L(4)*(-dq4t(a4,t)
^2*cos(q4t(a4,t))-ddq4t(a4,t)*sin(q4t(a4,t)))+L(5)*(-dq5t(a5,t)^2*cos(q5t(a5,t))-ddq5
t(a5,t)*sin(q5t(a5,t))); 
RHx = RSx+m(3)*accx; 
  
function RHy = rhipy(L,a1,a2,a3,a4,a5,t,m,RSy) 
  
accy = 
0.66*L(3)*(-dq3t(a3,t)^2*sin(q3t(a3,t))+ddq3t(a3,t)*cos(q3t(a3,t)))+L(4)*(-dq4t(a4,t)
^2*sin(q4t(a4,t))+ddq4t(a4,t)*cos(q4t(a4,t)))+L(5)*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq
5t(a5,t)*cos(q5t(a5,t))); 
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RHy = RSy+m(3)*9.81+m(3)*accy; 
  
function RKx = rkneex(L,a1,a2,a3,a4,a5,t,m,RHx) 
  
accx = 
0.567*L(4)*(-dq4t(a4,t)^2*cos(q4t(a4,t))-ddq4t(a4,t)*sin(q4t(a4,t)))+L(5)*(-dq5t(a5,t
)^2*cos(q5t(a5,t))-ddq5t(a5,t)*sin(q5t(a5,t))); 
RKx = RHx+m(4)*accx; 
  
function RKy = rkneey(L,a1,a2,a3,a4,a5,t,m,RHy) 
  
accy = 
0.567*L(4)*(-dq4t(a4,t)^2*sin(q4t(a4,t))+ddq4t(a4,t)*cos(q4t(a4,t)))+L(5)*(-dq5t(a5,
t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t))); 
RKy = RHy+m(4)*9.81+m(4)*accy; 
  
function RAx = ranklex(L,a1,a2,a3,a4,a5,t,m,RKx) 
  
accx = 0.394*L(5)*(-dq5t(a5,t)^2*cos(q5t(a5,t))-ddq5t(a5,t)*sin(q5t(a5,t))); 
RAx = RKx+m(5)*accx; 
  
function RAy = rankley(L,a1,a2,a3,a4,a5,t,m,RKy) 
  
accy = 0.394*L(5)*(-dq5t(a5,t)^2*sin(q5t(a5,t))+ddq5t(a5,t)*cos(q5t(a5,t))); 
RAy = RKy+m(5)*9.81+m(5)*accy; 
  
 
 
STOBBE 
function SEext = selbowe(a1,a2,a3,t) 
G = 0.2126; %male 
%G = 0.1153; %female 
  
ae = pi+q2t(a2,t)-q1t(a1,t); %relative angle at eblow 
as = pi-q3t(a3,t)+q2t(a2,t); %relative angle at shoulder 
SEext = -G*(264.153-0.575*ae-0.425*as); %Stobe Elbow extension 
function SEflex = selbowf(a1,a2,a3,t) 
G = 0.1913; %male 
%G = 0.1005; %female 
  
ae = pi+q2t(a2,t)-q1t(a1,t); %relative angle at eblow 
as = pi-q3t(a3,t)+q2t(a2,t); %relative angle at shoulder 
SEflex = G*(336.29+1.544*ae-0.0085*ae^2-0.5*as); %Stobe Elbow flexion 
function SSext = sshoule(a1,a2,a3,t) 
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G = 0.4957; %male 
%G = 0.2485; %female 
  
ae = pi+q2t(a2,t)-q1t(a1,t); %relative angle at eblow 
as = pi-q3t(a3,t)+q2t(a2,t); %relative angle at shoulder 
SSext = -G*(204.562-0.099*as); %Stobe Shoulder extension 
function SSflex = sshoulf(a1,a2,a3,t) 
G = 0.2845; %male 
%G = 0.1495; %female 
  
ae = pi+q2t(a2,t)-q1t(a1,t); %relative angle at eblow 
as = pi-q3t(a3,t)+q2t(a2,t); %relative angle at shoulder 
SSflex = G*(227.338+0.525*ae-0.296*as); %Stobe Shoulder flexion 
function SHext = shipe(a3,a4,t) 
G = 0.0977; %male 
%G = 0.0516; %female 
  
ah = q3t(a3,t)+(pi-q4t(a4,t)); %relative angle at hip 
  
SHext = -G*(3338.1-15.711*ah+0.04626*ah^2); %Stobe Hip extension 
function SHflex = shipf(a3,a4,t) 
G = 0.1304; %male 
%G = 0.0871; %female 
  
ah = q3t(a3,t)+(pi-q4t(a4,t)); %relative angle at hip 
  
SHflex = G*(-820.21+34.29*ah-0.11426*ah^2); %Stobe Hip flexion 
function SKext = skneee(a4,a5,t) 
G = 0.0898; %male 
%G = 0.0603; %female 
  
ak = (pi-q4t(a4,t))+q5t(a5,t); %relative angle at knee 
  
SKext = G*(1091.9-0.0996*ak+0.17308*ak^2-0.00097*ak^3); %Stobe Knee 
extension 
function SKflex = skneef(a4,a5,t) 
G = 0.1429; %male 
%G = 0.0851; %female 
  
ak = (pi-q4t(a4,t))+q5t(a5,t); %relative angle at knee 
  
SKflex = -G*(-94.437+6.3672*ak); %Stobe Knee flexion 
function SAext = sanklee(a5,t) 
G = 0.0816; %male 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 237

%G = 0.0489; %female 
  
aa = q5t(a5,t); %relative angle at ankle 
  
SAext = -G*(3356.8-18.4*aa); %Stobe ankle extension 
 
MUR 
function murf = MUR(L,a1,a2,a3,a4,a5,m,omass,t) 
     
RWx = rwristx(L,a1,a2,a3,a4,a5,t,m,omass); 
RWy = rwristy(L,a1,a2,a3,a4,a5,t,m,omass); 
REx = relbowx(L,a1,a2,a3,a4,a5,t,m,RWx); 
REy = relbowy(L,a1,a2,a3,a4,a5,t,m,RWy); 
RSx = rshoulx(L,a1,a2,a3,a4,a5,t,m,REx); 
RSy = rshouly(L,a1,a2,a3,a4,a5,t,m,REy); 
RHx = rhipx(L,a1,a2,a3,a4,a5,t,m,RSx); 
RHy = rhipy(L,a1,a2,a3,a4,a5,t,m,RSy); 
RKx = rkneex(L,a1,a2,a3,a4,a5,t,m,RHx); 
RKy = rkneey(L,a1,a2,a3,a4,a5,t,m,RHy); 
RAx = ranklex(L,a1,a2,a3,a4,a5,t,m,RKx); 
RAy = rankley(L,a1,a2,a3,a4,a5,t,m,RKy); 
ME  = melbow(L,a1,a2,a3,a4,a5,t,m,RWx,RWy,REx,REy); 
MS  = mshoulder(L,a1,a2,a3,a4,a5,t,m,REx,REy,RSx,RSy,ME); 
MH  = mhip(L,a1,a2,a3,a4,a5,t,m,RSx,RSy,RHx,RHy,MS); 
MK  = mknee(L,a1,a2,a3,a4,a5,t,m,RHx,RHy,RKx,RKy,MH); 
MA  = mankle(L,a1,a2,a3,a4,a5,t,m,RKx,RKy,RAx,RAy,MK); 
  
    if ME > 0 
        StE = selbowf(a1,a2,a3,t); 
    else 
        StE = selbowe(a1,a2,a3,t); 
    end 
murf1 = ME^2/StE^2; 
  
    if MS > 0 
        StS = sshoulf(a1,a2,a3,t); 
    else 
        StS = sshoule(a1,a2,a3,t); 
    end 
murf2 = MS^2/StS^2; 
  
    if MH > 0 
        StH = -shipe(a3,a4,t); 
    else 
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        StH = -shipf(a3,a4,t); 
    end 
murf3 = MH^2/StH^2; 
  
    if MK > 0 
        StK = -skneef(a4,a5,t); 
    else 
        StK = -skneee(a4,a5,t); 
    end 
murf4 = MK^2/StK^2;     
  
    if MA > 0 
        StA = -sanklee(a5,t); 
    else 
        StA = sanklee(a5,t); 
    end 
murf5 = MA^2/StA^2; 
  
murf = murf1 + murf2 + murf3 + murf4 + murf5; 
 
 

OBJECTIVE FUNCTIONS 
MUR 
function f = objfun7(te) %MUR 
ti = 0; %Time at initial 
%te(1)  %Time at closeing 
%te(2)  %Time at aiming 
tr = 1.0;    %Time at releasing 
anglei = [-0.5, -0.5,  0.2,  2.0,  0.8];   %5 joint angles at initial state 
anglec = [-1.2, -1.2,  0.5,  1.8,  1.4];   %5 joint angles at close to body state 
anglea = [ 1.0, -1.2, 1.57, 1.57, 1.57];   %5 joint angles at aiming state 
angler = [ 0.0,  0.0, 1.57, 1.57, 1.57];   %5 joint angles at releasing state 
height = 1.7; 
L = [0.146;0.186;0.288;0.245;0.246;0.025]*height; %anthropometry data 
weight = 70; 
m = [0.044,0.056,0.578,0.2,0.122]*weight; 
omass = 5; 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
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      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
  
te, %show time of event 
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
n = 40; 
dt = (tr-ti)/n; 
zum = 0; 
for t = ti:dt:tr 
    t; 
    func = MUR(L,a1,a2,a3,a4,a5,m,omass,t);  %objtive function 
    zum = zum + dt*func; 
end 
  
%f = quad8(func,ti,tr);  %integrate objtive function from ti to tr 
f = zum, 
 
COG JERK 
function f = objfun8(te) %CG jerk 
ti = 0; %Time at initial 
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%te(1)  %Time at closeing 
%te(2)  %Time at aiming 
tr = 1.0;    %Time at releasing 
anglei = [-0.5, -0.5,  0.2,  2.0,  0.8];   %5 joint angles at initial state 
anglec = [-1.2, -1.2,  0.5,  1.8,  1.4];   %5 joint angles at close to body state 
anglea = [ 1.0, -1.2, 1.57, 1.57, 1.57];   %5 joint angles at aiming state 
angler = [ 0.0,  0.0, 1.57, 1.57, 1.57];   %5 joint angles at releasing state 
height = 1.7; 
L = [0.146;0.186;0.288;0.245;0.246;0.025]*height; %anthropometry data 
weight = 70; 
m = [0.044,0.056,0.578,0.2,0.122]*weight; 
omass = 5; 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
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te, %show time of event 
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
n = 40; 
dt = (tr-ti)/n; 
zum = 0; 
for t = ti:dt:tr 
    t; 
    func = 
jerkcgx(L,a1,a2,a3,a4,a5,m,omass,t)^2+jerkcgy(L,a1,a2,a3,a4,a5,m,omass,t)^2;  
%objtive function 
    zum = zum + dt*func; 
end 
  
%f = quad8(func,ti,tr);  %integrate objtive function from ti to tr 
f = zum, 
 
HAND JERK 
function f = objfun9(te) 
ti = 0; %Time at initial 
%te(1)  %Time at closeing 
%te(2)  %Time at aiming 
tr = 1.188;    %Time at releasing 
anglei = [-1.57, -1.57,  0.20,  2.4,  1.4];   %5 joint angles at initial state 
anglec = [-1.57, -1.57,  0.7,  2.0,  1.57];   %5 joint angles at close to body state 
anglea = [ 0.69, -1.4, 1.54, 1.57, 1.51];   %5 joint angles at aiming state 
angler = [ -0.098,  -0.098, 1.53, 1.52, 1.51];   %5 joint angles at releasing state 
  
height = 1.52; 
L = [0.146;0.186;0.288;0.245;0.246;0.025]*height; %anthropometry data 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
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      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
  
te, %show time of event 
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
  
n = 60; 
dt = (tr-ti)/n; 
zum = 0; 
for t = ti:dt:tr 
    t; 
    func = 
(Jlinkx1(L,a1,t)+Jlinkx2(L,a2,t)+Jlinkx3(L,a3,t)+Jlinkx4(L,a4,t)+Jlinkx5(L,a5,t))^2+(
Jlinky1(L,a1,t)+Jlinky2(L,a2,t)+Jlinky3(L,a3,t)+Jlinky4(L,a4,t)+Jlinky5(L,a5,t))^2;  
%objtive function 
    zum = zum + dt*func; 
end 
  
%f = quad8(func,ti,tr);  %integrate objtive function from ti to tr 
f = zum, 
 
RUNNING PROGRAM 
MUR 
% MUR objective function 
  
te0 = [0.2,0.85];     % Make a starting guess at the solution 



Texas Tech University, Phairoat Ladavichitkul, December 2008 
 

 243

lb = [0.1 ; 0.55];     % Lower boundary 
ub = [0.45 ; 0.9];     % Upper boundary 
options = 
optimset('LargeScale','off','MaxFunEvals',10000,'TolX',1e-009,'TolCon',1e-019); 
[te, fval] = fmincon(@objfun7,te0,[],[],[],[],lb,ub,@confun7,options), 
  
ti = 0; %Time at initial 
%te(1)  %Time at closeing 
%te(2)  %Time at aiming 
tr = 1.0;    %Time at releasing 
anglei = [-0.5, -0.5,  0.2,  2.0,  0.8];   %5 joint angles at initial state 
anglec = [-1.2, -1.2,  0.5,  1.8,  1.4];   %5 joint angles at close to body state 
anglea = [ 1.0, -1.2, 1.57, 1.57, 1.57];   %5 joint angles at aiming state 
angler = [ 0.0,  0.0, 1.57, 1.57, 1.57];   %5 joint angles at releasing state 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
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q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
  
te, %show time of event 
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
x = 0:0.01:1; 
angle = 
a1(1)+a1(2)*x+a1(3)*x.^2+a1(4)*x.^3+a1(5)*x.^4+a1(6)*x.^5+a1(7)*x.^6+a1(8)*x.
^7+a1(9)*x.^8; 
%angle = 
a2(1)+a2(2)*x+a2(3)*x.^2+a2(4)*x.^3+a2(5)*x.^4+a2(6)*x.^5+a2(7)*x.^6+a2(8)*x.
^7+a2(9)*x.^8; 
%angle = 
a3(1)+a3(2)*x+a3(3)*x.^2+a3(4)*x.^3+a3(5)*x.^4+a3(6)*x.^5+a3(7)*x.^6+a3(8)*x.
^7+a3(9)*x.^8; 
%angle = 
a4(1)+a4(2)*x+a4(3)*x.^2+a4(4)*x.^3+a4(5)*x.^4+a4(6)*x.^5+a4(7)*x.^6+a4(8)*x.
^7+a4(9)*x.^8; 
%angle = 
a5(1)+a5(2)*x+a5(3)*x.^2+a5(4)*x.^3+a5(5)*x.^4+a5(6)*x.^5+a5(7)*x.^6+a5(8)*x.
^7+a5(9)*x.^8; 
plot(x,angle) 
  
 COG JERK 
% CG jerk objective function 
  
te0 = [0.2,0.8];     % Make a starting guess at the solution 
lb = [0.1 ; 0.3];     % Lower boundary 
ub = [0.7 ; 0.9];     % Upper boundary 
options = optimset('LargeScale','off'); 
[te, fval] = fmincon(@objfun8,te0,[],[],[],[],lb,ub,@confun8,options), 
%x = 0:0.01:1; 
%angle = 
a(1)+a(2)*x+a(3)*x.^2+a(4)*x.^3+a(5)*x.^4+a(6)*x.^5+a(7)*x.^6+a(8)*x.^7+a(9)*x.
^8; 
%plot(x,angle) 
 
HANK JERK 
% hand jerk objective function 
  
te0 = [0.2,0.8];     % Make a starting guess at the solution 
lb = [0.1 ; 0.6];     % Lower boundary 
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ub = [0.4 ; 0.95];     % Upper boundary 
options = 
optimset('LargeScale','off','MaxFunEvals',10000,'TolX',1e-009,'TolCon',1e-019); 
[te, fval] = fmincon(@objfun9,te0,[],[],[],[],lb,ub,@confun9,options), 
%x = 0:0.01:1; 
%angle = 
a(1)+a(2)*x+a(3)*x.^2+a(4)*x.^3+a(5)*x.^4+a(6)*x.^5+a(7)*x.^6+a(8)*x.^7+a(9)*x.
^8; 
%plot(x,angle) 
  
ti = 0; %Time at initial 
%te(1)  %Time at closeing 
%te(2)  %Time at aiming 
tr = 1.188;    %Time at releasing 
anglei = [-1.57, -1.57,  0.20,  2.4,  1.4];   %5 joint angles at initial state 
anglec = [-1.57, -1.57,  0.7,  2.0,  1.57];   %5 joint angles at close to body state 
anglea = [ 0.69, -1.4, 1.54, 1.57, 1.51];   %5 joint angles at aiming state 
angler = [ -0.098,  -0.098, 1.53, 1.52, 1.51];   %5 joint angles at releasing state 
  
height = 1.52; 
L = [0.146;0.186;0.288;0.245;0.246;0.025]*height; %anthropometry data 
  
tm = [1,    ti,    ti^2,      ti^3,       ti^4,       ti^5,       ti^6,       ti^7,       
ti^8; 
      0,     1,    2*ti,    3*ti^2,     4*ti^3,     5*ti^4,     6*ti^5,     7*ti^6,     
8*ti^7; 
      1, te(1), te(1)^2,   te(1)^3,    te(1)^4,    te(1)^5,    te(1)^6,    te(1)^7,    
te(1)^8; 
      0,     1, 2*te(1), 3*te(1)^2,  4*te(1)^3,  5*te(1)^4,  6*te(1)^5,  7*te(1)^6,  
8*te(1)^7; 
      0,     0,       2,   6*te(1), 12*te(1)^2, 20*te(1)^3, 30*te(1)^4, 42*te(1)^5, 
56*te(1)^6; 
      1, te(2), te(2)^2,   te(2)^3,    te(2)^4,    te(2)^5,    te(2)^6,    te(2)^7,    
te(2)^8; 
      0,     1, 2*te(2), 3*te(2)^2,  4*te(2)^3,  5*te(2)^4,  6*te(2)^5,  7*te(2)^6,  
8*te(2)^7; 
      0,     0,       2,   6*te(2), 12*te(2)^2, 20*te(2)^3, 30*te(2)^4, 42*te(2)^5, 
56*te(2)^6; 
      1,    tr,    tr^2,      tr^3,       tr^4,       tr^5,       tr^6,       tr^7,       
tr^8; 
      ];                                                             %time constrains 
   
q1 = [anglei(1); 0; anglec(1); 0; 0; anglea(1); 0; 0; angler(1)]; %angular constrains at 
elbow 
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q2 = [anglei(2); 0; anglec(2); 0; 0; anglea(2); 0; 0; angler(2)]; %angular constrains at 
shoulder 
q3 = [anglei(3); 0; anglec(3); 0; 0; anglea(3); 0; 0; angler(3)]; %angular constrains at 
hip 
q4 = [anglei(4); 0; anglec(4); 0; 0; anglea(4); 0; 0; angler(4)]; %angular constrains at 
knee 
q5 = [anglei(5); 0; anglec(5); 0; 0; anglea(5); 0; 0; angler(5)]; %angular constrains at 
ankle 
  
te, %show time of event 
a1= (tm\q1)'; a2= (tm\q2)'; a3= (tm\q3)'; a4= (tm\q4)'; a5= (tm\q5)';%coefficient of 5 
equation 
  
x = 0:0.01:tr; 
angle = 
a1(1)+a1(2)*x+a1(3)*x.^2+a1(4)*x.^3+a1(5)*x.^4+a1(6)*x.^5+a1(7)*x.^6+a1(8)*x.
^7+a1(9)*x.^8; 
%angle = 
a2(1)+a2(2)*x+a2(3)*x.^2+a2(4)*x.^3+a2(5)*x.^4+a2(6)*x.^5+a2(7)*x.^6+a2(8)*x.
^7+a2(9)*x.^8; 
%angle = 
a3(1)+a3(2)*x+a3(3)*x.^2+a3(4)*x.^3+a3(5)*x.^4+a3(6)*x.^5+a3(7)*x.^6+a3(8)*x.
^7+a3(9)*x.^8; 
%angle = 
a4(1)+a4(2)*x+a4(3)*x.^2+a4(4)*x.^3+a4(5)*x.^4+a4(6)*x.^5+a4(7)*x.^6+a4(8)*x.
^7+a4(9)*x.^8; 
%angle = 
a5(1)+a5(2)*x+a5(3)*x.^2+a5(4)*x.^3+a5(5)*x.^4+a5(6)*x.^5+a5(7)*x.^6+a5(8)*x.
^7+a5(9)*x.^8; 
plot(x,angle) 
 
  
  
  
  
  
 
 




