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ABSTRACT 

Significant improvements in healthcare, nutrition, and technology, have resulted in a 

larger elderly population and an increased demand for healthcare services appropriate 

for older patients. The elderly are far more prone to get sick and are more susceptible 

to injuries. One of the most serious and widely discussed injuries, that threatens older 

people, is falling. In hospital rooms, the patient chair is one of the locations where 

falls occur. It is also a critical point in patients’ transition to independence and 

functional status. Therefore, despite the fall risks, patients are encouraged to leave 

their bed, move around their room, and sit in their chair to accelerate the healing 

process. The ultimate purpose of this study was to decrease the risk of fall among the 

elderly patients by making it easier for them to sit in and stand from their chair. The 

study examined the impact of manipulating the horizontal and vertical position of 

armrests in a test chair on physical effort during Stand-to-Sit-to-Stand (St-Si-St) 

transitions among fifteen elderly women whose heights and weights were within the 

15th and 85th percentile of elderly American women. Three main research questions 

were posed: 1) Do armrest height and distance have a significant effect on physical 

effort when being used by the elderly for sitting and standing? 2) How does the pattern 

of physical effort change as armrest height and distance change? 3) What are the 

optimum levels of armrest height and distance to decrease the required effort for 

sitting and standing? Electrical activity of skeletal muscles in the dominant arm and 

leg, exerted force on the armrest by the dominant arm, and time to complete the 

transition were measured as indicators of physical effort in a series of trials. ANOVA 

and Polynomial Regression were used as the main statistical procedures for data 
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analysis. Study findings showed that changing armrest height and distance causes a 

change in physical effort that follows opposite patterns in arms and legs. These 

identified patterns are almost always nonlinear and can be described by cubic and 

quadratic relationships. It was also found that the optimum levels of armrest height 

and distance might be higher and wider than those already in the market. Armrests 

with height of 11" and internal distance of 26.5" are shown to be easier for the elderly 

to sit in and stand from the chair. The results confirmed the validity of the applied 

techniques for use in future studies in design-related fields. Further examination of 

patient chairs with higher and farther apart armrests, comparing with available chairs 

in the market, are recommended based on the results to identify the benefits for real 

patients, and also to balance the sitting needs of bariatric and non-bariatric patients. 
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CHAPTER I 

INTRODUCTION 

Owing to medical and scientific advances, the average projected lifespan of 

Americans born today is 20 years longer than those born in 1925 (Carstensen, 2015). 

An aging society means older hospitalized patients who have far more complicated 

symptoms and are more vulnerable to risks like falls. In fact, falls are one of the most 

serious and widely discussed injuries that threaten older people. According to the 

Centers for Disease Control and Prevention (CDC), one third of adults older than 65 

years fall each year, leading to both fatal and nonfatal injuries (CDC, 2014a). In 

hospitals, patient falls account for 6.5 percent of reported sentinel events, defined as 

unexpected occurrences that result in death or physical or psychological injury (The 

Joint Commission, 2010). Inside patient rooms, the patient chair is one of the locations 

where falls occur (Tzeng & Yin, 2008). Calkins, Biddle, & Biesan (2012) reviewed 

environmental factors associated with falls in healthcare settings, and among interior 

characteristics, they highlighted the impact of patient chair design on falls, among 

other factors. Chair design that provides ease in standing was considered to be a 

support factor (Calkins et al., 2012). 

Sitting in and standing from a chair can be very challenging for elderly patients 

due to  such physical challenges as weakened muscles, poor balance, and vision 

problems. On the other hand, in a patient room, sitting in the chair is one way of 

keeping the patient out of the bed to maintain mobility, which offers numerous 

physiological and psychological benefits on the road to recovery. There is substantial 

evidence that immobility is an important contributor to functional decline, especially 
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for older patients (Padula, Hughes, & Baumhover, 2009). For this reason, hospitals 

measure patients’ ability to successfully sit in and get out of a chair as a sign of 

readiness for discharge (Herman Miller, 2009). Hence, despite the fall risks, patients 

are encouraged to leave their bed, move around their room, and sit in their chair to 

enhance the healing process. However, if sitting in or standing from a chair calls for 

considerable effort or assistance, patients may show psychological reluctance to use 

the chair, reflecting the significant role of patient chair design. 

Since studies focusing specifically on patient chair design are few and 

scattered, ergonomic features of patient chairs (e.g. armrest shape and position) have 

mostly followed the standards for office chairs (Herman Miller, 2009). This makes 

sense as mechanical features of all chairs are required to follow the human 

anthropometric measures. However, in addition to the body size, human interaction 

with the chair or any other piece of furniture and equipment is significantly affected 

by the function of chair and user category. 

Adopting office chair specifications for elderly patients in particular and the 

geriatric population in general involves several logical flaws. First, office chairs per se 

have a completely different function than patient chairs. While the former is designed 

as a long-hours seating solution, the latter is for shorter sitting time. An office chair is 

supposed to support the office worker’s posture when he/she is mentally focused on 

office tasks (usually at a computer), while a patient chair should facilitate a 

comfortable and relaxing sitting for a patient when he/she is going through some tests 

(e.g. blood pressure), talking to family members, or simply eating . The main function 

of armrests in an office chair is to support arms’ weight and lighten shoulders’ burden 
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at a workstation (Lili, Tao, Zheng, & Yixiong, 2010), while in a patient chair, it must 

facilitate a safe ingress and egress before anything else.  

The second reason is the difference between users. Office chair users are 

primarily comprised of younger age groups in a high physical/functional status, while 

patient chair users are older with numerous physical, physiological and mental 

challenges. For the first group, chair is a part of the environment that does not need 

any effort to be used, while for the second group, sitting and standing is a challenging 

task requiring conscious attention, which contributes to their fear of fall. They use the 

armrests consciously to help them keep their balance.  

Finally, the third mismatch pertains to physical dimensions of a chair. While 

providing highly adjustable components is recommended for office chairs (Robertson 

et al., 2009), it is argued that adjustment mechanisms could be difficult for patients to 

reach or operate (Herman Miller, 2009). Adjustability can increase the required mental 

effort as well, especially for patients with memory problems, or those with 

neurological conditions, such as Parkinson's disease, who exhibit a lack of motor 

control and often have great difficulty in controlling the adjustment mechanisms. In 

addition, a lack of evidence exists on the efficacy of such mechanisms and their 

association with reduction of patient falls (Malone & Dellinger, 2011). Therefore, 

even when adjustable armrests are desired to accommodate a varying number of 

individuals, limiting the adjustment to an optimal range may ensure that patients do 

not need to go through complicated tasks that might discourage chair use.  

This study aims to address the aforementioned knowledge gap in the field of 

furniture design. Towards that end, studies conducted in other fields such as clinical 
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biomechanics and physical therapy, which are unrelated to design, also provide 

meaningful and potentially helpful information. Examples include clinical studies 

using the chair as a tool with the purpose of assessing patients’ functional level. Sit-to-

stand (Si-St) and stand-to-sit (St-Si) tests are commonly used to determine the 

functional level, especially in symptomatic adults, because physical independence 

among this group, and the elderly in general, is influenced considerably by their ability 

to stand from a chair and sit in it. The ability of elderly patients to perform these 

movements may be restricted by pain, stiffness, reduced joint range of motion, muscle 

weakness, and incapacitation due to joint deformity (Munro, Steele, Bashford, Ryan, 

& Britten, 1998). Physical therapists and rehabilitation specialists use a chair in their 

tests as a tool to monitor patients’ balance and muscles strength. Test results help them 

to develop effective programs to promote patient independence. 

In general, Si-St transfer is studied more extensively, comparing to St-Si. 

Janssen and colleagues (2002) conducted a comprehensive review of 160 studies 

relevant to Si-St transfer, and found 39 studies with experimental design. In those 

experiments, among all aspects of chair design, seat height, use of armrests, and foot 

position were found to be the major factors affecting a successful Si-St movement and 

associated falls (Janssen, Bussmann, & Stam, 2002). Using armrests was found to 

assist standing from a chair in many studies (Alexander, Schultz, & Warwick, 1991; 

Arborelius, Wretenberg, & Lindberg, 1992; Bahrami, Riener, Jabedar-Maralani, & 

Schmidt, 2000; Burdett, Habasevich, Pisciotta, & Simon, 1985; Schultz, Alexander, & 

Ashton-Miller, 1992; Wheeler, Woodward, Ucovich, Perry, & Walker, 1985). 

Compared to other Si-St conditions (with arms free, with hands on knees, and with 
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arms crossed), it was found that using armrests produced less average ground reaction 

force during the seat-off (Etnyre & Thomas, 2007). The reason is the role of armrest in 

supporting body weight (Gilsdorf, Patterson, & Fisher, 1991). Using armrests 

increases the base of support (BOS) and improves stability (Bahrami et al., 2000; 

Schultz et al., 1992). They have been shown to be an aid in moving body weight 

forward, allowing the development of a similar horizontal force to that provided by the 

forward momentum of the trunk (Kralj, Jaeger, & Munih, 1990; Sc hultz et al., 1992). 

Theoretical Framework 

Social researchers usually incorporate all physical and social perspectives in 

their study but draw upon one to gain a better understanding of the specific 

environment-behavior relationship in it. In this study, a neurobiological perspective 

was adopted as a point of reference, which premises that “our actions are hardwired as 

a result of neurological or biological activity, and therefore our behaviors result from 

both our genetic makeup and our physiological reactions to our environments” 

(Kopec, 2012). 

Competence – press. The ‘competence-press model’ illustrates the importance 

of matching environments to people’s physiological needs. The model, also referred as 

‘ecological model of aging’, was developed by Lawton and Nahemow (1973) (Figure 

1). It provides important insights into the relationships between people and their 

environments by highlighting the competency people bring to their interactions with 

physical environments. The ‘Competence-Press model’ states that personal 

competence depends on biologic health, motor skills, ego strength, cognitive capacity, 
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and sensory perceptual capacity (Thompson & Blossom, 2015). People with less 

competency (or those who are more impaired) are more influenced by environmental 

press, including objective environmental conditions and their subjective assessment of 

those conditions. In other words, the more vulnerable people are, the more impact or 

press the environment has on them, and therefore, the faster they become under-

challenged (Lawton, 1982). By adopting ‘Competence-Press model’, this study aimed 

to facilitate an optimal match between personal competence and environmental press 

to benefit old patients in hospitals and, in the broader context, elderly population in 

their daily life. 

 

 

Figure 1. Ecological Model of Aging or ‘Competence – Press’ Model. 

Adapted from Lawton and Nahemow (1973). 
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Research Objective 

The long-term goal of this study is to improve the well-being of elderly 

patients through interior elements that ease ambulation and speed up recovery. The 

specific aim was to identify the range of values for armrest height and distance in a 

patient chair that requires optimal muscular effort by elderly patients when sitting 

down and standing from the chair. 

Significance of the Study 

More than 500,000 falls happen each year in U.S. hospitals, resulting in 150,000 

injuries (NPSF, 2014). In 2000, the direct medical cost of older adult falls was $19.2 

billion (Stevens, Corso, Finkelstein, & Miller, 2006). When this cost was adjusted for 

inflation, using the 2012 Consumer Price Index (CPI), the figure increases to $30 

billion (CDC, 2014b). Preventing and treating falls will become a bigger challenge for 

healthcare providers as the proportion of over-65 inpatients rises and changes to 

Medicare reimbursement rules precludes payment for ‘preventable complications’ like 

falls (Rosenthal, 2007). One effective way is in designing environments, systems, and 

equipment that reduce the risk of slips and falls. Promoting a safe transfer to and from 

the patient chair is a step to reach the above goal. 

Adverse consequences of bed rest during hospitalization are well documented, 

including immobility such as walking difficulties, dehydration, accelerated bone loss, 

malnutrition, delirium, sensory deprivation, isolation, sheering forces on the skin, and 

incontinence (Kleinpell, Fletcher, & Jennings, 2008). Functional decline occurs in 

34% to 50% of hospitalized older adults (Inouye, Bogardus, Baker, Leo-Summers, & 
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Cooney, 2000). This decline in functionality was shown to have a positive correlations 

with prolonged hospital length of stay (LOS) and increased healthcare expenditures 

(Inouye et al., 2000). 

The purpose of mobility protocols is to decrease LOS through shortening the bed 

rest (Drolet et al., 2013). Comfortable patient chairs which are easy to get in and out 

from may demonstrate effectiveness in enhancing ambulation, by encouraging patients 

to leave their bed more frequently and engage in out-of-bed activities. In addition to 

acute care hospitals, which are the primary sites for patient seating, the results of this 

study are expected to be applicable to all areas of interior design practice that serve the 

elderly population.  
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CHAPTER II 

LITERATURE REVIEW 

This chapter consists of an overview of sitting and standing transitions among 

the elderly, on which the dissertation is based. A summary is also provided of 

measurement techniques in related studies to examine indicators of effort. Next, the 

most relevant techniques and their underlying mechanisms are described as well as the 

ways these methods were applied in previous studies. 

The reviewed literature in this chapter involved an intensive search of peer-

reviewed journals indexed in academic databases, university textbooks, industry 

reports, brochures, and white papers. The academic databases predominantly consisted 

of PubMed and Science Direct. Journal articles were found through searching Google 

and Google Scholar, using keywords including but not limited to elderly patients, sit 

to stand, stand to sit, sitting, standing, chair design, electromyography, load cell, 

muscle, electrical activity, armrest, force, and pressure.  

From around 60 reviewed articles, some are discussed in this chapter owing to 

their relevant methodology and techniques, and others represent the current state of 

knowledge in related topics. Key findings in this domain of knowledge highlight the 

physical differences between older and younger people when sitting and standing, 

specific strategies adopted by the elderly to overcome their disabilities when dealing 

with chairs, specific behavior of muscles in upper and lower body when sitting and 

standing, and recommended approaches for seating solutions. Technical words used in 

this chapter are described in APPENDIX A. 
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Patient Fall 

Fall risk factors are categorized as intrinsic and extrinsic (Vieira, Freund-

Heritage, & da Costa, 2011). While the former is integral to patients, including age, 

illness, strength, or medications, the latter relates to those agents outside the patient, 

including care process or physical environment, such as furnishings, illumination, and 

assistive devices. Hospitalized older adults (≥ 65 years of age) are at an increased risk 

of falls due to the complex interaction between intrinsic and extrinsic factors in an 

unfamiliar environment (Vieira et al., 2011). In order to decrease the risk of falls in 

this group, environmental elements, including patient chairs, should be examined for 

their capability to compensate for patients’ underlying intrinsic conditions such as 

weakened muscles, poor balance, or impaired vision.  

Sit-to-Stand (Si-St)  

The ability to move our body from a seated to a standing position is a basic but 

very important skill. The inability to perform this skill can lead to hospitalization, 

impaired functioning, physical dependency for performing activities of daily living 

(ADL), and even death (Janssen et al., 2002). Schenkman et al. (1996) divided this 

task into four phases. Phase I (flexion-momentum phase) starts with the initial 

movements and ends just before the buttocks are lifted from the seat surface. Phase II 

(momentum-transfer phase) begins with leaving the chair seat and ends when maximal 

ankle dorsiflexion1 is achieved. Phase III (extension phase) begins right after 

maximum ankle dorsiflexion and ends when body rises to its full upright position. 

                                                 
1 Maximal flexion of the foot at the ankle 
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Finally, phase IV (stabilization phase) begins with hip extension and ends when all 

motion associated with stabilization is completed. Si-St phases are defined differently 

by others depending on the purpose of their studies. 

When standing from a chair, a person with normal neuromuscular control and 

muscle strength uses a movement pattern which ensures small joint moments2 in order 

to reduce necessary muscle force and thereby reducing energy expenditure. Older 

adults intend to place a priority on stability rather than a reduction in joint moment. 

They position the center of pressure more anteriorly through greater rotation of upper 

body segments, thighs, and legs. As a result, a predominantly vertical load is applied 

to the armrests, which mostly helps with a push-up rather than a push-forward 

(O’Meara & Smith, 2006). This strategy makes it easier for an older person to control 

the center of mass (COM) over the BOS and enhances stability (O’Meara & Smith, 

2006). An optimal armrest should facilitate this strategy as a compensatory 

mechanism for muscle weakness. Previous findings showed that armrests allow hands 

to share the load with the lower limbs and provide extra balance in standing up. 

Decreasing hip and knee moments during sit-to-stand is the mechanical 

advantage of armrests (Arborelius et al., 1992; Janssen et al., 2002), but the 

consequence is increased mean ankle and shoulder moment (Schultz et al., 1992). 

Reductions in joint moments and loading forces are associated with less damage to the 

joint structures (Fleckenstein, Kirby, & MacLeod, 1988). Using armrests also leads to 

a decrease in knee forces (Schultz et al., 1992), sitback-failure, trunk flexion, and body 

                                                 
2 "The joint moment is the sum of the musculotendon forces multiplied by their respective moment 

arms" (Buchanan, Lloyd, Manal, & Besier, 2004). A moment arm is the length between a joint axis and 

the line of force acting on that joint. 
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curvature (Leung & Chang, 2009). Depending on the target group, some studies 

highlighted the contribution of upper limbs to decrease the load on lower limbs (e.g. in 

patients recovering from a hip fracture) (Houck, Kneiss, Bukata, & Puzas, 2011), 

while others highlighted the contribution of lower limbs to decrease the load on upper 

limbs (e.g. in pregnant women) (Takeda, Katsuhira, & Takano, 2009). 

Munton et al. (1981) studied people who have arthritis in their hands and 

recommend that the armrests should protrude from the front edge of the seat. This 

feature is important for other patients too as it ensures that the person has contact with 

chair during egress, especially at the unstable position just before standing erect. 

Armrests, which are protruded forward, enable a person to bring the center of gravity 

forwards over the feet and rise unaided. However, extending the arms too far forward 

might result in misjudging the position of the edge of the seat (Holden, Fernie, & 

Lunau, 1988). 

By comparing the ability of elderly subjects in standing from different chairs, 

Finlay et al. (1983) found that rising from an armless chair was harder than rising from 

one with arms. They recommended a height of 10″ above seat height for the armrest 

height. A similar range was confirmed by a more recent study (Hanger, Ball, & 

Mulley, 1991), however, this height cannot be deduced from Finlay’s results because 

armrest height was not systematically altered in their experiment (Pain, McLellan, & 

Gore, 2003). 

Stand-to-Sit (St-Si) 

Patients’ interaction with the chair is not limited to getting out. Sitting in the 

chair from a standing position calls for different kinematic behavior. As mentioned 
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before, less is known about biomechanical properties of St-Si movements. Compared 

to Si-St, movement duration was found to be significantly longer in St-Si (Chiovetto, 

Patane, & Pozzo, 2012; Kralj et al., 1990). This might be due to the fact that sitting 

down was performed with more precaution than standing up (Kralj et al., 1990). 

During the downward movement, the motor goal is twofold, including pointing a 

target (usually pointing the armrest with fingers) and maintaining balance, while 

during the rising movement, the goal is mainly postural, that is, reaching to an upright 

standing position.  

Compared to standing up, sitting down is also more affected by ageing. A 

higher difference between sitting and standing was observed among the elderly. 

Compared with younger subjects (mean age = 22.8) when sitting down, older subjects 

(mean age = 73.2) needed greater velocity control to keep the equilibrium in an 

upright initial position and to achieve accuracy before contacting the seat surface 

(Mourey, Pozzo, Rouhier-Marcer, & Didier, 1998). 

Measurement Techniques 

In order to decrease the amount of effort required for sitting and standing, we 

need to gauge the effort. Identifying the most applicable instrument depends on the 

way we define the construct ‘effort’. Effort is not something amenable to direct 

measurement. It is a complex construct that is defined and assessed differently 

depending on the context. Effort could be physical, mental, cognitive, intellectual, and 

so on. While the St-Si and Si-St transfers involve mental and cognitive issues, this 

study focused on the construct ‘physical effort’ based on the logic that physical effort 

mediates the association between chair design and mental/cognitive effort. Of course, 
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other factors could also affect mental/cognitive efforts, but those are mostly 

extraneous to the physical design of the chair. The conceptual definition of physical 

effort adopted in this study is “work of the skeletal muscles together with an entire set 

of accompanying functional changes within the human organism” (Droblińska, 

Hejmowska, & Mazurkiewicz, 2013, p. 38). 

Previous studies have applied a variety of techniques to examine St-Si and Si-

St movements. Measures of balance, joint torque, joint moments, pressure distribution, 

phase duration, limb trajectory, electrical activity of muscles, applied force, and 

kinematic data have been applied to objectively capture the underlying mechanism of 

the movements. Table 1 shows the most relevant instruments when the purpose is to 

measure physical effort. 

When one wishes to stand up from a seated position, a motor command is sent by 

neurons from the brain to the muscles effective in Si-St movement (arm, leg, 

abdominal, and pelvic). When neurons excite muscle fibers, a contraction is created in 

the muscle. This excitation or electrical activity of muscle is the source of force and 

eventually work, but it may or may not lead to force and work. For example, when an 

old patient with weak muscles wants to stand up, he or she struggles more than a 

young person because some electrical activities in his or her muscles do not lead to 

force generation and fewer number of muscle fibers are recruited for contraction in his 

or her body (Doherty, Vandervoort, Taylor, & Brown, 1993). Hence, it takes longer 

for him or her to leave the chair.  

Electrical activity in muscles results in force, which in case of standing up 

from a chair, is applied mainly on the ground and armrests. In an ideal scenario, higher 
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electrical activity results in greater amount of force, which may render it as the best 

index of effort. However, in the case of fatigue, muscular pathological problems, and 

uncomfortable position, this relationship may not be positively linear throughout the 

task. For this reason, adding ‘external force’ measurement to electrical activity gives 

us a more holistic picture of effort.
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Table 1. Related techniques. 

Applied tools by other researchers to measure constructs related to effort 

 

Instrument What does it measure? How does it measure? Relevance to this study 

Electromyography 

(EMG) 

Electrical activity of 

muscles 

Electrical activity of muscles is detected by placing 

sensors (electrodes) over or inserting them into the 

muscles and displaying the associated waveform on 

a computer monitor. 

To estimate the amount of effort, the pattern of 

EMG signals can be compared in different 

experimental conditions. 

Mechanomyography 

(MMG) 

Muscular vibrations and 

sounds 

A sensor (accelerometer or microphone) is placed 

on muscle skin. Vibration of contracted muscles is 

converted to digital signals. 

The vibration is the mechanical activity of muscle, 

which is the result of electrical activity. In some 

experimental studies, MMG replace EMG because 

of its higher signal-to-noise ratio especially when 

working in an environment with air or heavy 

electromagnetic pollution. 

Hand dynamometer Grip strength (force) Subject grasps the instrument. Sensor amplifies 

applied force and converts it into a voltage that is 

monitored by the interface and read in the desired 

units of force. 

Research design should be limited to making 

subjects grasp the instrument bar. 

Electronic 

goniometer/ 

electrogoniometer 

Joint angle Two sensors are attached to subject’s limb segments 

(e.g. Arm and forearm). As the angle between the 

two axes changes, a voltage signal proportional to 

joint (e.g. elbow) angle is recorded. 

Goniometry is used in studies mainly to measure 

angular displacement. Angular data can be 

synchronized with force or EMG data if, for 

example, the correlation between muscle activity 

and joint moment is of interest.  

Video recording Time or duration; 

Body segments 

orientation 

By visually examining the movements Required time for subjects to complete each phase 

of the experiment can be compared in different 

conditions as an indicator of difficulty. Video file is 

also used to synchronize sensor signals and events. 
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Motion analysis 

systems 

Joint angle; 

Joint velocity 

Reflective markers are attached to subjects’ relevant 

anatomical points. Software has tools to link 

moving markers together on the video file and 

calculate angles between them and velocity of joints 

during each phase. 

Joint angle may be used for the same purposes as 

mentioned for goniometer. Joint velocity is also 

used to compare different experimental conditions 

mostly when there is an ideal known velocity 

pattern in a specific movement (e.g. Gait analysis). 

Strain gauge load 

cell 

Force It is a strain gauge based weight sensor that creates 

electrical signal whose magnitude is directly 

proportional to the force being applied to it.  

Useful in measuring external force or the load 

exerted on an object. In combination with 

biofeedback signals (e.g. EMG), it provides a more 

complete understanding of physical effort. 

Force plate Ground reaction force It consists of two plates, with load cells mounted 

between them. Subject steps on the top plate, and 

the force exerted on the ground in reaction to body 

contact (load) will be detected and presented as 

digital signals. 

A simple force plate, which is sometimes 

customized to only measure vertical force, is being 

used in relevant studies. Vertical force is the main 

component of force under the feet when standing 

from or sitting in a chair.  

Tactile sensor Force between two 

surfaces 

It is an ultra-thin, flexible printed circuit that acts as 

a force sensing resistor. When a force is applied to 

sensor’s sensing area (0.375" diameter), its 

electrical resistance decreases, and the output 

analogue voltage can be converted to digital signals. 

Its size and flexibility allows for a variety of 

applications by either installing it on an object or 

body segment. One difficulty would be to 

concentrate force on a tiny sensing area or 

fabricating an array of sensors on one object (e.g. 

armrest or force plate). 

Matrix sensors 

(Pressure mapping 

system) 

Interface pressure 

between two surfaces 

This sensor is an array of individual tactile sensors, 

embedded in a mat, which detects pressure 

distribution between the human body and sensor 

mat. The software presents areas of high and low 

pressure across the surface of the mat in a 2-D & 3-

D color mapping display.  

Although its flexibility allows for using it over a 

variety of surfaces (e.g. floor, seat, armrest), the 

most common application is when the distribution 

of the force over a space region is of interest. 

Subjective scales Perceived effort After completing each trial or group of trials, 

subjects are asked to rate the difficulty of performed 

tasks. 

It is more applicable to studies with fatigable trials. 
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Electromyography (EMG). The smallest unit of skeletal muscle is the muscle 

fiber or cell. Each group of muscle fibers are innervated (stimulated) by one motor 

neuron that conveys motor command from the central nervous system. This motor 

neuron and its innervated muscle fibers are called motor unit, which is the smallest 

unit of movement controlled by the central nervous system (CNS) (Figure 2). In 

response to stimulation by a motor neuron, all of the muscle cells in one motor unit 

generate tension or contract. There is no need for all motor units to contract at the 

same time to cause the whole muscle to contract. They can alternate between 

contracting and relaxing. Even relaxed muscles are always slightly contracted, which 

is called muscle tone. An electromyogram is the electrical signal from a contracting 

muscle continuously recorded during both relaxation and contraction, which allows us 

to see how the controlling commands, issued by CNS, translate into muscle activation 

(Figure 3). 

 

 

Figure 2. Motor unit. 

Construction of three motor units, each including one motor neuron and all the muscle fibers it stimulates. 

Retrieved from https://droualb.faculty.mjc.edu 
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Figure 3. Electromyograms. 

A simple representation of recording electromyograms through surface electrodes. The largest EMG signal is 

detected at the midline of the muscle. Retrieved from http://web.mit.edu/ 

 

 

The force exerted by a contracting muscle on an object is called muscle 

tension, and the opposing force on the muscle by the weight of that object is the load. 

Greater force exerted by a muscle might be due to the more stimulation or the more 

motor units that are recruited. 

A reliable technique to examine patterns of electrophysiological activation 

generated in muscles is Electromyography (EMG). Electrical signals are detectable by 

either placing electrodes on skin surface or inserting them into the muscle, and 

displaying the associated waveform on a computer monitor. The former method, 

which is not invasive, is called surface Electromyography (sEMG) and is widely used 

to study biomechanical and neurological aspects of human movements.  
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Electromyography (EMG) allows researchers to measure the intensity and 

velocity of muscle contraction and thus the regulation of forces exerted over the body 

joints. Surface electromyography (sEMG) has been widely used in biomechanical 

studies due to its non-invasive characteristic and no need for medical training. Data 

from sEMG reflects if a muscle is active or not (on/off) and at which phase of time 

within a movement it is active. It can also show qualitatively if the muscle is more or 

less active and how much active it is. Repeated trials are performed to give an estimate 

on muscle fatigue (Disselhorst-Klug, Schmitz-Rode, & Rau, 2009). Similarly to other 

instruments to record biological signals, surface electromyography system consists of 

four main components: electrodes to capture the electrical activity of each muscle or 

groups of muscles, an amplifier to increase the signal to noise ratio, a data acquisition 

unit to convert data from analogue to digital form, and a computer to display and 

process data using analysis software. 

Electrodes are usually made of silver/silver chloride (Ag/AgCl), silver chloride 

(AgCl), silver (Ag) or gold (Au). Electrodes made of Ag/AgCl are preferred and 

recommended by SENIAM3 because of a better skin-electrode impedance (Garcia & 

Vieira, 2011). The most common technique in arranging the electrodes is using bipolar 

electrodes (when two electrodes are placed over each targeted muscle) because of 

common-mode rejection, which is especially valuable in an environment in which 

considerable ambient noise is present. This means that bipolar recordings tend to be 

more selective, comparing to monopolar recordings that do not cancel out any signal. 

                                                 
3 SENIAM is a European project to establish EMG standards. Developed recommendations by 

SENIAM are reference for EMG users. 
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The amplifier, another component of the system, detects the potential 

differences between the electrodes and cancels external interferences out. Modern 

electronics have enabled the measurement of EMG with a high signal to noise ratio. 

Some systems have pre-amplifiers which are miniaturized amplifiers typically built in 

the cables or positioned on top of the electrodes. After detecting and amplifying the 

signals, and before it can be displayed and analyzed in the computer, it has to be 

converted from an analog voltage to a digital signal (A/D conversion). This is the 

function of the data acquisition unit, which receives data from a wide range of sensors 

(not only EMG electrodes) and connects to the computer via a wireless Bluetooth 

adapter or USB lead. After receiving and recording the signals, data must be 

processed, which is a daunting task and subject to misinterpretation. Depending on the 

purpose of the study, signals could be described in terms of amplitude, frequency or 

phase. 

Electromyography is the most reliable method to measure the amount of 

activity in musculoskeletal muscles. The linear relationship between force and 

electrical activity of muscles was shown in many studies and discussed based on the 

type of muscle and activity (Disselhorst-Klug et al., 2009; Roberts & Gabaldón, 2008; 

Woods & Bigland-Ritchie, 1983). 

Wheeler et al. (1985) found that the activity of vastus lateralis (one of the four 

quad muscles in the front of the thigh) was greater among older people (with mean age 

of 75) comparing with a younger group (with mean age of 24) while standing from 

two chairs with 24 and 13.6 cm armrest heights. Since the difference between these 

two groups was greater in the second chair, which was an armchair specially designed 
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for the elderly comfort, the authors concluded that standing from the chair with lower 

level of armrest was much more difficult than the other one. However, armrest was not 

the only manipulated variable in their experiment. Seat height, width, posterior slant, 

backrest incline, and clearance under front of the chairs were also different, that could 

affect the muscle activity. On the other hand, Munton and colleagues did not find any 

difference in the pattern of leg muscles’ electrical activity among arthritic and normal 

subjects as a result of change in seat height, adding armrests, and feet position 

(Munton, Ellis, & Wright, 1984). They examined three muscle groups of quadriceps, 

hamstrings, and gluteal on both legs (Figure 4) and stated that negative effects might 

be the result of practical difficulties involved in carrying out EMG, and suggested 

complementary techniques in measuring the ease of rise. These challenges have 

decreased through recent advances in detection, processing and classification analysis 

of EMG signals that allow a more precise evaluation of findings. 

 

Figure 4. Examined muscles in the study by Munton et al. (1984) 

Quadriceps, Hamstrings, Gluteus, and Tibialis Anterior 
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Effective muscles. The most commonly analyzed muscles in sit-to-stand and stand-to-

sit studies are Biceps brachii, Triceps brachii, Vastus lateralis, and Tibialis anterior 

(Arborelius et al., 1992; Chihara & Seo, 2014; Jeyasurya, 2011; Munro & Steele, 

2000). 

Biceps brachii and Triceps brachii are the major muscles of the upper arm. 

Biceps brachii, commonly referred to as Biceps, is a muscle located in the front of 

upper arm between the shoulder and the elbow. It has two heads which are attached to 

scapula (shoulder blade) on the top joint to form a single muscle belly in the middle, 

and attached to the radius (one of the two forearm bones near the elbow) at the other 

end. Biceps is an elbow flexor and forearm supinator (Lippert, 2011). The Triceps is 

on the back of the upper arm. As the name implies, Triceps has three heads, with two 

originating on the humerus (the bone between shoulder and elbow) and one 

originating on the outer edge of the scapula. The other end of the Triceps is connected 

to the ulna (the second of the two forearm bones) (Lippert, 2011). Triceps is mainly 

responsible for extension of the elbow. Biceps and Triceps have opposite actions at the 

elbow, often in conjunction with each other. We use our Biceps and triceps to bend 

and straighten the elbow when sitting in the chair or lifting our body out of the chair 

by pressing into the armrests (Figure 5).  
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Figure 5. Biceps and Triceps. 

Opposite actions of biceps and triceps in flexion and extension. Retrieved from www.studyblue.com 

 

Vastus lateralis is the most lateral of the four Quadricep muscles at the thigh 

(Figure 6). The Quadriceps or Quadriceps femoris is a large muscle group that is 

comprised of the four prevailing muscles in the front of the thigh and ranks among the 

strongest muscles in the human body. The group forms a large fleshy mass which 

completely covers the front and sides of the femur (thigh bone). The main function of 

the Quadriceps is to move the knee including bending, straightening, and rotating. 

Having a strong Quadriceps muscle is important to perform daily activities because of 

its role in controlling knee flexion during ambulation. That is why regular training 

programs are designed to strengthen the Quadriceps muscle group and increase static 

and dynamic balance, thus improving the act of sitting down and standing up 

(Khazzani et al., 2009). Vastus lateralis is the largest muscle in this group which 

extends the knee. 
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Figure 6. Quadriceps. 

Quadriceps muscle group including four prevailing muscles on the front of the thigh including Vastus Lateralis. 

Retrieved from http://bodybuilding-wizard.com/ 

 

Finally, Tibialis anterior is located in the anterior surface of tibia (larger of the 

two bones in the leg below the knee). It is responsible for extension and flexion of the 

foot at the ankle and inversion of foot. As it is shown in Figure 7, Tibialis anterior is 

thick and fleshy on the top and tendinous below. It is also responsible for controlling 

the foot as it lowers to the ground during walking, which makes it essential in keeping 

balance. 
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Figure 7. Tibialis anterior. 

Tibialis anterior in the anterior surface of tibia. Retrieved from www.studyblue.com 

 

EMG and force. Surface electromyography is used in medical research, 

ergonomics, rehabilitation and sports science to address the following questions about 

muscle function: (1) Is the muscle active? (2) When is the muscle active? (3) Is the 

muscle more active or less active? and (4) Does the muscle fatigue? (Gratiela-Flavia, 

Flavia, & Emilia, 2009). The first question is simple and can be replied only by 

checking the raw EMG signals. Identifying active and inactive muscles in specific 

movements can be helpful in developing rehabilitation programs for patients with 

muscular issues. To address the second question, processed EMG signal is used as an 

indicator of the initiation of muscle activity. EMG signals are usually processed by 

using data reduction techniques to generate quantities describing their amplitude and 

dominating frequency. Timing characteristics is usually used to assess coordination 

between muscles. To examine whether a muscle is more active or less active and by 

how much, in different situations, EMG amplitude should be used, which is what this 
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study intended to do. To analyze EMG amplitude, EMG signal processing is required, 

again. Onset of muscle activation can be determined by finding the time at which the 

EMG burst rises above the mean plus 3 standard deviations of a “quiet” baseline 

region (Royer, 2005). RMS or the square root of the average value of squared signal is 

used as the numerical indicator of signal amplitude or force on a selected epoch of the 

sEMG signal. Finally, use of EMG signal as a fatigue index requires analyzing the 

frequency spectrum of the signal. 

External force. While EMG data is an estimation of force produced by 

individual muscles, the total force/torque is the sum of contributions from many 

muscles. In the case of standing from a chair by an old person, vertical component of 

applied force on the armrests can be a better representative of force required to oppose 

the gravity and rotate upper body segments. The reason is that as mentioned before, by 

applying more vertical force on the armrests, elderly people usually position their 

center of pressure more anteriorly when they want to stand from a sitting position 

(O’Meara & Smith, 2006). 

When sitting or standing from an armchair, we push or pull the armrest and 

sometimes grasp it to assist us with lifting our weight or positioning our body on the 

chair. This movement exerts a load on the upper arm. As a result, less ground reaction 

force is produced beneath the feet comparing to no-armrest conditions (Etnyre & 

Thomas, 2007). Hand loads for the Si-St task was reported as 21% body weight for 

healthy older subjects, 29 % body weight for older adults unable to rise without using 

armrests (Alexander et al., 1991), and 19% body weight for healthy middle-aged 

adults (Anglin & Wyss, 2000). This load was less (16% body weight) during the 
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stand-to-sit movement although the arm tended to be farther behind the body (more 

horizontally extended) (Anglin & Wyss, 2000). Load cells (Munro et al., 1998), strain 

gauges (Anglin & Wyss, 2000), and dynamometers (Alexander et al., 1991) were 

mainly used for measuring applied force on the armrest.  

Strain gauge load cell. Outcome force, or force exerted on a surface, or load is 

usually measured by a load cell, which is a transducer that creates an electrical signal 

whose magnitude is proportional to the force being measured. Three general types of 

load cells are hydraulic (fluid pressure measurement device), pneumatic (air pressure 

measurement device), and strain gauge (deformation measurement device). The most 

common type of force transducer in biomechanical studies is strain gauge load cell, 

which is also the most widespread of all force measurement transducers. In this type of 

load cells, first, the applied force deforms an elastic element like a piece of metal in 

the device. Next, the deformation changes the electrical resistance of the piece. This 

change is measured by strain gauges within the device and is translated into electrical 

signals. The signals allow us to track the change in the magnitude of the applied load 

over time. Strain gauge load cells come in a variety of shapes (Figure 8). Their 

mechanical and electrical properties such as size, accuracy, capacity, and mounting 

type, as well as project requirements, such as the type of pressure (tension, 

compression, or both) and installation limitations, determine the most appropriate 

shape for a project. Figure 9 shows the application of strain gauge load cells in a 

kinematic and kinetic study of the sit-to-stand transfer using an ejector chair with 

elderly arthritic patients. Two load cells were secured beneath each chair armrest 

between two metal sections. These sections were welded to the armrests, one on each 
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side. The study found that a seat surface as high as 540mm (21.26") as well as an 

ejector mechanism facilitates sit-to-stand transfers performed by elderly female 

rheumatoid arthritic patients (Munro et al., 1998). 

 

 

 

Figure 8. Load cells. 

Different shapes of strain gauge load cells. Retrieved from http://www.interfaceforce.com/ 
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Figure 9. Load cells in Munro’s study. 

The load cell system in a kinematic and kinetic study of sit-to-stand transfer as an example of load cell application 

in related studies. Reprinted from (Munro et al., 1998). 

 

Force plate. Another force measurement instrument is force plate or force 

platform. It is commonly used to measure the ground reaction forces generated by a 

body standing on or moving across it. Force plate consists of two metal plates, with 

four load cells mounted between them. The subject steps on the top plate, and the 

force exerted on the ground in reaction to body contact (load) will be detected and 

presented as digital signals. In many biomechanical studies, force plates are being 
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used to quantify balance or analyze gait. In Si-St studies, the main purpose of using a 

force plate is usually to discover the share of lower limbs in generating outcome force 

and make a comparison among different sitting or body conditions (Etnyre & Thomas, 

2007). Figure 10 shows a typical force plate. Recently, smaller plates have provided 

the opportunity to quantify exerted force over smaller surfaces such as armrests 

(Figure 11).  

 

 
 

Figure 10. A typical force plate. 

Retrieved from http://www.graphicdevices.com/ 

 

 

Figure 11. Small force plates. 

Retrieved from http://www.biometricsltd.com/ 
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Time. The total time to complete the task was also recorded in previous studies 

for different purposes. For example, timed ‘Up & Go’ test is a test that is proved to be 

reliable and valid for quantifying problems in functional mobility (Podsiadlo & 

Richardson, 1991), following clinical changes over time, screening balance problems 

in elderly persons (Nakamura, Holm, & Wilson, 1999), and identifying patients at risk 

of falls (Salgado, Lord, Packer, & Ehrlich, 1994). In any of these cases, longer time is 

an indicator of a mobility impairment. Alexander et al. (1991) found that it took more 

time for old unable subjects than old able subjects to stand up from a chair using 

armrests. They defined difficulty as increased duration of rise time and increased body 

motion used to rise. Siggeirsdottir et al. (2002) found that in timed ‘Up & Go’ test, it 

was more difficult for the elderly to stand up from a chair without armrests because it 

took them more time. The reason was that either they could not do it in one movement 

or they had to push themselves up or ease themselves to the edge of the chair first.  

Summary 

Sitting and standing, as important functional movements, have been analyzed 

using a variety of validated techniques from biomechanical and clinical perspectives. 

These methods offer potent options for environmental design studies as long as their 

capabilities and limitations are well understood. Electromyography, as a reliable 

technique for recording and evaluating the electrical activity of musculoskeletal 

muscles, is one of these methods. Electrical activity is the result of a motor command 

from the brain to the muscles by neurons, which is the source of force and eventually 

work. In an ideal scenario, higher electrical activity results in greater amount of force, 
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but in the case of fatigue, muscular pathological problems, and uncomfortable 

position, this relationship may not be positively linear throughout the task. For this 

reason, adding ‘external force’ measurement to electrical activity gives us a more 

holistic picture of exerted effort by the muscle to do the work. 

In terms of design, although chair features have not been examined directly in 

the literature reviewed for this study, their results provide the basis for initiating such 

inquiries. Ample evidence proves the advantages of armrests for chair users, especially 

older and impaired individuals. Using armrests facilitates equilibrium and allows for a 

more balanced contribution of upper and lower limbs during sitting and standing. 

Some studies suggested 10" of armrest height in chairs for the elderly, but faced 

methodological criticisms due to a lack of rigor and controlled variables. In general, 

less is known about sitting in a chair from a standing position comparing to standing 

up from a seated position. What is known is that the former takes longer time than the 

latter.  

The differences between older and younger people in terms of sitting and 

standing have also been examined. Findings show that when standing up, the elderly 

rotate their upper body segments, thighs, and legs more than youngsters. The load they 

apply on the armrests to do this is more vertical. Finally keeping balance when sitting 

on the chair is more difficult for the elderly. 
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CHAPTER III 

METHOD 

Research Design 

A within-subject experimental study was conducted in two stages. Using a test 

chair, the impact of different horizontal and vertical positions of armrests on subjects’ 

physical effort at stand-to-sit-to-stand (St-Si-St) transitions was examined. In a series 

of trials, first, with a fewer number of armrest positions, it was discovered if armrest 

height and distance, as well as the interaction between these two features had a 

significant effect on physical effort indicators. In the second stage, based on the results 

of the first stage, more levels of armrest height and distance were examined to find the 

pattern of change in the physical effort indicators as a result of changing armrest 

height and distance. These two stages are described in detail under the Procedure 

section. The study protocol was approved by the institutional review board of Texas 

Tech University. 

Specific Aim 

The specific aim of this study was to examine the impact of manipulating two 

attributes of a patient chair (height of armrests and the distance between them) on the 

amount of physical effort required for the elderly to sit in and stand from a patient 

chair.  

The following research questions were addressed in this study: 
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1. Do armrest height and distance have a significant effect on physical effort 

when being used by the elderly for sitting and standing? 

2. How does the pattern of physical effort change as armrest height and distance 

change? 

3. What are the optimum levels of armrest height and distance to decrease the 

required effort for sitting and standing? 

Study Variables 

Study variables and their definitions are shown in Table 2. Two independent 

variables in the study were the height of the armrests (H) and the distance between two 

armrests (D). The former is defined as the vertical distance between the top of the seat 

surface and the top of the armrests, and the latter is specified as the distance between 

inner surfaces of middle parts of two armrests (Figure 12). Height and distance 

constitute two major factors determining hand positioning during ingress and egress.  

 

Figure 12. Armrest height and distance as specified in this study. 
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The dependent variable in the study was the physical effort made for using the 

armrests when sitting in and standing from the chair. Effort is not something amenable 

to direct measurement. It is a complex construct that is defined and assessed 

differently depending on the context. Effort can be physical, mental, cognitive, 

intellectual, and so on. While the St-Si-St transitions involve mental and cognitive 

issues, this study focused on the construct ‘physical effort’ based on the logic that 

physical effort mediates the association between chair design and mental/cognitive 

effort. Of course, there are other factors that could affect mental/cognitive efforts, but 

those are mostly extraneous to the physical design of the chair. The conceptual 

definition of physical effort is ‘work of the skeletal muscles together with an entire set 

of accompanying functional changes within the human organism’ (Droblińska et al., 

2013, p. 38). To measure the level of physical effort, the following metrics were used: 

1) electrical activity of skeletal muscles in the dominant arm, using surface 

electromyography (sEMG) technique; 2) the amount of force applied by the dominant 

arm on the armrest, using load cells installed under the armrest, 3) time to complete 

the task, using recorded video files. 

Subjects 

Fifteen female subjects were recruited for the study. Same sex was targeted to 

minimize the within-subject variation. Females were selected because being a woman 

was identified as a risk factor for falls, and females were more likely to suffer from 

fall-related injuries compared to males (Tinetti & Kumar, 2010). For recruiting 

subjects, flyers were distributed in independent living facilities of Carillon Life Care 
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Community (a continuing care retirement community in Lubbock, TX). Volunteers 

were contacted to ensure that their demographic information and health condition 

satisfied the required subject profile. After describing the general requirements for 

participation, an agreed upon time were scheduled for subjects to come to the lab and 

undergo consent and then undertake desired tasks. Subjects were told that participation 

in the study was voluntary and they had the right to withdraw at any time without 

penalty. They were also compensated for their time and effort.  

 

Table 2. Study Variables. 

Independent variables Definition  Level 

1. Armrest height Vertical distance between the top of 

the seat and top of the armrest 

- In 1st stage: 3 levels (5", 9", 13") 

- In 2nd stage: 5 levels (5", 7", 9", 11", 

13") 

2. Armrest distance Distance between inner surfaces of 

two armrests 

- In 1st stage: 3 levels (22.5", 26.5", 

28.5") 

- In 2nd stage: 5 levels (20.5",22.5", 

24.5", 26.5", 28.5") 

 Time Total time to complete the transition 

Dependent variable Indicator  

Physical effort 1. Electrophysiological activity of 

effective muscles in the dominant arm 

 

2. Applied force on the armrest by the 

dominant arm 

 

Human-related controlled variables 

Gender Age Height Weight  

Female ≥ 65 58.8" – 66.2" 114 – 211 lb  

Environment-related controlled variables 

Experiment 

Setting 

Chair 

Design 

Seat 

Height 

Seat 

Depth 

Seat 

Width 

Seat 

Tilt 

Backrest 

Angle 

Backrest 

Height 
 

TTU Human 

Performance lab 

As shown in  
Figure 13 

18" 25.25" 23.25" 2° 10° 30"  
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Inclusion Criteria. Subjects were selected from above 65-year olds to serve as 

a representative sample of individuals with higher risk of fall due to decreased muscle 

strength (Ambrose, Paul, & Hausdorff, 2013). They were able to perform St-Si-St 

tasks independently either with or without difficulty. They were also within the middle 

70 percent of nationally representative range of height and weight for their sex and age 

group. The targeted weight range was from 114 lb (at 15th percentile) to 211 lb (at 

85th percentile), and the height range was from 58.8" (at 15th percentile) to 66.2" (at 

85th percentile) (CDC, 2012). The purpose of choosing the middle 70 percent of 

American elderly women was to minimize the within-subject variation, or to ensure 

that changes in the pattern of making effort was the result of changing the armrests, 

and not differences in subject attributes. 

Exclusion Criteria. Volunteers with severe vision or hearing problems and 

those attached to some form of physical support were excluded. Other exclusion 

criteria were consumption of medications that affect balance or gait, and previous 

injuries that had affected the even use of arms or legs during daily activities.  

Scope of the Study 

The scope of the study was confined to two features of the armrest (height and 

distance) in the patient chair. The effect of other features of the chair were not 

examined, including seat height, depth, width, tilt, as well as backrest height and 

angle. These variables were kept constant throughout the trials. In addition, sampled 

subjects were limited to the elderly women in the aforementioned range of height and 
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weight. The scope of the study did not extend to a broader range (e.g. those who were 

taller than 5′-6.2″). 

Research Setting 

The study was conducted at the Human Performance laboratory of the 

Department of Kinesiology and Sport Management at TTU. The lab is a 82 × 32 ft 

facility equipped with data collection devices for sEMG, force, motion analysis, 

strength training, etc. Room temperature was kept constant during all measurements as 

it was shown that the EMG/force relationship is influenced by ambient temperature 

(Bell, 1993) 

Instruments 

Test chair. Valor patient chair, manufactured by Nemschoff, was used as the 

base for a test chair with adjustable armrests (Figure 13). The height and distance of 

the armrests were adjustable from 5 to 13 inches and from 20.5 to 28.5 inches 

respectively. These ranges were wider than the range of armrest height and distance in 

available patient chairs in the market (Table 3) to allow us to detect possible effects 

over a broader range of these variables, including such factors as the shape of the 

relationships. Other features of the chair were kept constant in all trials, representing 

dimensions of an available patient chair in the market. 
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Table 3. Patient chair features. 

Features of the patient chairs available in the market in comparison with the test chair used in this study. 

Chair feature 
Seat 

Height 

Seat 

Depth 

Seat  

Width 

Seat  

Tilt 

Backrest 

Angle 

Backrest 

Height 

Armrest 

height 

Armrest 

distance 

Range in the 

market 
17.5"-20" 16.5"-29" 20.4"-28.5" 3.3°-6.5° 100°-115° 24.5"-32.5" 6.5"-10" 22"-26" 

Valor test 

chair 
18" 25.25" 23.25" 2° 100° 30" 

5"-13" 

adjustable 

20.5"-28.5" 

adjustable 

 

 

  

Figure 13. Test chair. 

 (a) Valor patient chair, manufactured by Nemschoff, was used as the base for test chair. Frames, armrests, and seat 

surface are made of powder coated steel, urethane, and memory foam respectively. (b) In the test chair, armrests 

were mounted on a metal structure. 

 

Electromyograph. A 16-channel wireless Trigno system (Delsys, Inc., Boston, 

MA, USA; Figure 14) (http://www.delsys.com/) was used, including: 1) wireless 

sensors (37mm x 26mm x 15mm, 14g) with four silver bar electrodes and integrated 

amplifier to sense the electrical activity and amplify the signal at the source (with a 

bandwidth of 20–450 Hz and electrode contact area of 5mm×10mm); 2) a base station 

to receive the signals from sensors, convert analogue into digital signals, and connect 
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to a Personal Computer; and 3) software for signal acquisition and processing. The 

EMG signals were digitized at a sampling rate of 1926 Hz. Figure 15 shows the 

system while being used in an experimental run. 

 

Figure 14. EMG system. 

Trigno wireless EMG system By Delsys Inc., including wireless sensors, base station, and EMGworks® Software. 

Retrieved from www.delsys.com 

 

 

Figure 15. Recording data in an experimental run. 
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Load cells. Two load cells were installed under each armrest for collecting 

force data. Load cells were miniature compression load buttons by Omega 

Engineering Inc. (http://www.omega.com/) (Stamford, CT) (Figure 16), which were 

customized by Delsys, Inc. to measure vertical load and to be used with Trigno 

system. This allowed for integrating data from EMG channels with data from load 

cells and seeing all signals in one interface.  

Computer. A desktop computer was used for real-time recording. Signal data 

from four channels of EMG and two channels of force were received when performing 

each trial. 

Video cameras. One camcorder recorded the trials from the dominant side of 

the subject to be used for data synchronization and measuring duration of each run. 

Trials were also recorded from the other side as a back-up, in case it was not possible 

to spot the onset of a move only from one side. 
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Figure 16. Load cells in test chair. 

Miniature compression load buttons embedded under the armrests. 

 

Validity and Reliability of EMG 

Ample evidence suggests that sEMG is correlated to the muscular force (Luca, 

1997). However, limitations of EMG/force relationship has also been discussed 

(Disselhorst-Klug et al., 2009; Luca, 1997), which are addressed in this study to 

prevent reliability and validity shortcomings. The major challenge is that the force 

generated by a muscle cannot be directly measured. That is, larger EMG amplitude 

may not always mean that larger muscle force is generated. For example, it is shown 

that the EMG/force relationship is more likely to be linear at small external force 

magnitudes, when muscles do not fatigue (e.g. the present study), than large external 

force magnitudes (e.g. repetitive hand elevations or squat exercise) when time 

accumulates fatigue (Royer, 2005). The reason is that fatiguing efforts complicate any 



Texas Tech University, Shabboo Valipoor, August 2016 

44 

potential relationship between EMG and muscle force. In this study, since sitting and 

standing are not considered as heavy physical activities that lead to muscular fatigue, 

this issue was not considered to be a major concern. In addition, strategies like 

randomized trials and having breaks during the experiments ensured that the large 

number of experimental runs did not cause fatigue. 

Another issue pertains to the multitude of factors that affect the amplitude of 

recorded EMG signal, including electrode geometry, electrode placement, muscle 

fiber type, subcutaneous fat, and processing of the EMG signal. Lack of control over 

any of these variables may lead to reduced linearity of EMG/force relationship. In 

studies with a within-subject design, like this study, factors related to differences 

among individuals (e.g. amount of fat under the skin) are not much of an issue, 

because subjects are not compared to each other. Nevertheless, to increase the 

correlation between sEMG and force, following recommended strategies were 

followed to improve electrode configuration and data quality (Luca, 1997): 1) skin 

preparation to decrease skin-electrode impedance, 2) locating electrodes in the midline 

of muscle belly to detect EMG signal with the greatest amplitude, 3) parallel 

placement of electrodes to muscle fibers in order to prevent a decrease in signal 

amplitude, 4) bipolar electrode arrangement (using two electrodes on each examined 

muscle) to ensure that signals common to both electrodes (representing noise or 

artifact) are cancelled out and only actual muscle signals are recorded, and 5) fixed 

electrode distance of 10 mm to prevent movement of electrodes and guarantee 

consistent data. The aforementioned strategies also help with decreasing crosstalk, 

which is the EMG signal detected by a nearby muscle, therefore, decreasing the 
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chance of signal misinterpretation. Finally, regarding signal processing, EMG signal 

was normalized to maximum voluntary contraction (MVC) to enable comparing the 

activation levels between different experimental conditions by stating how active the 

muscle is relative to its maximal capability. Normalizing data to a percentage of MVC 

is a widely accepted method for analyzing EMG data (Soderberg & Knutson, 2000). 

Yet another important point is that estimation of muscle force from EMG 

measurement is more reliable in a geometrically well-defined situation during 

isometric contractions, because the length of muscle does not change in isometric 

contractions (e.g. contractions in arm and hand muscles when pushing against a wall 

or contractions in abdominal muscles when sitting upright). In cases like the present 

study, when it is necessary to record EMG signal during an isotonic contraction 

(muscles shorten to perform the task), it is recommended that researchers make every 

attempt to limit the analysis to a near-isometric epoch of the record and extrapolate the 

interpretation of the analysis based on results from this epoch (Luca, 1997). For this 

purpose, in data processing, EMG signals were extracted from short phases of under-

study movements when muscles are more engaged with the task and hence more 

contracted.  

Procedure 

After setting up the experiment, a pilot test was run to ensure data quality. On 

the experiment day, upon arrival at the lab, the subject was asked to read and sign the 

consent form. Next, subjects were familiarized with the equipment and procedure. 

Subsequently, each subject's height, weight, knee height, and elbow height were 
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measured, and EMG electrodes were placed longitudinally over muscles’ belly as 

described by SENIAM (Hermens, Freriks, Disselhorst-Klug, & Rau, 2000) (Figure 

17). Before attaching the electrodes, to assure a low skin impedance, subjects’ skin 

were prepared by shaving, abrading, and cleaning the area with an alcohol wipe. The 

reusable sensors were directly attached to the skin using double sided adhesive tape 

secured with surgical tapes to minimize movement artifacts. Subjects were asked not 

to apply lotion over their dominant limbs within 24 hours prior to the experiment day. 

Four bipolar EMG electrodes were attached to the surface of Biceps and Triceps on 

the dominant arm, and Vastus Lateralis (VL) and Tibialis Anterior (TA) on the 

dominant leg. EMG recording was confined to one side only because symmetry 

between EMG of dominant and non-dominant sides during walking, standing upright, 

Si-St, and St-Si movements was reported in leg and arm muscles (Burnett, Campbell-

Kyureghyan, Cerrito, & Quesada, 2011; Wheeler et al., 1985). 
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Figure 17. Sensor placement. 

Placing the wireless sensor along the longitudinal midline of the Triceps muscle. 

 

Before going through the trials, maximum voluntary contraction (MVC) was 

recorded from each target muscle to be used for normalizing subsequent EMG data 

series. For example, to record the maximum electrical activity generated by Biceps in 

the upper arm, subjects were asked to pull up a looped belt, which was attached to a 

heavy device on the floor, with 90° bended stable elbow in a seated position. Each 

MVC recording was three seconds in duration and repeated two times after two three-

second warm-ups. During the MVC recording, subjects were verbally encouraged to 

‘push’ or ‘pull’ as hard as possible. One minute of rest was allotted between MVC 

recordings. The average value of two MVC recordings from each muscle was used as 

the reference value. The study EMG outputs are displayed as a percentage of the MVC 
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(%MVC) value, which provided a standardized scale when comparing data from 

experimental conditions.  

Data collection was carried out in two stages. Since the techniques used in this 

study were not commonly used in the design fields (especially using 

electrophysiological data) with the express purpose of improving the environment or 

furniture, the first stage was designed to assess the sensitivity of the adopted technique 

to changes in the chair armrest design. The objective of this first step was to determine 

if changing armrest height and distance had significant effects on the electrical activity 

of effective muscles at St-Si-St transitions. Another purpose of the first stage was to 

explore if there were any interactions between the effects of armrest height and 

distance. The objective was to optimize time and resources for data collection from a 

larger sample, and collect data meaningful to the study. Figure 18 illustrates the Gantt 

chart showing the key stages of sequential exploration used in the study. 
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Figure 18. Study Gantt chart. 

(H is armrest Height and D is the distance between two armrests).



Texas Tech University, Shabboo Valipoor, August 2016 

50 

First-stage data collection. For the first four subjects, the number of 

experimental conditions on the test chair was nine (3H×3D). Each trial began with the 

subject standing three feet away from the test chair, behind a marked line on the floor. 

Each run was triggered by the researcher's verbal command (saying 'go'). The subject 

then walked towards the chair and sat on it. She was asked to make herself 

comfortable for around ten seconds in the chair and stand up, once instructed by the 

researcher, and take the required steps to reach to the start point. She was free to do 

the tasks with self-selected speeds and movement patterns. Recordings (from sensors 

and video cameras) were started with the ‘go’ command and terminated when the 

subject was back on the start line. After that, adjustments were made on the armrests 

for the next run. As described in table 1, height levels at this stage were 5, 9, and 13 

inches, and distance levels were 22.5, 26.5, and 28.5 inches. The trial in each 

arrangement was repeated three times, with a short break taken between each two runs 

(while adjustments were being made) and a 5-min break when subjects were halfway 

through the experiment. As a result, each subject in the first stage went through 27 

trial runs (9×3). The purpose of triplicating data was to reduce the chance of 

experimental errors. The mean value of the three runs of each trial was used as the 

representative output. The measuring sequence was randomized to minimize 

confounding effects related to the order of exposure. 

Second-stage data collection. Based on the results of the first-stage data 

analysis, a decision was made to increase the resolution of data in the second stage by 

increasing the levels of armrest height and distance to 5 within the same range. Data 

from more intervals of height and distance, and from more number of subjects enabled 



Texas Tech University, Shabboo Valipoor, August 2016 

51 

us to discover the pattern of change in physical effort as the result of change in the 

chair armrest attributes. Since the first-stage data analysis demonstrated significant 

effects of armrests height and distance in a subset of combinations, as well as one 

interaction effect, it was determined to conduct experimental trials with 25 chair 

arrangements for the remaining 11 subjects. However, due to some mechanical 

limitations in the tests chair, collecting data from two armrest arrangements was not 

possible. As a result, actual data collection involved 23 combinations of armrest height 

and width [(5H×5D)-2]. The procedure of recording data was same as the first stage, 

and the trial on each arrangement was repeated three times. Therefore, each subject in 

this stage performed 69 trial runs (23×3). 

Data Processing 

Raw signal data is a dynamic analogue signal in which the value or magnitude 

of the waveform varies with time. Figure 19 shows a raw graph where X axis displays 

time and the Y axis displays amplitude in µV (micro-Volts). To be able to interpret 

this data, a processing is required to convert the waveform data into numerical values. 

In this study, during each experimental run, six signal channels were recorded (from 

four EMG sensors and two force sensors) visualized simultaneously in the Delsys 

EMGworks Acquisition interface in the form of six maps of signals. While collecting 

data, these signals were visually inspected to ensure the accuracy and quality of 

signals as well as any incidence of signal loss and noise detection. To process the 

signals in the Delsys EMGworks Analysis module, every recorded signal map was 

examined separately. Each map included two main bursts representing the sitting and 
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standing moments. This data was synchronized with video data to identify the most 

relevant time windows to the bursts and obtain the related values. The time window 

defined by two lines in Figure 19 shows an example at around third second of an 

experimental run. All numerical values were exported to Excel for aggregation and 

organization. 

 

Figure 19. EMG raw data. 

An example of EMG raw data where X axis displays time and Y axis displays amplitude in µV. The two bursts 

represent the sitting and standing moments. 

 

EMG signal processing. As shown in Figure 19, the amplitude of EMG raw 

signal is both positive and negative on the graph and centers on zero. As the muscle 

contracts, the number and amplitude of the lines increase, and as the muscle relaxes, 

they decrease.  

The way we process EMG raw signals varies depending on the purpose of 

EMG recording, simply because the information we need to get from the signals 
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varies. For example, in the studies on muscular fatigue, mean & median frequencies of 

EMG signals are the most meaningful descriptors. The more fatigued muscle shows 

less median frequency. In studies such as the present study, when the relationship 

between detected EMG and resultant force is desired, the mean power of the signal in 

a given period of time is the meaningful descriptor. In this case, the objective of signal 

processing is to assign a numerical value to the level of EMG associated with the 

corresponding force. In fact, processing enables us to quantify the changes in the 

intensity of muscle contractions over time. For this purpose, a value called Root Mean 

Square (RMS) was used to measure amplitude of the signal as a function of time.  

In statistics, RMS is defined as the square root of the arithmetic mean of the 

squares of a set of numbers (Daintith, 2009). The procedure in EMG signal 

processing, squares each value in the signal (each individual amplitude), creates an 

average, and then calculates the square root (Equation 1).One benefit of squaring each 

data point here is that we can flip the signals’ negative content across the zero axis and 

make the whole signal positive. Otherwise, if we wanted to quantify the amplitude 

only by calculating the average, it would be zero due to the cancellation of the positive 

and negative values. The value of RMS was obtained from the selected time windows 

in the analysis software (Delsys EMGworks Analysis module) and exported to Excel 

to be calculated and expressed as the percentage of MVC. 

 

 

(1) 
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Force signal processing. Figure 20 shows a signal map from one load cell. 

Two bursts are obvious here as well. In the same way as EMG signal processing, RMS 

amplitude was extracted from two time windows (sitting and standing) in every signal 

map. However, for normalizing this data, the RMS value was expressed as a 

percentage of subject’s weight as a common practice in other studies (Alexander et al., 

1991; Anglin & Wyss, 2000). 

 

 

Figure 20. Force raw data. 

An example of force raw data where X axis displays time and Y axis displays amplitude in µV. The two bursts 

represent the sitting and standing moments. 

 

Time. Although when processing each signal map, the associated video was 

examined to identify and record the most relevant time window, these time periods 

were not used for calculating the duration of each transition (sitting and standing). The 

main reason was that signal data was taken from a limited portion of total St-Si-St 
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time to represent the highest engagement of muscles or highest interaction with 

armrests. However, the total time to complete each transition (sitting or standing) was 

longer. When examining St-Si, the total time to complete the task was defined as the 

span between the initiation of forward lean by subject’s trunk (occurred 

simultaneously as reaching to the armrest) and the time subject’s trunk was extended 

upward in the chair (right before making any movement to make herself comfortable 

in the chair) (Kerr, White, Barr, & Mollan, 1994). Si-St was defined as the time span 

between the initiation of forward lean in the seated position (smallest moves either in 

head or trunk to start the lean) and the final backward lean when knees were extended 

(Kerr, White, Barr, & Mollan, 1994). These definitions were used to precisely find the 

start and end points of sitting and standing transfers in videos. Videotaping has been 

used in previous studies to examine time variable and synchronize data in kinematic 

and kinetic studies of Si-St (Savelberg, Fastenau, Willems, & Meijer, 2007; Shepherd 

& Gentile, 1994; Wheeler et al., 1985). The same operational definitions, as stated 

above, were used in this study. 

Time data was inputted directly into an Excel file as start and end points for 

both sitting and standing, and total time was calculated by deducting the start time 

from the end time for each transition. 

Data Analysis 

Once data was collected from the first four subjects, a two-way repeated-

measures analysis of variance (ANOVA), with significance level of α=0.05, was run 

to determine first, whether armrest height and distance had significant effects on the 
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electrical activity of muscles, and second, if there was an interaction between the 

effect of armrest height and distance. A post hoc test was not required because the 

purpose of this stage was not to identify what levels within each independent variable 

made the significant difference. 

Once data was collected from all 15 subjects, with higher levels of armrest 

height and distance from 11 subjects, the relationship between EMG amplitude and 

independent variables as well as the relationship between load (external force) and 

independent variables were examined using polynomial regression models (linear, 

quadratic and cubic). To this end, EMG amplitude (RMS normalized to %MVC) was 

plotted once across height for different distance levels, and once across distance for 

different height levels. The same procedure was performed for load (RMS normalized 

to subjects’ mean weight). Polynomial regression analyses were then used to 

determine the best model fit. Using X = height or distance and Y = RMS (normalized 

EMG or normalized load), and B0, B1, B2, and B3 = statistically determined regression 

coefficients, these models were: 

Y = B0 + B1 X (linear model) (2) 

Y = B0 + B1 X + B2 X
2 (quadratic model)  (3) 

Y = B0 + B1 X + B2 X
2 + B3 X

3 (cubic model) (4) 

 

Polynomial model allowed for a sequential fitting of increasingly complex 

curves in data. For each data set, statistical software determined which of the three 

models fitted the best.  
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CHAPTER IV 

RESULTS 

EMG and force data were collected from a total of 867 experimental runs – 

108 runs by four subjects and 759 runs by eleven subjects. However, a part of data 

was not processed due to two main reasons. First, although, armrests were used for 

standing up from the chair in all experimental runs, subjects in 19 trial runs didn’t use 

the armrests for sitting down on the chair. Yet, since for each chair arrangement, three 

repeats were recorded (triplicate experimental design), for such missed data point, the 

mean of the two other correct runs was considered as the final recording. Second, 

force data from 35 runs were eliminated because of high level of non-specific 

background noise, which had decreased the signal to noise ratio and made it 

impossible to extract meaningful statistical data based on the pattern of effort. 

Subject Demographics 

The average age of subjects was 73.1 years with a range of 66 to 85. Their 

average height was 62.4" (5'-2.4") with a range of 60.24" (5'-0.24") to 66.93" (5'-6.9"). 

The average weight was 156.44 lbs with a range of 121.47 to 197.31 lbs.  
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First-Stage Statistical Analysis 

For each set of data, scatter plots were created for visual assessment (Appendix 

B). Then two-way repeated-measures ANOVA test was used to determine the effect of 

armrest distance and height on muscle activity, as well as any possible interactions 

between the two variables. Results of eight two-way repeated-measures ANOVA tests 

are shown in Table 4, in which significant effects are marked by asterisks. For 

instance, a significant impact of the armrest distance on the electrical activity of 

Triceps at St-Si is shown as: F (2, 6) = 7.61, p = 0.023. 

These results revealed that for St-Si, the effect of armrest height was 

significant on electrical activity of Triceps and Vastus lateralis (VL) (marginally), and 

armrest distance had a significant effect on electrical activity of Triceps, VL, and 

Tibialis anterior (TA). For Si-St, armrest height had a significant effect on electrical 

activity of almost all muscles (it was marginally significant in Biceps), and armrest 

distance significantly affected the electrical activity of Triceps and VL. A statistically 

significant interaction between height and distance was found in the electrical activity 

of TA at St-Si, and in the electrical activity of Triceps and VL at Si-St. The interaction 

between height and distance observed in this set of data suggested that these two 

variables should not be examined separately in the second phase of data collection. 

Therefore, in the second stage, the effect of all combinations of the two variables (H & 

D) on muscle EMG and load on armrest was recorded.  
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Table 4. ANOVA results. 

The results of ANOVA tests to examine the effects of armrests' height and distance (independent variables) on 

EMG amplitude of all four effective muscles 

Dep V Indp V Task Muscle (DFn, DFd) F p 

EMG H St-Si Biceps (2, 6) 4.64 0.060 

EMG D St-Si Biceps (2, 6) 1.46 0.304 

EMG H×D St-Si Biceps (4, 12) 1.59 0.239 

EMG H Si-St Biceps (2, 6) 0.70 0.531 

EMG D Si-St Biceps (2, 6) 1.75 0.253 

EMG H×D Si-St Biceps (4, 12) 1.95 0.166 

EMG H St-Si Triceps (2, 6) 7.30 0.025* 

EMG D St-Si Triceps (2, 6) 7.61 0.023* 

EMG H×D St-Si Triceps (4, 12) 3.61 0.037* 

EMG H Si-St Triceps (2, 6) 5.68 0.041* 

EMG D Si-St Triceps (2, 6) 9.80 0.013* 

EMG H×D Si-St Triceps (4, 12) 0.67 0.627 

EMG H St-Si VL (2, 6) 5.01 0.053 

EMG D St-Si VL (2, 6) 6.74 0.029* 

EMG H×D St-Si VL (4, 12) 0.58 0.680 

EMG H Si-St VL (2, 6) 15.93 0.004** 

EMG D Si-St VL (2, 6) 11.76 0.008** 

EMG H×D Si-St VL (4, 12) 3.42 0.043* 

EMG H St-Si TA (2, 6) 0.24 0.790 

EMG D St-Si TA (2, 6) 10.60 0.011* 

EMG H×D St-Si TA (4, 12) 6.24 0.006** 

EMG H Si-St TA (2, 6) 16.99 0.003** 

EMG D Si-St TA (2, 6) 3.17 0.115 

EMG H×D Si-St TA (4, 12) 0.64 0.645 

* p < 0.05, ** p < 0.01 

 

Second-Stage Statistical Analysis 

The results of polynomial regression tests are provided in the following 

paragraphs. In regression plots, solid circles represent the mean, error bars indicate 

Standard Error of Mean (SEM), dashed lines illustrate trend lines between means, and 
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solid lines show the best fit regression lines. Each error bar is the result of either 11 or 

15 data points in each setting. The goodness of fit between the identified regression 

line and data points is reflected in R2 values in description. It is worth noting that in 

calculating R2, each individual Y value (i.e. EMG and load) was considered, instead of 

the mean Y value of for each level of X. This strategy assured a more strict way of 

taking into account the variation at each measured data point in calculation of R2, 

which naturally results in lower R2 values in general. Furthermore, no regression 

model was fitted for the relationships when H was 5" or 7" and D was 20.5" 

simultaneously due to the lack of recorded data for these combinations. In each figure, 

the graph of trend lines and regression lines are followed by a formula for the best fit 

regression model (e.g. a cubic, quadratic, or linear regression model). The coefficients 

of the formula for each regression line (best fit values) also are indicated in the 

corresponding tables. 

 Biceps EMG at St-Si. Figure 21 shows that a non-linear relationship exists 

between Biceps EMG and armrest height at St-Si. Five regression lines are illustrated 

for five levels of armrest distance. These relationships are best fitted with the cubic 

model (Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 

3. The parameters of regression lines to estimate the relationships are presented in 

Table 5. The goodness of fit for different armrest distance levels are calculated as: 

D22.5 (R2 = 0.65), D24.5 (R2 = 0.67), 26.5 (R2 = 0.95), and D28.5 (R2 = 0.47).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to its lowest and highest levels (H5 
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and H13 respectively), while the minimum EMG was produced when armrest height 

was at 10-11 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 5) were not significantly different from each other, 

F (9, 273) = 1.21, p = 0.29.  In other words, changes in D did not significantly affect 

the relationship between EMG and H.  

 

Table 5. Biceps EMG vs. Height at St-Si. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.1219 (-0.0046) 0.09565 (0.0050) 0.0828 (0.0046) 0.1147 (0.0056) 

B1 (SD) -0.0097 (-0.0031) -0.0060 (0.0034) -0.0124 (0.0031) -0.0119 (0.0038) 

B2 (SD) 0.0021 (-0.0004) 0.0029 (0.0005) 0.0033 (0.0004) 0.0019 (0.0005) 

B3 (SD) 0.0005 (-0.0002) 0.0004 (0.0002) 0.0008 (0.0002) 0.0008 (0.0003) 

 

 

 

Figure 21. Biceps EMG vs. height at St-Si. 
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Figure 22 shows that a non-linear relationship exists between Biceps EMG and 

armrest distance at St-Si. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the quadratic model (Equation 3), 

defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2. The parameters of regression 

lines to estimate the relationships are presented in Table 6. The goodness of fit for 

different armrest height levels are calculated as: H5 (R2 = 0.25), H7 (R2 = 0.11), H9 

(R2 = 0.96), H11 (R2 = 0.77), and H13 (R2 = 0.14). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 20.5 - 22.5 inches, while the 

minimum EMG was produced when armrest distance was 25.5 - 26.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 6) were not significantly different from each other, F 

(8, 323) = 1.85, p = 0.07.  In other words, changes in H did not significantly affect the 

relationship between EMG and D.  

 

Table 6. Biceps EMG vs. Distance at St-Si. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.1321 (0.0082) 0.1197 (0.0080) 0.0885 (0.0041) 0.0944 (0.0057) 0.1395 (0.0060) 

B1 (SD) -0.0054 (0.0023) -0.0017 (0.0023) -0.0058 (0.0009) -0.0073 (0.0013) -0.0020 (0.0014) 

B2 (SD) 0.0025 (0.0013) 0.0022 (0.0013) 0.0026 (0.0004) 0.0024 (0.0005) 0.0011 (0.0006) 
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Figure 22. Biceps EMG vs. distance at St-Si. 

 

 Biceps EMG at Si-St. Figure 23 shows that a non-linear relationship exists 

between Biceps EMG and armrest height at Si-St. Five regression lines are illustrated 

for five levels of armrest distance. These relationships are best fitted with the cubic 

model (Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 

3. The parameters of regression lines to estimate the relationships are presented in 

Table 7. The goodness of fit for different armrest distance levels are calculated as: 

D22.5 (R2 = 0.17), D24.5 (R2 = 0.53), D26.5 (R2 = 0.30), and D28.5 (R2 = 0.29).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to 13", while the minimum EMG 

was produced when armrest height was either 5 or 10-11 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 7) were not significantly different from each other, 
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F (9, 278) = 1.60, p = 0.12.  In other words, changes in D did not significantly affect 

the relationship between EMG and H.  

The 95% confidence interval for B1, B2, and B3 was wide and included zero. 

In other words, we cannot be 95% certain that the true values for these coefficients 

were non-zero values. Since B1=B2=B3=0 describes a flat line with no slope, which 

suggests no relationship between height and EMG, we cannot confidentially eliminate 

the possibility of no relationship between EMG and height. This wide range of 

confidence interval is also reflected in high SD and low R2. 

 

Table 7. Biceps EMG vs. Height at Si-St. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.0885 (0.0033) 0.0833 (0.0017) 0.0777 (0.0023) 0.0832 (0.0024) 

B1 (SD) -0.0031 (0.0022) -0.0049 (0.0012) -0.0004 (0.0015) 0.0019 (0.0017) 

B2 (SD) 0.0006 (0.0003) 0.0003 (0.0002) 0.0003 (0.0002) 0.0001 (0.0002) 

B3 (SD) 0.0003 (0.0002) 0.0004 (0.0001) 0.0002 (0.0001) 0.0 (0.0001) 

 

 

 

Figure 23. Biceps EMG vs. height at Si-St. 
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Figure 24 shows that a non-linear relationship exists between Biceps EMG and 

armrest distance at Si-St. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the quadratic model (Equation 3), 

defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2. The parameters of regression 

lines to estimate the relationships are presented in Table 8. The goodness of fit for 

different armrest height levels are calculated as: H5 (R2 = 0.47), H7 (R2 = 0.33), H9 

(R2 = 0.43), H11 (R2 = 0.52), and H13 (R2 = 0.34). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 20.5 - 22.5 inches, while the 

minimum EMG was produced when armrest distance was 26.5".  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 8) were not significantly different from each other, F 

(8,321) = 1.20, p = 0.30.  In other words, changes in H did not significantly affect the 

relationship between EMG and D.  

 

Table 8. Biceps EMG vs. Distance at Si-St. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.0765 (0.0028) 0.0856 (0.0034) 0.0804 (0.0023) 0.0789 (0.0027) 0.0941 (0.0025) 

B1 (SD) -0.0029 (0.0008) -0.0035 (0.0010) -0.0017 (0.0005) -0.0021 (0.006) -0.0021 (0.0006) 

B2 (SD) 0.0011 (0.0004) 0.0001 (0.0005) 0.0007 (0.0002) 0.0011 (0.0003) 0.0004 (0.0002) 
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Figure 24. Biceps EMG vs. distance at Si-St. 

 

 

Triceps EMG at St-Si. Figure 25 shows that a non-linear relationship exists 

between Triceps EMG and armrest height at St-Si. Five regression lines are illustrated 

for five levels of armrest distance. These relationships are best fitted with the cubic 

model (Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 

3. The parameters of regression lines to estimate the relationships are presented in 

Table 9. The goodness of fit for different armrest distance levels are calculated as: 

D22.5 (R2 = 0.40), D24.5 (R2 = 0.87), D26.5 (R2 = 0.95), and D28.5 (R2 = 0.84).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to either 6 - 7 or 13, while the 

minimum EMG was produced when armrest height was 10-11 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 9) were significantly different from each other, F 
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(9, 284) = 5.34, p < 0.05.  In other words, changes in D significantly affected the 

relationship between EMG and H.  

 

Table 9. Triceps EMG vs. Height at St-Si. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.3329 (0.0079) 0.2571 (0.009) 0.2193 (0.0077) 0.2532 (0.0089) 

B1 (SD) -0.016 (0.0054) -0.0287 (0.0061) -0.0393 (0.0052) -0.0364 (0.0061) 

B2 (SD) 0.0025 (0.0008) 0.0055 (0.0009) 0.0064 (0.0007) 0.0041 (0.0009) 

B3 (SD) 0.0012 (0.0004) 0.0021 (0.0004) 0.0035 (0.0004) 0.0026 (0.0004) 

 

 

  

Figure 25. Triceps EMG vs. height at St-Si. 

 

 

Figure 26 shows that a non-linear relationship exists between Triceps EMG 

and armrest distance at St-Si. Five regression lines are illustrated for five levels of 

armrest height. These relationships are best fitted with the cubic model (Equation 4), 

defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2 + B3 (Distance) 3. The 
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parameters of regression lines to estimate the relationships are presented in Table 10. 

The goodness of fit for different armrest height levels are calculated as: H5 (R2 = 

0.65), H7 (R2 = 0.53), H9 (R2 = 0.94), H11 (R2 = 0.88), and H13 (R2 = 0.11).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 21.5 - 22.5 inches, while the 

minimum EMG was produced when armrest distance was 26.5 - 27.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 10) were significantly different from each other, F 

(12, 325) = 6.05, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 10. Triceps EMG vs. Distance at St-Si. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.2834 (0.0109) 0.2972 (0.0102) 0.268 (0.0048) 0.2479 (0.0079) 0.3815 (0.0098) 

B1 (SD) -0.0367 (0.0109) -0.0171 (0.0102) -0.0299 (0.0033) -0.0428 (0.0054) 0.005 (0.0067) 

B2 (SD) 0.0052 (0.0017) 0.0044 (0.0016) 0.0017 (0.0005) -0.0002 (0.0008) -0.0008 (0.0009) 

B3 (SD) 0.003 (0.0013) 0.0007 (0.0012) 0.0016 (0.0002) 0.002 (0.0004) -0.0006 (0.0005) 
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Figure 26. Triceps EMG vs. distance at St-Si. 

 

 

 Triceps EMG at Si-St. Figure 27 shows that a non-linear relationship exists 

between Triceps EMG and armrest height at Si-St. Five regression lines are illustrated 

for five levels of armrest distance. These relationships are best fitted with the 

quadratic model (Equation 3), defined as RMS = B0 + B1 (Height) + B2 (Height) 2. The 

parameters of regression lines to estimate the relationships are presented in Table 11. 

The goodness of fit for different armrest distance levels are calculated as: D22.5 (R2 = 

0.65), D24.5 (R2 = 0.37), D26.5 (R2 = 0.36), and D28.5 (R2 = 0.13).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to 5", while the minimum EMG 

was produced when armrest height was 11".  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 11) were significantly different from each other, F 
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(6, 285) = 3.60, p < 0.05.  In other words, changes in D significantly affected the 

relationship between EMG and H.  

 
Table 11. Triceps EMG vs. Height at Si-St. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.3476 (0.0096) 0.3359 (0.008) 0.3156 (0.0082) 0.2817 (0.0081) 

B1 (SD) -0.0097 (0.0021) -0.0078 (0.0018) -0.0078 (0.0019) -0.0044 (0.0018) 

B2 (SD) 0.004 (0.0009) -0.0003 (0.0008) 0.0002 (0.0008) 0.0002 (0.0008) 

 

 

Figure 27. Triceps EMG vs. height at Si-St. 

 

Figure 28 shows that a non-linear relationship exists between Triceps EMG 

and armrest distance at Si-St. Five regression lines are illustrated for five levels of 

armrest height. These relationships are best fitted with the quadratic model (Equation 

3), defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2. The parameters of 

regression lines to estimate the relationships are presented in Table 12. The goodness 

of fit for different armrest height levels are calculated as: H5 (R2 = 0.85), H7 (R2 = 

0.60), H9 (R2 = 0.46), H11 (R2 = 0.98), and H13 (R2 = 0.95). 
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These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 20.5 - 22.5 inches, while the 

minimum EMG was produced when armrest distance was 27.5 - 28.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 12) were significantly different from each other, F 

(8,327) = 3.44, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 12. Triceps EMG vs. Distance at Si-St. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.3464 (0.0094) 0.347 (0.011) 0.3551 (0.0088) 0.2867 (0.0072) 0.3292 (0.0077) 

B1 (SD) -0.0223 (0.0026) -0.016 (0.003) -0.0094 (0.002) -0.0147 (0.0016) -0.0156 (0.0017) 

B2 (SD) 0.003 (0.0015) -0.0007 (0.0017) -0.0012 (0.0008) 0.0018 (0.0007) 0.0004 (0.0007) 

 

 

 

Figure 28. Triceps EMG vs. distance at Si-St. 
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 Force at St-Si. Figure 29 shows that a non-linear relationship exists between 

force on the armrest and armrest height at St-Si. Five regression lines are illustrated 

for five levels of armrest distance. These relationships are best fitted with the cubic 

model (Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 

3. The parameters of regression lines to estimate the relationships are presented in 

Table 13. The goodness of fit for different armrest distance levels are calculated as: 

D22.5 (R2 = 0.16), D24.5 (R2 = 0.60), D26.5 (R2 = 0.56), and D28.5 (R2 = 0.27).  

These non-linear patterns of change show that force amplitude was at its 

maximum level when armrest height was adjusted to either 6 - 7 or 13 inches, while 

the minimum EMG was produced when armrest height was 11".  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 13) were not significantly different from each 

other, F (9, 284) = 0.85, p = 0.57.  In other words, changes in D did not significantly 

affect the relationship between force and H.  

 

Table 13. Force vs. Height at St-Si. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 15.51 (0.518) 12.76 (0.4659) 11.41 (0.5039) 12.07 (0.6323) 

B1 (SD) -0.8105 (0.3531) -1.522 (0.3176) -1.334 (0.3435) -1.358 (0.431) 

B2 (SD) 0.0645 (0.0497) 0.1498 (0.0447) 0.1973 (0.0483) 0.091 (0.0606) 

B3 (SD) 0.0533 (0.0245) 0.1068 (0.022) 0.0916 (0.0238) 0.0828 (0.0299) 
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Figure 29. Force vs. height at St-Si. 

 

 

Figure 30 shows that a non-linear relationship exists between force on the 

armrest and armrest distance at St-Si. Five regression lines are illustrated for five 

levels of armrest height. These relationships are best fitted with the cubic model 

(Equation 4), defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2 + B3 (Distance) 3. 

The parameters of regression lines to estimate the relationships are presented in Table 

14. The goodness of fit for different armrest height levels are calculated as: H5 (R2 = 

0.21), H7 (R2 = 0.23), H9 (R2 = 0.60), H11 (R2 = 0.79), and H13 (R2 = 0.19). 

These non-linear patterns of change show that force amplitude was at its 

maximum level when armrest distance was adjusted to 20.5 - 21.5 inches, while the 

minimum EMG was produced when armrest distance was at 26.5 - 27.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 14) were significantly different from each other, F 
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(16, 325) = 6.34, p < 0.05.  In other words, changes in H significantly affected the 

relationship between force and D.  

 
Table 14. Force vs. Distance at St-Si. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 14.29 (0.5966) 14.04 (0.6739) 14.07 (0.367) 11.12 (0.4656) 16.24 (0.609) 

B1 (SD) -0.1485 (0.5934) -0.769 (0.6702) -1.189 (0.2502) -1.285 (0.3174) -0.4114 (0.4151) 

B2 (SD) 0.1 (0.0932) 0.1097 (0.1052) 0.0264 (0.0352) 0.0672 (0.0446) -0.076 (0.0584) 

B3 (SD) -0.0321 (0.0695) 0.0335 (0.0784) 0.0577 (0.0174) 0.0401 (0.022) 0.0041 (0.0288) 

 

 

 

Figure 30. Force vs. distance at St-Si. 

 

 

Force at Si-St. Figure 31 shows that a linear relationship exists between force 

on the armrest and armrest height at Si-St. Five regression lines are illustrated for five 

levels of armrest distance. These relationships are best fitted with the linear model 

(Equation 2), defined as RMS = Y Intercept + Slope (Height). The parameters of 

regression lines to estimate the relationships are presented in Table 15. The goodness 
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of fit for different armrest distance levels are calculated as: D20.5 (R2 = 0.01), D22.5 

(R2 = 0.25), D24.5 (R2 = 0.25), D26.5 (R2 = 0.27), and D28.5 (R2 = 0.23). 

These linear patterns of change show that force amplitude was at its maximum 

level when armrest height was adjusted to 5 - 7 inches, while the minimum force was 

produced when armrest height was 11".  

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 15) were significantly different from each other, F 

(8, 312) = 9.50, p < 0.05.  In other words, changes in D significantly affected the 

relationship between force and H.  

 

Table 15. Force vs. Height at Si-St. 

Parameters of regression lines (best fit values) 

 D=20.5 D=22.5 D=24.5 D=26.5 D=28.5 

Y Intercept 19.72 (3.905) 20.14 (1.314) 17.87 (1.013) 17.55 (1.116) 15.62 (0.9408) 

Slope -0.3130 (0.3497) -0.4648 (0.1398) -0.3576 (0.1092) -0.4093 (0.1200) -0.3202 (0.1005) 

 

 

Figure 31. Force vs. height at Si-St. 
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Figure 32 shows that a linear relationship exists between force on the armrest 

and armrest distance at Si-St. Five regression lines are illustrated for five levels of 

armrest height. These relationships are best fitted with the linear model (Equation 2), 

defined as RMS = Y Intercept + Slope (distance). The parameters of regression lines 

to estimate the relationships are presented in Table 16. The goodness of fit for 

different armrest height levels are calculated as: H5 (R2 = 0.56), H7 (R2 = 0.21), H9 

(R2 = 0.24), H11 (R2 = 0.66), and H13 (R2 = 0.67). 

These linear patterns of change show that force amplitude was at its maximum 

level when the distance between armrests was adjusted to 20.5", while the minimum 

force was produced when the distance was 28.5".  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 16) were not significantly different from each other, 

F (4, 309) = 1.83, p = 0.12.  In other words, changes in H did not significantly affect 

the relationship between force and D.  

 

Table 16. Force vs. Distance at Si-St. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

Y Intercept 35.30 (3.795) 29.05 (5.23) 23.95 (2.767) 26.49 (2.118) 33.01 (3.089) 

Slope -0.7544 (0.148) -0.5553 (0.204) -0.3624 (0.112) -0.5343 (0.086) -0.7656 (0.1248) 
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Figure 32. Force vs. distance at Si-St. 

 

 

 VL EMG at St-Si. Figure 33 shows that a non-linear relationship exists 

between VL EMG and armrest height at St-Si. Five regression lines are illustrated for 

five levels of armrest distance. These relationships are best fitted with the cubic model 

(Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 3. The 

parameters of regression lines to estimate the relationships are presented in Table 17. 

The goodness of fit for different armrest distance levels are calculated as: D22.5 (R2 = 

0.28), D24.5 (R2 = 0.64), D26.5 (R2 = 0.28), and D28.5 (R2 = 0.28).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to either 5" or 11", while the 

minimum EMG was produced when armrest height was either 7" or 13". 

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 17) were significantly different from each other, F 
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(9, 284) = 3.15, p < 0.05.  In other words, changes in D significantly affected the 

relationship between EMG and H.  

 

Table 17. VL EMG vs. Height at St-Si 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.2138 (0.0057) 0.2202 (0.0052) 0.2319 (0.0046) 0.2418 (0.0047) 

B1 (SD) 0.0133 (0.0039) 0.0223 (0.0036) 0.0111 (0.0032) 0.0004 (0.0032) 

B2 (SD) 0.0001 (0.0005) -0.0003 (0.0005) -0.0003 (0.0004) -0.0002 (0.0005) 

B3 (SD) -0.001 (0.0003) -0.0015 (0.0002) -0.0007 (0.0002) -0.0003 (0.0002) 

 

 

Figure 33. VL EMG vs. height at St-Si. 

 

 

Figure 34 shows that a non-linear relationship exists between VL EMG and 

armrest distance at St-Si. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the quadratic model (Equation 3), 

defined as RMS = B0 + B1 (Distance) + B2 (Distance) 2. The parameters of regression 

lines to estimate the relationships are presented in Table 18. The goodness of fit for 
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different armrest height levels are calculated as: H5 (R2 = 0.40), H7 (R2 = 0.64), H9 

(R2 = 0.42), H11 (R2 = 0.22), and H13 (R2 = 0.17). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when the distance between two armrests was 28.5", while the 

minimum EMG was produced when the distance was 20.5 - 22.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 18) were significantly different from each other, F 

(8,330) = 3.67, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 18. VL EMG vs. Distance at St-Si. 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.2239 (0.0053) 0.1943 (0.0063) 0.2247 (0.004) 0.2457 (0.0055) 0.2155 (0.0051) 

B1 (SD) 0.0049 (0.0015) 0.0084 (0.0018) 0.0043 (0.0009) 0.0029 (0.0012) 0.0032 (0.0012) 

B2 (SD) 0.0018 (0.0008) 0.0028 (0.001) 0 (0.0004) -0.0011 (0.0005) -0.0002 (0.0005) 

 

 

Figure 34. VL EMG vs. distance at St-Si. 
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VL EMG at Si-St. Figure 35 shows that a non-linear relationship exists 

between VL EMG and armrest height at Si-St. Five regression lines are illustrated for 

five levels of armrest distance. These relationships are best fitted with the cubic model 

(Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 3. The 

parameters of regression lines to estimate the relationships are presented in Table 19. 

The goodness of fit for different armrest distance levels are calculated as: D22.5 (R2 = 

0.89), D24.5 (R2 = 0.43), D26.5 (R2 = 0.98), and D28.5 (R2 = 0.24).  

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to 13", while the minimum EMG 

was produced when armrest height was 9". 

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 19) were significantly different from each other, F 

(9, 284) = 4.11, p < 0.05.  In other words, changes in D significantly affected the 

relationship between EMG and H.  

 

Table 19. VL EMG vs. Height at Si-St. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.3266 (0.0056) 0.355 (0.0068) 0.3545 (0.0062) 0.411 (0.0062) 

B1 (SD) -0.0095 (0.0038) 0.0006 (0.0047) -0.0136 (0.0042) -0.0098 (0.0042) 

B2 (SD) 0.0025 (0.0005) 0.0023 (0.0007) 0.004 (0.0006) 0 (0.0006) 

B3 (SD) 0.0012 (0.0003) 0.0003 (0.0003) 0.0014 (0.0003) 0.0009 (0.0003) 
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Figure 35. VL EMG vs. height at Si-St. 

 

 

Figure 36 shows that a non-linear relationship exists between VL EMG and 

armrest distance at Si-St. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the cubic model (Equation 4), defined 

as RMS = B0 + B1 (Distance) + B2 (Distance) 2 + B3 (Distance) 3. The parameters of 

regression lines to estimate the relationships are presented in Table 20. The goodness 

of fit for different armrest height levels are calculated as: H5 (R2 = 0.66), H7 (R2 = 

0.77), H9 (R2 = 0.95), H11 (R2 = 0.97), and H13 (R2 = 0.31). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 26.5 - 28.5 inches, while the 

minimum EMG was produced when armrest distance was 20.5 - 22.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 20) were significantly different from each other, F 



Texas Tech University, Shabboo Valipoor, August 2016 

82 

(12, 325) = 5.87, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 20. VL EMG vs. Distance at Si-St 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.3755 (0.0067) 0.3791 (0.0086) 0.3385 (0.0047) 0.358 (0.0053) 0.4218 (0.0063) 

B1 (SD) 0.0033 (0.0067) 0.0163 (0.0085) 0.001 (0.0032) 0.007 (0.0036) 0.0161 (0.0043) 

B2 (SD) -0.0019 (0.001) 0.0017 (0.0013) -0.0003 (0.0004) -0.0003 (0.0005) 0.0001 (0.0006) 

B3 (SD) 0.0008 (0.0008) -0.0001 (0.001) 0.0008 (0.0002) 0.0005 (0.0003) -0.001 (0.0003) 

 

 

 

Figure 36. VL EMG vs. distance at Si-St. 

 

TA EMG at St-Si. Figure 37 shows that a non-linear relationship exists 

between TA EMG and armrest height at St-Si. Five regression lines are illustrated for 

five levels of armrest distance. These relationships are best fitted with the cubic model 

(Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 3. The 

parameters of regression lines to estimate the relationships are presented in Table 21. 
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The goodness of fit for different armrest distance levels are calculated as: D22.5 (R2 = 

0.22), D24.5 (R2 = 0.30), D26.5 (R2 = 0.37), and D28.5 (R2 = 0.01). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to 11", while the minimum EMG 

was produced when armrest height was either 7" or 13". 

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 21) were not significantly different from each 

other, F (9, 282) = 1.20, p = 0.29. In other words, changes in D did not significantly 

affect the relationship between EMG and H.  

 

Table 21. TA EMG vs. Height at St-Si. 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.3129 (0.0119) 0.3204 (0.0188) 0.3215 (0.0114) 0.3634 (0.0102) 

B1 (SD) 0.0117 (0.0079) 0.0132 (0.0126) 0.0311 (0.0078) 0.0049 (0.007) 

B2 (SD) -0.0017 (0.0011) 0.0006 (0.0018) 0.0017 (0.0011) -0.0001 (0.001) 

B3 (SD) -0.0004 (0.0006) -0.0009 (0.0009) -0.002 (0.0005) -0.0003 (0.0005) 

 

 

 
Figure 37. TA EMG vs. height at St-Si. 
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Figure 38 shows that a non-linear relationship exists between TA EMG and 

armrest distance at St-Si. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the cubic model (Equation 4), defined 

as RMS = B0 + B1 (Distance) + B2 (Distance) 2 + B3 (Distance) 3. The parameters of 

regression lines to estimate the relationships are presented in Table 22. The goodness 

of fit for different armrest height levels are calculated as: H5 (R2 = 0.58), H7 (R2 = 

0.61), H9 (R2 = 0.06), H11 (R2 = 0.41), and H13 (R2 = 0.08). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 26.5 - 28.5 inches, while the 

minimum EMG was produced when armrest distance was at 21 - 23 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 22) were significantly different from each other, F 

(12, 323) = 2.19, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 22. TA EMG vs. Distance at St-Si 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.346 (0.0113) 0.2883 (0.011) 0.3278 (0.0147) 0.3377 (0.0105) 0.3278 (0.0168) 

B1 (SD) 0.008 (0.0112) -0.0078 (0.0109) -0.0106 (0.0099) 0.0218 (0.0071) 0.0073 (0.0115) 

B2 (SD) -0.0037 (0.0018) 0.0028 (0.0017) 0.0015 (0.0014) 0.0006 (0.001) 0.0004 (0.0016) 

B3 (SD) 0.0008 (0.0013) 0.0027 (0.0013) 0.0007 (0.0007) -0.0009 (0.0005) 0 (0.0008) 

 



Texas Tech University, Shabboo Valipoor, August 2016 

85 

 

Figure 38. TA EMG vs. distance at St-Si. 

 

 

TA EMG at Si-St. Figure 39 shows that a non-linear relationship exists 

between TA EMG and armrest height at Si-St. Five regression lines are illustrated for 

five levels of armrest distance. These relationships are best fitted with the cubic model 

(Equation 4), defined as RMS = B0 + B1 (Height) + B2 (Height) 2 + B3 (Height) 3. The 

parameters of regression lines to estimate the relationships are presented in Table 23. 

The goodness of fit for different armrest distance levels are calculated as: D22.5 (R2 = 

0.26), D24.5 (R2 = 0.40), D26.5 (R2 = 0.48), and D28.5 (R2 = 0.54). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest height was adjusted to 9 - 11 inches, while the minimum 

EMG was produced when armrest height was either 7" or 13". 

The results of regression analysis also showed that the parameters of regression 

lines (representing distance) (Table 23) were not significantly different from each 
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other, F (9, 280) = 0.77, p = 0.65. In other words, changes in D did not significantly 

affect the relationship between EMG and H.  

 
Table 23. TA EMG vs. Height at Si-St 

Parameters of regression lines (best fit values) 

 D=22.5 D=24.5 D=26.5 D=28.5 

B0 (SD) 0.3333 (0.0084) 0.3699 (0.0093) 0.4032 (0.0082) 0.3601 (0.0089) 

B1 (SD) 0.0119 (0.0057) 0.0167 (0.0063) 0.009 (0.0055) 0.0195 (0.0061) 

B2 (SD) -0.0001 (0.0008) -0.0009 (0.0009) -0.0018 (0.0008) -0.0023 (0.0009) 

B3 (SD) -0.0011 (0.0004) -0.0016 (0.0004) -0.0011 (0.0004) -0.0018 (0.0004) 

 

 

 

Figure 39. TA EMG vs. height at Si-St. 

 

Figure 40 shows that a non-linear relationship exists between TA EMG and 

armrest distance at Si-St. Five regression lines are illustrated for five levels of armrest 

height. These relationships are best fitted with the cubic model (Equation 4), defined 

as RMS = B0 + B1 (Distance) + B2 (Distance) 2 + B3 (Distance) 3. The parameters of 

regression lines to estimate the relationships are presented in Table 24. The goodness 
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of fit for different armrest height levels are calculated as: H5 (R2 = 0.30), H7 (R2 = 

0.38), H9 (R2 = 0.39), H11 (R2 = 0.71), and H13 (R2 = 0.20). 

These non-linear patterns of change show that EMG amplitude was at its 

maximum level when armrest distance was adjusted to 26.5", while the minimum 

EMG was produced when armrest distance was either 21 - 22.5 or 28.5 inches.  

The results of regression analysis also showed that the parameters of regression 

lines (representing height) (Table 24) were significantly different from each other, F 

(12, 322) = 2.53, p < 0.05.  In other words, changes in H significantly affected the 

relationship between EMG and D.  

 

Table 24. TA EMG vs. Distance at Si-St 

Parameters of regression lines (best fit values) 

 H=5 H=7 H=9 H=11 H=13 

B0 (SD) 0.4099 (0.0114) 0.3587 (0.0117) 0.3974 (0.0102) 0.368 (0.0046) 0.3284 (0.0088) 

B1 (SD) 0.0081 (0.0114) 0.0302 (0.0116) 0.0235 (0.007) 0.0207 (0.0031) 0.0117 (0.006) 

B2 (SD) -0.0055 (0.0017) -0.0051 (0.0018) -0.0024 (0.001) -0.0002 (0.0004) -0.0016 (0.0008) 

B3 (SD) -0.0009 (0.0013) -0.0031 (0.0014) -0.0013 (0.0005) -0.0012 (0.0002) -0.0009 (0.0004) 

 

 

Figure 40. TA EMG vs. distance at Si-St. 
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Maximum and Minimum EMG and Force 

The observed maximum and minimum levels of EMG amplitude and force 

(Figures 21 thru 40) are integrated in the following tables to provide a comprehensive 

picture of the results. A close look at Tables 25 and 26 shows that, in the arm, the 

maximum EMG and force were generated when armrest height was adjusted to either 

13" or around 7", while internal distance between two armrests was around 20.5". On 

the other hand, the minimum levels of EMG and force were generated when armrest 

height was close to 11" and the distance was around 26.5". 

Furthermore, Tables 27 and 28 show that in the leg, the maximum EMG was 

generated when armrest height was adjusted to either 5 or close to 11, while internal 

distance was between 26.5 and 28.5. On the other hand, the minimum level of EMG 

was generated when armrest height was close to either 7" or 13" and the distance was 

around 21.5". 

 

Table 25. Maximum levels in arm. 

Levels of H and D associated with maximum EMG and force in the arm. 

 H Max-Effort D Max-Effort 

Biceps EMG at St-Si 5 ; 13 20.5 - 22.5 

Biceps EMG at Si-St 13 20.5 - 22.5 

Triceps EMG at St-Si 6 - 7 ; 13 21.5 - 22.5 

Triceps EMG at Si-St 5 20.5 - 22.5 

Force on armrest at St-Si 6 - 7 ; 13 20.5 - 21.5 

Force on armrest at Si-St 5 - 7 20.5 
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Table 26. Minimum levels in arm. 

Levels of H and D associated with minimum EMG and force in the arm. 

 H Min-Effort D Min-Effort 

Biceps EMG at St-Si 10 - 11 25.5 - 26.5 

Biceps EMG at Si-St 10 - 11 ; 5 26.5 

Triceps EMG at St-Si 10 - 11 26.5 - 27.5 

Triceps EMG at Si-St 11 27.5 - 28.5 

Force on armrest at St-Si 11 26.5 - 27.5 

Force on armrest at Si-St 11 28.5 

 

 

Table 27. Maximum levels in leg. 

Levels of H and D associated with maximum EMG in the leg. 

 H Max-Effort D Max-Effort 

VL EMG at St-Si 5 ; 11 28.5 

VL EMG at Si-St 13 26.5 - 28.5 

TA EMG at St-Si 11 26.5 - 28.5 

TA EMG at Si-St 9 - 11 26.5 

 

 

Table 28. Minimum levels in leg. 

Levels of H and D associated with minimum EMG in the leg. 

 H Min-Effort D Min-Effort 

VL EMG at St-Si 7 ; 13 20.5 - 22.5 

VL EMG at Si-St 9 20.5 - 22.5 

TA EMG at St-Si 7 ; 13 21 - 23 

TA EMG at Si-St 7 ; 13 21 - 22.5 ; 28.5 

 

Difference in Transition Time 

In addition to muscle EMG and force, we hypothesized that armrest height and 

distance might affect the time to accomplish the transition as well. Results reported in 
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this section address the question about the relationship between armrest 

height/distance and duration of Si-St and St-Si maneuvers. For this purpose, the levels 

of armrest height and distance which were correspondent with the maximum and 

minimum EMG amplitude and exerted force in arm were extracted from the regression 

models. Tables 25 and 26 showed that the minimum effort in subjects’ arm was 

created when the armrests were adjusted to around H11 and D26.5, while the 

maximum effort was the result of H7 and H13, and D20.5. T-tests and one-way 

ANOVA tests were used to compare the total time to accomplish the transition when 

armrests were adjusted to the maximum and minimum levels.  

The results of these tests are shown in Tables 29 and 30. Overall, these results 

suggest no significant differences in terms of transition time. The only significant 

difference was observed between H levels at St-Si, F = 5.60, p < 0.05. A post hoc 

Tukey test showed that H11 and H13 differed significantly at p < 0.01 (Table 31). On 

the other hand, although not statistically significant, results suggest that time was 

shorter in H11 and D26.5 (minimum effort levels) compared to H7 and H13 as well as 

D20.5 (maximum effort levels). Figures 41 and 42 illustrate the results more clearly. 

 
Table 29. T-test Results. 

Transition times at D levels associated with Max and Min arm effort. 

 D Max-Effort 20.5 D Min-Effort 26.5   

 Mean SEM Mean SEM t P value 

St-Si 2.067 0.058 1.959 0.052 1.326 0.1908 

Si-St 1.455 0.041 1.378 0.036 1.353 0.1821 
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Table 30. ANOVA Results. 

Transition times at H levels associated with Max and Min arm effort. 

Transition Levels ANOVA statistics SS MS F P value 

Si-St H7 vs. H11 vs. H13 

Between columns 0.241 0.120 2.483 0.090 

Within columns 3.780 0.048   

Total 4.020    

Si-St H7 vs. H11 vs. H13 

Between columns 0.604 0.302 5.597 0.005** 

Within columns 4.210 0.054   

Total 4.814    

** p<0.01 
 

 

 

Table 31. ANOVA Post Hoc test results.  

Tukey's multiple comparison test for transition times at H levels with Max and Min arm effort. 

 

Transition Comparison Mean 1 Mean 2 Mean diff. SE of diff. 95% CI P value 

Si-St 

H7 vs. H11 1.525 1.409 0.116 0.0596 -0.026 to 0.258 0.133 

H7 vs. H13 1.525 1.512 0.013 0.066 -0.144 to 0.169 0.979 

H11 vs. H13 1.409 1.512 -0.103 0.059 -0.243 to 0.037 0.192 

St-Si 

H7 vs. H11 1.842 1.765 0.077 0.063 -0.073 to 0.227 0.441 

H7 vs. H13 1.842 1.972 -0.130 0.069 -0.295 to 0.035 0.151 

H11 vs. H13 1.765 1.972 -0.207 0.062 -0.356 to -0.059 0.004** 

** p<0.01 

 

 

  

Figure 41. Time at St-Si. 

Time against H and D levels associated with minimum and maximum arm effort at St-Si. 
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Figure 42. Time at Si-St. 

Time against H and D levels associated with minimum and maximum arm effort at Si-St.  

 

Collectively, results in this section indicate that the transition time was not 

significantly affected by armrest height and distance. However, the possibility of a 

direct relationship between maneuver time and muscle effort should not be eliminated 

because in all groups, although not significant, the minimum EMG and force 

amplitude was associated with the fastest transition time. It is worth noting that 

increasing the sample size might reveal a significant direct relationship between EMG 

and maneuver time. Similarly, using real patients or elderly with physical challenges 

as subjects, instead of healthy subjects (used in this study) may increase the time 

differences.  

Summary 

The results of data analysis showed that manipulating armrest height and 

distance significantly affected the electrical activity of almost all examined muscles 

(marginally significant in Biceps) either in sitting or standing. The interaction between 
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height and distance also showed a significant effect on all muscles except Biceps. The 

relationships between arm muscles EMG and both independent variables (H and D) 

were nonlinear. The relationships between the force exerted on the armrest and 

independent variables were nonlinear for sitting down but linear for standing up. 

These linear relationships were negative, meaning that when subjects were standing 

from the chair, higher and more apart armrests were associated with less force exerted 

on the armrest. Finally, the patterns of change in electrical activity of leg muscles as 

the result of manipulating armrest height and distance were all nonlinear. Examining 

these patterns also revealed the levels of armrest height and distance that caused 

maximum and minimum effort (EMG and force) in the arm and leg (Tables 25-28). 

Comparing the trial runs with armrest levels that resulted in the maximum and 

minimum effort by arm, in terms of time duration, showed that although there were no 

statistically significant differences, the minimum effort was associated with the faster 

transition time. 
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CHAPTER IV 

DISCUSSION 

The purpose of this study was to examine the effect of changing armrest height 

and distance of patient chairs on the required effort to sit and stand by the elderly. The 

research questions aimed to investigate: (a) whether changing armrest height and 

distance significantly affects physical effort during St-Si-St tasks performed by elderly 

subjects; (b) in what way the pattern of physical effort changes as armrest height and 

distance are manipulated; and (c) the optimum levels of armrest height and distance. 

Electrical activity of muscles, force applied on the armrests, and time required to 

accomplish sitting and standing were measured to examine the study question. Data 

were collected from fifteen female subjects who were healthy, right-handed, in a 

defined range of height and weight, and able to do sitting and standing independently. 

Data was analyzed using different statistical procedures and the major findings are 

discussed in this chapter. This last chapter also includes recommendations for future 

research and a discussion on study limitations. 

Overview of Results 

The purpose of the first research question was to test the assumption that 

changing armrest height and distance causes a significant difference in the amount of 

effort needed by the elderly to sit in and stand from a patient chair. Results obtained 

from two series of data analysis confirmed this assumption and also characterized the 

relationship between armrest height/distance and muscle activity and force. ANOVA 

results from the first four subjects showed that electrical activity of almost all 
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examined muscles (Triceps, VL, TA, and marginally Biceps) significantly increased or 

decreased as a result of changes in levels of armrest height or distance, or a cumulative 

effect of both. After increasing the number of subjects and range of heights and 

distances, regression analysis confirmed the significant effect of different levels of H 

and D on muscle activity and generated force. Regression analysis also indicated that 

1) the change in muscle effort due to change in height/distance does follow specific 

patterns and 2) these identified patterns are almost always nonlinear and can be 

described by cubic and quadratic regression models. The results of regression models 

pertaining to the patterns of change in effort, and optimum levels of armrest height and 

distance are discussed in the following section.  

Patterns of Change in EMG and Force 

Overall, the results of regression models showed that when sitting down, 

changing armrests’ height and distance led to higher fluctuations in the pattern of 

arm’s physical effort, compared with standing up. This is found from comparing St-Si 

and Si-St models for Biceps and Triceps EMG as well as load on the armrest. The 

comparison showed that the trend was obviously steadier when subjects used the 

armrests to stand up. As shown in Figure 43, at St-Si, five out of six regression models 

for arm were cubic (with two turning points), while only one out of six was cubic at 

Si-St. On the other hand, patterns of change were not that different between St-Si and 

Si-St transitions in the leg muscles (Figure 44). At St-Si, three out of four regression 

models for leg were cubic, and during Si-St, all four models were cubic.  
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Figure 43. Patterns of Change in Arm EMG and Force. 

A comparison between St-Si and Si-St rows shows that when sitting down, changing armrests’ height and distance 

led to higher fluctuations in the patterns of arm’s physical effort. 
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Figure 44. Patterns of Change in Leg EMG. 

A comparison between St-Si and Si-St rows shows that there was not a difference in level of fluctuation as it was 

observed in arm regression models. 

 

These results should not be surprising as it has been shown in published 

literature that sitting down is a more complicated action compared to standing up 

(Kralj et al., 1990). As discussed in the previous chapter, the aforementioned 

complication could be due to higher number of motor goals and difficulty of 
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maintaining balance while reaching a target while sitting. What the current study 

results highlights is a higher impact of this challenge on arms, compared with legs; 

meaning that a higher fluctuation in generating effort by the arm while sitting might be 

due to its higher number of motor goals, i.e. keeping the balance and reaching a target. 

In comparison, leg’s goal is more straightforward, which is maintaining the balance. In 

published literature, sitting down has been shown to be more affected by ageing too. It 

has been observed that compared to a younger group, older subjects need greater 

velocity control to keep the equilibrium in an upright initial position before contacting 

the seat surface (Mourey et al., 1998). Therefore, what we have observed in terms of 

more complexity of sitting down for arms, compared to legs, is probably more specific 

to the elderly. 

 A general comparison between St-Si and Si-St showed that the electrical 

activity and force generated for both transitions were almost in the same range. For 

example, Biceps generated electrical activity of 8-17%MVC for sitting down and 7-

11%MVC for standing up. These ranges were also similar in Tricpes, TA, and force. 

However, in VL, the range of electrical activity produced for standing up (28-

45%MVC) was higher than the corresponding range for sitting down (18-25%MVC). 

Considering the function of this muscle, this result makes sense, because VL is a knee 

extensor (Lippert, 2011), which makes it more effective in extending the knee for 

standing up than flexing it for sitting down. The higher electrical activity by VL at Si-

St compared with St-Si was also observed by Wheeler et al. (1985) who reported a 

greater activity by vastus lateralis among older people (with mean age of 75) than a 

younger group (with mean age of 24) when standing up. 
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Within the examined muscles of the arm, Triceps showed more activation in 

both sitting and standing. The range of normalized EMG amplitude in Triceps was 14-

40%MVC at St-Si and 27-45% at Si-St. This range in Biceps was 7-18%MVC at St-Si 

and 7-11%MVC at Si-St. Another difference between these two muscles was in the 

level of consistency between their electrical activity and force exerted on the armrest. 

Regression models showed that compared with Biceps, the pattern of change in 

electrical activity of Triceps was much more similar to the pattern of load on the 

armrests. In other words, the EMG-force relationship was more linear in triceps than 

in biceps. These results suggest that Triceps is more involved in using the armrests and 

should receive a higher attention in future studies, especially when there is a limitation 

in the number of muscles under examination. On the contrary, the range of observed 

activation in both leg muscles (VL and TA) was similar at Si-St (27-45%MVC) but 

considerably different at St-Si (27-38%MVC in TB, 17-26%MVC in VL).  

In all relationships, the outlier, or the model that was very different from other 

regression lines, in terms of pattern or amplitude, was the result of an extreme value 

among the height or distance intervals. For example, in the relationship between VL 

EMG and distance at Si-St, the pattern of change for H13 (highest armrest level) was 

totally different from the general pattern for other height levels (see Figure 36 in the 

next page). The reason for different patterns at extreme levels may be attributed to 

changes in subjects’ behavior in response to armrests that were adjusted too high or 

too close, compared with the middle range values. 
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Figure 36. Reproduced from CHAPTER IV (VL EMG vs. distance at Si-St). 

The pattern of change for H13 (highest armrest level) is totally different from the general pattern for other 

height levels (other regression lines). 

 

From a furniture design perspective, comparing data from subjects’ arm and 

leg also showed that, generally, the trends of change in electrical activity of leg 

muscles were in the opposite direction of change in both arm EMG and exerted load 

on the armrests. In other words, the levels of armrest height and distance that resulted 

in the lowest amplitude of arm EMG and load on the armrest, were associated with the 

highest leg EMG amplitude at the same phase (either in sitting or standing) (compare 

Figure 21 and Figure 33 as an example in the next page). This result might indicate the 

underlying mechanism for the prevalent strategy among the elderly to use their upper 

extremities to improve their stand-up performance (Bohannon & Corrigan, 2003). 

Rehabilitation interventions that focus on upper extremity strengthening activities 

among people with impaired lower limbs are also based on the assumption that our 

body keeps a balance between upper and lower limb’s share of load (Bohannon & 

Corrigan, 2003). 
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Figure 21. Reproduced from CHAPTER IV (Biceps EMG vs. height at St-Si). 

 

 

 

Figure 33. Reproduced from CHAPTER IV (VL EMG vs. height at St-Si) 

 

From chair design perspective, this balance may mean that if a chair is 

designed in a way that calls for higher effort by arms, the required effort by legs will 

be decreased. The benefit of this trade-off might be intuitively justifiable but, to 

scientifically support it, examining a higher number of muscle groups in arms and legs 



Texas Tech University, Shabboo Valipoor, August 2016 

102 

is required. The current study result also confirms the validity of the study instrument 

(Electromyography) because of being able to detect the generation of electrical 

activity in opposite directions by two muscles in the arm and two muscles in the leg. 

If we know that a specific chair feature (e.g. armrest location) decreases the 

required effort by arms but increases effort by legs, we will be able to recommend a 

specific range for patients with upper limb use restrictions. For instance, some elderly 

patients suffer from shoulder pain due to pathologies of tendon of the long head of the 

biceps (LHB) (Longo et al., 2011). In such case, patients are recommended to avoid 

overusing their arm during recovery as much as possible. Future studies should 

explore the effort made by disabled people either in legs or arms, and confirm this 

assertion. Since subjects in this study were healthy we can base the criterion for 

optimum armrests on the features that make sitting and standing less effort-taking for 

arms. In healthy people or the elderly without any physical impairment, it may be 

logical to have them exert more effort via their legs because leg muscles are bigger 

and stronger, and hence, more relied on to perform everyday activities (Lippert, 2011). 

The maximum and minimum effort by the arm 

When subjects used the armrests for either sitting down or standing up, a 

higher electrical activity was generated in Triceps compared to Biceps. However, the 

patterns of change in EMG amplitude across all values of armrest height and distance 

were similar in these two muscles. Very similar patterns were also observed in the 

changes in the exerted load on the armrest (Figure 43).  
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 As regression models in chapter IV showed (summarized in Tables 25 and 28), 

in almost all of the patterns of change in EMG amplitude and external load, the least 

EMG amplitude and load were observed around 11" for armrest height and 26 to 27 

inches for armrest distance. One exception was the lowest level of biceps EMG versus 

height at Si-St, which occurred at not one but two height ranges (5"-5.5" and 10"-11") 

(Figure 23 reproduced from chapter IV). Since the higher interval (10"-11") was in the 

same range as other height levels associated with least EMG amplitude and load, we 

can say that the common range of height that consistently resulted in lower effort was 

around H11. 

 

 

Figure 23. Reproduced from CHAPTER IV (Biceps EMG vs. height at Si-St) 

  

 Results also showed that the peak EMG amplitude and load by arm occurred in 

the highest (H13) and near the lowest levels of armrests (H6-7), as well as the closest 

distance between them (H20.5). 
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For EMG versus height relationships, Biceps EMG showed similar patterns at 

St-Si and Si-St both confirming the aforementioned peak levels (H5; H13; D20.5). 

Triceps versus height also showed a similar pattern at St-Si. However, this pattern was 

different at Si-St (quadratic with a negative slope) where the minimum EMG was 

associated with the highest armrest (H13) (compare Figure 25 and Figure 27). Looking 

at raw data (dashed lines) in this model (Figure 27) shows that the amplitude went up 

at the highest armrest levels (above 12"), but it was not pronounced enough to affect 

the regression line. This shows that generally, the trend was consistent with other 

models in this group, but with less fluctuation and less prominent peaks. Therefore, we 

can still consider the height levels of higher than 12" (around 13) as effort-making 

levels.  

 

Figure 25. Reproduced from CHAPTER IV (Triceps EMG vs. Height at St-Si) 

The pattern of change is similar to other patterns against height in the arm group. 
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Figure 27. Reproduced from CHAPTER IV (Triceps EMG vs. Height at Si-St) 

The pattern of change is not completely similar to other patterns against height in the arm group. 

 

For force versus height, similar trends were observed as Triceps versus height. 

In other words, force versus height was similar to other trends in this group (peak at 

H6-7 and H13) at St-Si but negatively linear at Si-St (compare Figure 29 and figure 

31). Comparing the regression lines in this model with the raw data reveals a similar 

pattern (increasing EMG at H13).  

 
Figure 29. Reproduced from CHAPTER IV (Force vs. Height at St-Si) 

The pattern of change is similar to other patterns against height in the arm group. 
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Figure 31. Reproduced from CHAPTER IV (Force vs. Height at Si-St) 

The pattern of change is not completely similar to other patterns against height in the arm group. 

 

For EMG and load versus distance relationships, as mentioned, the peak EMG 

amplitude was correspondent with internal distances of less than 22.5" in both sitting 

and standing transitions. Even in regression lines with four data points (one point 

missed at D20.5), the slope was obviously upward towards the least armrests’ distance 

(see Figure 28 as an example). 

 

Figure 28. Reproduced from CHAPTER IV (Triceps EMG vs. Distance at Si-St) 
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 Based on discussed results, Table 32 is created to show the H and D levels 

associated with maximum and minimum effort in the arm. Height level of 11" was 

associated with the minimum EMG and load amplitude. This is clear in Figure 43 in 

the majority of graphs on the left column. Similarly, distance level of 26.5" was 

associated with the minimum EMG and load amplitude. This can also be tracked in 

Figure 43 in the majority of graphs on the right column.  

 

Table 32. H & D levels associated with Min & Max effort in the arm. 

Limb Variable Effort Size (inch) 

Arm 

Height 
Max 7 ; 13 

Min 11 

Distance 
Max 20.5 

Min 26.5 

 

The maximum and minimum effort by the leg 

As mentioned earlier, an opposite pattern of change in EMG amplitude was 

observed in leg muscles compared to the EMG and load exerted by the arm. Both VL 

and TA showed obvious cubic patterns of change for EMG across the armrests’ 

height. The highest VL and TA EMG amplitudes were produced when armrest height 

was around 11" or 5", while the lowest VL and TA EMG amplitude were correlated 

with the height of 7", followed by 13". However, the relationship between VL EMG 

and height was completely different from other models in this group (compare Figure 

33 and 35). In fact, this was the only relationship that did not follow the general trend 

of arms and legs making effort in opposite directions. The reason might be the impact 



Texas Tech University, Shabboo Valipoor, August 2016 

108 

of any confounding variable that resulted in an anomaly. Hence, for detecting the 

highest and lowest amplitudes, this very different pattern was considered as an outlier 

and skipped.  

 

 

Figure 33. Reproduced from CHAPTER IV (VL EMG vs. Height at St-Si) 

A typical pattern in the leg muscle vs. height group that is in the opposite direction as the arm group. 

 

 

 

Figure 35. Reproduced from CHAPTER IV (VL EMG vs. Height at Si-St) 

The only pattern in the leg muscle vs. height group that followed the same pattern as arm. 
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The patterns of change in leg muscles EMG were not as straightforward across 

distance. The only firm result from evaluating the relationships between leg muscles 

EMG and distance for different levels of height is that the highest amplitude occurred 

when armrests were farther apart (wider than 25"), and the lowest happened when 

armrests were closer (21-23"). We cannot limit these ranges to smaller intervals 

because of the dissimilar patterns and outliers in this group, which could be the effect 

of confounding factors. In fact, these results suggest that comparing with armrest 

height, the impact of armrest distance on leg muscles is more affected by confounding 

variables, such as involvement of other muscles (e.g. abdominal). 
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Figure 44. Reproduced (Max and Min effort by the leg). 

In the similar trends, the least EMG amplitude is observed around H7" and H13" as well as D21"-23". The second 

graph on the left column is considered an outlier. 

 

 

Based on discussed results, Table 33 is created to show the H and D levels 

associated with maximum and minimum effort in the leg. Height levels of 7 and 13 

inches were associated with the least EMG amplitude. This is clear in Figure 44 in the 

majority of graphs on the left column. Similarly, distance levels in the range of 21-23 
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inches were associated with the least EMG amplitude. This can also be tracked in 

Figure 44 in the majority of graphs on the right column.  

 

Table 33. H & D levels associated with Min & Max effort in the leg. 

Limb Variable Effort Size (inch) 

Leg 

Height 
Max 5 ; 11 

Min 7 ; 13 

Distance 
Max 25 < 

Min 21 - 23 

 

Optimum Levels 

Previously, we had discussed that in healthy people, leg muscles are bigger and 

stronger than arm muscles, and therefore more involved in daily activities. We also 

found that arms are more engaged while sitting down from a standing position, as 

compared to legs. For these reasons, armrest features that lightened the effort for arms 

were targeted for further examination. In order to determine the optimum armrest 

height and distance values to ease sitting and standing, while minimizing the effort 

required on the arms, the impact of Max and Min levels on the time required to 

accomplish each transition were examined. The objective was to ascertain if the 

armrest feature (H or D) that led to less electrical activity and force exertion by arms, 

also resulted in completing the transition in a shorter time or not, and vice versa. 

ANOVA and t-tests were conducted to identify any statistically significant 

differences in time between trials associated with maximum EMG amplitudes and 

those with minimum EMG amplitudes. The differences were not statistically 
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significant. However, the direction of the differences was consistent across all trials – 

i.e. the time taken for transition in trials associated with minimum EMG amplitude 

were less than the time taken for transition in trials associated with maximum EMG 

amplitude. More specifically, when armrest height was 11" (H Min-Effort), sitting and 

standing were performed faster than when it was either 7" or 13" (H Max-Effort). 

Similarly, when armrest distance was 26.5" (D Min-Effort), sitting and standing were 

performed faster than when it was 20.5" (D Max-Effort). The consistency of direction of 

difference is noteworthy, despite the lack of evidence for statistical significance. If a 

specific value of a chair design attribute results in less arm effort and shorter time to 

sit and stand, it may be considered as the optimal design condition, because it requires 

less work to be done by arms. Therefore it may not be erroneous to conclude that 

height levels close to 11" and distance levels close to 26.5" are optimum values for 

armrest design, for elderly women without physical challenges. This argument is 

predicated on consistency of differences in time taken for transition during sitting and 

standing. Statistically significant differences in transition time in addition to 

consistency in direction, and/or data from additional objective/subjective indicators of 

efforts would have helped render the above conclusion more robust. It should be noted 

that a larger sample size, or subjects with physical challenges, or both may have 

demonstrated statistical significance in time difference. This constitutes a potent area 

for further examination in future studies. 

An examination of patient chairs currently manufactured in the patient care 

market shows that the range of armrest height and distance are typically lower and 

smaller than the optimal values identified in this study (Table 3). Patient chairs in the 
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market have armrests of 6.5 – 10 inches high. Previous studies had also suggested 10" 

for the armrests on chairs for the elderly (Finlay et al., 1983; Wheeler et al., 1985) and 

patients (Hanger et al., 1991). The distance between two armrests was not specifically 

studied before, but the chairs in the market has armrests with 22"- 26" internal 

distance. 

Another noteworthy discussion that may be triggered from the current study 

findings pertain to bariatric individuals, especially balancing the, apparently 

conflicting, sitting needs of bariatric and non-bariatric patients. If providing wider 

seats facilitates easier transitions for non-bariatric subjects, we may need to consider 

chairs with armrests farther apart as the basic structure for patient chairs for both non-

bariatric and bariatric patients. The typical armrest distance provided in bariatric 

chairs is 30". Furniture designers may also consider providing adjustment mechanisms 

for specific individuals who may want the armrests closer. This topic constitutes 

another potent area for future studies. 

Conclusion 

The ability to sit in and stand from a chair are considered as physiologically 

essential functions of human body. While for a young and healthy person, these 

activities may be carried out with ease and little need for physical supporting, for the 

elderly or those with a history of injury or pathology, these maneuvers may present 

considerable difficulty. This study makes an attempt to reduce this difficulty by 

examining one of the crucial attributes of a patient chair. Being exploratory in nature, 
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this study raises several critical questions for future studies -some from a design 

perspective, and some from a methodological perspective. 

In terms of design, the results of this study provide new insights on designing 

and evaluating patient chairs. We found that chairs with higher and farther armrests 

than those in the market may facilitate a safer ambulation. A significant discovery was 

that armrest features that ease sitting and standing for the arms, may require a higher 

effort by the legs.  

In terms of methods, the results of this study confirmed the validity of the 

applied techniques for use in future studies with larger and broader samples. A 

consistent change was observed in effort indicators as a result of change in armrest 

features, which is an indicator of the ability of applied techniques to detect meaningful 

changes. Therefore, the same techniques may be used with more variables and 

subjects to confirm the results reported here and discover more about optimal seating 

solutions. To facilitate safer environments for patients, clinical methods, like 

electromyography, may also be used to examine a variety of environmental elements, 

beyond chairs, such as beds, wheelchairs, and toilet seats. 

Limitations 

Just like all experimental studies in lab settings, in this study, although there 

was more control over extraneous variables that might bias the results in a natural 

setting, the generalizability of results is reduced owing to the contrived setting, as well 

as possible atypical behavior of subjects. EMG sensors were attached to subjects’ arms 

and legs, and they were aware of study objectives. Although these limitations enabled 
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the study to be conducted in a controlled manner, the question remains pertaining to 

differences in the world beyond the laboratory. 

Another limitation was about subjects’ attributes which was from a restricted 

range closer to the average. Delimiting subjects’ height and weight was intended to 

exclude alternative explanations for changes in dependent variables. To assure that 

changes in the pattern of effort-making was the result of changing the armrests, 

subjects’ physical and physiological attributes were limited as well as their age, 

gender, handedness, and health status. Selecting a homogeneous group, helped us to 

decrease the variations in data, but limited the generalizability of results to the broader 

population.  

The generalizability of this study is also limited by the sample size. 

Conducting research with fifteen subjects limited the application of findings to the 

larger population, but allowed for an in-depth study of the phenomenon. Each single 

subject in this study produced a large amount of data. Each of the first four subjects 

went through 27 experimental runs, and each of the second eleven subjects performed 

75 runs. Therefore, the small number of subjects did not decrease the power of 

statistical procedures. Considering the exploratory nature of this study, where not-so-

commonly used methodological techniques in design field were adopted, drawing 

definitive conclusions for practice were not the ultimate aim. In essence, this study 

was more fundamental than applied in nature, with the aim of extending the 

examination to applied contexts in the longer run. Since this study found that 

relationships between armrest attributes and physical efforts exist, and the adopted 

techniques have demonstrated the potential for meaningful examination, future studies 
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may extend the current effort to a larger and broader samples and more number of 

variables. 

Finally, although the effect of fatigue was controlled in this study by 

randomized-trial design and providing breaks for subjects, there is always a possibility 

that subjects may have fatigued due to the large number of trials. 

Future Research 

In the future, studies with larger and more representative samples may confirm 

and extend the results of this study. Experiments conducted in the current study may 

be replicated on more subjects with a higher variation in physical attributes or on 

highly distinct groups (e.g. all tall or all short subjects) to either confirm the results 

reported here or discover possible differences in observations.  

Other techniques may be integrated to reinforce the applied method in this 

study, such as pressure mapping systems or ground reaction force measurement. This 

will increase the number of effort indicators from upper and lower limbs. With the 

same rationale, a more number of muscles may be examined using EMG, such as 

muscles of forearm. Four examined muscles in this study were selected since more 

attention was accorded to them in previous studies. However, the current study was 

one of the initial attempts to measure changes in muscle EMG as a result of changes in 

patient chair attributes. Similar studies on other muscles of arms and legs may 

contribute to a better understanding of the most engaged muscles in using armrests. 

Furthermore, extending the experiments to muscles in trunk, hip, or shoulders will 
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take into consideration other body segments that may play an important role in sitting 

and standing, and therefore affected by different design of armrests. 

Expanding this study to investigate the impact of changing armrest height and 

distance on real patients will also have significant benefits. For example, this study 

showed that a chair armrest that lighten the effort of arms when sitting and standing 

may increase the effort of legs. This finding may be examined further to determine if 

patients with upper-limb dysfunctions should use chairs that should be avoided by 

those with lower-limb dysfunctions. Patients with musculoskeletal problems, such as 

orthopedic injuries or neurological disorders, may be targeted for this purpose. A 

series of such studies may result in guidelines for designing two main categories of 

patient chairs, or chairs with limited levels of adjustments to decrease the complexity 

of using adjustable chairs. As a result, in the future, industry may need to consider two 

main categories of patient chairs, one designed for patients with upper-limb 

impairments, and one designed for those with lower-limb limitations. 

In terms of methodology, one important avenue for future work may be to use 

the same instruments to examine other attributes of chair design. The interaction of 

other variables that are not considered in this study, such as seat tilt, will provide 

critical insights for designing seating solutions. Recording subjective data may also 

provide a broader set of criteria to define the optimum levels for patient chair features. 

Subjects’ feedback from different seating arrangements may be recorded or their 

sitting and standing behavior may be rated by trained observers.  

Since our results showed that optimum levels of armrest height and distance 

may be higher and wider than those available in the patient chair market, future studies 



Texas Tech University, Shabboo Valipoor, August 2016 

118 

may explore the possibility of developing a common chair design for both obese and 

non-obese subjects. Observation data from subjects’ behavior may also support the 

findings.  
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APPENDIX A 

Nomenclatures 

Moment A rotational or twisting effect of a force. Moment is defined as turning 

effect produced by a force. Moment can be thought of as the rotational 

analog to linear force (turning force), and is calculated by multiplying the 

perpendicular force by the distance from the pivot (or axis of rotation). 

The standard unit for moment is Newton-meters. 

Shoulder (or 

ankle) moment 

Resistance in strength training produces an external moment, whereas 

muscles of shoulder (or ankle) produce an internal moment to counteract 

the external moment, which is called shoulder (or ankle) moment. 

Central 

Nervous 

System (CNS) 

In human body, the nervous system is divided into two parts: the central 

nervous system and the peripheral nervous system due to their location in 

the body. The central nervous system (CNS) includes the nerves in the 

brain and spinal cord. This complex system serves as the main 

"processing center" for the entire nervous system and is safely contained 

within the skull and vertebral canal of the spine. 

Muscle fibers Muscle fibers (aka myofibers) are the individual contractile units within a 

muscle. A single muscle such as the biceps contains thousands of muscle 

fibers. 

Motor unit In the skeletal muscle system, a group of individual muscle fibers 

innervated by a single neuron (a motor neuron) forms a motor unit. A 

stimulation by command signal (action potential) transmitted along the 

motor neuron results in a synchronous tension in all fibers in a motor unit, 

which may result in work or torque.  

The center of 

mass (COM) 

The center of mass (COM) is the point where all of the mass of an object 

is concentrated. For an immovable body, COM is the point at which the 

distributed mass sums to zero. It can be thought of as the point about 

which body can rotate. The human body has complicated features and the 

COM of human body depends on 1) distribution of mass which mainly 

depends on gender and 2) size and ratios of the limbs. In a standing 

posture, it is typically about 10 cm lower than the navel, near the top of 

the hip bones. 
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APPENDIX B 

Scatterplots representing data from the First Four Subjects 

EMG amplitude of each muscle is plotted as RMS (normalized to MVC) against height or 

distance at St-Si or Si-St. For each data set, in plot (a), the solid circle represents the average 

from all four subjects and the error bar is standard deviation. This experiments are carried out 

based on a paired experimental design. In order to illustrate this paired characteristic, in plot 

(b) the average values from each subject (mean of replicated runs) are shown separately and 

connected to their pair data point. In this way, the trend and magnitude of change between 

chair arrangements (i.e. slope of the connection lines) can be compared more accurately 

between various conditions (different colors). 
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