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Abstract 

Regular physical activity reduces the risk of adverse health outcomes for people of 
all ages. Research has demonstrated that most individuals can benefit from regular 
physical activity, regardless of whether they participate in vigorous exercise or 
moderate physical activity. Habitual physical activity and exercise also reduce the risk 
of chronic disease. For young, healthy people, many aspects of physical fitness can 
easily be realized by performing exercises that do not require special equipment. 
Various exercise devices have been developed to enable individuals who require 
assistance to achieve their physical fitness goals efficiently and consistently. However, 
concerns have been raised over the possible negative effects and safety of these exercise 
devices for elderly and clinical populations. Here, an unpowered spring-loaded upper 
limb exoskeleton designed for strengthening the muscles of the upper limbs at single 
and multiple joints in different planes is proposed. The upper limb exoskeleton consists 
of a shoulder joint with three degrees of freedom and an elbow joint with one degree of 
freedom, and it can perform internal-external, abduction-adduction, and 
flexion-extension movements of the shoulder, as well as flexion-extension motions of 
the elbow. Our aim was to provide an upper limb resistance training device that is 
compact, cost-effective, easy to operate, and safe for elderly and clinical populations 
who exercise at low and moderate speeds and that can be used for home-based 
rehabilitation in the absence of a fitness instructor or therapist. Kinematic and dynamic 
models have been formulated to develop design criteria to analyze free-weight and 
spring-loaded exoskeletons for upper limb resistance training. Embodiment design was 
performed and a prototype was constructed for evaluation. Motion analysis methods and 
electromyography measurements were chosen for evaluation of the joint torques and the 
neuromuscular response of major upper limb muscles when male and female subjects 
performed the designated resistance training. The collected data, along with kinematic 
and dynamic joint torque analysis, not only verifies our hypothesis that, with 
zero-free-length springs, this spring-loaded upper limb exoskeleton is capable of 
reducing unfavorable lengthening of the muscles during high-intensity free-weight 
exercises but also provides important general principles for designing appropriate 
spring-loaded exoskeletons for upper limb resistance training. 
 
 
Keywords: resistance exercise, upper limb exoskeleton, free-weight exercise, motion 

analysis, electromyography 
  



 

iv 
 

Table of contents 

 ....................................................................................................................... i 

 .............................................................................................................. ii 

Abstract ............................................................................................................... iii 
Table of contents ................................................................................................. iv 
List of Tables ....................................................................................................... vi 
List of Figures ................................................................................................... viii 
List of Symbols .....................................................................................................x 

 Introduction ..........................................................................................1 Chapter 1
 Background .................................................................................................................. 1 1.1
 Related works .............................................................................................................. 6 1.2
 Motivation and objectives ......................................................................................... 21 1.3
 Overview of the dissertation ...................................................................................... 23 1.4

 Kinematic and static analysis ............................................................ 28 Chapter 2
 Introduction ............................................................................................................... 28 2.1
 Kinematic model and joint torque analysis ............................................................... 32 2.2
 Preliminary design of the spring-loaded exoskeleton................................................ 37 2.3
 Embodiment design of the spring-loaded exoskeleton .............................................. 60 2.4
 Summary .................................................................................................................... 65 2.5

 Dynamic analysis ............................................................................... 66 Chapter 3
 Introduction ............................................................................................................... 66 3.1
 Dynamic model of upper limb ................................................................................... 71 3.2
 Dynamic joint torques during free-weight exercise .................................................. 74 3.3
 Dynamic joint torques with the upper limb exoskeleton ........................................... 75 3.4
 Dynamic joint torques during resistance training ...................................................... 78 3.5
 Summary .................................................................................................................... 82 3.6

 Prototype and preliminary evaluation ............................................... 84 Chapter 4
 The prototype ............................................................................................................. 84 4.1
 Experimental design .................................................................................................. 87 4.2
 Results and discussion ............................................................................................... 94 4.3
 Summary .................................................................................................................... 99 4.4

 Verification test: A motion analysis study ....................................... 100 Chapter 5
 Introduction ............................................................................................................. 100 5.1
 Methods and instrumentation .................................................................................. 104 5.2
 Results and discussion ............................................................................................. 115 5.3



 

v 
 

 Summary .................................................................................................................. 123 5.4
 Verification test: An electromyography study ................................. 124 Chapter 6

 Introduction ............................................................................................................. 124 6.1
 Methods and instrumentation .................................................................................. 128 6.2
 Results and discussion ............................................................................................. 135 6.3
 Summary .................................................................................................................. 144 6.4

 Conclusion and future work ............................................................ 145 Chapter 7
 Lessons have been learned ...................................................................................... 147 7.1
 Summary of contributions ....................................................................................... 150 7.2
 Recommendations for future work .......................................................................... 151 7.3

References ........................................................................................................ 153 
 
  



 

vi 
 

List of Tables 

Table 1.1 Comparison of the effects of aerobic training and resistance on health 
and fitness variables [14] .................................................................................... 5 

Table 1.2 Rehabilitation robots/exoskeletons in use for clinical research or therapy 
and their status as the most representative design of their type ....................... 18 

Table 2.1 D-H parameters for the upper limb ................................................................. 34 
Table 2.2 Anthropometric parameters of the subjects used in the conceptual design 

evaluation ......................................................................................................... 51 
Table 2.3 Inertial parameters of the upper limb exoskeleton ......................................... 52 
Table 2.4 The adjustable length of springs for 1, 4, and 7 kg weight resistances .......... 52 
Table 2.5 A comparison between the theoretical and simulated data for shoulder 

abd-add and flx-ext exercises, and elbow flx-ext exercises (resistance=1 
kgw/ 4 kgw/ 7 kgw) for a male subject. ........................................................... 58 

Table 2.6 A comparison between the theoretical and simulated data for shoulder 
abd-add and flx-ext exercises, and elbow flx-ext exercises (resistance=1 
kgw/ 4 kgw/ 7 kgw) for a female subject. ........................................................ 59 

Table 2.7 Anthropometric parameters of the upper limb. ............................................... 62 
Table 2.8 Detailed spring design parameters for the exoskeleton. ................................. 62 
Table 4.1 Anthropometric parameters of the subjects used in the data analysis ............ 90 
Table 4.2 The adjustable spring lengths for the 1 and 3 kg weight resistances. ............. 90 
Table 4.3 The peak torques and differences for the free-weight and upper limb 

exoskeleton exercises. ...................................................................................... 96 
Table 5.1 Design specifications of the SLERT ............................................................. 107 
Table 5.2 Anthropometric parameters of the subjects (S1-S6) ..................................... 108 
Table 5.3 Marker names, locations, placement and corresponding segments ............... 110 
Table 5.4 Protocols for the dumbbell movements and the movements used with the 

exoskeleton. ..................................................................................................... 113 
Table 5.5 The mean peak torques and differences for the free-weight and upper 

limb exoskeleton exercises at 1 second lifting and 1 second lowering 
motion speeds. ................................................................................................. 118 

Table 5.6 The mean peak torques and differences for the free-weight and upper 
limb exoskeleton exercises at 2 second lifting and 2 second lowering 
motion speeds. ................................................................................................. 118 

Table 6.1 The muscles tested and MVIC action used in this study. ............................. 131 
Table 6.2 The mean peak EMG activity of each muscle for the three resistance 

exercises expressed as a % of MVIC for peak muscle amplitude at 1 
second lifting and 1 second lowering motion speed. Results are expressed 



 

vii 
 

as the mean (SD). ........................................................................................... 137 
Table 6.3 The electromyographic activity of each muscle for the three resistance 

exercises expressed as a % of MVIC for peak muscle amplitude at 2 
second lifting and 2 second lowering motion speed. Results are expressed 
as the mean (SD). ........................................................................................... 138 

 
  



 

viii 
 

List of Figures 

Fig. 1.1 (a) InMotion2, the commercially available version of the MIT-Manus 
robot system; (b) The ARM guide; (c) The MIMI; (d) The Gentle/s ............... 10 

Fig. 1.2 (a) The Armeo Spring, which is the commercial version of the T-WREX 
robot system; (b) The Armeo Power, which is the commercial version of 
the ARMin robot system; (c) The RUPERT; (d) The CADEN-7 ..................... 15 

Fig. 2.1 Kinematic model and coordinate system of the right upper limb. .................... 33 
Fig. 2.2 A modified exoskeleton configuration. ............................................................. 39 
Fig. 2.3 A schematic diagram of the spring-loaded exoskeleton. ................................... 41 
Fig. 2.4 Upper limb exoskeleton muscular exercise and dumbbell motions. ................. 43 
Fig. 2.5 ADAMS simulation of the upper limb exoskeleton .......................................... 56 
Fig. 2.6 Embodiment design of the upper limb exoskeleton. ......................................... 64 
Fig. 3.1 The dynamic model and the coordinate system of the right upper limb ........... 73 
Fig. 3.2 A schematic diagram of the spring-loaded exoskeleton .................................... 76 
Fig. 4.1 The prototype of the upper limb exoskeleton .................................................... 86 
Fig. 4.2 Marker placement on the thorax, clavicle, and right upper limb ...................... 88 
Fig. 4.3 Subjects performed the upper limb exoskeleton and dumbbell exercises 

with different movements for resistance training: (a) shoulder abd-add: the 
*
1z  axis is aligned with the shoulder joint, gripping the handle of the 

exoskeleton, and the right arm is raised laterally from the side of the body; 
(b) shoulder flx-ext: the �2 axis is aligned with the shoulder joint, and 
the right arm is raised in a sagittal plane while keeping the elbow in a 
fixed position; (c) elbow flx-ext: the �3 axis is aligned with the elbow 
joint, and the forearm is drawn upward in an arc from a vertical position to 
a horizontal position and then is moved in the reverse direction. Note that 
the exoskeleton is mounted on an aluminum frame; (d) dumbbell lateral 
raise; (e) dumbbell front raise; and (f) dumbbell curl motion and the 
movement range of each motion. ..................................................................... 92 

Fig. 4.4 Subjects operating the upper limb exoskeleton mechanism with difference 
movements for resistance training. ................................................................... 93 

Fig. 4.5 The experimental data for joint torques with 1 kg and 3 kg resistance that 
is ....................................................................................................................... 95 

Fig. 4.6 The experimental data for joint torques with 1 kg and 3 kg resistances that 
is provided by dumbbell and exoskeleton (with the inertia effect) .................. 97 

Fig. 4.7 Comparison of the mass moment of inertia effect caused by the dumbbell 
or the exoskeleton motion ................................................................................ 98 

Fig. 5.1 Perspective view of SLERT. ........................................................................... 105 



 

ix 
 

Fig. 5.2 The configuration CAD drawings of the shoulder and elbow joints of the 
upper limb exoskeleton. .................................................................................. 106 

Fig. 5.3 Movement and grip patterns of the free-weight exercises and the 
exoskeleton motions ........................................................................................ 112 

Fig. 5.4 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton without inertial effects (1 second lifting 
and 1 second lowering motion speed). ............................................................ 116 

Fig. 5.5 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton without inertial effects (2 second lifting 
and 2 second lowering motion speed) ............................................................. 117 

Fig. 5.6 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton with inertial effect (1 second lifting and 
1 second lowering motion speed). ................................................................... 119 

Fig. 5.7 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton with inertial effect (2 second lifting and 
2 second lowering motion speed). .................................................................. 120 

Fig. 5.8 The mass of moment of inertia effect caused by the dumbbell or the 
exoskeleton on the subjects. ........................................................................... 122 

Fig. 6.1 The location of the Surface EMG ................................................................... 130 
Fig. 6.2 The location of the surface EMG (note that the channel 6 for Pectoralis 

major was covered under the cloth) ................................................................ 130 
Fig. 6.3 Muscle activation during the shoulder abduction-adduction exercise (at 1 

second lifting and 1 second lowering motion speed). .................................... 139 
Fig. 6.4 Muscle activation during the shoulder flexion-extension exercise (at 1 

second lifting and 1 second lowering motion speed). .................................... 139 
Fig. 6.5 Muscle activation for during elbow flexion-extension exercise (at 1 second 

lifting and 1 second lowering motion speed).................................................. 139 
Fig. 6.6 Muscle activation for during shoulder abd-add exercise (at 2 second lifting 

and 2 second lowering motion speed). ........................................................... 140 
Fig. 6.7 Muscle activation during the shoulder flx-ext exercise (at 2 second lifting 

and 2 second lowering motion speed). ........................................................... 140 
Fig. 6.8 Muscle activation during the elbow flx-ext exercise (at the 2 second lifting 

and the 2 second lowering motion speed). ..................................................... 140 
  



 

x 
 

List of Symbols 

Fh external load applied in the center of the palm 

g vector of gravitational acceleration, pointing downwards 

Gu the center of gravity of the upper arm 

Gf the center of gravity of the forearm arm 

GF the center of gravity of the external load 

��,��  the si component for the mass moment of inertia about point Gu in ��, �	, and 

�
 coordinate system, where i=1, 2, 3 

��,��  the si component for the mass moment of inertia about point Gf in ��, �	, and 

�
 coordinate system, where i=1, 2, 3 

��,��  the si component for the mass moment of inertia about point the center of mass 

for link j (point Gj) in the ��, �	, and �
 coordinate system, where i=1, 2, 3 and 

where j=2, 3, 4 

��,��  the ei component for the mass moment of inertia about point Gu in the ��, �	, 

and �
 coordinate system, where i=1, 2, 3 

��,��  the ei component for the mass moment of inertia about point Gf in the ��, �	, 

and �
 coordinate system, where i=1, 2, 3 

��,��  the ei component for the mass moment of inertia about point the center of mass 

for link j (point Gj) in the ��, �	, and �
 coordinate system, where i=1, 2, 3 

and where j=2, 3, 4 

��/�,��  the mass moment of inertia for the upper arm with respect to the shoulder joint 

using the parallel axis theorem from �� to S 

��/�,��  the mass moment of inertia for the forearm with respect to the shoulder joint 

using the parallel axis theorem from �� to S 

��/�,��  the mass moment of inertia for the external load with respect to the shoulder 



 

xi 
 

joint using the parallel axis theorem from �� to S 

��/�,��  the mass moment of inertia for the upper arm with respect to the elbow joint 

using the parallel axis theorem from �� to point E 

��/�,��  the mass moment of inertia for the forearm with respect to the elbow joint using 

the parallel axis theorem from �� to point E 

��/�,��  the mass moment of inertia for the external load with respect to the elbow joint 

using the parallel axis theorem from �� to point E 

Ki spring stiffness of spring i 

iiBAl  vector of spring i 

CAl 1  adjustable length from point S to point A1 

SAil  adjustable length from point S to point Ai, i=2, 3 

PBil  link length from point P to point B1 on link 1 

EBil  link length from point Bi on link 4 to elbow joint E, i=2, 3 

lCP link length from point C on link 2 to point P 

li link length between the two joints of link i, where i=1, 2, 3, 4 

li,Gi/S the link length between point Gi and the shoulder joint of link i, where i=2 

mf mass of forearm 

mi mass of link i 

mu mass of upper arm 

fR  the ratios of the weights of the forearm segment 

uR  the ratios of the weights of the upper arm segment 

rf vector of forearm from elbow joint E to middle of hand H 

ru vector of upper arm from shoulder joint S to elbow joint E 

��� vector of mass center of forearm referenced in CS 4   



 

xii 
 

ri vector of mass center of link i referenced in CS i 

��� vector of mass center of upper arm referenced in CS 3 

i-1Ti D-H transformation matrix between link i and i-1 

Tu the upper arm kinetic energy 

Tf the forearm kinetic energy 

TF the applied load kinetic energy 

TLi kinetic energy of link i, where i=1, 2, 3, 4 

Vtotal total potential energy of the upper limb exoskeleton  

Vg gravitational potential energy of free-weight exercise 

VL i gravitational potential energy of link i 

VS i elastic potential energy of spring i 

Vu the upper arm potential energy 

Vf the forearm potential energy 

VF the applied load potential energy 

VLi potential energy of link i, where i=1, 2, 3, 4 

VSi potential energy of spring Ki, where i=1, 2, 3 

��� simulated joint torques 

Mi joint torque of axis-zi for exercise with the exoskeleton  

Mi,dc joint torque of axis-zi for exercise with the exoskeleton to emulate dumbbell curl 

motion 

Mi,fr joint torque of axis-zi for exercise with the exoskeleton to emulate frontal raise 

motion 

Mi,lr joint torque of axis-zi for exercise with the exoskeleton to emulate lateral raise 

motion 

Mi,tri joint torque of axis-zi for exercise with the exoskeleton to emulate overhead 



 

xiii 
 

triceps extension 

���,�� dynamic joint torque of axis-zi for exercise with the exoskeleton to emulate 

dumbbell curl motion 

���,�� dynamic joint torque of axis-zi for exercise with the exoskeleton to emulate 

frontal raise motion 

���, � dynamic joint torque of axis-zi for exercise with the exoskeleton to emulate 

lateral raise motion 

Mu moment at the upper arm (with the exoskeleton) 

Mf moment at the forearm (with the exoskeleton) 

θi angle rotates about axis-zi 

θu the generalized coordinates for the two-segment system, upper arm 

θf the generalized coordinates for the two-segment system, forearm 

!̇� the first derivatives of θu with respect to time 

!̇� the first derivatives of θf with respect to time 

!̈� the second derivatives of θu with respect to time 

!̈� the second derivatives of θf with respect to time 

Γ% theoretical joint torques 

τi joint torque of axis-zi of objective free-weight exercise 

τi,dc joint torque of axis-zi of dumbbell curl motion 

τi,fr joint torque of axis-zi of frontal raise motion 

τi,lr joint torque of axis-zi of lateral raise motion 

τi,tri joint torque of axis-zi of overhead triceps extension  

&̃�,�� dynamic joint torque of axis-zi of dumbbell curl motion 

&̃�,�� dynamic joint torque of axis-zi of frontal raise motion 

&̃�, � dynamic joint torque of axis-zi of lateral raise motion 



 

xiv 
 

τu the moment at the upper arm   

τf the moment at the forearm   

τf the moment at the forearm 

ζ the ratio of the longitudinal position of the center of the mass for the upper arm, 

defined as percentage of the upper arm segment length 

ξ the ratio of the longitudinal position of the center of the mass for the forearm, 

defined as percentage of the forearm segment length 



 

1 
 

  Chapter 1
Introduction 

 Background 1.1

Physical activity is usually defined as any bodily movement produced by 

skeletal muscles that requires energy expenditure above resting levels. This broad 

definition includes physical activity in all contexts and can be categorized in 

various ways. A commonly used approach is to segment physical activity on the 

basis of the identifiable portions of daily life during which the activity occurs, i.e., 

sleeping, leisure-time physical activity (LTPA), and occupational physical activity 

(OPA). LTPA has been defined as all forms of physical activity that, through casual 

participation, aim at expressing or improving physical fitness and mental 

well-being, forming social relationships or competing at all levels. OPA is 

associated with the performance of a job, usually within the time of an eight-hour 

workday. Exercise, or training, is a subcategory of LTPA that is planned, structured, 

repetitive, and purposeful, in the sense that the improvement or maintenance of one 

or more components of physical fitness is the objective. Physical fitness is a set of 

attributes (i.e., cardiorespiratory endurance, skeletal muscle endurance, flexibility, 

agility, balance, reaction time, and body composition) that people have or achieve 
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that relates to the ability to perform physical activity. Proper and regular physical 

activity is fundamental to the maintenance of health. International public health and 

health promotion organizations have identified health risks across the lifespan 

associated with physical inactivity. Physical inactivity is a modifiable risk factor for 

chronic diseases including cardiovascular disease, diabetes mellitus, certain types 

of cancer, obesity, hypertension, osteoporosis, osteoarthritis, and depression. 

Despite this evidence of the benefits of physical activity, the uptake and 

involvement in regular activity by older people is relatively low and declines with 

age. 

An appropriate amount of regular physical activity provides people of all ages 

with physical and mental health benefits. Different types and amounts of physical 

activity are required for different outcomes. For example, experts recommend that 

adults get 30-60 minutes of moderate-intensity physical activity on a regular basis. 

Moderate-intensity physical activity refers to a level of effort in which a person 

experiences some increase in breathing or heart rate. At least 30 minutes of regular, 

moderate-intensity physical activity on most days reduces the risk of cardiovascular 

disease, diabetes, colon cancer and breast cancer. Muscle strengthening and balance 

training can reduce falls and increase functional status among older adults. More 

activity may be required for weight control. Therefore, the promotion of physical 



 

3 
 

activity is an essential public health and health promotion strategy to improve the 

health of individuals and populations [1-4]. 

Exercise for physical fitness is generally grouped into three types depending 

on the overall effect on the human body: flexibility (stretching, range of motion) 

exercise, aerobic (cardiovascular) exercise, and resistance (strengthening) exercise. 

Flexibility is defined as a joint's ability to move freely through a normal range of 

motion. Flexibility exercises improve the range of motion of muscles and joints. 

Stretching and bending are common flexibility training exercises, as is yoga. 

Aerobic exercise involves large muscle groups in dynamic activities that result in 

substantial increases in heart rate and energy expenditure. Regular participation 

results in improvements in the function of the cardiovascular system and the 

skeletal muscles, which leads to an increase in endurance. Examples include 

walking, running, jogging, swimming, and aerobic dancing, where the focus is on 

increasing cardiovascular endurance. Resistance exercise such as weight lifting, is 

designed to specifically increase muscular strength, power, and endurance by 

varying the resistance, the number of times that the resistance is moved in a single 

set of exercises, the number of sets performed, and the rest interval between sets. 

Strength training plays a more important role in improving muscle quality and body 

mass density (BMD), whereas aerobic exercise can improve cardiovascular 
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function more effectively. Flexibility exercises are performed to enhance the 

movements of muscles and joints. [5-8]. 

In the mid-1980s, the medical community began to recognize the potential 

health value of resistance training on functional capacity and other health-related 

factors such as bone mineral density, basal metabolism and weight control. At 

present, resistance training has become the preferred mode of exercise because of 

its profound health benefits. Major national health organizations, including the 

American College of Sports Medicine (ACSM), the National Strength and 

Conditioning Association (NSCA), the American Heart Association (AHA), the 

American Association of Cardiovascular and Pulmonary Rehabilitation (AACVPR), 

and the American Diabetes Association (ADA), have published science-based 

guidelines for resistance exercise appropriate for healthy nonathletic populations, 

including patients with chronic disease and other clinical populations ranging in age 

from prepubescent to elderly [9-13]. Patients can reduce risk factors associated with 

chronic disease by participating in individualized, progressive resistance training 

programs (Table 1.1) [14].  

Free weights and weight machines are the most familiar forms of resistance 

that can be used for muscle loading. The user’s needs or patient’s disability level 

will generally influence the type of resistance chosen. Generally speaking, free  
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Table 1.1 Comparison of the effects of aerobic training and resistance on health 
and fitness variables [14] 
Variable Aerobatic  

Exercise 
Resistance 
exercise 

Bone mineral density �� �� 
Body composition   

% fat �� � 
LBM � �� 

Strength � ��� 
Glucose metabolism   

Insulin response to glucose challenge �� �� 
Basal insulin levels � � 
Insulin sensitivity �� �� 

Serum lipid   
HDL �� �� 
LDL �� �� 

Resting heart rate �� � 
Stroke volume �� � 
Blood pressure at rest   

Systolic �� � 
Diastolic �� �� 

VO2max ��� � 
Endurance time ��� �� 
Physical function �� ��� 
Basal metabolism � �� 
HDL: high-density lipoprotein; LBM: lean body mass; LDL: low-density 
lipoprotein 
VO2max: maximal oxygen uptake; % fat: percentage body fat 
�: increase; ��: marked increase; ���: very marked increase 
�: decrease; ��: marked decrease; �: no change 

weights may be more difficult to master and are more likely to cause injury. 

However, they are more versatile and functional and can offer a wider variety of 

possible motions than weight machines. Weight machines only target specific 

muscle groups; several machines are required for a full-body workout. Current 
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evidence indicates that for most activities, training with complex, multi-joint 

exercises using free weight can produce superior results to training with machines. 

Nevertheless, free weights and weight machines were both designed to be used by 

athletes and body builders, who are healthy enough to obtain effects on athletic 

performance or body fitness. Although an entire rack of dumbbells takes up less 

space than weight machines, dumbbells and weight machines are both bulky, 

cumbersome, and difficult to move. They are usually used in gym- or studio-based 

exercise. Concerns have been raised over the negative effects and safety of 

resistance exercise as a physical therapy intervention, as well as over the usage and 

appropriateness of the relevant equipment for the elderly and populations with 

chronic diseases [15]. 

 Related works 1.2

According to the World Health Organization, by 2050, the number of elderly 

persons over 65 years of age will increase by 73 percent in developed countries and 

20.7 percent worldwide. This age group is particularly prone to stroke. Stroke is the 

leading cause of physical disability and death in most countries around the world; 

an estimated 64.5 million stroke survivors live with some level of disability that 

requires long-term rehabilitation and assistance in the activities of daily living 

(ADLs) [16-18]. Recent studies estimate that 795,000 people in the U. S. 



 

7 
 

experience a new or recurrent stroke each year; approximately 610,000 are first 

attacks, and 185,000 are recurrent. On average, every 40 seconds, someone in the 

United States has a stroke. From 1998 to 2008, the stroke death rate decreased by 

34.8%, and the actual number of stroke deaths declined by 19.4%. The direct and 

indirect cost of strokes in 2008 was $34.3 billion US dollars [19]. High stroke 

incidence, in combination with an increasingly aged population, presages future 

increases in incidence that will greatly strain national healthcare services and 

related expenditures. Therapeutic rehabilitation and health care devices associated 

with stroke-related disability are thus in great demand.  

Acute hemiparesis that affects the upper limbs is one of the major symptoms 

of stroke survivors that makes ADLs difficult to perform. ADLs are a defined set of 

activities necessary for normal self-care. ADLs involving bilateral arm or hand use, 

such as fastening buttons, self-feeding, dressing, grooming, bathing and toileting, 

are especially difficult for individuals with hemiparesis to complete. Conventional 

multi-disciplinary stroke rehabilitation, which employs one-on-one manual 

interactions with therapists, is labor-intensive and usually costly, and these costs 

often lead to insufficient training sessions, lack of repeatability, and a lack of 

objective measures of patient performance and progress. Timely and adequate 

rehabilitation is crucial to maximizing recovery, especially in the first six months 
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after a stroke. This situation can worsen after patients are discharged from the 

hospital where they received initial rehabilitation. Robotic devices are a potential 

route to increasing treatment access by aiding therapists in providing post-stroke 

rehabilitation. By employing robotic-assisted rehabilitation devices, training 

sessions, the number of repetitions, and performance and progress can be increased 

and measured.  

Many research groups have developed innovative robotic devices for upper 

limb rehabilitation. Efforts toward developing robot-assisted treatments are 

motivated by the need to improve clinical outcomes and the public health burden 

associated with stroke-related disability as well as a desire to improve effectiveness, 

accessibility, and cost savings in health care. Early research into robotic therapy for 

upper limbs was based on end-effector robotics. End-effector robots hold the 

patient’s hand or forearm at a single point and generate forces only at the interface. 

The joints of end-effector robots do not match with those of the human limb. This 

type of robot is simple, easy to fabricate or commercially available, and easily 

adjusted to fit different human limb lengths. However, it is difficult to generate 

isolated movements at a single joint; movement of the end-effector can cause 

unwanted combinations of movements at the wrist, elbow, and shoulder joint. In 

addition, the range of motion (ROM) that this type of robot can generate in the 
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upper limb tends to be limited. Examples of end-effector robots include the 

MIT-Manus [20], the mirror image movement enhancer [21], and the Gentle/s [22].  

The work of Krebs et al. at MIT on the MIT-Manus is shown in Fig. 1-1 (a) 

and has been commercialized as InMotion2 (Interactive Motion Technologies, MA, 

US). The device allows patients to execute reaching movements in the horizontal 

plane. It is a planar SCARA (Selective Compliance Assembly Robot Arm) module 

two-degrees-of-freedom (DOF) robot that enables unrestricted movement of the 

shoulder and elbow joints. The assisted rehabilitation and measure (ARM) guide 

[23] (Fig. 1-1(b)) is a trombone-like device that has four controlled DOF. A DC 

servo motor can assist or resist the movement of a subject’s arm in the reaching 

direction along a linear track. The track can be oriented at different yaw and pitch 

angles to allow reaching to different workspace regions. The device is statically 

counterbalanced so that it does not gravitationally load the arm. Optical encoders 

record the position in the reach, elevation, and yaw axes. The mirror image 

movement enhancer (MIME) system (Fig. 1-1(c)) consists of a six-DOF industrial 

robot manipulator (PUMA 560 robot, Staubli Unimation Inc, CA, US). The robot 

enables bilateral practice of a three-DOF shoulder-elbow movement where the 

nonparetic arm guides the paretic arm. The GENTLE/s system uses a three-DOF  
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(a) (b) 

  

(c) (d) 

Fig. 1.1 (a) InMotion2, the commercially available version of the MIT-Manus robot 
system [20]; (b) The ARM guide [23]; (c) The MIMI [21]; (d) The Gentle/s [22] 

force control haptic robot (HapticMaster, Moog Inc., Netherland) in a virtual reality 

(VR) environment to motivate patients to engage in the therapy (Fig. 1.1 (d)). The 

HapticMaster measures the force exerted by the user with a sensitive force sensor. 

Software manages data collection, controls the robot, and simulates VR. The 

patient’s hand is placed in an elbow orthosis with a wire suspending it from an 

overhead frame to eliminate the effects of gravity and address the problem of 

shoulder subluxation. Patients using this system can exercise 

“reach-and-grasp”-type movements through interaction with the VR display. There 
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are three modes: patient passive mode, where the haptic device teaches the correct 

movements; active-assisted mode, where the patient initiates movement and the 

robot assists in the same direction; and active mode, where the patient moves the 

device and, if there are deviations from the predetermined path, the robot provides 

only correction of movement by creating resistance to help the patient return to the 

pathway [24-27]. 

Recently, robotic therapy research has shifted toward exoskeleton robots. 

Research on powered human exoskeleton devices has primarily been focused on 

developing technologies to augment the abilities of able-bodied humans, often for 

military purposes, and on developing assistive technologies for physically 

challenged persons. The most visible exoskeleton technology has been the Berkeley 

Lower Extremity Exoskeleton (BLEEX) [28]. One of the distinguishing features of 

the Exoskeletons for Human Performance Augmentation (EHPA) program, 

sponsored by the U.S. Defense Advanced Research Projects Agency (DARPA), is 

that it is energetically autonomous because it carries its own power source. Hybrid 

Assistive Leg (HAL), developed at the University of Tsukuba, Japan, by Yoshikuyi 

Sankai and Kawamoto H, represents an exoskeleton concept that is designed for 

both performance-augmenting and rehabilitative purposes [29]. In contrast with the 

load-carrying BLEEX exoskeletons, the HAL system does not transfer a load to the 
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ground surface but simply augments joint torques at the hip, knee, and ankle. 

Exoskeletons have configurations that resemble the human upper and lower 

limb, with robot joint axes that are in alignment with the upper and lower limb joint 

axes of the patients or operators. This feature makes it more difficult for the 

exoskeleton to adapt to different arm lengths but may allow the exoskeleton to fully 

comply with the upper and lower limb posture and torques to be applied to each 

joint separately to train specific muscles. A larger ROM becomes possible, which 

enables a wider variety of movements to be used in rehabilitation training compared 

with end-effector robots. The advantages of exoskeleton robots compared with 

end-effector robots are that the arm posture is statically fully determined and 

overstretching can be prevented by adding mechanical stops [24-27]. Examples of 

exoskeleton robots for upper limb rehabilitation include T-WREX, Pneu-WREX, 

ARMin, RUPERT, CADEN-7, and BONES [30-35]. 

The Therapy-Wilmington Robotic Exoskeleton (T-WREX) is an antigravity 

arm orthosis that is designed to enable individuals with arm weakness to achieve 

intense movement training without a supervising therapist. It is a passive, five-DOF, 

body-powered device that contains no robotic actuators. It provides a large 3-D 

workspace that enables naturalistic movement across approximately 66% of the 

normal workspace of the arm in the vertical plane and 72% in the horizontal plane. 
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In addition, because it counterbalances the weight of the arm, it potentially allows 

even a severely weakened stroke patient to practice functional arm movements at 

home, without the safety concerns raised by an active robotic device. A modified 

T-WREX has been commercialized by Hocoma AG, Switzerland as the Armeo 

Spring [38] (Fig. 1-2(a)). T-WREX can only apply a fixed pattern of assistive forces 

to the arm. In addition, its gravity balance function does not restore a full range of 

motion. Therefore, the same research team is developing a robotic version of 

WREX named Pneu-WREX that can apply a wide range of forces to the arm during 

naturalistic movements. Pneu-WREX uses mechanically grounded pneumatic 

actuators, non-linear force control, and passive counter-balancing to generate a 

wide range of forces during naturalistic, three-DOF, upper extremity movements. 

The ARMin III robot, or its commercialized version Armeo Power (Hocoma 

AG, Switzerland) (Fig. 1-2(b)), provides three actuated degrees of freedom for the 

shoulder including flx-ext, add-add, and internal-external rotations (int-ext) as well 

as one degree of freedom for the elbow joint (flx-ext). An additional module 

provides actuated forearm pro/supination and wrist flexion/extension that allow it to 

move the human arm in all possible directions. To accommodate patients of 

different sizes, the shoulder height can be adjusted through an electric lifting 

column, and the lengths of the upper arm and forearm are adjustable. Laser pointers 
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indicating the center of the glenohumeral (GH) joint help the therapist to position 

the patient in the ARMin III device. The ARMin III robot can be configured to 

accommodate either the left or the right arm very quickly. A spring in the 

uppermost horizontal robotic link compensates for part of the weight of the 

exoskeleton. This design not only lessens the load of the actuators but also balances 

the robot arm when the power is off. The robotic shoulder actuation compensates 

for scapula elevation movement, which results in comfortable, ergonomic shoulder 

motion. 

A wearable robotic-assisted upper extremity repetitive therapy (RUPERT) 

targeted for clinical and home-based rehabilitation has been developed to provide a 

low-cost, safe, and easy-to-use robotic device to assist patients and therapists in 

achieving more systematic therapy (Fig. 1-2(c)). The RUPERT has four actuated 

DOF driven by compliant, safe pneumatic muscle actuators (PMA) for shoulder 

elevation (flexion), elbow extension, forearm pronation and wrist/hand extension. 

The current design (RUPERT IV) has added shoulder external rotation to expand 

the space available for performing assisted tasks. Assistance and measurement of 

the following joint motions is provided in RUPERT IV: hand/wrist extension, 

forearm supination, elbow extension, humeral external rotation and shoulder 

elevation. RUPERT IV is programmed to actuate the device to extend the arm and 
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move it in the 3-D space. Notably, gravity is not compensated and daily tasks are 

practiced in a natural setting. Because the device is wearable, lightweight, and 

portable, it can be worn standing or sitting to perform therapeutic tasks that better 

mimic ADLs. 

  
(a) (b) 

  

(c) (d) 

Fig. 1.2 (a) The Armeo Spring, which is the commercial version of the T-WREX 
robot system [38]; (b) The Armeo Power, which is the commercial version of the 
ARMin robot system [32]; (c) The RUPERT [33]; (d) The CADEN-7 [34] 

A seven-DOF cable-actuated dexterous exoskeleton for neurorehabilitation, 

(CADEN)-7, has a design that is based on a database that defines the kinematics 
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and dynamics of the upper limb during daily living activities, as well as joint 

physiological and upper limb anatomical considerations, workspace analyses, and 

joint ROM (Fig. 1-2(d)). The proximal placement of the motors and the distal 

placement of pulley reductions are incorporated into the design of a cable-driven 

wearable robotic arm. This design has low inertia, stiff links, and back-drivable 

transmissions with zero backlash. Articulation of the exoskeleton is achieved at 

seven single-axis revolute joints: one for each shoulder abd-add, shoulder flx-ext, 

shoulder int-ext rotation, elbow flx-ext, forearm pronation-supination (pron-sup), 

wrist flx-ext, and wrist radial-ulnar (rad-uln) deviation. Potential applications of the 

exoskeleton as a wearable robot include use as a therapeutic and diagnostic device 

for physiotherapy, an assistive device for human power amplification, a haptic 

device in virtual reality simulation, and a master device for teleoperation. 

The biomimetic orthosis for neurorehabilitation of the elbow and shoulder 

(BONES) uses a simple parallel mechanism with mechanically grounded actuators 

to achieve three-DOF shoulder movement, including shoulder int-ext rotation, 

which is perceived as very important for stroke rehabilitation. The robot 

incorporates a serially placed actuator for elbow flx-ext, but uses a pneumatic 

actuator for this DOF to achieve high force output with little weight. BONES is 

aimed to assist, resist, and perturb naturalistic arm movements in the clinic for the 
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purpose of retraining movement ability after stroke. 

The devices described in Table 1.2 are reviewed because they attracted our 

attention the most, but the table does not include all of the upper limb rehabilitation 

robots in the literature. Nine devices were selected based on their clinical testing, 

their focus on the proximal upper limb, or their status as the most representative 

designs of their type. 

Over the past two decades, several arm rehabilitation robots have been 

developed to assist neurological patients during therapy. Early devices were limited  

in DOF and ROM, whereas newer robots such as ARMin III, RUPRET IV, and 

CADEN-7 can support the entire arm but do not include additional DOF for finger 

movements. A high DOF allows a wide variety of movements, with many 

anatomical joint axes involved. However, this can make the device complex, 

inconvenient and expensive. The number of DOF that is optimal for upper limb 

rehabilitation remains unclear. Actuation has become more diverse, and most 

existing upper limb rehabilitation robots are actuated by electric motors. Recently, 

there has been increased interest in the use of pneumatic muscle actuators [33, 36], 

pneumatic actuators [35], hydraulic disk brakes [37], and linear springs [38]. 
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Table 1.2 Rehabilitation robots/exoskeletons in use for clinical research or therapy 
and their status as the most representative design of their type 

Device Institution DOF Joints Clinical/Person
al intended 
Use 

Movement 
characteristics 

Actuation 

MIT-Manus MIT/ 
Interactive 
Motion 
Technologies 

2 S/E Clinical Passive 
Active 
Resistive 
Unilateral 
Planar 
movement 

Electric 
motors 

ARM Guide U of 
California at 
Irvine 

4 S/E Clinical Passive 
Active 
Resistive 
Unilateral 

Electric 
motors 

MIMI Rehab 
Research & 
Development 
Center, Palo 
Alto, CA 

6 S/E Clinical Passive 
Active 
Resistive 
Unilateral/bilat
eral 
 

Electric 
motors 

Gentle/s U of Reading 3 S/E Clinical Passive 
Active 
Resistive 
Trajectory fork 
Unilateral 

Electric 
motors 

T-WREX UCI/RCI 
Armeo AG 

5 S/E Clinical Passive Elastic 
bands 

ARMin III ETH Zurich 6 S/E/W Clinical Passive 
Active 
Assistive 

Electric 
motors 

RUPERT 
IV 

Arizona State 5 S/E/W Clinical/Person
al 

Passive 
Active 
Assistive 

Pneumatic 
muscle 
actuator 

CADEN-7 U of 
Washington 

7 S/E/W Clinical Passive 
Active 
Assistive 
VR 
Teleoperation 

Electric 
motors 

BONES U of 
California at 
Irvine 

4 S/E Clinical Assistive 
Resistive 

Pneumatic 
actuators 

S: Shoulder; E: Elbow; W: Wrist 
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The studies cited above indicate that the medical advances resulting from 

research on stroke and the resources invested in the rehabilitation of stroke victims 

have been focused on the acute and subacute recovery phases and that less attention 

has been directed at the more chronic recovery phases. This situation has resulted in 

substantial health disparities in the later phases of stroke care. These circumstances 

clearly reflect the state of the art. There is a need for robotic devices that can be 

used to support rehabilitation in the later or more chronic phases of stroke care, in 

chronic diseases, and in other conditions to which the technology can be extended, 

such as multiple sclerosis [38], tremor assessment and suppression [39], and 

neurological disease [40]. Broadening the medical uses of exoskeleton robots can 

stimulate development of other branches of the technology to applications such as 

exercise training, as well as geriatric therapy and care. 

Most rehabilitation and health care robotic devices are primarily designed to 

actively assist patients with motion. In contrast, most exercise training devices are 

body-power oriented. The users are expected to perform the motion by themselves 

to gain strength and power from the exercise. For instance, resistance exercises for 

fitness are often performed using fitness equipment [41-46]. However, the inertial 

forces increase as the resistance increases during the use of equipment or devices of 

this type. As a result, the muscles must produce a greater force to overcome the 
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inertia of the heavier weights. This situation may cause a sports injury if the user 

operates the training devices improperly. The minimum resistance for this type of 

training device is also excessively high, and these devices are more suitable for 

athletes than for patients with muscle degeneration. A patient’s training goals might 

not be achieved with this type of training device, or the use of this type of training 

device may cause an injury. The devices are also bulky, and the user must travel to 

a gym or other location that can offer this type of training device. The training 

program could be difficult to pursue if travel to a training facility is required. 

In a recent investigation, clinical practices and design requirements were 

identified through a survey of therapists. Many features are desired in a future 

robotic rehabilitation device. The device should be able to facilitate many arm 

movements, be adaptable to different types of movement, be able to adjust its 

resistance or assistance based on the stroke survivor’s performance and 

rehabilitation program, and have virtual ADL-specific activities. The necessity of 

biofeedback for these applications therefore requires further investigation [47]. 

The results of this investigation suggest that therapists would prefer to have a 

rehabilitation device that can be used both with the therapist in a clinical setting and 

by patients in their homes. It was also suggested that current treatment modalities 

struggle to provide the needed exercise intensity and frequency. A rehabilitation 



 

21 
 

robotic device in the clinic or at home could augment current treatment by 

providing more intense and frequent rehabilitation sessions, but the cost may be a 

strong limiting factor. Another problem of interest is the evaluation of robotic 

rehabilitation. In this field of research, a study is not widely accepted until validated 

clinical measures are provided, but the required mechanical assessment techniques 

for devices in clinical tests are rarely reported. New technologies for upper-limb 

rehabilitation are currently experiencing a boom; increased DOF, virtual reality, and 

telerehabilitation for neurorehabilitation of the upper limb are popular new trends. 

There is an increasing emphasis on studies in patients requiring rehabilitation from 

injuries or disease other than stroke, such as multiple sclerosis, traumatic brain 

injury, cerebral palsy and arm pain, as well as shoulder and elbow lesions. Robotic 

devices are also increasingly used as evaluation tools. Finally, many of the most 

effective robots are currently research prototypes and not yet commercially 

available. These devices remain relatively large and cumbersome. The affordability 

and portability of most of the devices will need to be improved by orders of 

magnitude before they can be regularly used at home by patients [47-49]. 

 Motivation and objectives 1.3

Increases in elderly populations and sedentary lifestyles have led to an 

increase in age-related health problems other than stroke, such as chronic disease. 
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Science-based guidance of resistance training has been endorsed by major national 

health organizations for its potential health value on functional capacity and other 

health-related factors. Healthcare services and home-based rehabilitation are 

demanding; however, due to a decrease in the youth and labor populations, 

professional physical therapists face increasing job burdens. For this reason, 

healthcare and rehabilitation training devices must keep pace with the standard of 

care and cost-effectiveness requirements of today’s rehabilitation trends. However, 

healthcare and exercise training devices targeted to these populations are rarely 

proposed. Most exercise machines or devices are designed for healthy young people 

and athletes to improve their fitness and muscular performance, and are usually 

used in gym- or studio-based fitness exercise. Cost-effective, safe, and accessible 

physical fitness for all are the prime motivations for the creation of devices based 

on the evidence-based science of resistance training.  

The objectives of this research are to: 

1. Determine the factors that contribute to design of a usable, compact, 

cost-effective, easy-to-operate, safe upper-limb resistance-training device 

for elderly and clinical populations to practice moderate exercise and 

which of these factors can be used for home-based exercise training or 

rehabilitation in the absence of a fitness instructor or therapist; 
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2. Formulate kinematic and dynamic models to develop design criteria for 

analyzing free-weight and spring-loaded exoskeletons for upper-limb 

resistance training;  

3. Design and construct a prototype device aimed at upper-limb resistance 

training based on the results of objectives one and two; 

4. Establish appropriate evaluation methods to evaluate joint torques and the 

neuromuscular response of major upper limb muscles while performing the 

designated resistance training; and 

5. Evaluate the resulting prototype device with male and female subjects.  

 Overview of the dissertation 1.4

In Chapter 2, an unpowered spring-loaded upper limb exoskeleton conceptual 

design for use in strengthening the muscles of the upper limbs at single and 

multiple joints in different planes is presented. The upper limb exoskeleton consists 

of a 3-DOF shoulder joint and a 1-DOF elbow joint. The upper arm can perform 

internal-external (int-ext), abduction-adduction (abd-add), and flexion-extension 

(flx-ext) motions. The forearm is also able to perform a flx-ext motion. The motion 

joint torques of the shoulder and elbow joints in the upper limb exoskeleton are 

equivalent to the objective joint torques obtained from models of free-weight 

exercises, such as the dumbbell lateral raise motion, dumbbell frontal raise motion, 
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dumbbell curl motion, and overhead triceps extension. This design methodology is 

based on the concept of conservation of potential energy. The Denavit-Hertenberg 

(D-H) parameters are used to model the kinematic motion of the upper limb with 

free weights and exoskeleton. The zero-free-length springs installed on the link of 

the exoskeleton were designed to equalize the joint torques for the shoulder and 

elbow joints with the joint torques obtained from free-weight exercises. The 

installation configuration and spring design constrains are obtained from the joint 

torque of shoulder and elbow for different motions. 

In Chapter 3, dynamic models for different movements of the upper limb at 

single and multiple joints in different planes are established. The Lagrange 

approach is used to derive the equations of motion for the upper limb motion and 

the spring-loaded upper limb exoskeleton because it uses fewer parameters to 

describe a given system and determine that these motions are mechanically 

analogous to the free-weight exercises. Because the exoskeleton can progressively 

increase the resistance as spring length changes to intensify the training of muscle 

groups with a lower inertia effect, the potential risk of muscle injury in the upper 

limb generated by free weights and training equipment is lowered. The objectives 

of this chapter are to develop a dynamic model of the spring-loaded upper limb 

exoskeleton, to prove our hypothesis that with zero-free-length springs, the 
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spring-loaded upper limb exoskeleton is capable of reducing unfavorable 

lengthening of the muscles during high-intensity free-weight exercises and to 

determine the additional design constraints to which the mass moment of inertia of 

the linkages should conform. 

In Chapter 4, the preliminary embodiment design of the spring-loaded upper 

limb exoskeleton is performed using 3D computer-aided design (CAD) software. 

The maximum resistance force and the adjustable range of the zero-free-length 

spring are defined. We demonstrate that link length can be measured based on the 

anthropometric database and introduce a body segment parameter data estimation. 

The material characteristics of the links are defined in the CAD software to 

determine the inertia parameters of the upper limb exoskeleton, and the range of 

spring stiffness for installed springs is determined. A prototype is fabricated for 

evaluation of the proposed design overall and an experiment is designed to measure 

the static and dynamic joint torques of the shoulder and elbow. An experiment is 

then conducted to collect joint torque data for two healthy subjects for the upper 

limb dumbbell lateral raise, the dumbbell frontal raise, and the dumbbell curl, and 

these data are compared to measurements obtained from the shoulder abd-add 

flx-ext, and elbow flx-ext movements with the exoskeleton prototype. The joint 

torques are thus calculated using a 3D generic inverse dynamic method. The results 
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of the preliminary evaluation are analyzed and discussed. The purpose of this study 

is to establish appropriate evaluation procedures for continuing performance 

evaluations and determining the effect of the spring-loaded upper limb exoskeleton 

for strengthening the upper limb muscle. Ultimately, this chapter provides a design 

and prototype for an upper limb exoskeleton.  

Chapter 5 describes a motion analysis study of an improved spring-loaded 

upper limb exoskeleton prototype, which is manufactured on the basis of the 

experience and preliminary evaluation of the first-generation prototype. To assess 

the functionality of the design and the design principle, we measured kinematic 

data for six young healthy subjects performing the designated movements using a 

motion capture system to verify our mechanism. A verification test is conducted 

according to the refined experiment design to collect data from six healthy subjects 

for the upper limb dumbbell lateral raise, the dumbbell frontal raise, and the 

dumbbell curl exercises and compare them to measurements obtained from the 

shoulder abd-add, flx-ext, and elbow flx-ext exercises with the novel exoskeleton 

prototype at two different moving speeds. The collected data along with the 

kinematic and dynamic joint torque analysis may not only verify our hypotheses but 

also provide a foundation for designing appropriate spring-loaded exoskeletons for 

upper limb resistance training. 
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In Chapter 6, an electromyography study of free-weight exercise and the 

designated motion of an improved spring-loaded upper limb exoskeleton prototype 

is presented. To assess the performance and functionality of the design from another 

perspective, an experiment is designed for measuring the electromyography (EMG) 

of muscles related to shoulder and elbow motion. We investigate EMG electrodes to 

record the muscle activity of eight upper limb muscles to resistance exercises 

through surface EMG. The surface EMG signals acquired from eight upper limb 

muscle groups of interest during the shoulder lateral raise, front raise, and elbow 

curl motion of free-weight exercise are analyzed and compared with measurements 

obtained from shoulder abd-add, flx-ext, and elbow flx-ext movement at different 

moving speeds. The collected surface EMG signal of the selected muscles along 

with the analysis may provide insight into the muscle performance of the 

free-weight exercise and upper limb resistance training using spring-loaded 

exoskeletons and may provide valuable feedback or inspiration for novel designs in 

the future or for the establishment of a new design principle for upper limb 

spring-loaded exoskeletons. 
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  Chapter 2
Kinematic and static analysis 

 Introduction 2.1

The mechanical behavior of skeletal muscle contributes to the function and/or 

dysfunction of the human musculoskeletal system [50]. The muscle strength in an 

individual’s limbs is crucial for physical independence. For example, in the upper 

limbs, impaired arm and hand function may cause serious limitations in daily living 

activities for the majority of stroke patients. In addition, whether older individuals 

have adequate muscle strength has a great influence on their daily living activities. 

Hisamoto and Higuchi [51] demonstrated that the extremity joint torque (EJT) 

values measured in 1,000 healthy Japanese men and women aged between 20 and 

70 showed that women in their 20s had significantly lower EJT values than women 

in their 40s or 50s in the upper limbs (i.e., wrist palmar flexion, wrist dorsiflexion, 

elbow flexion, elbow extension, and shoulder extension). One EJT value in the 

lower limbs (hip flexion) also differed. The results were attributed to the use of 

excessive automation and labor-saving equipment, which has diminished 

opportunities for muscle use in daily life 

Appropriate muscle training can not only enhance muscular strength, power, 
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and endurance but also improve health and fitness by reinforcing cardiopulmonary 

function, reducing body fat, improving bone mineral density, and providing other 

benefits [52]. Resistance exercise leads to muscle hypertrophy and increased 

strength in both men and women, regardless of age. Decreased activity, on the other 

hand, produces a decrease in the cross-sectional area of muscle fibers and a loss of 

strength [50]. Resistance exercise has been widely adopted to help patients recover 

normal physiological functions after impairing motor activity and to improve 

dynamic stability [53, 54]. The MIT-Manus, a robot designed for clinical 

neurological application, was the first device to be evaluated extensively in clinical 

trials to examine whether robot-aided therapy was an acceptable form of exercise 

therapy for stroke patients and whether it could improve the arm function of stroke 

patients [20]. Several studies on robotic devices have reported positive outcomes 

using various approaches, such as the MIME [21] and the Arm guide [23].  

Resistance exercises for fitness are often performed using fitness equipment. 

However, most conventional training devices use weights such as weight stacks 

combined with a training structure to provide resistance and accomplish training 

goals. For example, see U.S. patent 6394937 [41], U.S. patent 7601187 [42], and 

U.S. patent 7670269 [43]. A pulley system described in U.S. patent 6394937 

couples a handle and weights in a single system. When the user exercises by 
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manipulating the handle, the weight stack provides resistance and magnifies the 

effect of the exercise. U.S. patent 7235038 [44] is designed specifically for the 

elbow. However, the design is intended for exercising a single muscle group. Some 

machines use springs as a source of resistance (e.g., U.S. patent 5613928 [45] and 

U.S. patent 7060012 [46]). Most machines permit movements in a single plane to 

isolate specific muscle groups. These compare with free-weight exercises, where 

movement is allowed on different planes, training more muscle groups [15, 50, 52]. 

However, as the resistance increases, the inertial forces also increase, and the 

muscles have to produce more force to overcome the inertia of the heavier weights. 

This may cause a sports injury if the user operates the training devices improperly. 

The minimum resistance for this kind of training device is high, and these devices 

are more suitable for athletes than patients with muscle degeneration. A patient’s 

training goals might not be accomplished using this type of training device, or the 

use of this kind of training device may cause an injury. The devices are also bulky, 

and the user has to travel to a gym or other location that has this type of training 

device, which could make the training more difficult to perform. 

For these reasons, an upper limb training device that is able to perform arm 

exercises with multiple degrees of freedom would be beneficial to patients. In 

addition, it would be useful for the device to allow an individual to exercise or 
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complete their physical therapy at a convenient time and to prevent injuries that 

could be caused by inertial forces. Such a device should be easy to adjust and carry, 

such that its use is not limited by space or location constraints. 

In this chapter, we propose an unpowered upper limb exoskeleton design for 

use in strengthening the muscles of the upper limbs. The upper limb exoskeleton 

consists of a 3-DOF shoulder joint and a 1-DOF elbow joint. The upper arm can 

perform int-ext, abd-add, and flx-ext motions. The forearm is also able to carry out 

a flx-ext motion. The motion joint torques of the shoulder and elbow joints in the 

upper limb exoskeleton are equivalent to the objective joint torques obtained from 

models of free-weight exercise, such as the dumbbell lateral raise motion, dumbbell 

frontal raise motion, dumbbell curl motion, and overhead triceps extension. By 

altering the arrangement of low-inertia springs, the locations of the springs can be 

adjusted for higher intensity training, and the gravitational potential energies for the 

upper limb and the exoskeleton remain constant, which differs from free-weight 

exercises, where external weights are increased to induce large inertial changes for 

greater muscle strengthening. As such, the exoskeleton should be capable of 

preventing injuries that arise as the result of large inertial changes. The upper limb 

exoskeleton could be used for muscle strengthening or muscle strength recovery as 

it has the advantages of a compact and cost-effective design that is easy to operate 
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and prevents injuries. These advantages make the exoskeleton very suitable for 

people or patients who can manipulate the resistive mode movement of the robotic 

devices for moderate exercise, and it can be used for home-based rehabilitation in 

the absence of a fitness instructor or therapist. 

 Kinematic model and joint torque analysis 2.2

2.2.1 Kinematic model of the upper limb 

An upper limb includes the upper arm and forearm. The upper arm in Fig. 2.1 

is pictured from the glenohumeral (GH) joint S to the elbow joint E, and the 

forearm extends from the elbow joint E to the middle of the palm of the hand H. 

The segmental lengths of the upper arm and the forearm are ru and rf, respectively. 

The hand is usually held in a neutral position during forearm movements. Therefore, 

the gravitational variation due to the wrist motion is negligible. Hence, the upper 

limb can be modeled as a two-link linkage. The geometries of the upper arm and 

the forearm were assumed to be axially symmetric, and the positions of the centers 

of mass, mu and mf, were assumed to be fixed and located at the center lines with 

respect to the upper arm and forearm. The mass of the human hand was ignored 

here as it is relatively light compared to the upper limb as a whole. The kinematic 

model for the arm linkage is shown in Fig. 2.1, and the GH joint in the human 

skeleton, which connects the scapular and the humerus, was modeled using a 
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3-DOF ball joint at point S. Kinematically, any Euler angle sequence of three 

orthogonal rotation axes can be used to model three pure rotations of the GH center 

point, including the shoulder int-ext rotation, abd-add, and flx-ext. The elbow joint 

is regarded as a revolute joint at point E, which provides only elbow flx-ext. 
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Fig. 2.1 Kinematic model and coordinate system of the right upper limb. 

When modeling the kinematic motion of the upper limb, we used the 

Denavit-Hertenberg (D-H) parameters for kinematic modeling of the upper limb 

[55]. Following the conventions established by Denavit-Hertenberg and presented 

in Fig. 2.1, four Cartesian coordinate systems (CSs), CS 1, 2, 3, and 4, were 

attached to each link, and CS 0 was attached to the ground. The link parameters 

established between links i and i-1 are described based on the definition of D-H 
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notation, and the 4 × 4 D-H transformation matrix is represented as 
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where di is the distance along zi-1 from the xi-axis to the xi-1-axis, and ai is the 

distance along xi from the zi-axis and the zi-1-axis. The value αi is the angle 

measured from the zi-1-axis to the zi-axis near the xi-axis, and θi is the joint angle 

from axis xi-1 to xi near the zi-1 axis 

From Fig. 2.1, the origins of CSs 0, 1 and 2 are coincident at GH joint S, and 

their corresponding values of di and ai are zero. The axes z2 and z3 are parallel and 

their distance is the length of the upper arm. Additionally, the z3-axis and z4-axis are 

parallel and the distance is length of the forearm. θ1, θ2, θ3 and θ4 represent the 

rotation angles near the axes of the shoulder during int-ext, abd-add, flx-ext and 

elbow flx-ext motion, respectively. The D-H parameters are listed in Table 2.1. 

Table 2.1 D-H parameters for the upper limb 

Frame i di θi ai αi 

1 0 θ1 0 90° 

2 0 θ2 0 90° 

3 0 θ3 -ru 0 

4 0 θ4 -rf 0 
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 The inside portion of the human shoulder is called the shoulder girdle, and 

consists of a clavicle and scapular. Klopcar and Lenarcic [57] indicate that the 

girdle motion can be modeled using two degrees of freedom. In our study, the 

motion of the girdle was modeled using two parallelogram linkages and two serially 

connected links. The assembly is shown in the posterior linkage from Fig. 2.1. The 

parallelogram linkages provide the elevation-depression movement of the scapular, 

and the two serially connected links allowed the GH center to be free on the 

horizontal plane. 

2.2.2 Static joint torques during free-weight exercise  

Free-weight exercises are muscular exercises that use an external weight as a 

resistant force on a freely moving body. The muscle force is strengthened by 

increasing the free-weight load gradually. In Fig. 2.1, an objective model is 

constructed as a free-weight exercise using an external load Fh grasped in the 

middle of the palm H as well as the segmental masses of the upper arm and forearm. 

The values for mu and mf are located at the mass centers of the upper arm and the 

forearm, respectively. During exercise, the gravitational potential energy of the 

kinematic model can be expressed as 
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*+ = −-�gg∙01� + ��5 − -�g∙01� + �� + 1��5 − 67g∙01� + ��5 

= −-�(−gg9:)∙0−<�>
 + <̃�,?>
5 − -�(−gg9:)∙0−<�>
 − <�>@ + <̃�,?>@5 

−67(−gg9:)∙0−<�>
 + <�>@5  (2.2) 

where ��� and ��� are the mass center position vectors of mu and mf referenced for 

each corresponding CS, and the quantities r��,?, r��,A, r��,B, r��,? r��,A, and r��,B are 

the corresponding local coordinates. Note that quantities r��,A and r��,A are omitted 

in Eq. (2.2). For CS 0, the quantities r��,B and r��,Bare zero. The mass center of 67 

was assumed to be located at point H. 

Derived from the D-H transformation matrix and the parameters, Eq. (2.2) 

yields the following equation for the total gravitational potential energy of an 

objective model of free-weight exercise  

 
)cos(sin])~([
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 (2.3) 

In muscular exercise, external loads can produce points around the pivot joint 

where there is a tendency for the muscle to resist the opposite torques from external 

loads. Therefore, whether the muscle exercises or not can be learned from the 

changes in joint torques. The gravitational joint torque τi on the joint i is calculated 

as  
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 4,3,2,1                      	
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Equation (2.4) suggests that the joint torque of θ1 is zero and the joint torques 

of θ2 , θ3 and θ4 are τ2 , τ3 and τ4. The gravitational joint torques of the upper limb 

for the free-weight exercise are derived as  
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 )sin(sin])~([ 432,4 ���� ���	 fhxfff grFrrgm  (2.7) 

 Preliminary design of the spring-loaded exoskeleton  2.3

2.3.1 Upper limb exoskeleton 

In Fig. 2.1, the upper limb exoskeleton was separated from the arm linkage 

and posterior linkage. The posterior linkage was achieved through parallelogram 

linkages for girdle motions. In this study, only the arm linkage was taken into 

account in the design. In practice, using the exoskeleton configuration shown in Fig. 

2.1, Links 1 and 2 interfere with the posterior side of the human body when the 

upper limb is rotated outward horizontally. The GH joint is comprised of the three 
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revolute joint axes z0, z1 and z2 , which are arranged to be orthogonal to each other. 

However, this design is difficult to produce due to the difficulty of designing the 

human GH joint center. As such, we present a modified design in Fig. 2.2 that 

avoids these drawbacks, and the exoskeleton becomes wearable using a band on the 

upper arm and a handle for gripping.  

The modified exoskeleton configuration shown in Fig. 2.2 was constructed 

using four links, and the 4-DOF kinematic chain contains four links, where Link 1 

and the posterior linkage are connected by a revolute joint at axis z0*. Links 1 and 2 

are connected by the other revolute joint at axis z1*. The axes z0* and z1* are 

parallel to axes z0 and z1, respectively, and the rotational joint angles for the z0* and 

z1* axes are the same as the rotational angles for the shoulder int-ext and abd-add 

exercises (θ1 and θ2). Links 2 and 3 pivot using a revolute joint at axis z2, and the 

rotational joint angle near axis z2 is θ3. The interference problem arising between 

Link 1 and the human body was resolved by parallel shifting the axis of the 

shoulder int-ext, and the 3-DOF shoulder joint yielded three revolute joints near 

axes z0*, z1* and z2, where only the alignment of the z2-axis and the human GH 

joint center is required. The point P is the intersection of axes z1* and z2, and the 

measurements taken near point P are the same as those at the human shoulder joint 

S. For the 1-DOF elbow joint, Links 3 and 4 pivot using a revolute joint at axis z3 to 
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accomplish the elbow flx-ext exercise. CSs 0, 1, 2, 3, and 4 are used in the modified 

exoskeleton configuration, and the relationships between the four CSs are the same 

as those shown in the previous analysis (Fig. 2.1). 
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Fig. 2.2 A modified exoskeleton configuration. 

By taking the link masses of the exoskeleton into account, the gravitational 

potential energy of Links 1, 2, 3, and 4 can be derived using the following 

equations: 

    .constmVL 	��	 1rg11  (2.8) 

 .cossin 2,222,2222 constgrmgrmmV zxL ��	��	 ��2rg  (2.9) 

 .coscossin)( 2,3332,3333 constgrmrrgmmV zuxL ���	��	 ���3rg  (2.10) 
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Here, mi is the mass of link i of the exoskeleton; ri,x, ri,y, and ri,z describe their 

corresponding coordinates for the mass center of the link i on local coordinate 

xi-yi-zi; and i is 1, 2, 3, and 4. It is assumed that Links 3 and 4 are axis-symmetrical 

links. Therefore, r3,y and r4,y are negligible.  

Instead of using external loads, an increase in the amount of resistant force 

from the upper limb exoskeleton is achieved by changing the elastic force of the 

loaded spring. The resistance can be changed by adjusting the locations of the 

spring connections. On the spring-loaded exoskeleton, spring K1 was attached to 

Point A1 on Link 2 and Point B1 on Link 1; Spring K2 was attached to Point A2 on 

Link 2 and Point B2 on Link 4; and Spring K3 was attached to Point A3 on Link 2 

and Point B3 on Link 4. The location of the connected Points A1, A2, and A3 for 

Springs K1, K2, and K3 were adjusted for increased spring resistance, whereas 

Points B1, B2, and B3 were fixed to connected points. The schematic diagram of the 

spring-loaded exoskeleton is shown in Fig. 2.3. 

The concept of employing elastic force as a resistance force originated from 

the reverse idea behind the gravity-balance mechanism. The zero-free-length spring 

is used to make the spring stiffness independent of the rotational angles of the links. 
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Therefore, the resistance force can be changed only by adjusting the locations of the 

spring connections. The design of zero-free-length springs was adopted in the 

spring-loaded exoskeleton, and this was accomplished by combining the use of 

standard springs with cables, and pulleys or alignment shafts [58-59]. 
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Fig. 2.3 A schematic diagram of the spring-loaded exoskeleton. 

The corresponding elastic potential energies, VS1, VS2, and VS3 of Springs K1, 

K2, and K3 are derived as  
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The total potential energy of the upper limb exoskeleton is the sum of the 

gravitational energies of the upper limb and the four links with the elastic potential 

energies of the three springs. 

Thus, using Eq. (2.4), the joint torques of θ2, θ3 and θ4 from the use of the 

exoskeleton are M2, M3 and M4, and the torques are derived as 
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2.3.2 Spring design constrains for upper limb muscular exercise 

The 3 DOF motions of the shoulder: shoulder int-ext, shoulder abd-add, and 

shoulder flx-ext have a similar range of movement as the dumbbell bench fly, the  
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(a) Shoulder abd-add 

exercise 
(b) Shoulder flx-ext 

exercise 
(c) Elbow flx-ext exercise 

    

(d) Lateral raise motion (e) Frontal raise 
motion 

(f) Dumbbell curl 
motion 

(g) Overhead 
triceps 
extension 

Fig. 2.4 Upper limb exoskeleton muscular exercise and dumbbell motions. 

dumbbell lateral, and the frontal raise motions of free-weight exercises. The 

dumbbell bench fly is an exercise where the user lies on a bench and gravity acts in 

the direction of negative y0 for CS 0 to provide torque on the shoulder joint near the 

axis of the shoulder int-ext motion. However, in this study, the stand posture was 

the position where gravity acts in the direction of negative ko for CS 0. This makes 

the torque of shoulder int-ext motion zero. Therefore, only the dumbbell lateral and 

frontal raise motions for shoulder abd-add and flx-ext exercises for the shoulder 

joint, and dumbbell curl motion and overhead triceps extension for elbow flx-ext 
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exercises for the elbow joint were taken into account for the upper limb exoskeleton, 

as shown in Fig. 2.4.  

2.3.2.1 Training upper limb muscles with shoulder abd-add 

As an example of shoulder abd-add resistance exercise, the lateral raise motion 

was used for strengthening the deltoid, latissimus dorsi, pectoralis major, 

supraspinatus, and trapezius muscles [60]. In the kinematic model, the angles θ3 

and θ4 were fixed at 0 degrees. As such, the upper arm and forearm can be 

considered a single link, and the rotation about axis z1 applies for θ2 alone. By 

substituting the 0 degree condition for Angles θ3 and θ4 into Eqs. (2.5)-(2.7), the 

joint torques of θ3 and θ4 equal zero, and the joint torque of θ2 is expressed as 

 2,, cos)]()~()~([ �fuhxffufxuuulr2, rrgFrrrgmrrgmτ �������	  (2.18) 

In Fig. 2.3, Spring K1 connects Link 1 and Link 2 to generate torques near the 

axis of shoulder abd-add. In this exercise, the upper limb maintains the same 

posture as the lateral raise motion with exoskeleton, except that the resistance from 

the external load is replaced using springs. The joint torques of a shoulder with the 

exoskeleton are obtained by substituting the same angles for the lateral raise motion 

(θ3 and θ4) into Eqs. (2.14)-(2.16). The joint torques of θ3 and θ4 are zero, the same 

values as those for the lateral raise motion. The joint torque of θ2 can be calculated 
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as  

�C, �

= D−-�g0<� − <̃�,?5 − -�g0<� + <� − <̃�,?5 + -Cg<C,? + -Eg0<E,? − <�5

+ -Fg0<F,? − <� − <�5 − GHIJKHILMHNOPQ!C  

+DGHIJLILMH + -�g<̃�,B + -�g<̃�,B + -Cg<C,B + -Eg<E,B + -Fg<F,BNQ�S!C (2.19) 

For emulating free-weight exercise, the joint torques in the lateral raise motion 

and the upper limb exoskeleton should be equivalent to each other. As a result, the 

coefficients of cosθ2 in Eq. (2.18) have to be equal to those in Eq. (2.19), and the 

coefficients sinθ2 of Eq. (2.19) are zero. The design constrain of Spring K1 obtained 

from the equation of coefficients with cosθ2 as expressed as  

IJKH = 67 Tg0�UV�W5
XY Z[Y

\ + ]^g�̂ ,_`]ag0�a,_V�U5`]bg0�b,_V�WV�U5
XY Z[Y

 (2.20) 

Equation (2.20) represents the linear proportion relationship between the 

weight of an external load Fh and the length of the connected points for Spring K1, 

with an adjustment of lCA1 to increase the resistance for training intensity. 

The weights of the upper limb and the exoskeleton generated momentum 

about axis z1* due to the effect of gravity, and Spring K1 also compensated for the 

gravitational potential energy of the upper limb and the links. The spring design 

constrain of Spring K1 is expressed as  
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2.3.2.2 Training upper limb muscles with shoulder flexion/extension 

As an example of shoulder flx-ext resistance exercise, the frontal raise motion 

can be used for strengthening deltoid, pectoralis major, latissimus dorsi, and 

trapezius muscles [60]. In the kinematic model, the angles θ2 and θ4 are fixed at 90 

and 0 degrees, respectively. The upper arm and forearm are considered as a single 

rigid body rotating about axis z2 with the angle θ3. By substituting the conditions 

for θ2 and θ4 into Eqs. (2.5)-(2.7), the joint torque of θ2 is equal to zero, and the 

joint torques of θ3 and θ4 can be expressed as  

 3,, sin)]()~()~([ �fuhxffufxuuufr3, rrgFrrrgmrrgmτ ������	  (2.22) 

 &F,�� = D-�g0<� − <̃�,?5 + 67g<�NQ�S!E (2.23) 

 In the frontal raise motion, the shoulder and elbow joints generate torques. 

Fig. 2.3 demonstrates that Spring K2 connects Links 2 and 4, which produced 

torques that had the same strength as the same muscles using a free-weight exercise. 

For shoulder flx-ext exercise using the upper limb exoskeleton, a user would have 

the same movement as for the frontal raise motion. By substituting the same angles, 

θ2 and θ4, for frontal raise motion in Eqs. (2.15)-(2.17), the joint torques of the 
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shoulder with the exoskeleton are obtained using the equations: 
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 3233222,44, sin])()~([ �SAEBSAEBfxxffffr 4, llKllKrrgmrrgmM �����	  (2.26) 

To achieve the effects of frontal raise motion, the joint torques with the upper 

limb exoskeleton had to be the same as the joint torques for frontal raise motion. 

The design constrains for Springs K2 and K3 are calculated as 

 03 	EBl  (2.27) 
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During shoulder flx-ext exercise, Spring K1 could be installed in any position, 

and the spring position did not affect the results of the muscle strengthening 
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exercises. The momentum about the axis z1* due to the weights of the upper limb 

and the links in the exoskeleton was the same as the momentum in shoulder 

abd-add exercise. Therefore, the design for Spring K1 could be modelled using the 

same equations as presented in Eq. (2.20). Eq. (2.29) also represents a linear 

proportion between the weight of external load mw and the length of the connected 

points of Spring K2 with an adjustment lSA2 to increase the resistance for training 

intensity. 

2.3.2.3 Training upper limb muscles with elbow flx-ext 

As an example of elbow flx-ext resistance exercise, the dumbbell curl motion 

is used for strengthening the biceps brachii, brachialis, and brachioradialis muscles. 

In addition, the overhead triceps extension is used for strengthening the triceps 

brachii [60]. In the kinematic model, the angles θ2 and θ3 were fixed at 90 and 0 

degrees, respectively. The forearm rotates about axis z3 with θ4. Substituting the 

angles θ2 and θ3 into Eqs. (2.5)-(2.7) produced a joint torque for θ2 of zero, whereas 

the joint torques for θ3 and θ4 were equalized and expressed as 

 � � 4, sin)~( �fhxfffdc4,dc3, grFrrgmττ ��		  (2.31) 

In the dumbbell curl motion, the joint torques were generated on the joints of 

Axes z3 and z4, and the installation of Spring K3 connected Link 2 and Link 4 to 
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produce the same joint torques as for free-weight exercise (Fig. 2.3). For training 

the upper limb exoskeleton for the elbow flx-ext exercise, substituting the angles θ2 

and θ3 for the dumbbell curl motion into Eqs. (2.5)-(2.7) and (2.15)-(2.17) yielded 

the joint torques for the upper limb exoskeleton. The joint torque of θ2 are the same 

as the shoulder flx-ext exercise expressed using Eq. (2.31), whereas the joint 

torques for θ3 and θ4 are  

 4333222,44, sin])()~([ �SAEBSAEBfxxfEHfdc3, llKllKrrgmrrgmM �����	  (2.32) 
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The joint torques for θ3 and θ4 for the upper limb exoskeleton have to be to the 

same as for the dumbbell curl motion. As such, the design constrains for Springs K2 

and K3 are expressed as 
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For the dumbbell curl motion, the increase in resistance is produced by 
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increasing the weight of external load, Fh. However, due to the linear proportion 

relationship between mw and K3, the adjustment for Spring K3, lSA3, was used to 

increase the resistant force from Eq. (2.36) for training with the exoskeleton. The 

spring design constrain for Spring K1 was the same as that for the lateral raise 

motion (see Eq. (2.21)).  

The overhead triceps extension is a free-weight exercise that can be used to 

strengthen the triceps. In exercising with the upper limb exoskeleton, the motion 

can also be performed with the elbow flx-ext exercise. In the kinematic model, the 

angles θ2 and θ3 were fixed at 90 and 180 degrees, respectively, and the forearm 

was rotated about Axis z3 with θ4. By substituting the angles θ2 and θ3 into Eqs. 

(2.11)-(2.13) and (2.15)-(2.17), the joint torques can be calculated. The momentums 

for the free-weight exercise has to be the same as that for the upper limb 

exoskeleton. Therefore, the design constrains for Springs K2 and K3 were the same 

as those for the elbow flx-ext exercise for training biceps, as shown in Eqs. 

(2.34)-(2.36). In the elbow flx-ext exercise for training the biceps and triceps, 

Spring K1 could be set to any position because it would not affect muscle 

strengthening. 
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2.3.3 Evaluation of the preliminary design  

2.3.3.1 Joint torque calculations of free-weight exercise  

The objective joint torques for the shoulder and elbow joints were derived 

from a free-weight exercise model. As such, the values for the joint torques were 

calculated for shoulder abd-add, flx-ext, and elbow flx-ext exercise using Eqs. 

(2.18), (2.22), (2.23), and (2.31). Table 2.2 shows the anthropometric parameters of 

two healthy subjects (male and female). 

Table 2.2 Anthropometric parameters of the subjects used in the preliminary 
design evaluation 
Subjects 
 

TBW 
 

Upper arm 
( ru ) 

Forearm 
( rf ) 

Segmental 
weight 

(mu) 

Segmental 
weight 

(mf) 
Male 82 kg 280 mm 352 mm 2.24 kg 1.90 kg 
Female 59 kg 263 mm 335 mm 1.61 kg 1.36 kg 
TBW: Total body weight 

The resistant force had levels that increased from 1 kg to 7 kg of weight for the 

free-weight exercise. The segmental weights for the upper arms and forearms are 

based on Clauser et al. [61], who proposed the following regression model for the 

estimation of these parameters: 

 01.0)TBW(0274.0 ��	um  (2.37) 

 01.0)TBW(0233.0 ��	fm  (2.38) 
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2.3.3.2 Simulation of the preliminary exoskeleton design 

The preliminary design was carried out using 3D CAD software, and the 

materials for the links were made of aluminum in this study. The material 

characteristics of the links were defined in the CAD software to determine the 

inertia parameters of the upper limb exoskeleton. The masses and the corresponding 

coordinates of the mass centers for each link are listed in Table 2.3. 

Table 2.3 Inertial parameters of the upper limb exoskeleton 

Links ( i ) mass(kg) ri,x (mm) ri,y (mm) ri,z (mm) 

1 0.502 -45 82 25 
2 1.233 -13 29 -18 
3 0.202 143 0 -75.4 
4 0.418 94 0 -50.6 

Based on the anthropometric parameters of the male and female subjects in the 

evaluation, the exact values of lCA1, lSA2, and lSA3 for 1 kg, 4 kg, and 7 kg weight 

resistances for the upper limb exoskeleton are listed in Table 2.4. 

Table 2.4 The adjustable length of springs for 1, 4, and 7 kg weight resistances 

Subjects 
 
Resistance 

(kg) 

Adjustments of springs for muscle strengthening exercise (mm) 
Shoulder abd/add 

(lCA1) 
Shoulder flx/ext 

(lSA2) 
Elbow flx/ext 

(lSA3) 

Male 
1 7 6 11 
4 46 33 61 
7 86 59 111 

Female 
1 6 6 10 
4 42 33 54 
7 78 59 97 
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The resistance in the design is generated by adjusting the locations of the 

springs rather than changing the stiffness of the springs. This design was expected 

to provide light resistance to stimulate muscle strength recovery in patients with 

injuries and to provide more intense strength training for healthy individuals. In this 

preliminary design, the maximum resistant force was designed to be 68.6 N 

(corresponding to a 7 kg weight dumbbell). Therefore, it was important to choose 

springs of suitable stiffness. In the preliminary design of the upper limb 

exoskeleton, interference among the different links during exercise needed to be 

considered. For example, the attached point B3 was a prominent link on Link 4 that 

exceeded the elbow joint. In the upper limb stretching course, the motion 

interference of Link 4 and Link 2 would interfere if the length of the prominent link 

was longer than the upper arm. Therefore, lEB3 was designed to be 150 mm (i.e., 

shorter than the length of the subject’s upper arm). The spring-adjustable points 

were limited from 4 mm to 120 mm. The adjustable lengths lCA1, lSA2, and lSA3 of 

Springs K1, K2 and K3 were designed to be attached to Link 2, which was a 

reasonable and convenient location for setting the adjustment of the exoskeleton. 

Moreover, the length lB1P* was designed to be 100 mm, which conformed to the 

limitations of the adjustable range. Considering the limitations and the mass 

properties of the linkages, together with the anthropometric parameters of humans 
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as expressed in Eq. (2.20), the range of spring stiffness for K1 lies in the range 

 N/mm178.7N/mm515.3 1 �� K  (2.39) 

Following the same steps for shoulder flx-ext exercise, the range of spring 

stiffness for K2 was derived from Eq. (2.30), and for the elbow flx-ext exercise, the 

range of spring stiffness for K3 was obtained from Eq. (2.36). The ranges of spring 

stiffness for K2 and K3 were 

 N/mm789.1N/mm .0701 2 �� K  (2.40) 

 N/mm184.3N/mm .3421 3 �� K  (2.41) 

The K1, K2 and K3 springs that were available within the stiffness ranges were 

selected for this design. During the practical implementation of this design, we 

chose springs with the following stiffness from the catalog [62] of standard springs: 

K1 (4.704 N/mm (0.480 kgw/mm)), K2 (1.107 N/mm (0.113 kgw/mm)) and K3 

(1.392 N/mm (0.142 kgw/mm)).  

The design parameters for the upper limb exoskeleton depended on the 

anthropometric parameters associated with the user’s upper limb. These parameters 

were used to build a kinematic model of the upper limb together with the design 

using ADAMS software to simulate movement of the exoskeleton. ADAMS 

(Mechanical Dynamics Inc., U.S.) provides users with a powerful modeling and 
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simulation tool for virtual prototyping and motion simulation [63]. A variety of 

mechanical systems modeling, simulations, and analyses have been carried out 

using ADAMS. Renault and Ouezdou [64] presented an anthropomorphic model of 

a human hand, and ADAMS was used to test the design for free movement and 

grasping tasks. Li et al. [65] used ADAMS to simulate the movement of the human 

lower extremities in researching the principles of force and torque at every joint. 

Yin and Xu [66] presented a parallel mechanism of two platforms that were 

mutually connected by two RPR and two RP serial kinematic chains, and 

simulation using ADAMS proved the validity of the theoretical analysis. In this 

study, shoulder abd-add, flx-ext, and elbow flx-ext exercises were simulated with 

the exoskeleton to verify the validity of the theoretical analysis of this design.  

Parts of the upper body, right upper arm, right forearm and the exoskeleton 

consisted of four links constructed using the 3D CAD software from SolidWorks, 

and the images were imported into ADAMS. Next, constraints and motion were 

added to give the parts movement. The upper body and the right upper arm parts 

were constrained using three revolute joints to perform shoulder int-ext, abd-add, 

and flx-ext motions. A revolute joint was added to connect the right upper arm and 

right forearm to perform elbow flx-ext motions. The Link 3 part was attached to the 

right upper arm part through a fixed joint, and the connection for the Link 4 and the 
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right forearm parts were connected in the same manner. The Link 1, 2, 3 and 4 parts 

were pivoted using 3 revolute joints, respectively. The Link 1 part and the ground 

were connected through two translational joints to allow for movement horizontally 

and vertically. Springs K1, K2 and K3 were added, and the stiffness for each spring 

was determined as shown in Fig. 2.5(a). The movement of the exercises were 

determined by creating three splines to define the location coordinates of the upper 

arm. An AKISPL function for the shoulder and elbow joints drove the motions of 

the upper limb, and the angular velocity was set to 20 degs/s for three exercises. 

The shoulder abd-add, flx-ext, and elbow flx-ext exercises were run to obtain the 

joint torques. A simulation model of the shoulder abd-add exercise is shown in Fig. 

2.5(b). 

  

(a) The kinematic model of the upper 
limb and the exoskeleton 

(b) Simulations of shoulder abd/add 
exercise were run to obtain the joint 
torque for the shoulder 

Fig. 2.5 ADAMS simulation of the upper limb exoskeleton 

Shoulder joint

Elbow joint

K2

K3

K1
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2.3.3.3 Comparison between the theoretical analysis and the simulation 

  The preliminary exoskeleton design simulation in ADAMS was based on 

the spring design constrains that were derived from the objective joint torques of 

free-weight exercise. The objective joint toques of free-weight exercises for 

shoulder abd-add, flx-ext, and elbow flx-ext were described in Section 2.2.2. The 

theoretical values were calculated by substituting the anthropometric parameters of 

two healthy subjects into the equations for the objective joint torques and are listed 

in Table 2.5 and 2.6, for the shoulder abd-add, flx-ext, and elbow flx-ext exercises. 

The mass centers of the upper arm and forearm were calculated according to 

Clauser et al. [61]. 

From Table 2.5 and 2.6, the theoretical values of the joint torques appeared to 

be generally compatible with the data obtained from the simulation with the 

conceptual exoskeleton design. The results supported the preliminary design 

produced in ADAMS. Additionally, the difference between the theoretical and 

simulated joint torques was close to zero, especially for the elbow flx-ext exercise. 
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Table 2.5 A comparison between the theoretical and simulated data for shoulder 
abd-add and flx-ext exercises, and elbow flx-ext exercises (resistance=1 kgw/ 4 
kgw/ 7 kgw) for a male subject. 

Degrees 
Male 

Γ% ��� D� 

Shoulder abd-add exercise 
90 0 / 0 / 0 0 / 0 / 0 0 / 0 / 0 
108 5,916 / 11,658 / 17,400 5,897 / 11,638 / 17,380 0.32 / 0.17 / 0.11 
126 11,253 / 22,175 / 33,096 11,236 / 22,157 / 33,079 0.15 / 0.08 / 0.05 
144 15,489 / 30,521 / 45,553 15,475 / 30,507 / 45,539 0.09 / 0.05 / 0.03 
162 18,208 / 35,879 / 53,551 18,199 / 35,870 / 53,542 0.05 / 0.03 / 0.02 
180 19,145 / 37,726 / 56,307 19,142 / 37,723 / 56,303 0.02 / 0.01 / 0.01 

Shoulder flx-ext exercise 

0 0 / 0 / 0 0 / 0 / 0 0 / 0 / 0 
18 5,916 / 11,658 / 17,400 5,975 / 11,717 / 17,459 1.00 / 0.51 / 0.34 
36 11,253 / 22,175 / 33,096 11,364 / 22,286 / 33,208 0.99 / 0.50 / 0.34 
54 15,489 / 30,521 / 45,553 15,642 / 30,675 / 45,708 0.99 / 0.50 / 0.34 
72 18,208 / 35,879 / 53,551 18,388 / 36,060 / 53,732 0.99 / 0.50 / 0.34 
90 19,145 / 37,726 / 56,307 19,334 / 37,916 / 56,498 0.99 / 0.50 / 0.34 

Elbow flx-ext exercise 

100 6,551 / 16,743 / 26,934 6,550 / 16,743 / 26,935 0.02 / 0.00 / 0.00 
110 6,251 / 15,976 / 25,700 6,250 / 15,976 / 25,701 0.02 / 0.00 / 0.00 
120 5,761 / 14,723 / 23,686 5,760 / 14,723 / 23,686 0.02 / 0.00 / 0.00 
130 5,096 / 13,024 / 20,951 5,095 / 13,023 / 20,951 0.02 / 0.01 / 0.00 
140 4,276 / 10,928 / 17,580 4,276 / 10,928 / 17,580 0.00 / 0.00 / 0.00 
150 3,326 / 8,501 / 13,675 3,326 / 8,500 / 13,675 0.00 / 0.01 / 0.00 

*Γ%: theoretical joint torques (N-mm);��� : simulated joint torques (N-mm); D� : 
|Γ% − ���| Γ%⁄ × 100% 
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Table 2.6 A comparison between the theoretical and simulated data for shoulder 
abd-add and flx-ext exercises, and elbow flx-ext exercises (resistance=1 kgw/ 4 
kgw/ 7 kgw) for a female subject. 

Degrees 
Female 

Γ% ��� D� 

Shoulder abd-add exercise 
90 0 / 0 / 0 0 / 0 / 0 0 / 0 / 0 
108 4,229 / 9,425 / 14,622 4,184 / 9,381 / 14,578 1.06 / 0.47/ 0.30 
126 8,044 / 17,928 / 27,813 7,969 / 17,854 / 27,739 0.93 / 0.41 / 0.27 
144 11,071 / 24,676 / 38,281 10,973 / 24,580 / 38,185 0.89 / 0.39 / 0.25 
162 13,015 / 29,008 / 45,002 12,904 / 28,899 / 44,893 0.85 / 0.38 / 0.24 
180 13,684 / 30,501 / 47,318 13,571 / 30,390 / 47,206 0.83 / 0.36 / 0.24 

Shoulder flx-ext exercise 
0 0 / 0 / 0 0 / 0 / 0 0 / 0 / 0 

18 4,229 / 9,425 / 14,622 4,282 / 9,477 / 14,674 1.25 / 0.55 / 0.36 
36 8,044 / 17,928 / 27,813 8,144 / 18,026 / 27,911 1.24 / 0.55 / 0.35 
54 11,071 / 24,676 / 38,281 11,210 / 24,811 / 38,416 1.26 / 0.55 / 0.35 
72 13,015 / 29,008 / 45,002 13,178 / 29,167 / 45,161 1.25 / 0.55 / 0.35 
90 13,684 / 30,501 / 47,318 13,856 / 30,667 / 47,485 1.26 / 0.54 / 0.35 

Elbow flx-ext exercise 

100 5,007 / 13,953 / 22,900 5,007 / 13,953 / 22,900 0.00 / 0.00 / 0.00 
110 4,777 / 13,314 / 21,851 4,778 / 13,314 / 21,851 0.02 / 0.00 / 0.00 
120 4,403 / 12,270 / 20,138 4,403 / 12,270 / 20,138 0.00 / 0.00 / 0.00 
130 3,894 / 10,854 / 17,813 3,895 / 10,854 / 17,813 0.03 / 0.00 / 0.00 
140 3,268 / 9,107 / 14,947 3,268 / 9,107 / 14,947 0.00 / 0.00 / 0.00 
150 2,542 / 7,084 / 11,627 2,542 / 7,084 / 11,626 0.00 / 0.00 / 0.01 

*Γ%: theoretical joint torques (N-mm);��� : simulated joint torques (N-mm); D� : 

|Γ% − ���| Γ%⁄ × 100%  
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 Embodiment design of the spring-loaded exoskeleton 2.4

The embodiment design was carried out using 3D CAD software, and the 

major materials for the links were made of aluminum alloy in this study. The 

resistance in the design is generated by adjusting the locations of the springs rather 

than changing the stiffness of the springs. This design was expected to provide 

different levels of resistance to stimulate muscle strength recovery in patients with 

injuries and to provide more intense strength training for healthy individuals. 

Through some basic test of zero-free-length spring concept and carefully design 

review, several practical considerations are found: the target value of maximum 

resistant force in the preliminary design was too large for our potential users; the 

large stiffness of the springs not only requires a higher strength of links but also 

increases the difficulty of operation. Therefore, in this embodiment design, the 

maximum resistant force was redesigned to be 49 N (corresponding to a 5 kg 

weight dumbbell). Therefore, it was important to choose springs of smaller stiffness 

and to rearrange some parameters. The spring-adjustable points were limited from 1 

mm to 160 mm. The adjustable lengths lCA1, lSA2, and lSA3 of Springs K1, K2 and K3 

were designed to be attached to Link 2, which was a reasonable and convenient 

location for setting the adjustment of the exoskeleton. Moreover, the length lB1P* 

was redesigned to be 155 mm, which conformed to the limitations of the adjustable 
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range. Considering the limitations and the mass properties of the linkages, together 

with the anthropometric parameters of humans as expressed in Eq. (2.19), the range 

of spring stiffness for K1 lies in the range 

  (2.42) 

Following the same steps for the shoulder flx-ext exercise, the range of spring 

stiffness for K2 was derived from Eq. (2.30), and for the elbow flx-ext exercise, the 

range of spring stiffness for K3 was obtained from Eq. (2.36). The ranges of spring 

stiffness for K2 and K3 were 

  (2.43) 

  (2.44) 

The K1, K2 and K3 springs that were available within the stiffness ranges were 

selected for this design. During the practical implementation of this design, we 

chose springs with the following stiffness from the catalog [62] of standard springs: 

K1 (1.421 N/mm (0.145 kgw/mm)), K2 (0.49 N/mm (0.05 kgw/mm)) and K3 (0.69 

N/mm (0.07 kgw/mm)). The link lengths ru and rf of the upper arm and forearm 

could be measured based on an anthropometric database. According to the 

anthropometric resource from the Naval Biodynamics Laboratory [67], Chandler et 

al. [68], and the institute of occupational safety and health in Taiwan [69], the link 

10.95N/mm 1.51N/mmK� �

20.46N/mm 1.36N/mmK� �

30.66N/mm 3.27 N/mmK� �
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lengths of upper arm and forearm, and the total body weight for small, medium, and 

large-sized human beings are listed in Table 2.7.  

Table 2.7 Anthropometric parameters of the upper limb. 

Dimension descriptions Small Medium Large 

Upper arm (ru, mm) 224 255 286 

Forearm (rf, mm) 267 317 368 

Total body weight (TBW, kg) 44.3 62.1 79.9 

The spring design parameters of the exoskeleton were functions of the lengths 

of the upper arm and forearm and of the mass properties of the links. Using the 

values for mu, mf, ru, rf, K1, K2, and K3, together with the link parameters, we 

calculated the range of spring-adjustable points, and these are listed in Table 2.8.  

Table 2.8 Detailed spring design parameters for the exoskeleton. 

Movements 

Spring design parameters (mm)  
(Resistance:1 kg - 5 kg) 

Spring 
adjustments 

Small Medium Large 

Shoulder 
abd-add  

lCA1 1-150 1-150 1-150 
lPB1 155 155 155 

Shoulder 
flx-ext  

lSA2 7-90 7-90 7-90 
lEB2 267 317 368 
lSA3 8 8 8 
lEB3 0 0 0 

Elbow  
flx-ext  

lSA2 0 0 0 
lEB2 210 210 210 
lSA3 11-160 11-160      11-160 
lEB3 150 150 150 

All exercises lCP 9 9 9 



 

63 
 

In the embodiment design for the device, the arrangement of three revolute 

joints for the 3-DOF shoulder joint is illustrated in Fig. 2.6(a). The revolute joints 

for Axes z0, z1, and z2 
were achieved using thrust bearings to decrease clearance 

defects. The elbow joint was accommodated using a revolute joint and selective 

connection positions for small, medium, and large-sized human beings to adjust the 

length of the upper limb for different subjects. Thrust bearings were used to achieve 

elbow flexion-extension motion. The length of the forearm link was also adjusted 

using a linear slide so that the device would fit different individuals. The CAD 

drawing is shown in Fig. 2.6 (b).  

In this design, a standard spring with a wire and pulley construction was used 

to emulate a zero-free-length spring. The zero-free-length Spring K1 
was attached to 

Point A1
 
on Link 1, and Point A1 was attached to Link 2. An embodiment design of 

Spring K1 
was illustrated in Fig. 2.6 (c), and the standard Spring K1 

was fixed using 

a pin and connected Point B1
 
and Point A1 with wire and pulleys. The distance of 

Point B1
 
to A1 was not limited to the free length of the spring. The arrangements for 

the K2 
and K3 

springs were the same as for Spring K1 
and are shown in Fig. 2.6 (d). 

To increase the intensity of the exercise, the installation in Link 2 could be adjusted 

using three lead screws. The possibility of interference between the links and 

springs during exercise was carefully considered and eliminated during 3D CAD 
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drawing. 

  

(a) The arrangement of the shoulder joint (b) The arrangement of the elbow joint 

  

(c) The arrangement of Spring K1 (d) The arrangement of Springs K2 and K3 

Fig. 2.6 Embodiment design of the upper limb exoskeleton. 
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 Summary 2.5

Several methods have been proposed for upper limb muscle training using 

exercise devices or machines to strengthen the muscle groups. However, most 

exercises control the direction of resistance to isolate specific muscle groups that 

need to be trained. A compact and cost-effective upper limb exoskeleton design 

with a 3-DOF shoulder joint and a 1-DOF elbow joint allows a patient or a healthy 

individual to move the limb in different planes and increases resistance through 

adjustments of the spring length to train more muscle groups. The exoskeleton 

springs were designed to equalize the joint torques for the shoulder and elbow 

joints with the joint torques obtained from free-weight exercises. A linear 

relationship was determined between the weight of the external load and the 

attached spring. Instead of changing the weight during the resistance exercise, the 

resistant force was provided by spring elements with moveable attachment points 

that could be adjusted to increase the intensity of muscular exercise. The upper limb 

exoskeleton was used to perform shoulder abd-add, flx-ext, and elbow flx-ext 

exercises, and the torques of the shoulder and elbow joints with the exoskeleton 

were expected to be equal to the objective joint torques obtained from models of 

free-weight exercises. 
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  Chapter 3
 Dynamic analysis 

 Introduction 3.1

Resistance training is a common activity for young adults, athletes, and body 

builders, who are healthy enough to improve muscular strength, size, athletic 

performance, and overall physical conditioning. It is also an effective method for 

developing musculoskeletal strength and is recommended by many major health 

organizations, such as the ACSM and the AHA [9, 11]. In fact, resistance exercise 

has grown in popularity for many groups, including adolescents, healthy adults, the 

elderly, and clinical populations. Incorporating individualized, progressive 

resistance training programs can reduce risk factors associated with 

cardiopulmonary, musculoskeletal, neuromuscular, and gerontology diseases. 

However, there are concerns about the negative effects and the safety of resistance 

exercise as a form of physical therapy when using resistance equipment or free 

weights [70, 71].  

Free weights (e.g., barbells, dumbbells, and weighted balls) and weight 

machines are the most familiar forms of resistance tools for muscle training. The 

user’s needs or patient’s disability level influences the type of resistance tool 
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chosen. Weight machines have been considered to be safer to use and easier to 

manipulate, while free weights are more difficult to master and are more likely to 

cause injuries. New data suggest that sprains/strains account for approximately 46% 

of injuries, 90% of which are caused by free weights. Muscle strain typically results 

from overloading a passive muscle (i.e., placing too much stress on the engaged 

muscle fibers) or dynamically overloading an active muscle, either in concentric or 

eccentric action; nonurgent muscular strains and ligamentous sprains account for 

46%-60% of all acute injuries in strength training. Repetitive overloading of 

tendons may lead to tendonitis, and although the mechanisms of muscle cramps are 

not fully understood, most cramps occur in a shortened muscle and are 

characterized by abnormal electrical activity [72-74]. Machines help stabilize the 

body, limit the movement around specific joints that are involved in synergy, and 

focus the activation to a specific set of prime movers. Conversely, free weights 

create a pattern of intra- and intermuscular coordination that mimics the movements 

of specific tasks [9]. 

In Chapter 2, we describe an at-home spring-loaded upper limb resistance 

training exoskeleton design. This exoskeleton features a 3-DOF shoulder joint and a 

1-DOF elbow joint that are optimally arranged to mimic the natural upper limb 

movement of the GH joint: horizontal flx-ext, abd-add, flx-ext, and elbow joint 
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flx-ext, allowing the limb to move using single and multiple joints in different 

planes. Instead of increasing the external weights stepwise in free-weight exercises, 

this device uses zero-free-length springs, i.e., linear extension springs, in which the 

force is proportional to the length of the spring rather than to its elongation, 

allowing the resistance training exoskeleton to theoretically increase the resistance 

continuously by adjusting the spring length. Gradually changing the resistance 

allows for progressive training of more muscle groups and reduces the potential risk 

of injury to the upper limb skeletal muscle and joint caused by a large moment of 

inertia. However, only a kinematic model and the derived design constraints have 

been established. When designing exercise devices or rehabilitation aids, using an 

analytical and dynamic model of human movement helps identify the key forces, 

movements, and movement patterns that should be measured. This movement 

model provides a foundation that can serve as the basis for an experimental 

approach and that can be used to evaluate the efficacy of the initial experimental 

data. The equations of motion not only provide a critical understanding of the 

forces experienced by a joint and an effective model of normal joint function and 

injury mechanics, but they also provide an initial, theoretical understanding of the 

actual biodynamic system and can help determine the important dynamic properties 

that should be measured experimentally [75-77]. Many methods have been used to 
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derive the dynamic equations of motion that describe the dynamic behavior of the 

upper limb, such as the Lagrange-Euler method [78-79], the Newton-Euler method 

[80-81], the generalized D’Alembert principle [82-83], and Kane’s method [84-85]. 

The most widely used methods for formulating the motion equations of multibody 

dynamic systems are based on the Lagrange-Euler and Newton-Euler methods. 

Quantitative motion analyses of the upper limb have drawn significant 

attention in the past 20 years. This interest has been motivated by different goals. 

The availability and improvement in commercial human movement detection and 

tracking systems have enabled upper limb tracking [86-92]. Schmidt et al. [93] 

proposed a measurement procedure to obtain accurate joint rotation of the free wrist 

and elbow movement by tracking three non-collinear surface markers on each limb 

segment. Biryukova et al. [94] developed a method for reconstructing the 

kinematics of a human upper limb—consisting of the upper arm, forearm, and 

hand—based on the recordings of a spatial tracking system. Prokopenko et al. [95] 

further assessed the accuracy of the arm kinematics model proposed by Biryukova 

et al. for describing voluntary movement. Hingtgen et al. [96] suggested a 3-DOF 

shoulder joint and a 2-DOF elbow joint upper extremity kinematic model and 

demonstrated the effectiveness of the model by employing a Vicon motion analysis 

system [97] to quantify the differences between the affected and unaffected upper 
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extremity motion patterns in eight stroke patients. Conversely, Romilly et al. [98] 

attempted to assess the necessary user requirements and to determine the optimal 

configuration of a powered upper limb orthotic prior to prototype construction, 

whereas most previous studies paid more attention to the range of motion, joint 

angles, angular velocity/acceleration, error estimation, and the soft tissue artifacts. 

Most of the differences were compared between normal and impaired subjects. We 

conducted our experiments by measuring the shoulder and elbow joint torques 

during designated movements (free-weight exercise: lateral raise, front raise, and 

elbow curl motion; upper limb exoskeleton: shoulder abd-add, flx-ext, and elbow 

flx-ext) and compared them to the movements with free weights using an 

exoskeleton.  

The objectives of this research were to develop a dynamic model to determine 

the required additional design constraints and the optimal configuration of a 

spring-loaded upper limb exoskeleton. It was hypothesized that with 

zero-free-length springs the spring-loaded upper limb exoskeleton was capable of 

reducing unfavorable lengthening of the muscles during high-intensity free-weight 

exercises. The motion analysis system was employed to investigate the upper limb 

kinematics in the given motions, which enables us to calculate kinetics and 

kinematics parameters during the designated movements performed with dumbbell 
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and with upper limb exoskeleton. Additionally, we developed proper evaluation 

procedures to ensure continuous and effective data collection from a larger sample 

of the population in the ongoing verification studies. 

 Dynamic model of upper limb 3.2

The Lagrange approach was used in this study to derive the equations of 

motion for the spring-loaded upper limb exoskeleton because it uses fewer 

parameters to describe a given system and to determine that these motions were 

mechanically analogous to the free-weight exercises. 

Figure 3.1 shows the motion of an upper arm and forearm system. The upper 

arm segment is pictured from the GH joint S to the elbow joint E, whereas the 

forearm segment extends from the elbow joint E to the middle of the palm of the 

hand H. Several potential limitations of this study should be noted. First, the hand 

was assumed to be a rigid segment in the extension of the forearm, which means 

that wrist motion was not included in our study. The hand is usually held in a 

neutral position during forearm movements. Therefore, the gravitational variation 

due to the wrist motion is negligible, and the upper limb can be modeled as a 

two-link linkage. Second, this model assumes that the length of each segment 

remains constant, that each segment or link has a fixed mass that is concentrated at 

its center of mass, and that the location of each center of mass remains fixed during 



 

72 
 

the movement. Third, the joints in the model are considered to be frictionless 

revolute joints. Fourth, the mass moment of inertia of each segment is constant 

during the movement. Finally, the geometries of the upper arm and the forearm 

were assumed to be axially symmetric. The segmental lengths of the upper arm and 

the forearm are denoted as ru and rf, respectively. The variable g denotes the 

gravitational force; points Gu, Gf, and GF identify the center of gravity of the upper 

arm, forearm segment, and external load, respectively; and mu, mf, and Fh denote 

the mass of the upper arm, forearm segment, and external load, respectively. The 

mass of the human hand was ignored because it is relatively light compared to the 

overall mass of the upper limb. The segments were connected as a revolute joint 

and had three axes of rotation in the shoulder joint, including the shoulder’s 

horizontal flx-ext, abd-add, and flx-ext, and one axis of rotation in the elbow, which 

provided only elbow flx-ext. An orthogonal coordinate system defined by s1, s2, and 

s3 was fixed at point S and was allowed to rotate about the s3 axis so that the unit 

vector s1 always lies on segment SE. An orthogonal coordinate system defined by e1, 

e2, and e3 was defined at point E and was allowed to rotate about the e3 axis so that 

the unit vector e1 always lies on segment EH. !� and !� are the angles between 

the segment and the vertical axis (Fig. 3.1).  
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Fig. 3.1 The dynamic model and the coordinate system of the right upper limb 

A system with n degrees of freedom has n generalized coordinates, denoted as 

h� , where i has values from 1 to n. A generalized nonconservative force 

corresponding to a specific generalized coordinate is represented by i� and the 

derivative of h� with respect to time is represented as ḣ�. Equation (3.1) shows the 

general form of Lagrange’s equation: 

�
�j

k lm
lṅo

p − lm
lno

= i�                              � = 1, 2, …  S (3.1) 

The Lagrangian L is defined as the difference between the total kinetic energy 

T and the total potential energy V: 

L = T − V (3.2) 
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 Dynamic joint torques during free-weight exercise 3.3

The total kinetic energy T of the upper limb can be determined by summing 

the upper arm kinetic energy Tu, the forearm kinetic energy Tf, and the applied load 

TF, while the total potential energy V can be determined by summing the upper arm 

potential energy Vu, the forearm potential energy Vf, and the applied load potential 

energy VF. The equations of motion are then obtained by applying Lagrange’s 

equation (3.1) and using the two generalized coordinates for the two-segment 

system, hH = !� and hC = !�. 

For the first generalized coordinate, hH = !� , the equation of motion is 

determined to be 

&̃� = D��,�E + 0-�uC + -� + 675<�
CN!�̈ + 0-�v + 675<�<�!̈�OPQ0!� − θ�5 

          −0-�v + 675<�<�!̇�
CQ�S0!� − θ�5 + 0-�u<� + -�<� + 67<�5gQ�S!� (3.3) 

For the second generalized coordinate, hC = !�, the equation of motion is 

determined to be 

&̃� = D��,�E + ��,�E + 0-�vC + 675<�
CN!̈� + 0-�v + 675<�<�!̈�OPQ0!� − θ�5 

          +0-�v + 675<�<�!̇�
CQ�S0!� − θ�5 + 0-�v<� + 67<�5gQ�S!� (3.4) 

where τ� is the moment at the upper arm and &� is the moment at the forearm. 

The first derivatives of !� and !� with respect to time are represented as !̇� and 
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!̇�. The second derivatives of !� and !� with respect to time are represented as 

!̈� and !̈�, where ��,yE is the s3 component for the mass moment of inertia about 

point Gu in the s1, s2, and s3 coordinate system.  ��,�E  and ��,�E  are the e3 

components for the mass moment of inertia about points Gf and GF in the e1, e2, and 

e3 frame of reference, respectively. The variables u and v are the ratios of the 

longitudinal position of the center of mass for the upper arm and the forearm 

segments, respectively, and they are defined as percentages of the upper arm and 

the forearm segments length. The ratios were 0.5772 and 0.4574 for the male 

subject and 0.5754 and 0.4559 for the female subject [99]. ζ<� gives the length 

from the mass center of the upper arm to the shoulder joint; ξ<� represents the 

approximate length from the mass center of the forearm to the elbow joint. 

 Dynamic joint torques with the upper limb exoskeleton  3.4

Fig. 3-2 illustrates a spring-loaded upper limb exoskeleton. The exoskeleton is 

assumed to be well aligned with the upper arm and has the same motion along with 

the upper arm. 

Therefore, the angular displacement of link 3 is determined to be the same as 

the upper arm, that is, !� equals !C for the shoulder abd-add and !� equals !E 

for the shoulder flx-ext. The angular displacement of link 4 is determined to be the 
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same as the forearm, that is, !� equals !F for the elbow flx-ext. Link 1 remains in 

its position during the exoskeleton movements. 
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Fig. 3.2 A schematic diagram of the spring-loaded exoskeleton 

The total kinetic energy of the upper limb exoskeleton can be determined by 

summing the upper arm kinetic energy Tu, the forearm kinetic energy Tf, the link 2 

kinetic energy TL2, the link 3 kinetic energy TL3, and the link 4 kinetic energy TL4. 

The total potential energy of the upper limb exoskeleton can be determined by 

summing the upper arm potential energy Vu, the forearm potential energy Vf, the 

link 2 potential energy VL2, the link 3 potential energy VL3, the link 4 potential 

energy VL4, the K1 spring potential energy VS1, the K2 spring potential energy VS2, 

and the K3 spring potential energy VS3. 

The equations of motion are then obtained by applying Lagrange’s equation 
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(3.1) and (3.2) and by using the two generalized coordinates of the two-segment 

system, hH = !� and hC = !�. 

For the first generalized coordinate, hH = !� , the equations of motion for the 

spring-loaded upper limb exoskeleton are determined as follows: 

���

= D��,�E + ��C,�E + ��E,�E + 0-�uC + -�5<�
C   

+ 0-CIC,�C �⁄
C + 1

4{ -EIE
C +   -FIE

C5N!̈� 

+0-�v<�<� + 1
2{ -FIEIF5!̈�OPQ0!� − !�5 

−0-�v<�<� +  1
2{ -FIEIF5!̇�

CQ�S0!� − !�5 

+0-�u<� + -�<� + -CIC,�C �⁄
C + 1

2{ -EIE + -FIE5gQ�S!� 

−GHILMH(IJKHOPQ!� − IJLQ�S!�) +  (GCI�KC − GEI�KE)<�Q�S!� 

+(GCI�MCI�KC + GEI�MEI�KE)Q�S0!� + !�5 (3.5) 

For the second generalized coordinate, hC = !� , the equation of motion is 

determined as follows: 

��� =  D��,�E + ��F,�E + -�vC<�
C + 1

4{ -FIF
CN!̈� 

            + 0-�v<�<� + 1
2{ -FIEIF5!̈�OPQ0!� − !�5 

    +D-�v<�<� + 1
2{ -FIEIFN!̇�

CQ�S0!� − !�5 + 0-�v<� + 1
2{ -FIF5gQ�S!� 

           −(GCI�MC − GEI�ME)<�Q�S!� + (GCI�MCI�KC + GEI�MEI�KE)Q�S0!� + !�5 (3.6) 
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where ��� is the moment at the upper arm (with the exoskeleton) and ��� is the 

moment at the forearm (with the exoskeleton). ��C,�E, ��E,�E, and ��F,�E are the s3 

and e3 components of the mass moment of inertia about the center of mass for link 

2 (point G2) and for link 3 (point G3) in s1, s2, and s3, and the center of mass for link 

4 (point G4 ) in the e1, e2, and e3 frame of reference. The variables m2, m3, and m4 

denote the mass of link 2, link 3, and link 4, respectively, and were assumed to be 

fixed and located on the center lines with respect to link 2, link 3, and link 4. 

IC,�C/� is the link length between point G2 and shoulder joint of link 2. IE, and IF 

represent the link lengths between two joints. 

 Dynamic joint torques during resistance training 3.5

3.5.1 Shoulder abd-add 

A lateral raise was used as an example of the shoulder abd-add resistance 

exercise used to strengthen the deltoid, latissimus dorsi, pectoralis major, 

supraspinatus, and trapezius muscles. In the dynamic model, the angle !� = !�. 

Thus, the upper arm and forearm can be considered a single link; the mass moments 

of inertia ��,�E, ��,�E, and ��,�E should be replaced by ��/�,�E, ��/�,�E, and ��/�,�E, 

which are the mass moments of inertia for the upper arm, forearm, and external 

load with respect to the shoulder joint and are determined using the parallel axis 

theorem. Finally, the rotation about axis zH
∗ applies to θ2 alone, and the shoulder 
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joint torque for θ2 is expressed as 

&̃C, �

= D�� �⁄ ,�E + �� �,⁄ �E +  �� �⁄ ,�E + 0-�uC + -� + 675<�
C + 0-�vC + 675<�

C

+ 20-�v + 675<�<�N!�̈ 

−0-�u<� + -�<� + 67<� + -�v<� + 67<�5gQ�S!� (3.7) 

The joint torques for the shoulder using the exoskeleton are obtained by 

substituting the same angles for the lateral raising motion into Eqs. (3.5) and (3.6). 

The mass moments of inertia of links 2, 3, and 4—��C,�E,  ��E,�E, and ��F,�E—should 

be replaced by the mass moments of inertia with respect to the shoulder 

joint— ��C/�,�E , ��E/�,�E , and ��F/�,�E —using the parallel axis theorem. The 

potential energy of the spring depends on the movement taken because different 

springs are actuated depending on the movement. Only spring GH is actuated in the 

shoulder abd-add movement. The joint torque of the shoulder with the exoskeleton 

can be expressed as 

��C, �

= D�� �⁄ ,�E + �� �⁄ ,�E + ��C �⁄ ,�E + ��E �⁄ ,�E + ��F �⁄ ,�E + 0-�uC + -�5<�
C +  -�vC<�

C

+ 2-�v<�<� + -CIC,�C �⁄
C + 1

4{ -EIE
C + -FIE

C + 1
4{ -FIF

C + -FIEIFN!̈� 

+0-�u<� + -�<� + -�v<� + -CIC,�C �⁄
C + 1

2{ -EIE + 1
2{ -FIF + -FIE5gQ�S!� 

−GHILMH(IJKHOPQ!� − IJLQ�S!�) (3.8) 
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3.5.2 Shoulder flx-ext 

An example of the shoulder flx-ext resistance exercise is the frontal raise, 

which strengthens the deltoid, the pectoralis major, the latissimus dorsi, and the 

trapezius muscles. In the dynamic model, the angle !� = !�. The upper arm and 

forearm are considered to be a single rigid body rotating about the z2 axis with an 

angle θ3. Therefore, the mass moments of inertia ��,�E, ��,�E, and ��,�E should be 

replaced by ��/�,�E, ��/�,�E,  �S� ��/�,�E, which are the mass moment of inertia for 

the upper arm, forearm, and external load with respect to the shoulder joint using 

the parallel axis theorem. The joint torque for θ3 can be expressed as 

&̃E,��

= D�� �⁄ ,�E + �� �⁄ ,�E +  �� �⁄ ,�E + 0-�uC + -� + 675<�
C + 0-�vC + 675<�

C

+ 20-�v + 675<�<�N!�̈ 

−0-�u<� + -�<� + 67<� + -�v<� + 67<�5gQ�S!� (3.9) 

In the frontal raise, the shoulder and elbow joints generate torque. For the 

shoulder flx-ext exercise using the upper limb exoskeleton, a user would use the 

same movement as the free-weight frontal raise motion, and the mass moments of 

inertia of link 3 and link 4, ��E,�E, �S� ��F,�E, would be replaced by the mass 

moments of inertia with respect to the shoulder joint, ��E/�,�E �S� ��F/�,�E, by using 

the parallel axis theorem. Link 1 and link 2 are not involved in this motion. The 
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joint torque of the shoulder with the exoskeleton can be expressed as 

��E,��

= D�� �⁄ ,�E + �� �⁄ ,�E + ��E �⁄ ,�E + ��F �⁄ ,�E + 0-�uC + -�5<�
C + -�vC<�

C   

+ 2-�v<�<� + 1
4{ -EIE

C + -FIE
C + 1

4{ -FIF
C + -FIEIFN!̈� 

+0-�u<� +  -�<� + -�v<� + 1
2{ -EIE + -FIE + 1

2{ -FIF5gQ�S!� 

+(GCI�KC − GEI�KE)<�Q�S!� − (GCI�MC − GEI�ME)<�Q�S!� 

  +2(GCI�MCI�KC + GEI�MEI�KE)Q�S2!� (3.10) 

3.5.3 Elbow flx-ext 

An example of the elbow flx-ext resistance exercise is the dumbbell curl 

motion, which is used to strengthen the biceps brachii, brachialis, and 

brachioradialis muscles. In the dynamic model, by using an angle θu equal to 0 

degrees, Eq. (3.4) yields the moment at the elbow. ��,�E  and ��,�E  should be 

replaced by the the mass moments of inertia with respect to the elbow joint, ��/�,�E 

and ��/�,�E. The forearm rotates about the e3 axis with θf, and the elbow joint 

torque can be expressed as 

&̃F,�� = D��/�,�E + ��/�,�E + 0-�vC + 675<�
CN!̈� + 0-�v<� + 67<�5gQ�S!� (3.11) 

To train the upper limb exoskeleton for the elbow flx-ext exercise, we assume 
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the angle θu equals 0 degrees, and Eq. (3.6) yields the moment at the elbow for the 

upper limb exoskeleton. ��,�E  and  ��F,�E  should be replaced by the the mass 

moments of inertia with respect to the elbow joint, ��/�,�E and ��F/�,�E. The joint 

torque of the elbow with the exoskeleton can be expressed as 

��F,�� = D�� �⁄ ,�E + ��F �⁄ ,�E + -�vC<�
C + 1

4{ -FIF
CN!̈� 

                +0-�v<� + 1
2{ -FIF5gQ�S!�  − (GCI�MC − GEI�ME)<�Q�S!� 

                +(GCI�MCI�KC + GEI�MEI�KE)Q�S!� (3.12) 

 Summary 3.6

Resistance training has been shown to be effective for developing 

musculoskeletal strength and is recommended by many major health organizations. 

Resistance training equipment design relies heavily on the analysis of human 

movement. Dynamic models of human movement help researchers identify key 

forces, movements, and movement patterns that should be measured. An at-home 

resistance training upper limb exoskeleton has been designed with a three DOF 

shoulder joint and a one DOF elbow joint to allow movement of the upper limb at 

single and multiple joints in different planes. The exoskeleton can continuously 

increase the resistance as the spring length changes to train more muscle groups and 

to reduce the potential risk of muscle injury to the upper limb by free weights and 
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training equipment. The objectives of this chapter were to develop a dynamic model 

of the spring-loaded upper limb exoskeleton and additional design constrains are 

proposed. The dynamic model suggests that the mass moment of inertia of the 

linkages should conform to certain constrains. For shoulder abd-add, by comparing 

the coefficient of the angular acceleration !�̈  in Eqs (3.7) and (3.8) and 

incorporating the kinematic design constrains obtained in chapter 2, the inequality 

equation ��C/�,�E + ��E/�,�E + ��F/�,�E + -CIC,�C/�
C + 1

4{ -EIE
C + -FIE

C + 1
4{ -FIF

C + -FIEIF <

 ��/�,�E + 670<� + <�5C should be maintained to ensure that less dynamic joint torque is 

created by the exoskeleton movement compared with the free-weight exercise. By 

applying the same procedures, the inequality equations for shoulder flx-ext and 

elbow flx-ext can be obtained as additional design constraints for the exoskeleton 

design. 
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  Chapter 4
Prototype and preliminary evaluation 

 The prototype 4.1

A prototype of spring-loaded upper limb exoskeleton mechanism based on the 

modified embodiment design described in section 2.4, which was built to evaluate 

the function and performance of resistance training, is shown in Fig. 4.1(a). 

In this prototype, the arrangement of three revolute joints for the 3-DOF 

shoulder joint is illustrated in Fig. 4.1(b). The revolute joints for axes z0, z1, and z2 

are constructed using thrust bearings to decrease the defects of clearance. The 

elbow joint is accommodated through a revolute joint, which includes selective 

connection positions for small-, medium-, and large-sized human beings to adjust 

the length of the upper limb. Thrust bearings are used to achieve the elbow 

flexion-extension motion. The length of the forearm link can also be adjusted using 

selective connection positions such that the device would fit different individuals, 

as shown in Fig. 4.1(a).  

In this design, a standard spring with a wire and pulley construction is used to 

emulate a zero-free-length spring. The zero-free-length spring K1 is attached to 

point B1 on link 1, and point A1 is attached to link 2, as shown in Fig. 4.1(b). The 
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standard spring K1 is fixed by a pin and connected to points B1 and A1 with wire 

and pulleys. The distance from point B1 to A1 is not limited to the free length of the 

spring. The arrangement for springs K2 and K3 is the same as that for spring K1, as is 

shown in Fig. 4.1(a). To increase the intensity of the exercise, the spring connection 

locations A1, A2, and A3, which are separately integrated with nuts on the ball 

screws installed at link 2 could be adjusted using three ball screws.  

The resistance in the prototype design is generated by adjusting the connecting 

locations (A1, A2, and A3) of the springs rather than changing the stiffness of the 

springs. This design was expected to provide low to moderate resistance to 

stimulate the strength of muscle recovery in patients with a variety of pathological 

conditions, including musculoskeletal injuries, osteoporosis, hypertension, and 

some chronic diseases [71]; the design was also aimed to provide more intense 

strength training for healthy individuals. In this study, the maximum resistant force 

is designed to be 49 N (corresponding to a 5-kg weight dumbbell). Therefore, it is 

important to choose springs with a suitable stiffness. In this prototype, lEB3 is 

designed to be 150 mm. The spring-adjustable points are limited from 1 mm to 160 

mm. The adjustable lengths of lCA1, lSA2, and lSA3 of springs K1, K2, and K3 are 

designed to be attached to link 2, which is a reasonable and convenient location at 

which to adjust the exoskeleton mechanism. The length of lB1P* was designed to be 
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155 mm and conformed to the limitations of the adjustable range. Considering the 

limitations and the mass properties of the linkages, along with the anthropometric 

parameters of humans and the practical implementation of this design, we choose 

the springs with the following stiffnesses from a catalog [62] of standard springs: 

K1 with 1.421 N/mm (0.145 kgw/mm), K2 with 0.49 N/mm (0.05 kgw/mm) and K3  

with 0.69 N/mm (0.07 kgw/mm). 

 

 
(b) The arrangement of the 

shoulder joint 

 

(a) The arrangement of springs K1, K2, and K3 (c) The arrangement of the 
elbow joint 

Fig. 4.1 The prototype of the upper limb exoskeleton 
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 Experimental design 4.2

4.2.1 The subjects 

One healthy male and one healthy female volunteered to participate in this 

preliminary evaluation. They self-reported as having no history of neural or 

musculoskeletal disease. Both subjects signed the informed consent forms, and the 

experiment was approved by ITRI’s ethics committee.  

4.2.2 Experimental set-up 

The shoulder and elbow motions were recorded with a Vicon MX-F20 motion 

analysis system (Oxford Metrics Ltd., Oxford, UK), which has a 100 Hz capture 

rate. This system utilizes eignt synchronized high-speed infrared charge-coupled 

display (CCD) cameras to track eight reflective markers measuring 14 mm in 

diameter mounted by double-sided hypoallergenic tape on the subject. The 

locations of the markers were predetermined bony anatomical landmarks that were 

on the trunk of the subject and the upper limb of the 7th cervical vertebrae (C7), the 

clavicle (CLAV), the right shoulder marker (RSHO), the right lateral elbow (RLEL), 

the right medial elbow (RMEL), the processus styloideus radius (RMWR), the 

processus styloideus ulna (RLWR), and the metacarpophalangeal joints (MCPs) of 

the right middle finger (RFIN); these locations were used to define the anatomical 

coordinate system for each segment to define a set of reference axes that are 
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anatomical meaningful for the purposes of describing the position and orientation 

of motion in three-dimensional space, and were chosen for their minimal skin 

motion, as shown in Fig. 4-2. 

  
(a) Front view (b) Rear view 

Fig. 4.2 Marker placement on the thorax, clavicle, and right upper limb 

An initial dynamic calibration followed by a static calibration of the motion 

capture system is performed prior to the experiment. Motion capture software 

(Vicon Nexus 1.3) is used to digitize the body landmarks. After the markers are 

properly attached, the subjects are asked to stand in object-space (or the capture 

volume) for the static calibration. They are then asked to move the shoulder, elbow, 

and wrist joint to perform the required dynamic calibration. It is necessary to ensure 

that each marker can be seen by at least two cameras at every instant during data 

recording. While the subject is performing the selected free-weight exercise and 

shoulder abd-add, shoulder flx-ext, and elbow flx-ext movement with the 

spring-loaded upper limb exoskeleton in the object-space in view of the CCD 
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cameras, the motion analysis system records movements of upper limb segments by 

tracking the 3D location of the markers. 

The test of basic functions consisted of shoulder abd-add, flx-ext, and elbow 

flx-ext. The Vicon motion data are collected from both the male and female 

subjects. 

The resistant force was set at two different weight levels, 1 kg and 3 kg, for the 

free-weight exercise. The segmental weights for the upper arms and forearms are 

based on those given by DeLeva [99], who proposed the body segment parameter 

data estimation as shown below: 

 (TBW)u um R	 �  (4-1) 

 (TBW)f fm R	 �  (4-2) 

Here, uR and fR  are the ratios of the weights of the upper arm and the forearm 

segments, respectively, as percentages of the total body weight; the ratios were 

0.0271 and 0.0162 for the male subject and 0.0255 and 0.0138 for the female 

subject. The subjects’ anthropometric parameters are listed in Table 4-1. 
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Table 4.1 Anthropometric parameters of the subjects used in the data analysis 
TBW (kg)  Longitudinal 

length (mm) 
Segmental 
weight (kg) 

Sagittal r 
(%) 

Longitudinal r 
(%) 

M F Segment M F M F M F M F 

77 60 
Upper 
arm 

280 263 2.09 1.53 28.5 27.8 15.8 14.8 

Forearm 352 335 1.25 0.63 27.6 26.1 12.1 9.4 

TBW: Total body weight; M: Male; F: Female 

Based on the anthropometric parameters of the male and female subjects, the 

exact values of lCA1, lSA2, and lSA3 for the 1 kg and 3 kg weight resistances applied to 

the upper limb exoskeleton are listed in Table 4.2. The resistance was easily 

changed by adjusting the position of the nut of the leading screw corresponding to 

the selected exercise to a new position relative to the zero position (i.e., aligned 

with the z2 axis); these positions are listed Table 4.2. 

Table 4.2 The adjustable spring lengths for the 1 and 3 kg weight resistances. 

Subject 
 

Resistance 
(kg) 

Adjustments of springs for muscle strengthening exercises (mm) 
Shoulder abd-add 

(lCA1) 
Shoulder flx-ext 

(lSA2) 
Elbow flx-ext 

(lSA3) 

Male 
1 5 9 15 

3 74 49 82 

Female 
1 4 10 14 

3 67 50 73 
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4.2.3 Protocols 

Two exercise sessions (free-weight exercise and upper limb exoskeleton 

motion) are chosen for evaluation. Each session contains three resistance training 

exercises (shoulder abd-add, flx-ext, and elbow flx-ext) consisting of two sets (1 kg 

and 3 kg resistance) with 5 repetitions. Each movement is performed in a slow, 

controlled manner: lifting (1 second) and lowering (1 second) without sudden jerks 

and acceleration for five consecutive repetitions. The hand grip pattern of the 

subjects during shoulder abd-add exercise, flx-ext exercise, and elbow flx-ext 

exercise with exoskeleton is the same as the dumbbell lateral raise motion, the 

dumbbell frontal raise motion, and the dumbbell curl motion, respectively. The 

ranges of the movement being evaluated are shown in Fig. 4-.3. The dumbbell 

weights of 1 kg and 3 kg, as well as the equivalent resistance are set for free-weight 

exercise and the upper limb exoskeleton motion, respectively. A maximum of five 

minutes rest was given between each set and exercise. 
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(a) Shoulder abd-add (b) Shoulder flx-ext (c) Elbow flx-ext 

  

(d) Lateral raise motion (e) Front raise motion (f) Dumbbell curl 
motion 

Fig. 4.3 Subjects performed the upper limb exoskeleton and dumbbell exercises 
with different movements for resistance training: (a) shoulder abd-add: the *

1z  axis 
is aligned with the shoulder joint, gripping the handle of the exoskeleton, and the 
right arm is raised laterally from the side of the body; (b) shoulder flx-ext: the �C 
axis is aligned with the shoulder joint, and the right arm is raised in a sagittal plane 
while keeping the elbow in a fixed position; (c) elbow flx-ext: the �E axis is 
aligned with the elbow joint, and the forearm is drawn upward in an arc from a 
vertical position to a horizontal position and then is moved in the reverse direction. 
Note that the exoskeleton is mounted on an aluminum frame; (d) dumbbell lateral 
raise; (e) dumbbell front raise; and (f) dumbbell curl motion and the movement 
range of each motion. 

4.2.4 Data analysis 

Detailed upper limb kinematics data are collected. The approach of inverse 

dynamics is the most common method used to solve for the unknown reaction force 

and moment. The analysis begins with the most distal segment moving upward 
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through the kinematic chain, and the requirements of all the external forces acting 

on the system are known. Joint torques are then calculated by a 3-D generic inverse 

dynamic method [100]. Motion analysis data from the exercises are acquired with 

the Vicon Nexus software and post-processed using Matlab (Mathworks Inc., 

Natick, MA). Analysis of the upper limb kinematics is restricted to the motion of 

the shoulder and elbow. The first three data points of the five repeated trials will be 

analyzed to obtain an average of three data results. If one of these three data points 

is not qualified for the data analysis, the fourth or the fifth data points will be 

analyzed. 

   
(a) Shoulder abd-add 

exercise of the upper 
limb exoskeleton 

(b) Shoulder flx-ext 
exercise of the upper 
limb exoskeleton 

(c) Elbow flx-ext 
exercise of the 
upper limb 
exoskeleton 

Fig. 4.4 Subjects operating the upper limb exoskeleton mechanism with difference 
movements for resistance training. 
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 Results and discussion 4.3

Fig. 4.5 shows the comparisons between the joint torques of free-weight 

exercise and the resistance exercise using the upper limb exoskeleton (velocity and 

inertia were neglected). In Figs. 4.5 (a) - (d), the peak joint torques are at 180 

degrees for the shoulder abd-add exercise and 90 degrees for the flx-ext exercise. 

The joints would generate higher torques when the upper limb straightens in the 

horizontal position, which is the point at which the moment arm is the furthest 

away from the resistant force while being perpendicular to the joint. Such an 

explanation can be applied to the elbow flexion-extension exercise, as shown in 

Figs. 4.5 (e) and (f). The peak torques of the exercise and their differences are listed 

in Table 4.3. 

Fig. 4.6 shows the comparisons between the joint torques of free-weight 

exercises and the resistance exercises using the upper limb exoskeleton mechanism 

when considering the velocity and the effect of inertia. Generally speaking, 

dumbbell exercises generate a higher moment of inertia in the shoulder joint except 

when 1 kg of resistance is used for the dumbbell exercise and when 1 kg of 

resistance is used on the exoskeleton, as shown in Figs. 4.6(a) and (b). After we 
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(a) Shoulder abd-add exercise (male) (b) Shoulder abd-add exercise (female) 

(c) Shoulder flx-ext exercise (male) (d) Shoulder flx-ext exercise (female) 

(e) Elbow flx-ext exercise (male) (f) Elbow flx-ext exercise (female) 

Fig. 4.5 The experimental data for joint torques with 1 kg and 3 kg resistance that is 
provided by dumbbell and exoskeleton (without the effect of inertia) 
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Table 4.3 The peak torques and differences for the free-weight and upper limb 
exoskeleton exercises. 

Shoulder abd-add exercise 

Subjects 
Resistance Free-weight�  Exoskeleton M  Difference D  

(kg) (N-mm) (N-mm) (%) 

Male 
1 15,743 15,247 -3.15 
3 27,937 25,946 -7.12 

Female 
1 12,385 12,964 4.67 
3 24,344 23,049 -5.32 

Shoulder flx-ext exercise 

Male 
1 16,281 16,334 0.32 
3 28,326 27,925 -1.41 

Female 
1 12,366 12,440 0.59 
3 23,993 24,440 1.86 

Elbow flx-ext 

Male 
1 5,742 5,405 -5.87 
3 10,657 10,389 -2.51 

Female 
1 4,354 4,246 -2.48 
3 9,934 9,618 -3.18 

*� : joint torques for the free-weight exercise; M : joint torques for the exoskeleton 
exercise; D :M� − &̅ &̅⁄ × 100%  

verified the calculation of the mass moment of inertia effect with respect to the 

dumbbells and the exoskeleton, we find that link 2 has a larger mass moment of 

inertia in this design compared with the 1 kg dumbbell, as shown in Fig. 4.7. 

Therefore, the mass of the linkage should further conform to certain additional 

constraints regarding the mass moment of inertia of the dumbbell and the linkage, 

which will be obtained from the dynamic analysis in chapter 3. 
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(g) Shoulder abd-add exercise (male) (h) Shoulder abd-add exercise (female) 

(i) Shoulder flx-ext exercise (male) (j) Shoulder flx-ext exercise (female) 

(k) Elbow flx-ext exercise (male) (l) Elbow flx-ext exercise (female) 

Fig. 4.6 The experimental data for joint torques with 1 kg and 3 kg resistances that 
is provided by dumbbell and exoskeleton (with the inertia effect) 
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According to the data collected from the preliminary evaluation, the 

experimental results show that the motion tendency of shoulder abd-add, shoulder 

flx-ext, and elbow flx-ext for resistance exercises performed with the upper limb 

exoskeleton are nearly equivalent to the static joint torques obtained from the upper 

limb dumbbell lateral raise the dumbbell frontal raise, and dumbbell curl. However, 

the shoulder joint sustains a smaller moment of inertia when performing exercises 

with the upper limb exoskeleton. 

 

   
a)Shoulder abd-add movement b) Shoulder flx-ext movement c) Elbow flx-ext movement 

Fig. 4.7 Comparison of the mass moment of inertia effect caused by the dumbbell 
or the exoskeleton motion 
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 Summary 4.4

In this chapter, a prototype was constructed to perform a preliminary 

evaluation of shoulder abd-add, shoulder flx-ext, and elbow flx-ext exercises as 

well. The shoulder and elbow joint torques are expected to have smaller inertial 

forces when using the exoskeleton compared with the joint torques obtained from 

free-weight exercises. The in-line motion of two subjects using free weights and the 

upper limb exoskeleton was recorded and analyzed. The comparisons of all of the 

exercises are obtained with good conformity. From the results of the preliminary 

evaluation, the drawbacks due to the effect of the mass moment of inertia in the 

free-weight exercises were obviously reduced with a small inertial spring in the 

design. By arranging small-inertia springs, the device is capable of reducing 

unfavorable lengthening of the muscles during high-intensity free-weight exercises 

or joint overload caused by large inertial moments. Based on the results of the 

evaluation, this study provides preliminary motion analysis results for the upper 

limb exoskeleton and determines the appropriateness of the motion analysis 

evaluation method and the optimal configuration of a spring-loaded upper limb 

exoskeleton. Further research with a broader assessment is warranted to confirm 

and expand on these results. 
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  Chapter 5
Verification test: A motion analysis 

study 

 Introduction 5.1

According to the World Health Organization, by the year 2050, the number of 

people over 65 years old will increase by 73 percent in developed countries and by 

20.7 percent worldwide [18]. This age group is particularly prone to stroke. An 

increasing number of elderly people and changes to their lifestyles have lead to an 

increase in age-related health problems other than stroke, such as chronic diseases. 

As a result, healthcare services and home-based rehabilitation are in high demand, 

and the demand for professional physical therapy is imposing an increasing burden 

on the healthcare system. Healthcare and rehabilitation robotic training devices 

have the potential to be valuable tools for rehabilitation therapy but must keep pace 

with both standards of care and the cost-effectiveness of today’s rehabilitation 

trends [49]. 

The number of technological options for the upper limb rehabilitation training 

of stroke patients has dramatically increased since the upper limb rehabilitation 

training robot MIT-Manus was created by MIT in the 1990s for use by muscle 
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dystrophy patients. Numerous robotic devices that can provide different forms of 

mechanical input to actively assist, resist, perturb, or increase the patient’s range of 

motion for hemiparetic upper limb training have been developed; such devices 

include the MIME, the ARM guide, RUPERT, ARMin, the T-Wrex, and others [24, 

26, 27, 38]. A recent large multicenter randomized controlled study of robot 

rehabilitation that compared the MIT-Manus robot system with usual care and 

intensive therapist-provided therapy confirmed that the effectiveness of the robot is 

due to the large number of repetitions it provides; the robot’s effect was similar to 

that of intensive therapist-provided therapy and was greater than the effect of usual 

care. The average cost of therapy per patient was the same for intensive 

therapist-provided therapy and robot therapy [101]. In contrast to the actuated upper 

limb robots described above, though some of them provide active mode function 

(i.e., the robot follows the user’s arm without disturbing his/her natural motion), 

unpowered passive spring-loaded arm exoskeletons are less costly, safer, more 

compact and may be more appropriate for the return to function phase and at home 

use. 

Comparable to the thriving development of stroke rehabilitation robotic 

devices, resistance training has recently been shown to also play a significant role 

in improving many health factors associated with the prevention of chronic diseases 
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including cardiovascular diseases, diabetes, hypertension, and obesity. The 

inclusion of resistance training as part of a physical exercise program has been 

endorsed by the ACSM, the AHA, and the ADA as an integral part of an overall 

health and fitness program. Furthermore, resistance training is recognized as a safe 

and effective strategy to enhance the neuromuscular systems of older adults and to 

improve muscle strength, power, and the ability to perform functional tasks, which 

may contribute to the prevention of falls and the maintenance of independence [9, 

11, 52, 73, 102]. Free weights (such as dumbbells and barbells) and weight 

machines are the most familiar forms of resistance that may be used for muscle 

loading. The user’s needs or patient’s disability level will generally influence the 

type of resistance chosen. Concerns have been raised over the negative effects and 

the safety of resistance exercise as a physical therapy intervention and over the 

usage of the relevant equipment. Resistance equipment were originally designed to 

be used by healthy people, such as athletes or body builders, who are healthy 

enough to improve athletic performance or body fitness. Resistance equipment is 

usually used for gym- or studio-based exercise. In fact, only 23% of the U.S. 

population engages in leisure time resistance exercise activity at least two times a 

week, and participation rates are likely to be as low as 12.4% for individuals over 

the age of 65 [103-104]. These findings underscore the need for programs and more 
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appropriate exercise devices that encourage healthy people and older adults to 

incorporate strength training into their lives along with regular physical activity. 

The purpose of this study is to investigate the joint torques exerted by the use 

of a spring-loaded upper limb exoskeleton or a dumbbell through the collection of 

experimental data and kinematics and dynamic analysis data to verify our 

hypothesis that, with zero-free-length springs, a spring-loaded upper limb 

exoskeleton is capable of reducing unfavorable lengthening of the muscles caused 

by inertial force during high-intensity free-weight exercises. To assess the 

performance of our design, we measured kinematic data by adopting a motion 

capture system to compare our mechanism design with free weights exercises while 

subjects performed designated movements. The motion capture system was adopted 

because it imposes less limitation on the experimental design, performance of 

movements, and measurement of kinematic data. The increased availability of and 

progress in commercial human movement detection/tracking systems have 

facilitated the quantitative motion analysis studies of upper limbs in a wide 

spectrum of applications, such as the study of movement in sport and exercise and 

the clinical comparison of normal movements with pathological movements. Due to 

widespread use, movement detection/tracking systems are well-recognized in the 

field of study [35, 88, 95, 98, 100, 105-106]. 
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 Methods and instrumentation 5.2

5.2.1 Spring-loaded exoskeleton 

The spring-loaded exoskeleton for resistance training (SLERT) is a passive, 

four DOF body-powered device aimed to enable a patient or a healthy individual to 

move a limb at multiple joints in different planes for resistance training in a free 

and unconstrained environment. This design was expected to provide low to 

moderate resistance to enhance the muscle performance factors of strength, power, 

and endurance and was also intended to provide more intensive, more repetitive, 

and longer conditioning training for either chronic-stage patients or healthy 

individuals at home. The length of the upper arm and the forearm link can be 

adapted to fit the different body sizes of different users. The SLERT is the revised 

version of our previous prototype design, which was constructed to conduct a 

functional and performance-based evaluation of resistance training. The mechanical 

structure of the new prototype (Fig. 5.1) consists of four links, four revolute joints 

covering the basic DOF of the human arm to perform shoulder abd-add, flx-ext, 

int-ext, and elbow flx-ext motion, and three sets of zero-free-length springs that 

provide the required resistance for the designated upper limb resistance training. 

The design specifications of SLERT are given in Table 5.1. 

The configuration of three revolute joints for the 3-DOF shoulder joint (axes z0, 
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z1 and z2) is illustrated in Fig. 5.2(a). The revolute joints are constructed with ball 

bearings or thrust bearings to eliminate friction or to decrease defects of clearance. 

The 1-DOF elbow joint (axes z3) is accommodated through a revolute joint, which 

adjusts the length of the upper limb. Thrust bearings are used to achieve the elbow 

flx-ext motion. The length of the forearm link can also be adjusted such that the 

device would fit different individuals, as shown in Fig. 5.2(b). Both shoulder and 

elbow joints can be locked independently to perform the designated movements. 

The SLERT structure is constructed primarily from aluminum alloy materials with 

the high stress joint sections, link 3 and link 4, fabricated in steel. 

 

Fig. 5.1 Perspective view of SLERT. 
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(a) The configuration of the shoulder 
joint 

(b) The configuration of the elbow joint 

Fig. 5.2 The configuration CAD drawings of the shoulder and elbow joints of the 
upper limb exoskeleton. 

A standard spring with a wire and pulley construction is used to emulate a 

zero-free-length spring, in which the force is proportional to the length of the spring 

rather than to its elongation, allowing the SLERT to increase or decrease the 

resistance by adjusting the spring length. All pulleys are equipped with bearings to 

reduce their friction and smooth their motion. The standard spring K1 is fixed by a 

pin B and connected to points B1 (on link 1) and A1 (on link 2) with wire and 

pulleys, as shown in Fig. 5.2(a). The arrangement for springs K2 and K3 is the same 

as that for spring K1, as is shown in Fig. 5.2(b). To increase the intensity of the 

resistance exercise, the spring connection locations A1, A2, and A3, which are 

separately integrated with nuts on the slide screws installed at link 2, can be 



 

107 
 

adjusted using three slide screws. The required resistance in our design is generated 

by adjusting the connecting locations (A1, A2, and A3) of the springs rather than by 

changing the stiffness of the springs. This characteristic provides more convenience 

and flexibility in carrying out the resistance exercise program. 

 Based on consideration of the target users and the purposes of their usage, the 

maximum resistant force of the current prototype is designed to be 49 N 

(corresponding to a 5-kg weight dumbbell). Based on the limitations and the mass 

properties of the linkages, the anthropometric parameters of humans, and the 

previous practical implementation experiences of this design, springs with a 

suitable stiffness were decided from the spring design constraints in chapter 2 and 

chosen from a catalog of standard springs. The design specifications are listed in 

Table 5.1. 

Table 5.1 Design specifications of the SLERT 

Property Target value 

Resistance (kg) 1-5 
Upper arm length (mm) 224-286 
Forearm length (mm) 267-368 
Range of motion  

Shoulder abd/add (degree) 0-180 
Shoulder flx/ext (degree) 0-180 
Elbow flx/ext (degree) 0-145 

Spring Stiffness   
K1 (kgw/mm) 0.145 
K2 (kgw/mm) 0.05 
K3 (kgw/mm) 0.07 
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5.2.2 Study subjects 

Six healthy subjects (three males and three females), referred to here as S1, S2, 

S3, S4, S5, and S6, volunteered to participate in this evaluation. Participants were 

required to have no previous shoulder or elbow pain or injury, and no history of 

neural or musculoskeletal impairments. Each participant was required to read, 

understand, and sign an informed consent document that had been approved by 

ITRI’s ethics committee before instrumentation and data collection. The subjects’ 

anthropometric parameters are listed in Table 5.2. 

Table 5.2 Anthropometric parameters of the subjects (S1-S6) 
Measure All subjects S1 S2 S3 S4 S5 S6 
Number 6       
Age (year) 22.5±0.5 22 23 23 23 22 22 
Gender 3M/3F M M M F F F 
Height (cm) 164.8±6.0 171 170 163 168 162 155 
Total body weight (kg) 57.6±9.2 63 62.4 68 54 56 42 
Upper arm length ru (mm) 276.6±20.9 290 295 290 280 265 240 
Forearm length rf (mm) 322.5±35.2 352 355 340 320 310 260 

Results are mean ± standard deviation (SD). M: Male; F: Female 

5.2.3 Instrumentation 

The kinematic data of shoulder and elbow motions were acquired using a 

three-dimensional (3-D) passive optical motion capture system (Vicon MX, Vicon 

motion systems, Oxford, UK) at ITRI’s research laboratory. This system consists of 

8 synchronized high speed infrared charge-coupled display (CCD) cameras (Vicon 
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MX-F20, Vicon motion systems, Oxford, UK) operating at a frame rate of 100 Hz 

to track 8 reflective spherical markers measuring 14 mm in diameter and mounted 

by double-sided hypoallergenic tape on the subject in real-time. The locations of the 

markers were predetermined bony anatomical landmarks, where subcutaneous 

tissue was thin and relatively fixed to the underlying skeleton, that were on the 

trunk and the upper limb of the subject, including the 7th cervical vertebrae, the 

clavicle, the right shoulder marker, the right lateral elbow, the right medial elbow, 

the processus styloideus radius, the processus styloideus ulna, and the 

metacarpophalangeal joints of the right middle finger; these locations were used to 

define the segments that define position and orientation in three-dimensional space 

and were chosen for their minimal skin motion. They are listed in Table 5.3. The 

markers were attached to anatomical landmarks found by palpation. All the markers 

on all subjects were attached by the same tester to remove inter-individual 

variability as a source of error. 

Before testing, an initial dynamic, or wand, calibration followed by a static, or 

calibration frame, calibration of the motion capture system was performed to ensure 

the mean residual error was less than 1 mm. During the two-phase calibration, the 

relative location of each camera with respect to the other cameras, the actual size of 

the recording space, and the object-space origin were determined. After the markers 
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Table 5.3 Marker names, locations, placement and corresponding segments 
Marker Location Marker placement Segment 
C7 The 7th 

cervical 
vertebrae 

Spinous process of the 7th cervical vertebrae Thorax 

CLAV The clavicle Jugular Notch where the clavicle meets the 
sternum 

Thorax 

RSHO The right 
shoulder 
marker 

Place on top of the Acromio-clavicular joint Scapula 

RLEL The right 
lateral elbow 

Place on lateral epicondyle approximating 
right elbow joint axis 

Humerus 

RMEL The right 
medial elbow 

Place on medial epicondyle approximating 
right elbow joint axis 

Humerus 

RMWR The right wrist 
marker radius 

The processus styloideus radius Forearm 

RLWR The right wrist 
marker ulna 

The processus styloideus ulna Forearm 

RFIN The right 
middle finger 

The metacarpophalangeal joints of the right 
middle finger 

Hand 

were properly attached, the subjects were asked to assume a neutral pose in the 

center of the object-space (or the capture volume) for the subject calibration. The 

subjects were then instructed to move their shoulder, elbow, and wrist joints to 

perform the required dynamic calibration. It was necessary to ensure that each 

marker could be detected by at least two cameras at every instant during data 

recording and to ensure that no other shiny reflective materials on the subjects were 

detected by the cameras. While the subject was performing the selected free-weight 

exercise and shoulder abd-add, shoulder flx-ext, and elbow flx-ext movements with 

the spring-loaded upper limb exoskeleton in the object-space in view of the CCD 

cameras, the motion analysis system recorded the movements of the upper limb 
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segments by tracking the 3-D position of the markers relative to a fixed lab 

coordinate frame. During testing, the spatial coordinates of the eight markers were 

captured, reconstructed, and labeled, and gaps were filled by the Nexus software 

(VICON Nexus 1.3, Vicon motion systems, Oxford, UK). 

The verification test consisted of shoulder abd-add, flx-ext, and elbow flx-ext 

movements of the right upper limb. The Vicon motion data were collected from 

both the male and female subjects. 

5.2.4 Experimental Protocols 

Two exercise sessions (free-weight exercises and upper limb exoskeleton 

motion) were conducted for evaluation. Each session consisted of three resistance 

training exercises (shoulder abd-add, flx-ext, and elbow flx-ext) consisting of six 

sets (1 kg, 3 kg and 5 kg resistance; 1 second and 2 second motion speed) for male 

subjects and four sets (1 kg and 3 kg resistance; 1 second and 2 seconds motion 

speed) for female subjects. Each movement was performed in a slow, controlled 

manner: lifting (1 second and 2 seconds) and lowering (1 second and 2 seconds) 

without sudden jerks or acceleration for six consecutive repetitions. A metronome 

was employed to help the subjects maintain the tempo of their movements and a 

maximum of five minutes rest was given between each set and exercise. 

Instructions on how to perform the motion were illustrated and demonstrated to the 
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subjects at the beginning of the test. Subjects were also instructed to keep their left 

arms resting by their sides to ensure that they did not obscure or compensate for the 

motion of the right arm. The ranges of the movement evaluated and the grip 

patterns used are shown in Fig. 5.3. The designated arm motions were included in 

the experimental protocol (Table 5.4). The dumbbell weights of 1 kg, 3 kg and 5 kg 

and the equivalent resistances are set for free-weight exercise and upper limb 

exoskeleton motion, respectively. If the subjects were obviously out of pace (too 

fast or too slow) or if mistakes were made, the recordings were discarded and the 

measurement was restarted. Warm-up trial practices were allowed before the actual 

tests to reduce the number of failed trials due to inaccurate pace or movement. 

   
(a) Dumbbell lateral raise (b) Dumbbell frontal raise (c) Dumbbell curl 

   
(d) Shoulder abd-add 

motion 
(e) Shoulder flx-ext 

motion 
(f) Shoulder flx-ext 

motion 

Fig. 5.3 Movement and grip patterns of the free-weight exercises and the 
exoskeleton motions 
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The starting position for the kinematic studies was defined as standing 

comfortably with the arms at the sides and the forearms naturally rotated in a 

relaxed posture (pronation). Every action and general motion started from an initial 

arm position in which the arm was fully extended along the body. 

Table 5.4 Protocols for the dumbbell movements and the movements used with the 
exoskeleton. 
Resistance  Movement Description 

Dumbbell 
Dumbbell lateral 
raise 

Raise the right arm laterally from the side of 
the body until it is in a horizontal position, 
while keeping the elbow in a fixed position. 
The palm should face the ground. 

Dumbbell 
Dumbbell frontal 
raise 

Raise the right arm in a sagittal plane so that 
the hand ends up directly in front of the 
shoulder joint, while keeping the elbow locked. 
The palm should face the ground. 

Dumbbell Dumbbell curl 

Draw the forearm upward in an arc from a 
vertical position to a horizontal position with 
the palm facing up toward the ceiling, and then 
reverse the movement in the opposite direction. 

Exoskeleton Shoulder abd-add 

The �H
∗ axis of the exoskeleton is aligned with 

the shoulder joint, gripping the handle of the 
exoskeleton, and the right arm is raised 
laterally from the side of the body. The palm 
should face the ground. 

Exoskeleton Shoulder flx-ext 

The �C axis of the exoskeleton is aligned with 
the shoulder joint and the right arm is raised in 
a sagittal plane while keeping the elbow in a 
fixed position. The palm should face the 
ground. 

Exoskeleton Elbow flx-ext 

The �E axis of the exoskeleton is aligned with 
the elbow joint and the forearm is drawn 
upward in an arc from a vertical position to a 
horizontal position with the palm facing up 
toward the ceiling. The movement then 
continues in the reverse direction. 
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5.2.5 Data analysis 

Of the 1,040 total trials, 720 were analyzed. Analyses were performed on the 

subjects’ right shoulders and elbows. Joint torques at the shoulder and elbow were 

calculated via inverse dynamics. The analysis begins with the most distal segment 

and continues upward through the kinematic chain, and the requirements of all the 

external forces acting on the system are known. The joint torques are then 

calculated by a 3-D generic inverse dynamic method [100]. Trial data from the 

exercises were captured, processed, and reviewed in the Vicon Nexus platform and 

post-processed offline using Matlab. To suppress noise, the collected motion data 

were low-pass filtered by a fourth-order Butterworth filter at a cut off frequency of 

5 Hz. Trial data over the required range of motion were also truncated. The first 

three data points of the six repeated trials are analyzed to obtain an average of three 

data results. If one of these three data points is not fit for the data analysis, the 

fourth, or the fifth, or the sixth data points will be analyzed. The mean joint torques 

are then obtained from the mean value of the torques of the three male or three 

female subjects. 
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 Results and discussion 5.3

Fig. 5.4 and Fig. 5.5 show the comparisons between the joint torques of 

free-weight exercises and the resistance exercise using the upper limb exoskeleton 

for male and female subjects at two different motion speeds (velocity and inertia 

effects were neglected). In Figs. 5.4 (a) - (d) and Figs. 5.5 (a) – (d), the peak joint 

torques are at 180 degrees for the shoulder abd-add exercise and 90 degrees for the 

flx-ext exercise. The joints would generate higher torques when the upper limb 

straightens in the horizontal position, which is the point at which the moment arm is 

the farthest away from the resistant force while being perpendicular to the joint. A 

similar explanation can be applied to the elbow flx-ext exercise, as shown in Figs. 

5.4 (e) and (f) and Figs. 5.5 (e) and (f). The mean peak torques of the exercise at 

two different motion speeds, without considering the inertia effect, for male 

subjects, female subjects, and their differences are listed in Table 5.5 and Table 5.6. 

Fig. 5.6 and Fig. 5.7 show comparisons between the joint torques of 

free-weight exercises and the resistance exercises using the upper limb exoskeleton 

mechanism at two different motion speeds when considering the velocity and the 

effects of inertia. Generally speaking, dumbbell exercises generate a higher moment 

of inertia in the shoulder joint, and the inertial effect becomes more obvious as the 

resistance load or the velocity increase.  
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(a) Shoulder abd-add motion (male 
subjects) 

(b) Shoulder abd-add motion (female 
subjects) 

(c) Shoulder flx-ext motion (male 
subjects) 

(d) Shoulder flx-ext motion (female 
subjects) 

 
(e) Elbow flx-ext motion (male 

subjects) 
(f) Elbow flx-ext motion (female 

subjects) 

Fig. 5.4 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton without inertial effects (1 second lifting and 1 
second lowering motion speed).  
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(a) Shoulder abd-add motion (male 

subjects) 
(b) Shoulder abd-add motion (female 

subjects) 

 
(c) Shoulder flx-ext motion (male 

subjects) 
(d) Shoulder flx-ext motion (female 

subjects) 

(e) Elbow flx-ext motion (male 
subjects) 

(f) Elbow flx-ext motion (female 
subjects) 

Fig. 5.5 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton without inertial effects (2 second lifting and 2 
second lowering motion speed) 
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Table 5.5 The mean peak torques and differences for the free-weight and upper limb 
exoskeleton exercises at 1 second lifting and 1 second lowering motion speeds. 

Shoulder abd-add exercise 

Subjects Resistance 
( kg ) 

 �  
 ( N-mm) 

 M  
 (N-mm) 

D  
(%) 

Male 
1  14,671 14,719 -0.33 
3  26,486 27,124 -2.50 
5 38,392 38,529 -0.36 

Female 1  11,756 12,717 -8.17 
3  23,045 22,103 4.09 

Shoulder flx-ext exercise 

Male 
1  14,612 14,221 2.68 
3  26,767 26,150 2.30 
5 37,634 37,961 -0.87 

Female 1  12,092 11,610 3.99 
3  23,517 22,506 4.30 

Elbow flx-ext exercise 

Male 
1  5,564 5,437 2.28 
3  11,814 11,273 4.58 
5 17,645 17,365 1.59 

Female 1  4,344 4,423 -1.82 
3  9,832 9,312 5.29 

Table 5.6 The mean peak torques and differences for the free-weight and upper limb 
exoskeleton exercises at 2 second lifting and 2 second lowering motion speeds. 

Shoulder abd-add exercise 

Subjects Resistance 
( kg ) 

�  
 ( N-mm) 

M  
 (N-mm) 

D  
(%) 

Male 
1  14,455 14,583 -0.88 
3  26,741 26,502 0.89 
5 37,829 38,265 -1.15 

Female 1  11,541 12,620 -4.69 
3  22,985 23,528 -2.36 

Shoulder flx-ext exercise 

Male 
1  14,381 14,415 -0.24 
3  25,892 26,243 -1.36 
5 37,919 38,140 -0.87 

Female 1  12,081 11,657 -0.58 
3  23,043 22,719 1.41 

Elbow flx-ext exercise 

Male 
1  5,345 5,498 -2.86 
3  11,641 11,095 4.69 
5 17,932 17,222 3.96 

Female 1  4,437 4,214 5.02 
3  9,858 9,340 5.25 

Note that � : joint torques for the free-weight exercise; M : joint torques for the 
exoskeleton exercise; D: percentage of the difference between the free-weight and 
exoskeleton exercises =

 
100%M �

�
� �  
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(a) Shoulder abd-add motion (male 

subjects) 
(b) Shoulder abd-add motion (female 

subjects) 

(c) Shoulder flx-ext motion (male 
subjects) 

(d) Shoulder flx-ext motion (female 
subjects) 

(e) Elbow flx-ext motion (male 
subjects) 

(f) Elbow flx-ext motion (female 
subjects) 

Fig. 5.6 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton with inertial effect (1 second lifting and 1 second 
lowering motion speed). 
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(a) Shoulder abd-add motion (male 

subjects) 
(b) Shoulder abd-add motion (female 

subjects) 

 
(c) Shoulder flx-ext motion (male 

subjects) 
(d) Shoulder flx-ext motion (female 

subjects) 

(e) Elbow flx-ext motion (male 
subjects) 

(f) Elbow flx-ext motion (female 
subjects) 

Fig. 5.7 The experimental joint torques of the free-weight and resistance exercises 
using the upper limb exoskeleton with inertial effect (2 second lifting and 2 second 
lowering motion speed). 
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Fig. 5.8 compares the mass moments of inertia calculated from the 1, 3, and 5 

kg fixed weight dumbbells and the exoskeleton motion of the prototype for the six 

subjects. The calculations show that the dumbbell held at the distal end of the upper 

limb has a larger inertial effect than the current upper limb exoskeleton prototype; 

moreover, as the weight of the dumbbell increases, the inertial effect also increases 

dramatically. We found that link 2 has a larger mass moment of inertia in the 

current exoskeleton design compared with the 1 kg dumbbell, which agrees with 

the experimental results, as shown in Figs. 5.8(a) and (b). Therefore, the mass of 

the linkage should further conform to certain additional constraints regarding the 

mass moment of inertia of the dumbbell and the linkage, which is obtained from the 

dynamic analysis in chapter 3. 

The experimental results show that the motion tendency of the shoulder 

abd-add, shoulder flx-ext, and elbow flx-ext motions for resistance exercises 

performed with the upper limb exoskeleton are nearly equivalent to the joint 

torques obtained from the upper limb dumbbell lateral raise, the dumbbell frontal 

raise, and the dumbbell curl in static joint torque analysis. However, the shoulder 

joint sustains a smaller moment of inertia when performing exercises with the upper 

limb exoskeleton in dynamic joint torque analysis. From the results of the 

verification test, the drawbacks due to the effect of the mass moment of inertia in 
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the free-weight exercises were obviously reduced with a small inertial spring in the 

design. The collected data, along with the kinematics and dynamic analysis, may 

provide an integral understanding of the design requirements of a spring-loaded 

exoskeleton for upper limb resistance training. The design of an exoskeleton as a 

device should rely not only on anthropometric information about the human body 

but also on comprehensive information regarding human body kinematics and 

dynamics. 

(a) Shoulder abd-add 
movement 

(b) Shoulder flx-ext 
movement 

(c) Elbow flx-ext 
movement 

Fig. 5.8 The mass of moment of inertia effect caused by the dumbbell or the 
exoskeleton on the subjects. 
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 Summary 5.4

A passive upper limb exoskeleton prototype has been modified and 

reconstructed in accordance with previous studies, and an analysis of on-line 

motion was conducted to record designated movements performed using free 

weights and the upper limb exoskeleton as the resistance by six subjects. The static 

joint torques exerted at the shoulder and elbow joints when using the exoskeleton 

were shown to be nearly equal to the objective static joint torques obtained from 

models of free-weight exercises and kinematics at lower and moderate motion 

speeds. The dynamic joint torques of the shoulder and elbow joints for movements 

performed with the exoskeleton were shown to be smaller than the objective 

dynamic joint torques obtained from models of free-weight exercises and kinetics, 

and the effect became more obvious as the resistance load and the motion velocity 

increased. Comparisons of all of the exercises were obtained with good conformity. 

We have demonstrated that the device used in this study is capable of reducing the 

unfavorable lengthening of muscles during high-intensity free-weight exercises or 

joint overload caused by large moments of inertia. Finally, this study provides 

verification test results for an upper limb exoskeleton and determines the 

appropriateness of the motion analysis evaluation method and the optimal 

configuration of a spring-loaded upper limb exoskeleton.  
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  Chapter 6
Verification test: An electromyography 

study 

 Introduction 6.1

Increases in elderly populations and sedentary lifestyles have led to an 

increase in age-related health problems, such as decreased physical function due to 

diseases (particularly in developed countries). Due to a decrease in the youth and 

labor population, the shortage of nurses and therapists is gradually becoming a 

serious social problem in Taiwan. There will be a significant need for healthcare, 

exercise training devices and medical care devices for the elderly. Resistance 

training based on science has been endorsed by major national health organizations 

because of its potential value in functional capacity and other health-related factors 

[9-10, 12-13, 72]. Healthcare services and home-based rehabilitation are in demand. 

However, most exercise machines and devices are designed for healthy young 

individuals and athletes to improve their fitness and muscular performance and are 

usually based in gyms or studios. There are few reports concerning the development 

of home-based health care and exercise training devices for the upper limbs 

targeted for the elderly population and individuals requiring home-based 
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rehabilitation. We propose a spring-loaded upper limb exoskeleton for resistance 

training (SLERT), which is a modified version of a previously proposed prototype 

presented in chapter 4. The SLERT is designed to enable a patient or healthy 

individual to move his upper limbs at multiple joints in different resistance planes. 

The mechanical structure of the SLERT consists of four links and four revolute 

joints covering the basic DOF of the human arm to perform shoulder abd-add, 

flx-ext, int-ext, and elbow flx-ext motion, as well as three sets of zero-free-length 

springs that provide the required resistance for the designated upper limb resistance 

training. This device has been proven capable of reducing the unfavorable 

lengthening of muscles during high-intensity free-weight exercises and joint 

overload caused by large moments of inertia; however, the muscle activities when 

using the SLERT have not been investigated. 

Electromyography (EMG) is a method of analyzing muscle function and has 

been used to evaluate muscle activity for function, control, and learning [107]. 

However, care must be taken in using EMG as a tool for studying human movement, 

including the error selection of recording electrodes, recording site, or signal 

acquisition specifications. Furthermore, the interpretation of the EMG signal 

requires a thorough knowledge of the origin of the signal, which has its 

physiological origins in individual groups of muscle fibers. The anatomical features 
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of individual muscle fibers, architectural features of whole muscle, and 

physiological origins of action potentials are key to understanding how to record, 

analyze, and interpret EMG signals [108]. 

Surface electromyography (sEMG) is a popular electrophysiology technique to 

record the physiological characteristics of muscle activities. Because sEMG 

recording provides a safe, easy, non-invasive, and painless measure method that 

allows for the objective quantification of muscle energy. sEMG offers an 

easy-to-handle tool for the online assessment of muscle activation and the internal 

load on muscles, tendons, and other tissues. sEMG has been largely applied in a 

wide spectrum of experimental conditions, including rehabilitation, neurology, 

neurophysiology, sport science, and ergonomics. sEMG allows for the investigation 

of both muscle activation and muscle physiological characteristics [109-111]. 

sEMG has been employed to investigate the activation of selected muscle groups 

during upper limb resistance exercises with dumbbells or elastic tubing. The test 

results provide scientific data for upper limb post-injury and postoperative 

rehabilitation or injury prevention and can be a useful aid in estimating the proper 

density of individual rehabilitation protocols [112-113], A combination of sEMG 

and fine-wire EMG has been used to reduce the invasiveness of testing for the study 

subjects whose muscles are being activated or for whom exercise is most effective 
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during the rubber-tubing exercises used by throwers during warm-ups [114]. sEMG 

is used for the following purposes in evaluating the neural changes induced by 

strength training [115]: 1) to identify normal and abnormal muscle activation 

patterns, which can then be related to impaired performance and function; 2) to 

monitor pre-treatment versus post-treatment changes in muscle activation in 

rehabilitation exercises; 3) to confirm muscle activity or inactivity in patients 

undergoing treatment; 4) to evaluate the therapeutic efficacy of robot-assisted 

exercise for the recovery of upper limb motor function following stroke [21, 116]; 

and 5) to use the EMG signal, i.e., muscle electrical activity, to trigger the 

assistance provided by the robot [117]. 

The purpose of the present study was to investigate the level of muscle 

activation and applied loading during upper limb resistance exercises using 

dumbbells compared with a spring-loaded upper limb exoskeleton. The novel 

spring-loaded exoskeleton enables a patient or healthy individual to move his upper 

limbs at multiple joints in different resistance planes. We hypothesized that the 

levels of muscle activation are similar when performing the same exercises using 

either dumbbells or a spring-loaded upper limb exoskeleton when equivalent 

resistance is applied. Furthermore, we hypothesized that applied loading relates to 

the level of muscle activation. A statistical study was conducted to test the effects of 
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the different settings on muscle activation. 

 Methods and instrumentation 6.2

6.2.1 Study subjects and preliminary sessions 

Six healthy subjects (three males and three females referred to here as S1, S2, 

S3, S4, S5, and S6) volunteered to participate in this evaluation (age: 22.5±0.5 

years; height: 164.8±6.0 cm; body weight: 57.6±9.2 kg). The participants were 

required to have no previous shoulder or elbow pain or injury and no history of 

neural or musculoskeletal impairments. The subjects were not engaged in regular 

athletic activities during their leisure time. We explained to each subject that before 

instrumentation and data collection, each participant was required to read, 

understand, and sign an informed consent document that had been approved by the 

ITRI ethics committee. The anthropometric parameters of the subjects are listed in 

Table 5.2 in the previous chapter. 

6.2.2 Instrumentation  

The EMG data of the muscle groups of interest (right shoulder and elbow 

motions) were acquired using sEMG. The sEMG signals were registered with an 

16-channel wireless electromyography ZeroWire EMG system (ZW180/R WiFi, 

Aurion, Milano, Italy) used to record the muscle electrical activity resulting from 

contraction and relaxation while performing the designated exercises; the system 
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was composed of two parts: the main unit (receiver) and wearable EMG probes 

(34x26x19 mm in dimension, weight 0.01 kg (10 grams)). Each probe was able to 

collect and amplify the EMG signals and transmit the EMG data.  

The skin of each subject skin was scrubbed with an isopropyl alcohol swab to 

minimize the contact impedance, and surface EMG conductive adhesive electrodes 

with a contact diameter of 22 mm were attached to the skin surface over eight upper 

limb muscles: the anterior deltoid (AD), middle deltoid (MD), posterior deltoid 

(PD), pectoralis major (PM), biceps brachii (BB), tricep brachii (TB), upper 

trapezius (UT), and supraspinatus (SS), as shown in Fig. 6.1. These muscles were 

selected for their well-known contributions to shoulder abd-add, shoulder flx-ext, 

and elbow flx-ext movements [60, 118]. The electrodes were positioned precisely 

on the midline of the muscle belly between the most distal motor point and the 

tendon and oriented along a line parallel to the direction of the underlying muscle 

fibers, as shown in Fig. 6.2 [107, 119]. Ground reference electrodes were not 

needed, which significantly reduced the artifact due to the movement of the wires. 

The absence of cables around the subject increased the comfort and freedom of 

movement for the subject. Each electrode was equipped with a wearable probe for 

signal processing and transmission and attached to the skin with double-sided tape. 

During the EMG studies, resistance was applied in various shoulder and elbow 
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positions to produce the maximum voluntary isometric contraction (MVIC) for 

normalization of the data for eight muscles of interest. The position was confirmed 

during the maximum voluntary isometric contraction tests by observing the EMG 

versus arm loading.  

  

(a) Frontal (b) Posterior 

Fig. 6.1 The location of the Surface EMG 

   

(a) Front view (b) Side view (c) Rear view 

Fig. 6.2 The location of the surface EMG (note that the channel 6 for pectoralis 
major was covered under the cloth) 
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Table 6.1 The muscles tested and MVIC action used in this study. 
Channel Muscle MVIC action 

1 Anterior deltoid 
Shoulder abduction in slight flexion with the 
humerus in slight lateral rotation against the 
anteromedial surface of the arm in the direction of 
abduction and slight extension. 

2 Middle deltoid The arm was abducted to 90  in neutral rotation 
(palm down) with resistance applied just proximal 
to the elbow in an inferior direction. 

3 Posterior deltoid 
Shoulder abduction in slight flexion with the 
humerus in slight medial rotation against the 
posterolateral surface of the arm above elbow in 
the direction of abduction and slight flexion. 

4 Biceps brachii Forearm flexion at a right angle and the forearm 
in supination with resistance applied against the 
lower forearm in the direction of extension. 

5 Tricep brachii Extension of the elbow to slightly less than full 
extension against the forearm in the direction of 
flexion. 

6 Pectoralis major Horizontal adduction of the arm with the elbow 
extended against the forearm in the direction of 
horizontal abduction 

7 Upper Trapezius Elevation the acromial end of the clavicle and 
scapula against the shoulder in the digression of 
depression. 

8 Supraspinatus The shoulder was elevated to 90  in the scapular 
plane, the elbow was extended, and the shoulder 
was in neutral rotation. 

To obtain the MVIC for each muscle tested, we directed each subject to 

perform a series of isometric resistance contractions. The MVIC values were 

collected for each muscle of interest individually; the subjects performed the 

exercise while a qualified person held their shoulders, upper arms, and forearms 

and provided strong verbal encouragement (Table 6.1) [118]. For each muscle, the 

MVIC values were collected for approximately three seconds and used to normalize 

the EMG signal between 0% and 100% of each cycle. The EMG recordings and all 
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EMG data were sampled at 2000 Hz and stored for offline analysis. 

6.2.3 Experimental protocols  

Prior to the dynamic exercises described above, the subjects were asked to 

make approximately three maximal voluntary isometric contractions (MVICs) for 

the muscle group of interest. The maximal voluntary isometric contractions were 

performed according to the standard muscle strength testing positions that best 

isolate each respective muscle. Three MVICs were performed for each muscle 

using standard limb positions [118]. The participants were instructed to gradually 

increase their muscle contraction force toward maximum and then sustain the 

MVIC for approximately three seconds before slowly releasing the force, with 1 to 

3 minutes of rest between contractions. Verbal encouragement was given during all 

of the trials [120-121]. 

At the start of each EMG recording session, all of the EMG channels were 

checked to ensure that strong signals were recorded with minimal noise. If signals 

were considered unsatisfactory, the electrodes were removed and re-positioned. The 

EMG data and applied weight/resistance were collected from the eight muscles of 

the right shoulder of each subject while the subjects performed on elbow and two 

shoulder movements using dumbbells and a resistance training exoskeleton. 

Two exercise sessions (free-weight exercises and upper limb exoskeleton 
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motion) were conducted for evaluation purposes. Each session consisted of three 

resistance training exercises (shoulder abd-add, flx-ext, and elbow flx-ext) with 

four sets (1 kg and 3 kg of resistance; 1 second and 2 second motion speeds) for the 

male subjects and four sets (1 kg and 3 kg of resistance; 1 second and 2 seconds 

motion speeds) for the female subjects. Each movement was performed in a slow, 

controlled manner by lifting (1 second and 2 seconds) and lowering (1 second and 2 

seconds) without any sudden jerks or acceleration for six consecutive repetitions. A 

metronome was employed to help the subjects maintain the tempo of their 

movements, and a maximum of five minutes rest was given between each set and 

exercise. Instructions on how to perform the motion were illustrated and 

demonstrated to the subjects at the beginning of the test. The subjects were also 

instructed to keep their left arms resting by their sides to ensure that they did not 

obscure or compensate for the motion of the right arm. The movement ranges 

evaluated and grip patterns used are shown in Fig. 5.3 in Chapter 5. The designated 

arm motions were included in the experimental protocol (Table 5.4). The dumbbell 

weights of 1 kg and 3 kg and equivalent resistances were set for the free-weight 

exercises and upper limb exoskeleton motions, respectively. If the subjects were 

obviously out of pace (too fast or too slow) or mistakes were made, the recordings 

were discarded, and the measurement was restarted. Warm-up trial practices were 
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allowed before the actual tests to reduce the number of failed trials due to 

inaccurate pacing or movement. 

6.2.4 EMG analysis 

All raw EMG signals, including the MVIC trials, were digitally band-pass 

filtered through a filter (10-200 Hz), and processed using a root mean square (RMS) 

algorithm with a 10-ms moving window. The equation of RMS is shown below: 

�
	

	
N

i
iv

N
RMS

1

21  (6.1) 

where iv  is the voltage value at the i th sampling and N is the number of sample 

in a segment. N was set to 20. 

Root mean square is a technique for rectifying the raw signal and converting it into 

an amplitude envelope for easier viewing. 

The collected data from the three MVICs for each muscle of the muscle group 

of interest were processed with the RMS, and the average EMG value of the 

maximum value of three trials was selected as the peak MVICs. All of the 

subsequent recordings were referenced back to the strongest effort observed and 

expressed as a percentage of the MVIC (% MVIC). As shown in Eq. (6.2), the raw 

EMG signals processed with RMS were normalized to the peak activity in the 

maximum isometric voluntary contraction trial and expressed as a percentage:  
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% MVIC=100% × (EMG value of movement / Average EMG value of the three 

peak MVIC) (6-2). 

There are no absolute microvolt values (only a relative comparison to a 

maximal effort). Therefore, all muscle function can be reduced to the common 

feature of percentage of MVIC by normalizing the EMGs and the EMG amplitudes 

recorded from the same muscle on different occasions and from different muscle; 

thus, different individuals can be compared directly. The data were processed using 

Matlab (Mathworks Inc., Natick, MA). 

For each exercise, we calculated the mean activation of the first three 

repetitions of each muscle with 1 kg and 3 kg loading at two motion speeds; if one 

of the three data trials was disqualified for data analysis, then the fourth, fifth, or 

sixth trial was substituted. All of the muscle activation data were normalized to the 

peak MVIC using Eq. (6.2).  

 Results and discussion 6.3

Tables 6.2 and 6.3 show the mean peak EMG activity and standard deviation 

of each muscle during the shoulder abd-add, shoulder flx-ext, and elbow flx-ext 

movements with 1 kg and 3 kg loading using dumbbells and a spring-loaded 

exoskeleton at two different motion speeds (1 second lifting and 1 second lowering; 

2 second lifting and 2 second lowering). The number of acceptable subjects who 
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produced EMG amplitudes for each muscle test is displayed in Tables 6.2 and 6.3. 

When the subject inclusion criteria (for the EMG data) were applied, the data from 

a substantial number of subjects did not satisfy the criteria and were discarded. If 

the data acquired from a selected muscle of a subject during the dumbbell exercises 

were unqualified, the counterpart data from the subject during the spring-loaded 

exercises were also discarded and vice-versa.  

Because of system technical problems and operation errors, the EMG data 

collected from S1, S4, and S6 during shoulder abd-add exercise with a 

spring-loaded exoskeleton (3 kg resistance) at 1 second lifting and 1 second 

lowering motion speed failed to be processed. The same problems were 

encountered for subject 6 with 1 kg resistance at 2 second lifting and 2 second 

lowering motion speed and subjects 2 and 6 with 3 kg resistance at 2 second lifting 

and 2 second lowering motion speed. 

The data listed in Tables 6.2 and 6.3 show that for the shoulder abd-add, 

shoulder flx-ext, and elbow flx-ext exercises performed in this study with 

dumbbells or the spring-loaded exoskeleton, the level of muscle activation 

increased with the applied load, which confirms our hypothesis. The muscle groups 

primarily responsible for the designated exercise showed some similarities of 

muscle activation between the dumbbells and spring-loaded exoskeleton, 



 

137 
 

particularly in the shoulder flx-ext and elbow flx-ext exercises. 

Table 6.2 The mean peak EMG activity of each muscle for the three resistance 
exercises expressed as a % of MVIC for peak muscle amplitude at 1 second lifting 
and 1 second lowering motion speed. Results are expressed as the mean (SD). 

Shoulder abduction-adduction 

Muscles N DB Exo N DB Exo 
1 kg 3 kg 

Anterior deltoid 5 36(16) 42(11) 3 56(02) 53(20) 
Middle deltoid 5 33(20) 38(19) 3 49(37) 63(17) 
Posterior deltoid 5 25(17) 35(23) 3 28(23) 36(14) 
Biceps brachii 5 12(15) 25(36) 3 11(08) 15(14) 
Tricep brachii 5 19(36) 31(26) 3 19(19) 28(12) 
Pectoralis major 5 17(15) 17(13) 3 23(18) 20(07) 
Upper Trapezius 5 31(34) 38(23) 3 17(113) 32(34) 
Supraspinatus 5 44(29) 54(23) 3 61(42) 69(19) 

Shoulder flexion-extension 
Anterior deltoid 6 41(17) 33(10) 6 48(10) 45(13) 
Middle deltoid 6 24(12) 25(15) 6 39(15) 31(18) 
Posterior deltoid 6 15(08) 15(12) 6 25(22) 34(22) 
Biceps brachii 5 15(21) 16(26) 5 25(23) 26(38) 
Tricep brachii 6 24(33) 20(22) 6 50(55) 31(33) 
Pectoralis major 6 26(17) 23(17) 6 33(21) 31(26) 
Upper Trapezius 5 20(23) 17(13) 5 32(48) 57(44) 
Supraspinatus 6 36(16) 39(15) 6 63(41) 73(34) 

Elbow flexion-extension 
Anterior deltoid 6 10(06) 18(09) 6 19(09) 25(19) 
Middle deltoid 6 6(05) 7(06) 6 20(16) 11(09) 
Posterior deltoid 6 3(02) 7(05) 6 12(16) 07(03) 
Biceps brachii 5 16(09) 18(04) 4 29(10) 24(04) 
Tricep brachii 5 24(42) 24(35) 4 09(10) 09(09) 
Pectoralis major 6 23(20) 14(9) 6 28(19) 15(10) 
Upper Trapezius 6 12(21) 21(28) 6 24(40) 27(33) 
Supraspinatus 6 23(14) 18(12) 6 30(18) 19(12) 
N: number of subjects; DB: Dumbbell; Exo: Exoskeleton 
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Table 6.3 The electromyographic activity of each muscle for the three resistance 
exercises expressed as a % of MVIC for peak muscle amplitude at 2 second lifting 
and 2 second lowering motion speed. Results are expressed as the mean (SD). 

Shoulder abduction-adduction 

Muscles N DB Exo N DB Exo 
1 kg 3 kg 

Anterior deltoid 5 37(06) 43(10) 3 59(23) 45(09) 
Middle deltoid 5 43(19) 44(22) 3 62(26) 53(13) 
Posterior deltoid 5 23(16) 39(25) 3 39(17) 27(10) 
Biceps brachii 5 17(26) 31(52) 3 23(23) 36(43) 
Tricep brachii 5 24(33) 29(30) 3 46(61) 37(33) 
Pectoralis major 5 20(14) 18(12) 3 28(21) 27(20) 
Upper Trapezius 5 49(55) 66(60) 3 58(62) 48(23) 
Supraspinatus 5 42(17) 38(12) 3 51(18) 45(18) 

Shoulder flexion-extension 
Anterior deltoid 6 33(16) 30(11) 6 44(11) 40(08) 
Middle deltoid 6 27(09) 27(16) 6 39(14) 34(22) 
Posterior deltoid 6 15(08) 25(13) 6 28(19) 29(15) 
Biceps brachii 5 15(20) 19(33) 5 21(22) 21(26) 
Tricep brachii 6 22(35) 26(25) 6 25(29) 36(16) 
Pectoralis major 6 27(16) 22(14) 6 28(17) 27(08) 
Upper Trapezius 5 26(26) 49(46) 5 50(31) 34(27) 
Supraspinatus 6 35(23) 48(16) 6 51(25) 66(43) 

Elbow flexion-extension 
Anterior deltoid 6 12(13) 23(12) 6 20(14) 18(13) 
Middle deltoid 6 09(07) 10(07) 6 23(21) 08(05) 
Posterior deltoid 6 06(03) 09(07) 6 08(05) 12(07) 
Biceps brachii 5 14(09) 17(03) 4 25(10) 23(05) 
Tricep brachii 5 37(62) 33(46) 4 22(29) 26(31) 
Pectoralis major 6 31(20) 22(11) 6 26(22) 24(12) 
Upper Trapezius 6 19(30) 19(16) 6 31(30) 22(20) 
Supraspinatus 6 23(20) 24(20) 6 37(34) 12(08) 
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a) 1 kg load b) 3 kg load 

Fig. 6.3 Muscle activation during the shoulder abduction-adduction exercise (at 1 
second lifting and 1 second lowering motion speed). 

a) 1 kg loading b) 3 kg loading 

Fig. 6.4 Muscle activation during the shoulder flexion-extension exercise (at 1 
second lifting and 1 second lowering motion speed). 

a) 1 kg loading b) 3 kg loading 

Fig. 6.5 Muscle activation for during elbow flexion-extension exercise (at 1 second 
lifting and 1 second lowering motion speed). 
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a) 1 kg loading b) 3 kg loading 

Fig. 6.6 Muscle activation for during shoulder abd-add exercise (at 2 second lifting 
and 2 second lowering motion speed). 

a) 1 kg loading b) 3 kg loading 

Fig. 6.7 Muscle activation during the shoulder flx-ext exercise (at 2 second lifting 
and 2 second lowering motion speed). 

a) 1 kg loading b) 3 kg loading 

Fig. 6.8 Muscle activation during the elbow flx-ext exercise (at the 2 second lifting 
and the 2 second lowering motion speed). 
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AD, MD, PD, BB, PM, UT, and SS are primarily responsible for the shoulder 

abd-add of the arm [113-114]. Figs. 6.3 (a) and (b) demonstrates the muscle 

activation during the shoulder abd-add exercise at the 1 second lifting and 1 second 

lowering motion speed with the 1 kg and 3 kg loading. AD, PD, BB, TB, and PM 

contributed the most in the shoulder flx-ext movement of the eight muscles 

investigated. The muscle activity of AD, PD, BB, TB and PM all showed good 

consistency. 

Figs. 6.4 (a) and (b) demonstrate muscle activation during the shoulder flx-ext 

exercise with the 1 second lifting and 1 second lowering motion speed with the 1 kg 

and 3 kg loading; AD, PD, BB, TB, and PM contributed the most to doing shoulder 

flx-ext exercise in the eight muscles investigated. The muscle activity of AD, PD, 

BB, TB and PM showed good consistency. 

Figs. 6.5 (a) and (b) demonstrate muscle activation during the elbow flx-ext 

exercise at the 1 second lifting and 1 second lowering motion speed with the 1 kg 

and 3 kg loading. Of the eight muscles investigated, BB and TB were most closely 

related. The muscle activity show good consistency; however, TB (DB) and TB 

(Exo) under the 3 kg load did not meet our expectations. 

Figs. 6.6 (a) and (b) demonstrate muscle activation during the shoulder 

abd-add exercise at the 2 second lifting and 2 second lowering motion speed with 
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the 1 kg and 3 kg loading; of the eight muscles investigated, AD, MD, PD, BB, PM, 

and SS were most closely related. The muscle activity of AD, MD, and SS showed 

good consistency.  

Fig. 6.7 demonstrates muscle activation during the shoulder flx-ext exercise 

with the 2 second lifting and 2 second lowering motion speed with the 1 kg and 3 

kg loading; AD, PD, BB, TB, and PM are prime movers of the movement 

investigated. The muscle activity of AD, PD, BB, TB, and PM showed good 

consistency as the load increased from 1 kg to 3 kg . 

Fig. 6.8 demonstrates the muscle activation during the elbow flx-ext exercise 

with the 2 second lifting and the 2 second lowering motion speed with the 1 kg and 

the 3 kg loading. Of the eight muscles investigated, BB and TB were the most 

closely related. The muscle activation was consistent during the exercises with the 

dumbbells and spring-loaded exoskeleton; however, TB (DB) and TB (Exo) under 

the 3 kg load did not meet our expectations. 

Generally, the spring-loaded exoskeleton demonstrated similarity to dumbbell 

exercises when performing the designated movements in this study; however, 

inconsistencies remain in the test results that may be attributed to the experiment 

procedures, data processing, or precision of the spring-loaded exoskeleton. To 

avoid inaccuracies that could influence the subsequent values of muscle amplitude 
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and timing, it is necessary to ensure that the placement of the EMG electrodes is 

identical between all of the subjects and across test sessions. It is suggested that a 

standardized procedure (described in the experimental protocol) be followed strictly 

and that the same person be used for each collection assessment. To our knowledge, 

no studies have been performed that indicate which method provides the most 

reliable results. Despite the method used, the MVIC production depends on the 

subject providing maximum effort. Maximum effort can vary between individuals; 

therefore, one cannot always be certain that MVIC has been obtained. There are the 

same concerns regarding the variation of the applied resistance. Therefore, it is 

suggested that to maintain consistency, the positioning and resistance applied 

should be conducted by the same person. We recognized that our prototype is not 

perfect, and the small number of participants resulted in the limited strength of the 

statistical findings. However, this study provides evidence from another perspective 

to further support our previous study regarding the shoulder and elbow joint torques 

when performing the designated exercises with dumbbell or SLERT measured by 

using a motion capture system illustrated in Chapter 5. 
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 Summary 6.4

In this experimental study, the EMG data were collected from three male and 

three female healthy subjects. The muscle activation and applied loads quantified in 

this study during the three exercises were as follows: shoulder abd-add, shoulder 

flx-ext, and elbow flx-ext exercises using dumbbells and a spring-loaded 

exoskeleton at two different motion speeds. A few muscle activations were not in 

accordance with our expectations. Generally, most of the results confirmed our 

hypothesis that the levels of muscle activation and applied loading were similar 

when comparing dumbbells with a spring-loaded upper limb exoskeleton. The 

spring-loaded exoskeleton appears to have equivalent muscle activation in terms of 

the peak percentage of MVIC on the muscles primarily responsible for the 

designated movement, which provides further evidence to support our previous 

joint torques study. We recognize that the glenohumeral joint is complex, with 

many muscles that contribute to even simple movements, and we only evaluated 

eight of the many muscles that can influence shoulder movement. The small sample 

size number the strength of the statistical findings. Nevertheless, this experimental 

study provided a performable test and also collected valuable data for the design 

improvement and continuing study of spring-loaded exoskeletons for resistance 

training.  
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  Chapter 7
Conclusion and future work 

Robotic device development for rehabilitation and health care applications is a 

quite active field of research, particularly in the after-stroke care area. There is 

increasing interest in extending the use of these devices to different types of 

diseases, ranging from the acute to the chronic phase, and these devices may be 

applicable during inpatient care, after discharge, and during follow-up for 

community outpatient rehabilitation and health care. 

In fact, the AHA has suggested that robot-assisted therapy for the upper 

extremities (UEs) has achieved Class IIa (level of evidence A) for stroke care in the 

inpatient setting and Class I (level of evidence A) for stroke care in outpatient and 

chronic care settings. Class I is defined as “Benefit>>>Risk. Procedure/Treatment 

SHOULD be performed/administrated;” Class IIa is defined as “Benefit>>Risk. IT 

IS REASONABLE to perform procedure/administer treatment;” and Level A is 

defined as “Multiple populations evaluated: Data derived from multiple randomized 

clinical trials or meta-analyses” in the AHA 2010 guidelines for stroke care. The 

2010 Veterans Administration/Department of Defense (VA/DoD) guidelines for 

stroke care suggest that robot-assisted movement therapy for the UEs has already 
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achieved strength of recommendation level B (“A recommendation that clinicians 

provide (the service) to eligible patients. At least fair evidence was found that the 

intervention improves health outcomes and concludes that benefits outweigh 

harm”). These endorsements came 21 years after the initial MIT-Manus program 

began in 1989. The use of robotic technology to assist in recovery after 

neurological injury has proven to be safe, feasible, and effective for the UEs for 

stroke populations. Notwithstanding the substantial progress in acute stroke care, 

the focus of research, stroke medical advances, and healthcare resources has been 

on acute and subacute recovery phases, with less attention given to the more 

chronic recovery phases, which has resulted in substantial health disparities in later 

phases of stroke care. These facts clearly indicate the state of the art, and there 

remains a need to educate the nursing staff and other members of the 

interdisciplinary team about the potential for recovery. There is also a need for 

rehabilitation robotic devices in the later or more chronic phase of stroke care and 

other chronic diseases. From a preventive medicine point of view, it might be more 

important to effectively reduce the risk of adverse health outcomes for people of all 

ages in advance, particularly for the elderly [122-123]. 

Most rehabilitation and health care robotic devices are primarily designed to 

actively assist patients with motions. In contrast, most exercise training devices are 
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body-power oriented. The users are expected to perform the motion by themselves 

to gain strength, power, and endurance from the exercise. This dissertation 

proposed a rehabilitation exercise training device from a strength exercise point of 

view to reduce the risk of adverse health outcomes and developed a general design 

scheme for spring-loaded upper limb exoskeletons for resistance training: the 

equivalence concept, a kinematic model, a dynamic model, motion analysis, and an 

EMG evaluation were utilized. Efforts have been made through these investigations 

to better understand the physical significance of using a spring-loaded exoskeleton 

for upper limb resistance training. As a result, alternative designs, inventions, and 

new applications can be developed more easily, systematically, and efficiently for 

the benefit of society. 

 Lessons have been learned 7.1

A general challenge of the application of exoskeletons is their proper 

adjustment to the anatomical constraints of the different types of joints. The 

adaptation to different body sizes is more difficult than in end-effector-based 

systems. A quickly adjustable joint design for easier use is essential for easier 

clinical and at-home use. 

Engineers always struggle with the stiffness, weight, shape, and dimension of 

mechanical component designs, not to mention the cost. In practice, many 
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standardized components, such as bearings, springs and slide screws, are 

commercially available; therefore, compromises in dimensions, weight, and cost are 

made in the selection of these components, and limitations regarding the shape, size, 

weight, and material properties are imposed on the designer. For example, in our 

first and second prototype, the slide screws and nuts for adjusting the length of the 

zero-free-length spring along with the K2 and K3 spring are installed in link 2; the 

total weight and inertia of link 2 are inevitably increased, and the shoulder abd-add 

motion is subsequently affected. 

Spring installation often involves counterbalances among the springs and 

attached links or attached components. As a result, large internal forces on the 

spring struts may cause bending of the attached link, and increased contact friction 

on the kinematic parts will affect the smoothness of the motion or the joint 

adjustment of the exoskeleton. Placing all of the spring attachments as close to the 

center of the links and components as possible or counterbalancing the moment also 

improves the link bending problem. Equipping the kinematic components with 

bearings will reduce the contact friction; however, it will not only increase the 

complexity of the design, manufacture, and assembly, it will also increase the 

weight, cost, and dimensions of the device. 

Valuable time and resources are consumed in the iterative design process and 
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while waiting for the prototype to be built and for components to be reworked. 

“Doing the right thing” and “doing the thing right” are both important yet difficult 

to achieve, particularly when there are many uncertainties in the design and 

manufacturing process. Detailed design reviews and cross-team communication are 

helpful in reducing mistakes. 

Currently, there is no clear design target available for rehabilitation-focused 

robotic exercise training devices or any reliable standard against which to measure 

their performance and effectiveness. Slow and painstaking experimental trials and 

the accumulation of evidence are also necessary to demonstrate progress. The 

function test is not focused only on the mechanism of the system like the 

conventional machine test is; subjects also play an important role in the 

biomechanical evaluation test. Having the correct equipment is a fundamental 

consideration for the development of a successful experiment, and appropriate 

technical skills to operate the system are required for successful high-quality data 

collection. All of these considerations make the coordination of the experiment 

more complex and usually time-consuming. Therefore, scientific training to use the 

tools and a well-planned experiment are essential to further our knowledge of the 

field of study. 
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 Summary of contributions 7.2

The contributions made by this research are summarized below: 

1. A spring-loaded upper limb exoskeleton is proposed to provide adjustable 

resistance for the elderly and clinical populations for resistance training at the 

shoulder and elbow joints in different planes. The exoskeleton is capable of 

reducing the unfavorable lengthening of muscles during high-intensity 

free-weight exercises and joint overload caused by large moments of inertia. 

2. To formulate the kinematic and dynamic models necessary to develop the 

required design criteria for the spring-loaded exoskeleton for resistance 

training, an equivalent concept is introduced that is mechanically analogous to 

free-weight exercises. 

3. The configuration and constructed mechanical components of a spring-loaded 

upper limb exoskeleton prototype were designed using the zero-free-length 

spring concept and the developed design criteria. 

4. A motion capture and EMG experimental design appropriate for performing 

the required mechanical and biomechanical assessment of the upper limb 

exoskeleton resistance training devices was established. 

5. The device was evaluated through the established experimental design with 

three male and three female healthy young subjects and a biomechanical 
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analysis: joint torques and the muscle activities of eight major upper limb 

muscles were determined while performing the designated resistance training. 

 Recommendations for future work 7.3

It is recommended that the following changes be made to the spring-loaded 

exoskeleton for resistance training in continuing research. 

1. A more dexterous shoulder joint design is needed to provide a wider range of 

motion in 3-D space. It is desirable that the resistance training exoskeleton not 

compromise the natural upper limb motion and workspace of the users. 

2. Current exoskeleton designs tend to exercise only the proximal arm, and thus 

they provide movement training at the shoulder and partially at the elbow but 

not at the wrist and hand; consequently, exoskeletons that train the shoulder and 

partially train the elbow are limited in their ability to improve the completion of 

upper limb resistance exercises. 

3. Equipping the exoskeleton with sensors to record simultaneous kinematic and 

force data could provide researchers, patients, and therapists with immediate 

measures of training performance, and this may offer new opportunities for 

designing better devices and therapeutic programs, ultimately increasing the 

efficiency of rehabilitation training. 

4. Developing an intuitive user interface for self-operation of the device by the 
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users.  

5. Developing a more compact design for the device so that it is more cost 

effective and portable.  

It is recommended that more cross-disciplinary focus groups be conducted to 

evaluate further devices, especially focus groups with therapeutic exercise 

professionals and additional focus groups involving the elderly and their caregivers. 

A full biomechanical study of the prototype should be performed in different 

configurations with more subjects, particularly for targeted special interest groups. 

In addition, clinical trials of the device would be necessary to determine its clinical 

efficacy. 
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