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Abstract—The world’s population is aging rapidly, particu-
larly in developed countries. The trend toward prolonged life
expectancy will increase the elderly population and thereby
lead to an increase in occurrences of age-related health prob-
lems such as chronic disease. 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. Rehabilitation training devices must
keep pace with standards of care, be cost effective, and meet
the home-based training requirements of today’s rehabilitation
trends. This article presents an experimental study of a novel
spring-loaded upper-limb exoskeleton meant to enable a
patient or nondisabled individual to move a limb at multiple
joints in different planes for resistance training in a free and
unconstrained environment. To assess the functionality of the
design, we have measured its kinematic data while performing
designated movements and adopted a motion-capture system to
verify the function of our mechanism. The collected data and
analysis of the kinematic and dynamic joint torques may not
only verify our mechanism but also provide a profound under-
standing of the design requirements for an appropriate spring-
loaded exoskeleton for upper-limb resistance training.

Key words: dumbbell, exoskeleton, free-weight exercise, joint
torque, motion analysis, rehabilitation, resistance training,
SLERT, upper limb, zero-free-length spring.

INTRODUCTION

According to the World Health Organization, by the
year 2050, the number of people over 65 yr old will
increase by 73 percent in developed countries and by

20.7 percent worldwide [1]. This age group is particu-
larly prone to stroke. An increasing number of elderly
people and changes to their lifestyles have led 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. Health-
care 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 [2].
The number of technological options for the upper-
limb rehabilitation training of patients with stroke has dra-
matically increased since the upper-limb rehabilitation
training robot MIT-Manus was created at the Massachusetts

Abbreviations: 3-D = three-dimensional, abd-add = abduction-
adduction, ARMin = arm therapy robot, CADEN = cable-
actuated dexterous exoskeleton for neurorehabilitation, CCD =
charge-coupled display, DOF = degree of freedom, EMG = elec-
tromyography, flx-ext = flexion-extension, ITRI = Industrial
Technology Research Institute, L-Exos = light exoskeleton,
PMA = pneumatic muscle actuator, SLERT = spring-loaded
exoskeleton for resistance training, T"-WREX = Therapy Wilm-
ington Robotic Exoskeleton.
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Institute of Technology in the 1990s for use by muscular
dystrophy patients. Numerous robotic devices that provide
various forms of mechanical input to actively assist, resist,
perturb, or increase the range of motion of the patient have
been developed for hemiparetic upper-limb training. These
devices can be broadly classified in two groups: end-effector
robots and exoskeletons. MIT-Manus is an example of
the former. One example of the latter is the arm therapy
robot (ARMin). The ARMin Il robot provides six actuated
degrees of freedom (DOFs) to assist patients with shoulder,
elbow, and wrist movements [3]. The Maryland-
Georgetown-Army Exoskeleton is composed of a serial
assemblage of five powered linkages and joints, allowing
for full therapeutic exercise of the shoulder complex [4].
The light exoskeleton (L-Exos) is a five DOFs force-feed-
back exoskeleton, four of which are actuated and sen-
sorized (three for the shoulder, one for the elbow), and the
wrist is only sensorized [5]. Similar to L-Exos, the cable-
actuated dexterous exoskeleton for neurorehabilitation
(CADEN)-7 is another cable-driven exoskeleton with an
additional joint on the wrist mechanism, allowing wider
range of motion [6]. Rigid links and motor-driven joints are
common features of these designs [3-6], which add moving
inertia to the segments of the human arm. L-Exos and
CADEN-7 have attempted to lessen the increased inertia by
placing the electric motors on the stationary base while
driving by means of steel cables and reduction gears or pul-
leys integrated at the joint axis. Some designs [3,6] added
an actuated DOF to the design, allowing for shoulder girdle
elevation and depression. Robotic-assisted upper-extremity
repetitive therapy, known as RUPERT, has five actuated
DOFs driven by compliant and safe pneumatic muscle
actuators (PMAs) for assisting rehabilitation of arm func-
tion [7]. PMAs have high power-to-weight ratio over elec-
tric motors, which makes the exoskeleton compliant and
inherently safer to wear. However, PMAs are more difficult
to control because of nonlinear actuation characteristic. The
cable-driven arm exoskeleton does not have rigid links and
joints and does not restrict the natural DOFs of the human
arm. Because human segment lengths are the only parame-
ters in the kinematic model that determine how cable ten-
sions result in torques at human joints, mechanical
adjustments of segment lengths are not required, which is
in contrast with a traditional exoskeleton [8]. Although
some provide an active mode function [3,6] (i.e., the robot
follows the arm of the user without disturbing his/her natu-
ral motion), unpowered passive arm exoskeletons are less
costly, safer, and more compact than the actuated upper-
limb robots described and may be more appropriate during

the return to function phase and for home use. The Therapy
Wilmington Robotic Exoskeleton (T-WREX), and its com-
mercialized version Armeo Spring (Hocoma AG;
Wolketswil, Switzerland), is designed to enable individuals
with arm weakness to achieve intense movement training
without a supervising therapist. It is a passive, five DOFs,
body-powered device that contains no robotic actuators,
and it is a good example of such a device [9]. A recent
study 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 inten-
sive therapist-provided therapy and robot therapy [10].

The studies cited previously 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 [3-9]. This situation has
resulted in substantial health disparities in the later
phases of stroke care. These circumstances clearly reflect
the state of the science. 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. Resistance training has recently been
shown to also play a significant role in improving many
health factors associated with the prevention of chronic
diseases, including cardiovascular diseases, diabetes,
hypertension, and obesity. The inclusion of resistance
training as part of a physical exercise program has been
endorsed by the American College of Sports Medicine,
American Heart Association, and American Diabetes
Association as an integral part of an overall health and
fitness program. Furthermore, resistance training is rec-
ognized 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 func-
tional tasks, which may contribute to the prevention of
falls and the maintenance of independence [11-15]. 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 was originally
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designed to be used by nondisabled people, such as ath-
letes or body builders, who are healthy enough to
improve athletic performance or body fitness. Resistance
equipment is usually used for gym- or studio-based exer-
cise. In fact, only 23 percent 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 percent for individuals over the age
of 65 [16-17]. These findings underscore the need for
programs and more appropriate exercise devices that
encourage nondisabled people and older adults to incor-
porate strength training into their lives along with regular
physical activity.

The purpose of this study was to verify our hypothe-
sis that, given zero-free-length springs, a spring-loaded
upper-limb exoskeleton is capable of reducing the unfa-
vorable lengthening of the muscles from inertial force
during high-intensity free-weight exercises via investigat-
ing the joint torques exerted by either the spring-loaded
exoskeleton for resistance training (SLERT) [18-19] or a
dumbbell through the collection of experimental data,
kinematics, and dynamic analysis data. This article
extends the results of our previous static and dynamic
studies [18-19]. The fundamental contributions of this
article are as follows: (1) well-established and well-
planned experiments were conducted, analyzed, and inter-
preted; (2) zero-free-length spring design influenced exo-
skeleton performance as compared with free-weight
exercise; (3) the feasibility of a spring-loaded upper-limb
resistance training exoskeleton and its underlying design
issues were tested. Experimental results demonstrated the
effectiveness of the compliant and passive actuation of
our upper-limb exoskeleton for resistance training.

METHODS AND INSTRUMENTATION

Materials and Methods

The SLERT is the revised version of our previous
design [18], which was constructed to conduct a functional
and performance-based evaluation of resistance training.
The mechanical structure of the new prototype (Figure
1(a)) consists of four links that create four revolute joints
covering the basic DOFs of the human arm, allowing the
user to perform a shoulder abduction-adduction (abd-add),
a flexion-extension (flx-ext), a horizontal flx-ext, and an
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. Compared with
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the previous version of this exoskeleton [18-19], several
design changes have been made to improve systemic func-
tions. The location of the z;~ axis was redesigned to shorten
the distance between the z; axis and the z;” axis, which
improves shoulder abd-add motion compliance. The
arrangement of the K5 spring has been moved from in front
of link 2 to behind link 2 to avoid hindering the user’s
motion. In addition, the spring connection locations A, A,,
and Az were equipped with bearings and guiding slots for
smoother motion when adjusting the spring connection
locations. The device has also become more compact and
lightweight. The design specifications of SLERT are given
in Table 1.

The configuration of three revolute joints for the
3-DOF shoulder joint (axes zg, z1, and z,) is illustrated in
Figure 2(a). The revolute joints are constructed with ball
bearings or thrust bearings to eliminate friction and to
decrease defects of clearance. The 1-DOF elbow joint
(axis z3) is accommodated through a revolute joint,
which adjusts the length of the upper limb. Thrust bear-
ings 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
Figure 2(b). Both shoulder and elbow joints can be
locked independently to perform the designated move-
ments. The SLERT structure is constructed primarily
from aluminum alloy materials with the high stress joint
sections, links 3 and 4, fabricated in steel.

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 K; is fixed
by a pin B and connected to points By (on link 1) and A,
(on link 2) with wire and pulleys, as shown in Figure 2(a).
The arrangement for springs K, and Kj is the same as that
for spring Ky, as is shown in Figure 1. To increase the
intensity of the resistance exercise, the spring connection
locations Ay, Ay, and Az, which are separately integrated
with nuts on the slide screws installed at link 2, can be
adjusted using three slide screws. The required resistance
in our design is generated by adjusting the connecting
locations (A{, Ay, and Ajz) 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.
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(b)

Figure 1.

Posterior linkage : z0*

New prototype and kinematic diagram. (a) Perspective view of spring-loaded exoskeleton for resistance training (SLERT). (b) Kine-
matic diagram of SLERT. 6; = rotational angle for shoulder horizontal abduction-adduction, 6, = rotational angle for shoulder abduc-
tion-adduction, 63 = rotational angle for shoulder flexion-extension, 8, = rotational angle for elbow flexion-extension, A = connection
point, B = connection point, E = elbow joint, F, = external load, H = middle of palm of hand, K = spring, m3 = mass of link 3, m, =
mass of link 4, M; = center of mass of forearm, M, = center of mass of upper arm, P = intersection of axes zl* and z, P’ = intersection

of link 1 and link 2, S = glenohumeral joint.

Table 1.
Design specifications of spring-loaded exoskeleton for resistance
training.

Property Target value

Resistance (kg) 1-5
Upper-Arm Length (mm) 224-286
Forearm Length (mm) 267-368
Range of Motion

Shoulder abd-add (°) 0-180

Shoulder flx-ext (°) 0-180

Elbow flx-ext (°) 0-145
Spring Stiffness

K1 (kgw/mm) 0.15

K, (kgw/mm) 0.05

K3 (kgw/mm) 0.07

abd-add = abduction-adduction, fix-ext = flexion-extension.

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 (correspond-
ing to a 5 kg dumbbell). Based on the limitations and the

mass properties of the linkages, the anthropometric
parameters of humans, and the previous practical imple-
mentation experiences of this design, springs with a suit-
able stiffness were decided from the spring design
constraints and chosen from a catalog of standard springs
[20]. The design specifications are listed in Table 1.

Although the electrophysiology activation of a mus-
cle and mechanical force generation can be observed as
surface electromyography (EMG) and reflects the level of
activation, the direct measures of muscle force are diffi-
cult because an EMG signal does not necessarily reflect
the total amount of force or torque a muscle can produce,
and some muscles inside the body are not accessible
directly [21-22]. A motion-capture system was chosen to
evaluate the performance of our design, and the joint
torques were calculated by means of measuring kinematic
data using a motion-capture system and compared our
mechanism design to free-weight exercises while the sub-
jects performed the designated movements.
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Figure 2.

Configuration computer-aided design drawings of shoulder and elbow joints of upper limb. (a) Configuration of shoulder joint exo-
skeleton. (b) Configuration of elbow joint. Shoulder joint comprises three revolute joint axes zg, z;, and z,. z3 is revolute joint axis of
elbow joint (E). A = connection point, B = connection point, S = glenchumeral joint.

Study Subjects

The device aimed to enable a patient or a nondisabled
individual to move a limb at multiple joints in different
planes for resistance training in a free and unconstrained
environment. There are not significant characteristic dif-
ferences in anthropometric parameters of young adults
and older adults when calculating the joint torques. Con-
sidering the safety and potential risks of the test, young
subjects were recruited for this initial evaluation. The
inclusion of elderly subjects and larger sample sizes will
occur after the system functionality of SLERT has been
validated and the design of the system has been optimized.

Six nondisabled subjects (3 males and 3 females),
referred to here as S1, S2, S3, S4, S5, and S6, volun-
teered 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 the Industrial Technology

Research Institute’s (ITRI’S) ethics committee before
instrumentation and data collection. The subjects’ anthro-
pometric parameters are listed in Table 2.

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, United Kingdom) at ITRI’s research lab-
oratory. This system consists of eight synchronized high-
speed infrared charge-coupled display (CCD) cameras
(Vicon MX-F20, Vicon Motion Systems) operating at a
frame rate of 100 Hz to track eight 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, includ-
ing the seventh cervical vertebra, clavicle, right shoulder
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Table 2.
Mean anthropometric parameters of subjects (S1-S6).

Measure All Subjects S1 S2 S3 S4 S5 S6
Age (yr) 22505 22 23 23 23 22 22
Sex 3M/3F M M M F F F
Height (cm) 164.8 £ 6.0 171 170 163 168 162 155
Total Body Weight (kg) 576+9.2 63 62.4 68 54 56 42
Upper-Arm Length (mm) 276.6 £20.9 290 295 290 280 265 240
Forearm Length (mm) 3225+ 35.2 352 355 340 320 310 260

F= female, M = male.

marker, right lateral elbow, right medial elbow, processus
styloideus radius, processus styloideus ulna, and metacar-
pophalangeal joints of the right middle finger; these loca-
tions were used to define the segments that define position
and orientation in 3-D space and were chosen for their min-
imal skin motion (Table 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
interindividual variability as a source of error.

Before testing, an initial dynamic, or wand, calibra-
tion 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. It was neces-
sary 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 sub-
ject 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 exoskele-
ton in the object-space in view of the CCD cameras, the
motion analysis system recorded the movements of the
upper-limb segments by tracking the 3-D position of the
markers relative to a fixed laboratory coordinate frame.
During testing, the spatial coordinates of the eight mark-
ers were captured, reconstructed, and labeled, and gaps

were filled by the Nexus software (Nexus 1.3, Vicon
Motion Systems).

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.

Experimental Protocols

Two exercise sessions (free-weight exercises and
upper-limb exoskeleton motion) were conducted for evalu-
ation. Each session consisted of three resistance training
exercises (shoulder abd-add, flx-ext, and elbow flx-ext)
with six levels of difficulty (1, 3, and 5 kg resistance; 1 and
2 s motion speed) for the male subjects and four levels (1
and 3 kg resistance; 1 and 2 s motion speed) for the female
subjects. Because joint torques vary as the resistance
increases, step loads (1, 3, and 5) were chosen to allow us to
conduct experiments at a reasonable scale. Because of sex
differences in muscular strength, female subjects lifted only
1 and 3 kg resistances in the actual test. Each movement
was performed in a slow, controlled manner: lifting (1 and 2
s) and lowering (1 and 2 s) without sudden jerks or acceler-
ation for six consecutive repetitions. A metronome was
employed to help the subjects maintain the tempo of their
movements, and a maximum of 5 min rest was given

Table 3.
Marker names, locations, placement, and corresponding segments.

Marker Location Marker Placement Segment
C7 7th cervical vertebra Spinous process of 7th cervical vertebra Thorax
CLAV Clavicle Jugular notch where clavicle meets sternum Thorax
RSHO Right shoulder marker Place on top of acromio-clavicular joint Scapula
RLEL Right lateral elbow Place on lateral epicondyle approximating right elbow joint axis Humerus
RMEL Right medial elbow Place on medial epicondyle approximating right elbow joint axis Humerus
RMWR Right wrist marker radius Processus styloideus radius Forearm
RLWR Right wrist marker ulna Processus styloideus ulna Forearm
RFIN Right middle finger Metacarpophalangeal joints of right middle finger Hand
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between each set and exercise. Instructions on how to per-
form the motion were illustrated and demonstrated to the
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 evalu-
ated and the grip patterns used are shown in Figure 3. The
designated arm motions were included in the experimental
protocol (Table 4). The dumbbell weights of 1, 3, and 5 kg
and the equivalent resistances are set for free-weight exer-
cise 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.

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 pos-
ture (pronation). Every action and general motion started

(b)

Figure 3.
Movement and grip patterns of free-weight exercises and exoskeleton motions. (a) Dumbbell lateral raise, (b) dumbbell frontal raise,

(c) dumbbell curl, (d) shoulder abduction-adduction motion, (e) shoulder flexion-extension motion, and (f) elbow flexion-extension motion.
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from an initial arm position in which the arm was fully
extended along the body.

Data Analysis

Analyses were performed on the subjects’ right
shoulders and elbows. Joint torques at the shoulder and
elbow were calculated via inverse dynamics. The analy-
sis began with the most distal segment and continued
upward through the kinematic chain, and the require-
ments of all the external forces acting on the system were
known. The joint torques were then calculated by a 3-D
generic inverse dynamic method [23]. Trial data from the
exercises were captured, processed, and reviewed in the
Vicon Nexus platform and postprocessed offline using
MATLAB (MathWorks; Natick, Massachusetts). To sup-
press noise, the collected motion data were low-pass fil-
tered 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. Of the 1,080 initial trials,
only the first three data points of each of the 6 repeated
trials (540 trials) were analyzed to obtain an average of
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Table 4.
Protocols for dumbbell movements and movements used with exoskeleton.
Resistance Movement Description

Dumbbell Dumbbell lateral raise  Raise right arm laterally from side of body until it is in horizontal position while keep-
ing elbow in fixed position. Palm should face ground.

Dumbbell Dumbbell frontal raise  Raise right arm in sagittal plane so that hand ends up directly in front of shoulder joint
while keeping elbow locked. Palm should face ground.

Dumbbell Dumbbell curl Draw forearm upward in arc from vertical position to horizontal position with palm

facing up toward ceiling, and then reverse movement in opposite direction.

Exoskeleton Shoulder abd-add

zl* axis of exoskeleton is aligned with shoulder joint, gripping handle of exoskeleton,

and right arm is raised laterally from side of body. Palm should face ground.

Exoskeleton Shoulder flx-ext

Z, axis of exoskeleton is aligned with shoulder joint and right arm is raised in sagittal

plane while keeping elbow in fixed position. Palm should face ground.

Exoskeleton Elbow flx-ext

Z3 axis of exoskeleton is aligned with elbow joint and forearm is drawn upward in arc

from vertical position to horizontal position with palm facing up toward ceiling.
Movement then continues in reverse direction.

abd-add = abduction-adduction, flx-ext = flexion-extension.

3 attempts. If one of these three data points was unfit for
data analysis, the fourth, fifth, or sixth data points were
analyzed (180 trials); therefore, a total of 720 trials were
analyzed. The mean joint torques were then obtained
from the mean value of the torques of the three male or
three female subjects.

RESULTS

Figures 4 and 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 Figures 4(a—d)
and 5(a—d), the peak joint torques are at 180° for the
shoulder abd-add exercise and 90° for the flx-ext exer-
cise. 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 Figures 4(e—f) and 5(e—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 Tables 5 and 6.

Figures 6 and 7 show comparisons between the joint
torques of free-weight exercises and the resistance exer-
cises 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 obvi-
ous as the resistance load or the velocity increases.

DISCUSSION

Figure 8 compares the mass moments of inertia cal-
culated from the 1, 3, and 5 kg fixed-weight dumbbells
and the exoskeleton motion of the prototype for the six
subjects. The calculations indicate that holding the dumb-
bell at the distal end of the upper limb produces 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 had a larger mass moment of inertia
in the current exoskeleton design relative to the 1 kg
dumbbell, which agrees with the experimental results
described in Figure 8(a—b). Therefore, the mass of the
linkage should further conform to certain additional con-
straints with respect to the mass moment of inertia of the
dumbbell and the linkage, which can be obtained from
the dynamic analysis [19].

The experimental results indicate that the motion ten-
dency 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 according to the static joint torque analysis. How-
ever, the shoulder joint sustains a smaller moment of
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Figure 4.

Experimental joint torques of free-weight and resistance exercises using upper-limb exoskeleton without inertial effects (1 s lifting
and 1 s lowering motion speed). (a) Shoulder abduction-adduction motion (male subjects). (b) Shoulder abduction-adduction motion
(female subjects). (c) Shoulder flexion-extension motion (male subjects). (d) Shoulder flexion-extension motion (female subjects).
(e) Elbow flexion-extension motion (male subjects). (f) Elbow flexion-extension motion (female subjects).
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Experimental joint torques of free-weight and resistance exercises using upper-limb exoskeleton without inertial effects (2 s lifting
and 2 s lowering motion speed). (a) Shoulder abduction-adduction motion (male subjects). (b) Shoulder abduction-adduction motion
(female subjects). (c) Shoulder flexion-extension motion (male subjects). (d) Shoulder flexion-extension motion (female subjects).
(e) Elbow flexion-extension motion (male subjects). (f) Elbow flexion-extension motion (female subjects).



12

[y

WU and CHEN. Upper-limb exoskeleton for resistance training

Table 5.

Mean peak torques and differences for free-weight and upper-limb exoskeleton exercises at 1 s lifting and 1 s lowering motion speeds.
Exercise Resistance (kg) 1 (N-mm) M (N-mm) D (%)

Shoulder abd-add

[EEN

Female

3 23,045 22,103 4.09
Male 1

3 26,767 26,150 2.30

5 37,634 37,961 -0.87

Elbow flx-ext

Female 1 4,344 4,423 -1.82
3 9,832 9,312 5.29
T = joint torques for free-weight exercise, abd-add = abduction-adduction, D = percentage of difference between free-weight and exoskeleton exer-
cises:M — /1 x 100% , flx-ext = flexion-extension, M = joint torques for exoskeleton exercise.
Table 6.
Mean peak torques and differences for free-weight and upper-limb exoskeleton exercises at 2 s lifting and 2 s lowering motion speeds.
Exercise Resistance (kg) 1 (N-mm) M (N-mm) D (%)

Shoulder abd-add

[ERN

Female 11,541 12,620 -4.69

22,985 23,528 -2.36

w

Male 1 -0.24
3 25,892 26,243 -1.36
5 37,919 38,140 -0.87

m
<3
1S
s
=4
x
@D
x
—+

Female 4,437 4,214 5.02
9,858 9,340 5.25
abduction-adduction, D = percentage of difference between free-weight and exoskeleton exer-

joint torques for exoskeleton exercise.

w

¢ = joint_torques for free-weight exercise, abd-add
cises:M — /1 x 100% , flx-ext = flexion-extension, M

inertia when performing exercises using the upper-limb  because of the effect of the mass moment of inertia in the
exoskeleton in the dynamic joint torque analysis. Accord-  free-weight exercises were clearly reduced by adding a
ing to the results of the verification test, the drawbacks  small inertial spring to the design.
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Figure 6.

Experimental joint torques of free-weight and resistance exercises using upper-limb exoskeleton with inertial effect (1 s lifting and
1 s lowering motion speed). (a) Shoulder abduction-adduction motion (male subjects). (b) Shoulder abduction-adduction motion
(female subjects). (c) Shoulder flexion-extension motion (male subjects). (d) Shoulder flexion-extension motion (female subjects).
(e) Elbow flexion-extension motion (male subjects). (f) Elbow flexion-extension motion (female subjects).
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Experimental joint torques of free-weight and resistance exercises using upper-limb exoskeleton with inertial effect (2 s lifting and 2 s
lowering motion speed). (a) Shoulder abduction-adduction motion (male subjects). (b) Shoulder abduction-adduction motion (female
subjects). (¢) Shoulder flexion-extension motion (male subjects). (d) Shoulder flexion-extension motion (female subjects). (e) Elbow
flexion-extension motion (male subjects). (f) Elbow flexion-extension motion (female subjects).
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Mass of moment of inertia effect caused by dumbbell or exoskeleton on subjects. (a) Shoulder abduction-adduction movement. (b) Shoulder
flexion-extension movement. (c) Elbow flexion-extension movement. F = female, M = male.

Most of the rehabilitation and healthcare robotic exo-
skeletons mentioned in the introduction are primarily
designed to actively assist patients with motions (except
for the T-WREX) [3-9]. Design trade-offs are made
among various kinematic designs, actuator/drive technol-
ogies, power-to-weight ratios, and control architectures.
In contrast, most exercise training devices are body-
power oriented. Exercise training device users are
expected to perform motions by themselves to gain
strength, power, and endurance from the exercise. This
study proposed a rehabilitation exercise training device
designed from a strength exercise point of view to reduce
the risk of adverse health outcomes, and we developed a
general design scheme for the use of spring-loaded
upper-limb exoskeletons for resistance training. Com-
pared with our previous studies [18-19], efforts have
been made through well-designed experimental investi-
gations to better understand the physical significance of
using a spring-loaded exoskeleton for upper-limb resis-
tance training. The collected data, along with the kine-
matics and dynamics analyses that were performed in our
previous studies, may further our understanding of the
design requirements of a spring-loaded exoskeleton for
upper-limb resistance training. As a result, alternative
designs, inventions, and new applications can be devel-
oped more easily, systematically, and efficiently for the
benefit of resistance or rehabilitation training.

Knowledge of the muscle activity and the recruit-
ment of muscle groups during different resistance train-
ing is of great importance for the study of the utility of
the device. Future studies could focus on neuromuscular
functional retraining for the elderly user and on the pro-
curement of larger sample sizes to provide convincing

evidence of the effectiveness of the SLERT in obtaining
significant and impactful results.

CONCLUSIONS

We modified and reconstructed a passive upper-limb
exoskeleton prototype in accordance with previous stud-
ies and conducted an analysis of online motion to record
designated movements performed using free weights and
the upper-limb exoskeleton as the resistance by six sub-
jects. 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 kine-
matics 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. Com-
parisons 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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