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In recent years, wearable assistive device has been used to support upper arm movement training for rehabilitation purposes. A
wearable assistive device could affect the muscle output during motor tasks to support upper limb disorder rehabilitation
training. However, the investigation of muscle activity with the given assistive force is not widely investigated. In this study,
the evaluation of upper limb muscle activities using musculoskeletal simulation systems with the developed wearable cable-
driven assistive device has been carried out. An experimental protocol consisting of a series of motions was executed with five
healthy subjects. Muscle activation on the brachioradialis, biceps, and triceps muscles was measured by using surface
electromyography (EMG) and analyzed. The simulations with a musculoskeletal model to estimate muscle output with and
without a wearable assistive device were performed for three tasks. An assistive upper arm device was integrated into the
musculoskeletal model, and the desired assistive force is translated to the arm joint along with a tendon routing structure.
Assisting movement by the wearable device was evaluated by measuring muscle activation with-assist and without-assist
conditions. The results show that the use of the wearable assistive device can effectively assist in arm movement. Comparisons
of measured EMG muscle data and the musculoskeletal model revealed that muscle force was generated throughout the arm.
The integrated musculoskeletal model results show that muscle force values for two primary muscles (biceps and
brachioradialis) were reduced during the simulated task when wearing the assistive device. These results are congruent with
expectations, with the assistive device that supports the upper limb movement, providing practical assistance. The results
highlight the importance of evaluating muscle output for the developed wearable assistive device to support the assistive
movement. Lastly, the musculoskeletal simulation system could reduce the resource-intensive, and time consumed with the
experimental testing could be achieved.

1. Introduction

In the past years, in many areas, assistive devices have been
developed to support humans in performing different types
of tasks and support activity of daily life. Assistive devices
have also been developed in the medical or rehabilitation
field. These devices treat or support patients in case of loss
of function caused by diseases, especially stroke patients.

Stroke often causes permanent and complex long-term
disability in adults, reducing the patients’ quality of life
and bringing enormous pain to their physiology and psy-
chology and burdening families in general [1, 2]. In litera-
ture, upper limb hemiparesis is widely reported as one of
the primary impairments after stroke. While many patients

recover ambulatory function after dense hemiplegia, arm
motor skills restoration is often incomplete. More than
60% of patients cannot use their paretic hands in functional
activities [3]. The recovery of arm movements is one of the
most important goals during stroke rehabilitation to avoid
long-term disability that may restrict activities of daily living
(ADL) and social and occupational activities and lead to
depression.

Effective rehabilitation training can improve patients’
nerve function and maintain the degree of joint activity to
help the patient gain their upper limb function capability.
Traditional rehabilitation training is a one-to-one auxiliary
exercise for patients by therapists. This method is challeng-
ing to develop an effective treatment plan, and it is tough
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to control accurately [4]. The traditional treatment methods,
which are based on the therapist’s clinical experience, also
have significant staff consumption problems, long rehabilita-
tion cycles, limited rehabilitation effects, and so on. With
rehabilitation assistive technology and medicine develop-
ment, the rehabilitation device has become a novel assistive
rehabilitation treatment technology. It is essential to utilize
technology for rehabilitation training to recover stroke
patients’ limb function [5]. The research and application of
rehabilitation device systems are expected to effectively alle-
viate the contradiction between the supply and demand of
rehabilitation medical resources and improve the quality of
life of stroke patients [5, 6].

The wearable assistive device that applies forces to the
body to assist with motor tasks is one approach that may
assist people during the rehabilitation of upper limb disor-
der. For example, exoskeletons could improve task economy
[7], enhance strength and functional ability [8, 9], lower bio-
mechanical loads and associated injury risks [10], or protect

healing musculoskeletal tissues during recovery from trauma
surgery. At present, a variety of exoskeleton rehabilitation
robots are developed, e.g., a dynamic exoskeleton system
ADEN-7 robot with 7 degrees of freedom [11] and ARMIN
robot with six degrees of freedom (four active and two
passive) semiexoskeleton structure [12], an ARMEO robot
providing arm weight reduction support system for train-
ing, enhancing performance feedback and evaluation tools
[13]. Currently, it is a relatively safe and efficient rehabil-
itation robot structure. However, most of these high-
technology devices are placed at the rehab center and
need to be operated on by specialists and the patient to
come regularly. Therefore, it is crucial to investigate the
potential of adapting this technology which is potentially
lighter, more affordable, and more convenient to use
(e.g., basic operating manual) than high technology exo-
skeletons. These attributes make the assistive device more
wearable and suitable for continuous use at the home,
workplace, and community.

Figure 1: The overview of the developed wearable assistive device [22] and the load cell position for tension force measurement.
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Figure 2: Assistive device motion range according to its degree of motion.
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When providing effective assistance, it is expected that
wearable assistive devices can reduce muscle output (e.g.,
muscle activations) during motor tasks. Experimental testing
has provided a necessary direct evaluation of muscle output
for powered [9, 14] and passive [9, 15–17] exoskeletons.
However, experiments are resource-intensive and possibly
require several iterations of physical prototypes. Especially
in the early design of human-machine interfaces, computa-
tional musculoskeletal modeling and simulation tools have
offered a cost-effective, alternative approach to experimental
testing for both upper extremities [18, 19] and lower extrem-
ity exoskeletons [20]. Thus, in the proposed study, we used
computational modeling and simulation to evaluate muscle
output during dynamic right upper limb movements for a
wearable assistive device we have developed to assist with
right upper limb movement. Our study’s primary goal was
to quantify muscle output with and without our wearable
assistive device during three simulated tasks involving
dynamic right upper limb movement. We hypothesized that
the resulting exoskeleton output force would cause muscle

output to be lower for some muscles with the assistive device
than without wearing the device.

2. Materials and Methods

2.1. Assistive Device. Owing to the anatomy theory, motion
mechanism, and range of human upper limbs for rehabilita-
tion training, a wearable assistive device with a combination
of servo motor and cable mechanism was developed. This
device can generate elbow flexion and extension movement
motions by pulling the cable hung on a pulley connected
to the forearm part. A cable-driven motor is rear-mounted
to achieve long-distance transmission and reduce the drive
inertia of the end joints. The mechanism and details of the
device can be referred to in this paper [21]. The shoulder
joint internal/external rotation mechanism’s transmission
mechanism is an active gear with belt transmission, where
both ends of the maximum reachable range are provided
with a limiter switch. Once it exceeds the rehabilitation
range, the passive gear will be blocked. It cannot continue
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Figure 3: Subjects wearing an assistive device were asked to flex their elbow close to 90 degrees and return to the initial position. Data (b)
shows measured elbow flexion angle and tension force versus time.
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Figure 4: Subject wearing an assistive device performing maximum shoulder flexion and extension. This movement acquires the subject to
flex the elbow to the close to 90 deg, and then the upper arm will be brought to the upper limit of the arm’s reachable motion and then return
to the initial position. Data (b) shows measured elbow flexion angle, shoulder flexion angle, and tension force versus time.
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to move, ensuring the subject’s safety and avoiding second-
ary injuries to the subject.

As illustrated in Figure 1 above, the elbow motion mech-
anism is constructed by a two-way winding coil structure.
The driven part of the elbow joint movement mechanism
is mounted on the forearm. The two-way driven pulley of
the motor transmits the power to the elbow through the
cable; thus, it completes the elbow flexion/extension motion.
The wearable device’s range of motion and its operational
degree of freedom is shown in Figure 2.

As mentioned in this study’s objective, the relationship
between the assistive force given by the assistive device and
its relationship to the muscle output will be investigated fur-
ther. Therefore, an experimental procedure has been con-
ducted to measure the assistive force during the device’s
upper limb motion. Three specified tasks—elbow flexion
and extension, shoulder flexion and extension, and inner
rotation with shoulder flexion and extension—have been
designed according to the device’s capability and also associ-
ated with the training in rehabilitation upper limb move-
ments. A load cell (TCS-20L, NEC company, Japan) has
been used to measure the tension force generated from the
cable during the power transmission for the movements.
The measurement setting is connected to the motion capture
system so that every activity with the subject is recorded
simultaneously.

3. Experimental Protocol

An experimental protocol was approved by the Shibaura
Institute of Technology (SIT) Review Board. All subjects
were told the aim of the experiments and provided written
consent to participate in this study, and this consent proce-
dure was approved by SIT. The individual in this manuscript
has given written informed consent to publish these case
details. In this study, five right-handed able-bodied subjects
(all males, ages ranging 23-30-year old; weight 58:2 ± 6:8
kg; height 167 ± 6:2 cm) participated. The subjects did not
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Figure 5: Subject wearing an assistive device performing maximum shoulder flexion and extension to the initial position. The arm’s initial
position was kept in front of the inner side of the frontal body of the subject. The elbow was flexed to the maximum and returned to the
initial position. Data (b) shows measured elbow flexion angle, shoulder flexion angle, and tension force versus time.

Table 1: Markers corresponding names.

Marker number Names

1 R. Clavicle

2 C7

3 R. Shoulder

4 R. Bicep

5 E. Elbow lateral

6 R. Forearm

7 R. Radius

8 R. Hand

9 R. Ulna

10 R. Elbow medial

3 2

4

5

6

7

9

8

1

Figure 6: Ten marker locations following the International Society
of Biomechanics (ISB).
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have any skeletal or muscular diseases that could affect their
muscle activity. The protocol involved performing three
motions with two conditions which were with and without
wearing the assistive device. The assistive device was applied
to the subjects in the right arm. The arm movement speed is
naturally moved according to the subjects without the
device. When using the device, the speed of the movement
liaises with the speed of the motor used.

During the experiment, the subjects were quietly seated
in the chair with their torso keeping upright and their
right hand keeping relaxing. Three motions shown in
Figures 3–5 are designed to obtain the motion of the right
upper limb. The traces in every figure indicated the move-
ment trajectory from the initial position to the destination
position in a single trip of each motion and returned to
the initial position. These arm movements are freely
repeated to capture the commonality and the EMG and
motion properties’ variability.

4. Experimental Setup

4.1. Motion Recording. Data were acquired in the Shibaura
Institute of Technology (SIT) laboratory using the 3D Motion
Capture System. This equipment consists of infrared cameras,
which can capture the 3D position of the different markers
over time. Ten markers are placed in the subject to capture
the different motions analyzed. The markers’ numbers and
locations were selected following the International Society of
Biomechanics (ISB) recommendations based on body land-
marks to place the markers. Finally, since only the motion of
the right arm is studied, the markers are only set in the right
part of the body, and the device was also applied to the subjects
at the right shoulder. The markers setup is shown in Figure 6,
with the corresponding names in Table 1.

4.2. Electromyography (EMG) Measurement. Surface EMG
signals were acquired by a commercial EMG acquisition

Biceps
Triceps

Brachioradialis

Figure 7: EMG signals were recorded from sets of electrodes attached to the muscles of interest (biceps, triceps, and brachioradialis), while
the subjects were weighted with a load on the wrist.

Shoulder
rotation

Shoulder
elevation

Shoulder
abduction

Elbow
flexion

Forearm
rotation

Wrist
deviation

Elevation
plane

Wrist flexion

Figure 8: Dynamic musculoskeletal model of the upper limb. The dynamic model incorporates 7 degrees of freedom, including shoulder
rotation and elevation and wrist flexion, wrist deviation and elbow flexion, and elevation plane of the shoulder and forearm rotation.

(a) 3D model and its 3 main parts modeled in CAD Creo software (b) Integrated model

Figure 9: Wearable device model components and their position and orientation in the model. The modeled components shown in (a) were
designed using the CAD Creo Software and later been imported into the OpenSim software to produce a human-device integrated model (b)
that will later be used in simulation in the OpenSim software.
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system (P-EMG plus, http://oisaka.co.jp, Japan). In this
experimental setup, the configuration of the EMG record-
ing is shown in Figure 7. Three predominant muscles acti-
vating the elbow DoFs were selected to be the test’s
muscles: biceps, triceps, and brachioradialis muscle. Eight
channels (only three channels were used) of the bipolar
differential amplifier were carefully placed on these mus-
cles according to the anatomy and hand touch experience
according to the SENIAM guide. The skin underneath the
electrodes was cleaned with an alcohol patch to reduce the
skin’s and sensors’ resistance. The active EMG electrodes
of each channel were positioned at the muscle belly along
the muscle fiber direction with the reference electrode
orthogonal to the active electrodes’ midline. The ground
electrode was attached to the elbow bone. The subjects
were weighted with a 1 kg load strapping on the right
wrist for every motion. EMG signals were recorded in
each posture at 1 kHz that were digitally filtered using a
bandpass filter (20 to 500Hz) in addition to a notch filter.
The raw EMG was rectified, and the RMS EMG was com-
puted for the test’s most stable region.

4.3. Musculoskeletal Model. The dynamic upper extremity
musculoskeletal model [23], as shown in Figure 8, had four

rigid segments representing the rib cage and right humerus,
radius, and hand. The model was modified to include only
32 Hill-type muscle-tendon actuators. For our simulations,
we limited the dynamic model to 4 degrees of freedom:
shoulder elevation, elevation plane angle of the shoulder,
axial shoulder rotation, and elbow flexion. The other upper
extremity degrees of freedom, such as wrist flexion, wrist
deviation, and forearm rotation, were held constant at an
angle of 0°. The fingers’ movement and the wrist are not
studied for two reasons: the considered arm support will
not articulate the fingers, and those are the last part affected
by the disease.

4.4. Upper Arm-Device Integrated Model. The model of the
device was created previously using CREO software.
These 3-dimensional elements representing the 3 main
parts of the device, the trunk, upper arm, and lower
arm, as shown in Figure 9(a), were added to the muscu-
loskeletal model in OpenSim. The mass of each compo-
nent was defined according to the materials for
developing the device. The moments of inertia were esti-
mated from the computer-aided design model according
to the defined materials. During this integration to build
a human-device model, the new weight consists of body

Flexion Extension Flexion Extension Flexion Extension Flexion Extension

Experimental (EMG) Simulation (Opensim) Experimental (EMG) Simulation (Opensim)

Without device With assistive device

M
us

cl
e a

ct
iv

at
io

n
(V

)
M

us
cl

e a
ct

iv
at

io
n

(V
)

M
us

cl
e a

ct
iv

at
io

n
(V

)

M
us

cl
e f

or
ce

 (N
)

M
us

cl
e f

or
ce

 (N
)

M
us

cl
e f

or
ce

 (N
)

M
us

cl
e f

or
ce

 (N
)

M
us

cl
e f

or
ce

 (N
)

M
us

cl
e f

or
ce

 (N
)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

M
us

cl
e a

ct
iv

at
io

n
(V

)

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

Task completion (%)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

M
us

cl
e a

ct
iv

at
io

n
(V

)

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

Task completion (%)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

M
us

cl
e a

ct
iv

at
io

n
(V

)

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

60

40

20

0
0 20 40 60 80 100

Task completion (%)

1
0.8
0.6
0.4
0.2

0
0 20 40 60 80 100

Task completion (%)

Figure 10: Comparison of EMG from experimental and muscle activations computed from OpenSim resulting in three muscle force
brachioradialis (green), biceps (magenta), and triceps (blue) for 90-degree elbow flexion and extension motion with and without the
assistive device.
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and device weight, calculation center of mass, and inertial
parameters are already considered, and the effect is real-
ized during the simulation.

4.5. Analysis of the Effect of the Assistive Force on Muscle
Activation Using Biomechanical Simulations. We simulated
tasks with and without the assistive device to evaluate the
muscle output from the given force measured in the experi-
ments. As explained previously, joint kinematics were
defined from the experimentally measured healthy upper
limb movement subjects. To carry out muscle analysis, the
Computed Muscle Control (CMC) Tool was solved to com-
pute a set of muscle activations required for the dynamic
model to track the desired kinematics by minimizing the
sum of muscle activations [16] In this study, the effect of
the assistive force on the muscle output was evaluated. The
acquired assistive force from the experimental was defined
in OpenSim and applied to the integrated human-device
model system to acquire the interested muscle activations
to support the arm movement.

5. Results

We compared the steady-state muscle activations between
simulations with and without the assistive device for the

simulated static task. For each of the three simulated
dynamic upper limb movements, we computed an outcome
measure of the muscle activity for each muscle of interest
(brachioradialis, biceps, and triceps). The muscles’ location
is shown previously in Figure 7.

5.1. Upper Limb Motion: 90-Degree Elbow Flexion and
Extension. The result of the experiments and simulations
are presented. Figures 10–12 compare three interested mus-
cles for the upper limb movement with and without wearing
the assistive device. Experiments on the upper arm device
had shown that muscle activations could be significantly
reduced when assistive force was enabled during upper limb
movements. Overall, the results show that each of the mus-
cles activated reduced thanks to the presence of the assistive
device. In Figure 10 above, the most significant activated
muscle would be brachioradialis (green), which can be
observed in EMG measured and simulation data from force
produced. The initial peaks are mainly visible during the
elbow’s flexion (within the first 40% of movement) both in
experimental and simulation for brachioradialis and biceps
muscle. As reported in [24–26], the primary activated muscle
for elbow flexion movement would be in brachioradialis and
biceps muscles, and the result from the EMG could confirm
the reported article. However, we can see the visible peak when
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Figure 11: Comparison of EMG from experimental and muscle activations computed from OpenSim resulting in three muscle force
brachioradialis (green), biceps (magenta), and triceps(blue) for maximum shoulder flexion and extension motion with and without the
assistive device. ∗∗ (Flex: flexion; S. Flex: shoulder flexion; Ext: extension).
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the arm is in extensionmotion (the last 50% of the movement)
for the brachioradialis muscle. This is because the muscle was
trying to sustain the movement because of the 1 kg weight
worn by the subject on the wrist. On the other hand, we could
observe the significant triceps muscle peak during the exten-
sion motion in musculoskeletal simulation with and without
wearing the device. The triceps muscle is an extensor muscle
of the upper extremity. Positioning and EMG sensor attach-
ment probably cause minimal detection for the triceps muscle
area during the experiment.

5.2. Upper Limb Motion: Maximum Shoulder Flexion and
Extension. The result in Figure 11 shows a similar group of
muscles activated during the arm’s flexion, which peaks in
the brachioradialis, and biceps muscles can be observed in
both experiment and simulation data for the first 40% of the
movement. Then, these muscles also have another activation
during the shoulder flexion. Although commonly, the muscle
involved during elbow flexion is mainly at the shoulder, the
weight in the subject’s arm could cause the muscle to do extra
work to sustain the shoulder and arm during the shoulder flex-
ion. Only the initial peak for both muscles can be observed
when the subject wears the device. Due to the assisted move-
ment by the device, the elbow and shoulder are well supported
during the shoulder flexion, and extension movement causes
no muscle activated during the motions. In both experiments,

low detection would probably be from the poor sensor attach-
ment and the excessive fat region for triceps muscle data.

5.3. Upper Limb Motion: Inner Elbow Flexion and Extension.
For inner elbow flexion and extension, the shoulder muscle
would be the most anticipated during these movements
according to the muscle anatomy of the upper limb human
movement. However, since this is a preliminary evaluation,
we only focus on threemuscles for all the motions for compar-
ison, and none of the shoulder muscles is evaluated. Overall
results in Figure 12 show that a shallow muscle peak is acti-
vated across the muscles. This visible activated muscle may
be because of the muscle trying to hold or sustain the arm with
the weight during the motion.

6. Discussion

Wearable assistive devices can potentially offset substantial arm
loading during upper limb movement tasks. This study com-
pared the functionality of the assistive device developed in this
study for upper arm dynamic movements and its effect on the
muscle output. Together with the experimental condition, two
computer-based musculoskeletal models with and without
device parameters have been set up. Specifically, we used mea-
sured tension forces during the device motion as input to
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Figure 12: Comparison of EMG from experimental and muscle activations computed from OpenSim resulting in three muscle force
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compare differences in force and activation in the right arm
muscles (Brachioradialis, biceps, and triceps) activity.

Results showed that a musculoskeletal model with and
without an integrated assistive device could produce muscle
activation patterns similar to the EMG measured for all
muscles of interest during the simulated upper dynamic
tasks. A comparison of measured EMG muscle data and
human-device models revealed that, although the model
did not fully incorporate similar muscle physiology
completely, muscle force was generated throughout the
arm comparable with measured muscle activity from the
experimental. The integrated human-device model pro-
duced encouraging results such that muscle force values for
2 primary muscles (biceps and brachioradialis) were reduced
during the simulated task when wearing the assistive device.
These results are congruent with expectations, with the assis-
tive device manages to support the upper limb movement,
providing practical assistance.

Our study has several assumptions and limitations. Firstly,
only healthy subjects were tested and modeled in this study,
and the findings may not reflect those of an affected upper limb
due to the stroke disease. Secondly, differences in kinematics
between the assistive device joints and the anatomical upper
limb joints may have influenced model calculation during the
simulation. However, they are unlikely to have influenced the
main finding in this study of evaluation of significantly reduced
muscle output when wearing the assistive device. Even though
our simulation results are based on our developed assistive
device design, our main findings are generalizable to other
wearable devices, including cable-driven ones.

We only simulated 3 specific upper extremity move-
ments in the present study that capture a small subset of
possible upper arm movements. A more significant number
of movements representing the wide variety of daily living
tasks should be evaluated in the future to determine the
effect of the assistive device more comprehensively on user
biomechanics. In addition, we constrained all simulations
and conditions to the same experimental kinematics from
the healthy subject who was not impaired and did not use
the device in regular daily life. Someone using an assistive
device regularly may adapt their movement, as shown for
other passive devices [26].

Our developed assistive device’s primary function is to
help with ADL tasks for patients who cannot move one arm.
However, the capability of the assistive device to assist the
arm movement and its effect on muscle activity has not been
studied to date. This study demonstrated that upper limb
movement assisted by the wearable assistive device could
reduce peak muscle force confirming the study hypothesis.

7. Conclusions

To successfully translate wearable assistive technology to
upper limb disability patients during rehabilitation train-
ing, it is critical to understand its effectiveness, usability,
and biomechanical interaction with humans. As a first step
toward accomplishing this goal, we quantitatively evalu-
ated our developed assistive device’s mechanical and bio-
mechanical performance. Our results showed that the

device could reduce the muscle activity of several muscles
crossing the upper arm. However, our mechanical evalua-
tion revealed aspects of the design that limit the assistive
device’s assistance. In our future work, different assistance
levels and identifying a range of assistance that most
enhances arm motor function and biomechanics will be
explored further. More comprehensive biomechanical
studies will be performed to assess the device for more
biomechanical parameters (e.g., joint kinematics), more
participants (both able-bodied subjects and people with
upper arm disability), and more movements that typify
activities of daily living. Finally, several design refinements
need to be made, especially those that reduce friction and
add a motion range to the system.

The method’s limitations suggest that if the interest is
focused on muscle forces, EMG data can only provide a pre-
liminary assessment of muscle activation patterns and does
not provide information on how muscle forces change
within specific tasks due to the nonlinear relationship
between EMG and muscle forces [27]. The ideal way to com-
pare the results of a musculoskeletal model and actual inter-
nal structure forces would be to measure joint reaction
forces during the movement of interest and relate them to
the calculated joint reaction forces. This type of validation
is limited to impaired participants, who might not even
complete all tasks.

Furthermore, the musculoskeletal models were not
adjusted participant specifically in the current study, further
explaining the differences between the model predictions
and the EMG measurements. However, it can be assumed
that the participant-specific differences based on the avail-
able treatment are substantially averaged out over the five
participants. Moreover, the goal was to assess whether this
human-device integrated model can be used in future
research for evaluating muscle output during rehabilitation
training when using the assistive device. To conclude, this
study showed that the integrated human-device musculo-
skeletal model yielded good agreement between the mea-
sured and estimated muscle activity for most conditions
and muscles. Therefore, it can be used for further analysis
in similar groups of participants.
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the findings of this study have not been made available
because the device was only available at our laboratory.

Ethical Approval

The study was conducted according to the guidelines
approved by the Ethics Committee of the Shibaura Institute
of Technology Review Board.

Consent

Informed consent was obtained from all subjects involved in
the study.

9Applied Bionics and Biomechanics



Conflicts of Interest

The authors declare no conflict of interest.

Authors’ Contributions

M.F.A. was the principal investigator and contributed to the
analysis, data collection, and summarization. A.H.’s supervi-
sion and S.M. contributed to the review and methodology
validation. All authors have agreed to the approval of the
final manuscript.

References

[1] http://www.who.int/mediacentre/factsheets/fs352/en/.
[2] R. W. Teasell and L. Kalra, “What’s new in stroke rehabilita-

tion,” Stroke, vol. 35, no. 2, pp. 383–385, 2004.
[3] A. Seth, J. L. Hicks, T. K. Uchida et al., “OpenSim: simulating

musculoskeletal dynamics and neuromuscular control to study
human and animal movement,” PLoS Computational Biology,
vol. 14, no. 7, article e1006223, 2018.

[4] P. Agarwal, M. S. Narayanan, L.-F. Lee, F. Mendel, and V. N.
Krovi, “Simulation-based design of exoskeletons using muscu-
loskeletal analysis,” in Proceedings of the ASME 2010 Interna-
tional Design Engineering Technical Conferences and
Computers and Information in Engineering Conference of Vol-
ume 3: 30th Computers and Information in Engineering Con-
ference, Parts A and B, pp. 1357–1364, Montreal, Quebec,
Canada, 2010.

[5] Z. Lelai, L. Yibin, and B. Shaoping, “A human-centered design
optimization approach for robotic exoskeletons through bio-
mechanical simulation,” Robotics and Autonomous Systems,
vol. 91, pp. 337–347, 2017.

[6] D. Pujals, Simulation of the Assistance of an Exoskeleton on
Lower Limbs Joints Using OpenSim, [M.S. thesis], Universitat
Politècnica de Catalunya, Barcelona, 2017.

[7] K. Holzbaur, W. M. Murray, and S. L. Delp, “A model of the
upper extremity for simulating musculoskeletal surgery and
analyzing neuromuscular control,” Annals of Biomedical Engi-
neering, vol. 33, no. 6, pp. 829–840, 2005.

[8] K. R. Saul, X. Hu, C. M. Goehler et al., “Benchmarking of
dynamic simulation predictions in two software platforms
using an upper limb musculoskeletal model,” Computer
Methods in Biomechanics and Biomedical Engineering,
vol. 18, no. 13, pp. 1445–1458, 2015.

[9] J. Chand, S. Hammer, and J. Hicks, “Collecting Experimental
D a t a , ” Op en S im Do c umen t a t i o n , 2 0 1 2 , h t t p : / /
simtkconfluence.stanford.edu:8080/display/OpenSim/
Collecting+Experimental+Data.

[10] D. G. Thelen, F. C. Anderson, and S. L. Delp, “Generating
dynamic simulations of movement using computed muscle
control,” Journal of Biomechanics, vol. 36, no. 3, pp. 321–328,
2003.

[11] “Creo Software,” https://www.ptc.com/en/products/creo.
[12] E. Pirondini, M. Coscia, S. Marcheschi et al., “Evaluation of the

effects of the arm light exoskeleton on movement execution
and muscle activities: a pilot study on healthy subjects,” Jour-
nal of NeuroEngineering and Rehabilitation, vol. 13, no. 1,
2016.

[13] R. Gopura and K. Kiguchi, “Mechanical designs of active
upper-limb exoskeleton robots: state-of-the-art and design dif-

ficulties,” in 2009 IEEE International Conference on Rehabilita-
tion Robotics, pp. 178–187, Kyoto, Japan, 2009.

[14] P. Agarwal, P.-H. Kuo, R. R. Neptune, and A. D. Deshpande,
“A novel framework for virtual prototyping of rehabilitation
exoskeletons,” in 2013 IEEE 13th International Conference on
Rehabilitation Robotics (ICORR), pp. 1–6, Seattle, WA, USA,
2013.

[15] L. L. Menegaldo, A. De Toledo Fleury, and W. Hi, “A ‘cheap’
optimal control approach to estimate muscle forces in muscu-
loskeletal systems,” Journal of Biomechanics, vol. 39, no. 10,
pp. 1787–1795, 2006.

[16] H. I. Krebs, S. P. Buerger, K. A. Jugenheimer, D. Williams, and
N. Hogan, “3-D extension for MIT-MANUS: a robot-aided
neuro-rehabilitation workstation,” in Volume 7B: 26th Bien-
nial Mechanisms and Robotics Conference, Baltimore, Mary-
land, USA, 2000.

[17] J. C. Perry, J. Rosen, and S. Burns, “Upper-limb powered exo-
skeleton design,” IEEE/ASME Transactions on Mechatronics,
vol. 12, no. 4, pp. 408–417, 2007.

[18] P. S. Lum, C. G. Burgar, P. C. Shor, M. Majmundar, and
M. Van Der Loos, “Robot-assisted movement training com-
pared with conventional therapy techniques for the rehabilita-
tion of upper-limb motor function after stroke,” Archives of
Physical Medicine and Rehabilitation, vol. 83, no. 7, pp. 952–
959, 2002.

[19] H. S. Lo and S. Q. Xie, “Exoskeleton robots for upper-limb
rehabilitation: state of the art and future prospects,” Medical
engineering & physics, vol. 34, no. 3, pp. 261–268, 2012.

[20] N. Jarrassé, T. Proietti, V. Crocher et al., “Robotic exoskele-
tons: a perspective for the rehabilitation of arm coordination
in stroke patients,” Frontiers in Human Neuroscience, vol. 8,
pp. 947–947, 2014.

[21] D. G. Magermans, E. Chadwick, H. E. J. Veeger, and F. C. T.
van der Helm, “Requirements for upper extremity motions
during activities of daily living,” Clinical Biomechanics,
vol. 20, no. 6, pp. 591–599, 2005.

[22] A. Hanafusa, F. Shiki, H. Ishii et al., “Development of an active
upper limb orthosis controlled by EMG with upper arm rota-
tion,” in Intelligent Human Systems Integration-Proceedings
of the 1st International Conference on Intelligent Human Sys-
tems Integration IHSI: Integrating People and Intelligent Sys-
tems, pp. 163–169, Springer, 2018.

[23] P. Maciejasz, J. Eschweiler, K. Gerlach-Hahn, A. Jansen-Troy,
and S. Leonhardt, “A survey on robotic devices for upper limb
rehabilitation,” Journal of neuroengineering and rehabilitation,
vol. 11, no. 1, 2014.

[24] R. D. Crowninshield, “Use of optimization techniques to pre-
dict muscle forces,” Journal of Biomechanical Engineering,
vol. 100, no. 2, pp. 88–92, 1978.

[25] K. N. An, K. R. Kaufman, and E. Chao, “Physiological consid-
erations of muscle force through the elbow joint,” Journal of
Biomechanics, vol. 22, no. 11-12, pp. 1249–1256, 1989.

[26] G. Kwakkel, B. J. Kollen, and H. I. Krebs, “Effects of robot-
assisted therapy on upper limb recovery after stroke: a system-
atic review,” Neurorehabilitation and Neural Repair, vol. 22,
no. 2, pp. 111–121, 2008.

[27] K. Luttgen and K. E. Wells, Kinesiology: Scientific Basis of
Human Movement, Saubders, Philadelphia, 7th edition, 1982.

10 Applied Bionics and Biomechanics

http://www.who.int/mediacentre/factsheets/fs352/en/
http://simtkconfluence.stanford.edu:8080/display/OpenSim/Collecting+Experimental+Data
http://simtkconfluence.stanford.edu:8080/display/OpenSim/Collecting+Experimental+Data
http://simtkconfluence.stanford.edu:8080/display/OpenSim/Collecting+Experimental+Data
https://www.ptc.com/en/products/creo

	Evaluation of Upper Limb Muscle Activation Using Musculoskeletal Model with Wearable Assistive Device
	1. Introduction
	2. Materials and Methods
	2.1. Assistive Device

	3. Experimental Protocol
	4. Experimental Setup
	4.1. Motion Recording
	4.2. Electromyography (EMG) Measurement
	4.3. Musculoskeletal Model
	4.4. Upper Arm-Device Integrated Model
	4.5. Analysis of the Effect of the Assistive Force on Muscle Activation Using Biomechanical Simulations

	5. Results
	5.1. Upper Limb Motion: 90-Degree Elbow Flexion and Extension
	5.2. Upper Limb Motion: Maximum Shoulder Flexion and Extension
	5.3. Upper Limb Motion: Inner Elbow Flexion and Extension

	6. Discussion
	7. Conclusions
	Data Availability
	Ethical Approval
	Consent
	Conflicts of Interest
	Authors’ Contributions

