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Abstract: Human-exoskeleton misalignment could lead to permanent damages upon the targeted

limb with long-term use in rehabilitation. Hence, achieving proper alignment is necessary to ensure

patient safety and an effective rehabilitative journey. In this study, a joint-based and task-based

exoskeleton for upper limb rehabilitation were modeled and assessed. The assessment examined and

quantified the misalignment present at the elbow joint as well as its effects on the main flexor and

extensor muscles’ tendon length during elbow flexion-extension. The effects of the misalignments

found for both exoskeletons resulted to be minimal in most muscles observed, except the anconeus

and brachialis. The anconeus muscle demonstrated a relatively higher variation in tendon length with

the joint-based exoskeleton misalignment, indicating that the task-based exoskeleton is favored for

tasks that involve this particular muscle. Moreover, the brachialis demonstrated a significantly higher

variation with the task-based exoskeleton misalignment, indicating that the joint-based exoskeleton

is favored for tasks that involve the muscle.
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1. Introduction

Exoskeletons are commonly used to automate and assist with exercises in physical
rehabilitation. The incorporation of these devices to rehabilitation has provided several
benefits to physical therapists and patients. For instance, exoskeletons have shown to
remove the physical load from the therapists, leading to longer and more intensive training
periods [1]. Moreover, the use of exoskeletons has motivated the active involvement from
the patient, which has resulted in a more effective and rapid recovery [2]. Since exoskele-
tons have proved to be beneficial in physical rehabilitation, rehabilitative-exoskeleton
development and evolution has continued to be a motivated research area.

Exoskeleton designers and developers face an ongoing challenge in achieving perfect
alignment of these robotic devices with the human body and targeted limbs. While some
degree of misalignment is inevitable due to the complexity of the human body, proper
alignment is crucial to avoid complications such as discomfort and irreversible damage to
the user [3]. Research has shown that human-exoskeleton misalignment generates parasitic
forces on the user’s targeted limb, which alters the desired motion needed for proper
movement during rehabilitation exercises [4]. Although there have been several attempts
that target this ongoing issue, the solutions tend to disregard aspects of the factors that
continue to contribute to these challenges, such as subject variability, simplification of
complex human joints, and generalization of the human body’s range of motion.

The most common approach in exoskeleton design is the joint-based approach, which
involves mechanically replicating the structure of the human body. However, this approach
presents its own challenge due to the complexity of human joints. Typically, complex joints,
such as the shoulder and elbow joints, are modeled as ball-and-socket joints and hinges,
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respectively. However, this design approach assumes that the set of joints rotates about a
fixed axis, whereas human joints allow for complex motions that result in displacement
of their center of rotation [5]. Failure to align these robotic devices with the anatomical
structure of the human body could cause constraint and stress on the targeted joints and
limbs, potentially leading to detrimental effects on the user. The difficulty of mechanically
replicating human joints in exoskeleton designs has motivated other approaches, such as the
task-based design approach, which focuses on generating a specific task without necessarily
mimicking the human body. However, this approach may also present misalignment issues
due to its lack of control and support at the targeted human joint, potentially leading to
dangerous motions such as varus-valgus rotations at the elbow joint.

Previous studies have sought to identify any misalignment upon developed exoskele-
ton designs through prototype testing and computational modeling. For instance, the study
demonstrated in [6] performed prototype testing to determine any inconsistencies between
the human range of motion and that of their developed exoskeleton. Other studies such
as [7] were designed to assess an exoskeleton’s ability to account for human variability and
alignment to the human body using a model-based assessment method to compare the
kinematics of the subjects and exoskeleton and then identify any parasite forces acting on
the targeted limb. However, this method of assessment does not allow for the quantification
of the identified misalignment and its effect on the targeted limb. Other approaches in
assessment have been performed using the OpenSim musculoskeletal modeling software
to predict the dynamic behavior between an exoskeleton and its user [8]. Similarly, this
method of assessment does not include a quantified assessment on the internal effects that
the identified misalignment presents on the user’s targeted limb. Overall, the OpenSim 3.3
software has not been used as a means to quantify misalignment and its effect on the
internal components of the targeted limb other than the assessment method developed
in [9]. However, this method only focuses on providing an assessment for joint-based
exoskeleton designs. Hence, an assessment method to quantify misalignment on task-based
exoskeleton designs and its effects on the targeted limb is required to determine if an
identified misalignment could lead to detrimental effects upon the user, which could then
motivate the development of exoskeletons with acceptable levels of misalignment.

In this research, the joint-based and task-based exoskeleton designs are evaluated
and compared in terms of their alignment to the human elbow joint using OpenSim. The
study aims to quantify any misalignment present in the designs and determine its effects
on the muscle-tendon length of the main elbow flexor-extensor muscles during simulated
elbow flexion-extension motion [9]. Misalignment between the human and exoskeleton
can generate undesired forces on the targeted limb, which may impact muscle performance
and cause injury or discomfort to individuals with impairments. This research goes beyond
previous work by introducing an alternative method for quantifying misalignment in a
task-based exoskeleton and identifying detrimental levels of misalignment. By observing
variations in muscle tendon lengths, this study aims to determine if undesired forces are
influencing muscle performance and potentially causing injury or discomfort.

2. Exoskeleton Descriptions

Since this study performs an assessment method on a task-based and joint-based ex-
oskeleton, both mechanisms are introduced and described to elaborate on their differences
in design and mechanical abilities.

2.1. Joint-Based Exoskeleton

The joint-based exoskeleton is a 5 Degree-of-Freedom (DOF) mechanism designed
to assist with upper limb rehabilitation [10]. As shown in Figure 1, the mechanism is
composed of five links, where link 1, 4, and 5 are adjustable to account for anthropometric
variability between users. An adjustable stand is also included to account for user height
variability. The overall mechanism is composed of five active joints that are able to generate
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different rehabilitation motion tasks such as shoulder flexion-extension, shoulder adduction-
abduction, shoulder elevation-depression, and elbow flexion-extension.

Figure 1. Joint-based exoskeleton design [10].

The exoskeleton shoulder is modeled as a ball-and-socket joint where three revolute
joints are serially linked together and their axes intersect at a single point as shown in
Figure 1. The shoulder assembly was modeled as such so that the center-of-rotation (COR)
of the exoskeleton shoulder aligns with that of the user’s glenohumeral joint. Moreover,
the exoskeleton shoulder itself is composed of four motors that help drive the shoulder
related motions. The last motor is located at the attachment point between link 4 and 5,
which helps drive the elbow flexion-extension motion. This attachment point is known as
the exoskeleton elbow joint, which is modeled as a 1-DOF revolute joint.

2.2. Task-Based Exoskeleton

The task-based exoskeleton is an over-constrained parallel mechanism that was de-
veloped to generate a desired limb trajectory–elbow flexion-extension–for upper limb
rehabilitation [11]. In order to accomplish the 1-DOF motion, each link composing the
exoskeleton has the same length as its opposing link.

The mechanism is composed of four links: the ground link, input link, coupler link,
and output link; the end-effector is located at the coupler link. The fixed/ground link is
represented as link 1 and the end-effector is represented as link 4, as shown in Figure 2.
The mechanism is driven by a single motor that is located at the attachment point between
link 1 and link 3. Finally, link 2 is considered the follower in the design or in other words,
the output link. All joints composing the task-based mechanism are modeled as revolute
joints, which allow the driven elbow flexion-extension motion.
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Figure 2. Task-based exoskeleton design [11].

3. Methods

3.1. Modeling in OpenSim

The OpenSim software aided with the assessment of both exoskeleton designs [12].
The software offers a variety of tools such as Inverse Kinematics (IK), Body Kinematics (BK),
and Muscle Analysis (MA) that allows for motion generation, obtaining information on
position and orientation of each body composing the model, and obtaining muscle-related
information, respectively. All tools mentioned were used during the assessment.

OpenSim’s Upper Extremity Dynamic Model was used to perform the assessment
on both designs. The musculoskeletal model is composed of a total of 50 muscles and
includes 15 DOFs which represents the shoulder, elbow, forearm, wrist, thumb, and index
finger motions [13]. Within the model, the elbow joint rotates about a fixed axis that
passes between the center of the trochlear sulcus and the center of the capitulum of the
humerus [14]. Prior to the assessment, both exoskeletons were modeled within the existing
musculoskeletal model.

3.1.1. Joint-Based Exoskeleton

In order to model the joint-based exoskeleton within OpenSim, all parts composing
the design were incorporated and assembled within the Upper Extremity Dynamic Model.
Before initiating the modeling of the exoskeleton within the existing musculoskeletal model,
the geometry file of each part composing the exoskeleton were converted into a format
accepted by OpenSim–.vtp, .stl, or .obj. After the new files were acquired, each part was
incorporated into the Upper Extremity Dynamic Model script file as bodies.To incorporate
the bodies to the model, the geometrical information of each body was acquired and added
to the script file under the appropriate body. This included information regarding the
joint frame geometry for each joint composing the exoskeleton design, each part’s location
relative to its parent body from their respective origins, and the range of motion of the
joints. Figure 3 demonstrates the method of determining the joint frame geometry for each
joint. The geometrical information of each exoskeleton joint was gathered using the CATIA
V5-3DX R2020 software.

First, each joint was converted into the form of the world frame in terms of orientation;
the world frame used is the world frame of the existing musculoskeletal model. After
each joint frame was in the correct orientation relative to the world frame, the orientation
displacement between two consecutive joints was determined using Equation (1), where
ROA and ROB are matrices of two consecutive joint frames and RAB is the orientation
displacement matrix between the two joint frames. For instance, in Figure 3, R12 is the
orientation displacement matrix between J1 and J2. The Euler orientation of each joint was
then determined in Matlab using Equation (2).

RAB = R−1
OA × ROB (1)

eulAB = rotm2eul(RAB, “XYZ”) (2)

After the Euler orientation was gathered for each joint, a joint was created within the
script file under the appropriate bodies. Two types of joints were used–CustomJoints and
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WeldJoints. A CustomJoint was used for joints that are able to rotate along the joint axes,
while a WeldJoint was used for joints that are fixed and should not rotate. Once the joints
were created, the Euler orientation information of each joint composing the exoskeleton
was added to the script file of the model under its appropriate body. In addition, a range of
motion was specified for each joint regarding its rotations and translations along the x, y,
and z axes. Further adjustments were made to the body, if necessary, using the “transform”
tool to translate and/or rotate the body with respects to its part frame. In addition, the
location of each part frame was adjusted when necessary so that their origins were at their
appropriate attachment point using the “position in body” tool. This tool was used to
assemble the exoskeleton.

Figure 3. Joint-based exoskeleton joint frame geometry.

3.1.2. Task-Based Exoskeleton

Similar steps were performed to incorporate the task-based exoskeleton model onto
the existing musculoskeletal model. Each part was incorporated as a body to the model
and each body’s geometrical information was gathered and added to the model’s script file
under the appropriate body. Figure 4 demonstrates the method of determining the joint
frame geometry information for each joint.

Figure 4. Task-based exoskeleton joint frame geometry.

Similar to the joint-based exoskeleton, the orientation of each joint was altered to
cohere with the world frame and then Equations (1) and (2) were used to determine the
orientation displacement between two consecutive joints. The Euler orientation of each
joint was then added under the appropriate body and joint within the model’s script file.
The joints were characterized as WeldJoints or CustomJoints based on if the joint was fixed
or had the ability to rotate respectively. The range of motion of the joints classified as a
CustomJoint were then identified in the x, y, and z axes. Finally, additional adjustments to
assemble the exoskeleton and adjust the bodies’ origins were made using the “position in
parent body” and “transform” tools.
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3.2. Simulating in OpenSim

The elbow flexion-extension motion was simulated within OpenSim to assess both
exoskeletons on their alignment at the elbow joint. The trajectory of the motion was
previously recorded using a motion capture system. The acquired trajectory was then used
to create the elbow flexion-extension motion using the IK toolbox offered by OpenSim,
which creates a motion file. A marker set was used to perform this task to dictate the
location of the designated anatomical positions on the human model.

3.2.1. Joint-Based Exoskeleton

Once the exoskeleton was modeled and assembled within OpenSim, the elbow flexion-
extension motion was simulated upon the human model using IK, previously recorded mo-
tion capture data, and a marker set. Although the motion was generated upon the human
model, this motion was not yet prevalent on the joint-based exoskeleton model. The motion
was generated on the exoskeleton by accessing the motion file obtained from performing
IK and replicating the motion of the elbow joint throughout the elbow flexion-extension
motion onto the respective exoskeleton joint—J5. Therefore, the joint was generated to
vary from 44.079◦ to 125.634◦ for elbow flexion and vice versa for elbow extension. The
exoskeleton’s initial position was then adjusted to correspond with the new initial posture
of the human model.

3.2.2. Task-Based Exoskeleton

Once the model of the exoskeleton was fully assembled, the elbow flexion-extension
motion was simulated upon the human model following the same steps as previously
mentioned. However, replicating the elbow flexion-extension motion onto the task-based
exoskeleton was far more complicated than doing it for the joint-based exoskeleton since
the elbow joint does not have a corresponding task-based exoskeleton joint. Hence, more
calculations were needed to successfully simulate the elbow flexion-extension motion upon
the task-based exoskeleton. Similar to the joint-based exoskeleton simulation process, the
motion file obtained from IK was used to incorporate the motion upon the exoskeleton.

First, the range of motion was specified for each link where link 2 varies from 21.190◦

to 10.588◦ for elbow flexion and vice versa for elbow extension, link 3 varies from 0◦ to
−95.294◦ for elbow flexion and vice versa for elbow extension, and link 4 varies from
31.765◦ to 21.176◦ for elbow flexion and vice versa for elbow extension. It is important
to notice that the duration of the motion is 4.750 s while the motion switches from elbow
flexion to elbow extension at the 2.707 s mark. In addition, within the motion file, it is noted
that the whole motion involves a total of 286 time intervals, while the 2.7 s mark is at the
163rd time interval. Therefore, to perform the elbow flexion motion, the difference between
the final angle and initial angle was calculated for each link and divided by 163 since the
task-based exoskeleton performs the task in a uniform velocity. As shown in Equation (3),
A f is the angle value used for the number sequence where the difference between two
consecutive values in the elbow flexion trajectory is A f , A f f is the final angle that each link
reaches at the end of the elbow flexion motion, and Ai f is the initial angle that each link is
in prior to initiating the elbow flexion motion. For instance, for link 2, A f f is 10.588◦ and
Ai f is 21.190◦ hence, A f is −0.06504◦.

A f =
A f f − Ai f

163
(3)

A similar process was used to generate the elbow extension motion. However, this
time, Equation (4) was used where Ae is the angle value used for the number sequence
where the difference between two consecutive values in the elbow extension trajectory is
Ae, A f e is the final angle that each link reaches at the end of the elbow extension motion,
Aie is the initial angle that each link is in prior to initiating the elbow extension motion,
and 123 is the remaining amount of time intervals after the elbow flexion motion was
performed—obtained by subtracting the amount of time intervals used for elbow flexion
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(163) from the total number of intervals used for the elbow flexion-extension motion (286).
For instance, for link 2, A f e is 21.190◦ and Aie is 10.588◦ hence, Ae is 0.08609◦.

Ae =
A f e − Aie

123
(4)

3.3. Quantifying Misalignment at the Elbow Joint

Quantifying the misalignment present in each exoskeleton design will allow the
comparison between the two designs when observing the effects that their misalignments
have on the muscle tendon lengths of the main flexor and extensor muscles. Theoretically,
if the misalignment is significant, it will cause the tendons to reach dangerous levels of
variation. Nonetheless, the levels of variation in tendon length cannot be obtained without
quantifying the misalignment of each design first and then applying the misalignment to
the human model used.

3.3.1. Joint-Based Exoskeleton

Once the human model and joint-based exoskeleton were coordinately performing the
elbow flexion-extension task, the BK toolbox was used to obtain information on the location
of each body’s origin throughout the generated motion. The origin position coordinates of
the ulna and link 5 were then compared in the frontal, vertical, and sagittal {x̂, ŷ, ẑ} axes as
well as their orientations in elbow varus-valgus, elbow supination-pronation, and elbow
flexion-extension (α, β, and γ) throughout the generated motion; Figure 5A demonstrates
this comparison during elbow flexion and Figure 5B during elbow extension, where the
axes of the ulna frame, link 5 frame, and world frame are represented by {x̂exo, ŷexo, ẑexo},
{x̂hum, ŷhum, ẑhum}, and {x̂, ŷ, ẑ}, respectively. In addition, the position displacement values
that we identify are with respect to the world frame, the orientation displacement values
are with respect to the ulna frame, and {x̂hum, ŷhum, ẑhum} are the axes of rotation of α, β,
and γ, respectively.

The position displacements between the two bodies with respect to the world frame
were calculated using Equation (5), where Ph(t) is the position of the human elbow joint
with respect to time, Pe(t) is the position of the exoskeleton elbow joint with respect to time,
Po(0) is the initial displacement, and Pd(t) is the overall position displacement with respect
to time.

Pd(t) = Pe(t)− Ph(t)− Po(0) (5)

(A)

Figure 5. Cont.
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(B)

Figure 5. Joint-based exoskeleton’s elbow joint and human elbow joint axis alignment during elbow

(A) flexion and (B) extension.

In addition, the orientation displacement between the two bodies’ frames were also
calculated using Equation (6), where Oh(t) is the orientation of the human elbow joint with
respect to time, Oe(t) is the orientation of the exoskeleton elbow joint with respect to time,
and Od(t) is the overall orientation displacement between the two bodies with respect to
time. The position and orientation displacement results are shown in Figure 6.

Od(t) = Oe(t)− Oh(t) (6)

Figure 6. Joint-based exoskeleton (A) position and (B) orientation displacements.

A new human model was created where the ulna’s origin position was translated and
rotated using the maximum position and orientation displacement values identified in the
{x̂, ŷ, ẑ} and α, β, and γ directions shown in Figure 6. This new model is referred to as
the joint-based misaligned human model and the initial human model is referred to as the
original human model.

3.3.2. Task-Based Exoskeleton

Since the task-based exoskeleton design does not have a part and/or joint that corre-
sponds to the human ulna and/or elbow joint, a different approach was taken to assess this
exoskeleton design.

The varus and valgus stress tests are used in order to identify any tears and injuries
in these ligaments [15–18]. A moving valgus stress test was performed on twenty-one
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subjects, where the elbow flexion-extension motion was generated while a valgus torque
was being applied [18]. It was found that the subjects experienced pain when the elbow
was flexed and extended between 70◦ and 120◦, where a maximum pain occurred when
the elbow was flexed 90◦. Since the task-based design is not able to provide support at
the elbow throughout the generation of the rehabilitation task, it is necessary to assess the
design on the varus-valgus angle that it causes upon the user’s elbow joint; a large angle
could cause tears upon corresponding ligaments as well as pain at the elbow joint. In order
to perform this assessment, a set of dummy bodies were added to the human-exoskeleton
model and used to track and compare the positions of the exoskeleton’s arm cuff and
its attachment point at the ulna during elbow flexion and extension using Equation (5),
as shown in Figure 7. The axes of the frame composing the dummy body placed at the
exoskeleton arm cuff, the dummy body placed at the ulna, and world frame are represented
by {x̂exo, ŷexo, ẑexo}, {x̂hum, ŷhum, ẑhum}, and {x̂, ŷ, ẑ}, respectively. When elbow flexion-
extension was successfully generated upon the task-based exoskeleton and human model,
the musculoskeletal model was prepared to undergo BK to access information on each
body’s position and orientation throughout the generated motion. The positions of the
exoskeleton arm cuff and ulna at their attachment points were obtained and compared in
order to determine the varus-valgus angle using the arc length formula shown in Figure 8,
where arclength is a vector of the maximum position displacement of the exoskeleton arm
cuff and ulna, r is the distance between the elbow joint and arm cuff-ulna attachment point,
and θ is the angle vector for elbow varus-valgus, elbow supination-pronation, and elbow
flexion-extension.

(A)

(B)

Figure 7. Demonstration of exoskeleton arm cuff and ulna attachment positions during (A) elbow

flexion and (B) elbow extension.

The position displacement between the exoskeleton arm cuff and the ulna at their
attachment point are shown in Figure 9. For the human model used, elbow varus-valgus
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occurs in the α direction. However, the position displacement values obtained from BK are
relative to the world frame. Since the world frame and the ulna frame are not equivalent
in direction, those displacement values were translated and rotated to correspond to the
frame of the ulna—Table 1 demonstrates the maximum position displacement values used
as the arc length vector in the arc length formula shown in Figure 8.

Figure 8. Arc length formula used to find varus-valgus angle.

Figure 9. Position displacements between the exoskeleton arm cuff and ulna at their attachment points.

Table 1. Maximum Position Displacements from Task-Based Exoskeleton.

x y z

−10.02 mm −20.85 mm −29.65 mm

The distance between the elbow joint and arm cuff-ulna attachment point at the
forearm were also obtained using the BK files and Equation (7), where P1 is the position
of the arm cuff-ulna attachment point at the forearm, P2 is the position of the elbow joint,
(x1, y1, z1) are the coordinates of P1, and (x2, y2, z2) are the coordinates of P2. This distance
represents r in the arc length formula.

D(P1, P2) =
√

(x2 − x1)2 + (y2 − y1)2 + (z2 − z1)2 (7)

Finally, using the arc length formula from Figure 8, it was found that the varus-valgus
angle caused by the exoskeleton is −7.122◦. The angles obtained for elbow supination-
pronation and flexion-extension were neglected for the purpose of this study since those
two motions are safe and common motions occurring at the elbow joint. A new human
model was developed where the ulna was rotated using the varus-valgus angle found. This
new model is referred to as the task-based misaligned human model.
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4. Results

Muscle Tendon Length Variations from Misalignment

Three simulations were performed for the elbow flexion-extension task using the
original model, the joint-based misaligned model, and the task-based misaligned model.
The MA tool was used on all three simulations to obtain information on muscle tendon
length throughout the motion. The tendon lengths obtained from the joint-based and task-
based misaligned models were then compared to the lengths obtained from the original
model. Theoretically, if the misaligned models demonstrate significant variations in muscle
tendon length, it would indicate that the exoskeleton presents a misalignment that could be
detrimental to the users. The muscle groups observed for this assessment include the main
elbow flexor (biceps brachii, brachialis, and brachioradialis) and extensor (triceps brachii
and anconeus) muscles.

The results of the assessment are shown in Figure 10 for the flexor and extensor
muscles. The results obtained from the joint-based misaligned model are labeled as “with
joint-based exoskeleton”, the results obtained from the task-based misaligned model are
labeled as “with task-based exoskeleton”, and the results obtained from the original human
model are labeled as “without exoskeleton”. As demonstrated in Figure 10A–D, all flexor
muscles of the joint-based model demonstrated minor variations in tendon length when
comparing the results of the original and misaligned human models. The biceps short,
biceps long, brachialis, and brachioradialis demonstrated a maximum variation in tendon
length of 0.1126 mm, 0.1126 mm, 0.0835 mm, and 0.1580 mm respectively. Similarly, the
same muscles demonstrated a maximum variation of 0.0779 mm, 0.0779 mm, 0.0495 mm,
and 0.2893 mm, respectively, from the task-based misalignment.

In addition, it is demonstrated in Figure 10E–H that all extensor muscles of the joint-
based misaligned model also presented minor variations in tendon length when comparing
its results to those of the original model. The triceps long, triceps medial, triceps lateral, and
anconeus demonstrated a maximum variation in tendon length of 0.0692 mm, 0.0692 mm,
0.0692 mm, and 0.3581 mm respectively. Similarly, the same muscles demonstrated a
maximum variation of 0.0214 mm, 0.0214 mm, 0.0214 mm, and 0.2082 mm, respectively,
from the task-based misalignment.

To further assess the exoskeletons, it is important to note that a muscle tendon has
a limit to its length variation. On average, a muscle tendon can variate to a maximum of
+/−10% of its healthy length during motion prior to becoming injured [19]. A tendon’s
length typically varies throughout a generated range of motion. However, a specific tendon
length can cause different effects at a lower joint-angle vs. a higher joint-angle (i.e., for
certain tendons, a higher tendon length at a lower joint-angle could cause injury, whereas
no injury could result from the same tendon length occurring at a higher joint-angle–vice
versa). The values were found for the muscles observed as shown in column B and D of
Table 2. The healthy tendon length values were identified depending on the angle that the
maximum variations observed occurred at throughout the generated motion—as shown
in Figure 10, all maximum variations occurred at either the 45◦ or 125◦ joint-angles of the
elbow flexion-extension motion.

Table 2. Muscle Tendon Length Variations from Joint-Based and Task-Based Misalignments—

(A) Healthy Tendon Length @ 45◦(mm), (B) +/−10% Values @ 45◦ (mm), (C) Healthy Tendon

Length @ 125◦(mm), (D) +/−10% Values @ 125◦ (mm), (E) Joint-Based Tendon Length Maximum

Variations (mm), (F) Joint-Based Percentile Tendon Length Variation (%), (G) Task-Based Tendon

Length Maximum Variations (mm), and (H) Task-Based Percentile Tendon Length Variation (%).

Muscle A B C D E F G H

BIClong 29.92 2.992 24.32 2.432 0.1126 0.463 0.0779 0.260
BICshort 25.27 2.527 19.84 1.984 0.1126 0.568 0.0779 0.305

BRA 3.68 0.368 0.72 0.072 0.0835 1.160 0.0495 6.875
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Table 2. Cont.

Muscle A B C D E F G H

BRD 21.22 2.122 10.95 1.095 0.1580 0.745 0.2893 1.363
TRIlong 22.86 2.286 25.86 2.586 0.0692 0.268 0.0214 0.083
TRIlat 8.64 0.864 11.57 1.157 0.0692 0.598 0.0214 0.185

TRImed 7.40 0.740 10.36 1.036 0.0692 0.668 0.0214 0.207
ANC 6.97 0.697 5.28 0.528 0.3581 6.782 0.2082 2.987

Figure 10. Muscle tendon length variations of the main flexor and extensor muscles—(A) biceps

short, (B) biceps long, (C) brachialis, (D) brachioradialis, (E) triceps long, (F) triceps lateral, (G) triceps

medial, and (H) anconeus.
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5. Discussion

Based on the limit values found, all muscles observed satisfied their length variation
limits when the joint-based and task-based exoskeleton misalignments were applied as
shown in Table 2. Overall, the task-based exoskeleton performed slightly better than the
joint-based exoskeleton when comparing the variations in tendon length caused by their
misalignment. As shown in Table 2, the variations in tendon length of all muscles, except the
brachioradialis, were slightly lower for the task-based. However, it can also be seen that the
variation in tendon length at the brachioradialis favored the joint-based exoskeleton. The
highest level of variation occurred at the anconeus when both exoskeleton misalignment
were applied. Nonetheless, no variation was close to being 10% of the tendon’s healthy
length at the observed joint-angles since all percentile variations were below 7%, as shown
in Table 2. Hence, although the assessment favored the task-based exoskeleton, it can be
concluded that both exoskeletons do not present misalignment levels that lead to significant
variations in tendon length.

The proposed assessment methods for human-exoskeleton alignment can be used as
an aid during the exoskeleton design process to motivate improvement in exoskeleton
designs and their alignment to the human body. The assessment methods could also be
used to identify safe ranges of motion during elbow flexion-extension and limit exoskeleton
movement to those safe ranges, which could avoid dangerous levels of human-exoskeleton
misalignment and tendon length variations. In addition, an exoskeleton can be tested on
its alignment upon different individuals with varying anatomical dimensions to assess an
exoskeleton’s ability to account for subject variation by using the scale tool in OpenSim
and then performing the presented methods.

In this paper, the alignment of the exoskeleton is assessed using model-based simula-
tions in OpenSim, a software widely used in replicating the human body’s range of motion
and musculoskeletal system. While OpenSim provides reliable results, it is beneficial to
validate these findings using experimental protocols that incorporate motion capture analy-
sis and variation in electromyography (EMG) signals of targeted muscles. By comparing
the performance of both exoskeletons with and without the exoskeleton, the metrics can be
quantified based on the variation in sEMG signals during the execution of the same task.
Similarly, by incorporating motion capture analysis, which tracks the movement of the
body and joints, along with sEMG signal analysis, the assessment becomes more holistic,
capturing both kinematic and muscular aspects. This combined approach enhances the
reliability and validity of the assessment, providing a more comprehensive understanding
of the exoskeleton’s impact on human performance and safety.

6. Conclusions

This study presented an assessment on a joint-based and task-based exoskeletons for
upper limb rehabilitation using OpenSim. The assessments were focused on quantifying
the misalignment and the effects on the muscle tendon lengths within the main flexor and
extensor muscles during elbow flexion-extension. The results demonstrated that although
both exoskeletons presented misalignment in the x, y, and z axes and α, β, and γ directions
when compared to the targeted human limb, they had little to no effects on the muscle
tendon length of the main flexor and extensor muscles. All percentile variations in tendon
length were lower than 7% for both exoskeletons when the maximum percentile variation
before becoming injured is 10%; the anconeus presented the highest percentile variation
of 6.782% and 2.987% from the joint and task-based misalignment, respectively and the
brachialis for the task-based misalignment with a percentile variation of 6.875%. Hence,
indicating that the joint-based and task-based designs are safe to use when the elbow
flexion-extension is generated from 45◦ to 125◦. Nonetheless, the results obtained from
the assessment method can be an aid to further improve the exoskeleton designs on their
alignment and to identify and limit safe ranges of motion during elbow flexion-extension
which could avoid dangerous levels of tendon length variations. The assessment method
did not account for the weight of the devices, which could potentially cause an effect
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on their alignment to the human body, therefore, future work would consider this factor
during the assessment process.
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Abbreviations

The following abbreviations are used in this manuscript:

IMU Internal Measurement Unit

DOF Degrees of Freedom

COR Center of Rotation

IK Inverse Kinematics

BK Body Kinematics

MA Muscle Analysis

UCL Ulnar Collateral Ligament

BIClong Biceps Long

BICshort Biceps Short

BRA Brachialis

BRD Brachioradialis

TRIlong Triceps Long

TRIlat Triceps Lateral

TRImed Triceps Medial

ANC Anconeus
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