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Abstract

This study is aimed at developing a methodology to assess and quantify the human limb motions and interactions with the
exoskeleton in relation to alignment. Three different basic and common upper arm joint movements and their interaction with
a joint-based exoskeleton are considered: shoulder vertical and horizontal abduction—adduction, and elbow flexion—exten-
sion. The exoskeleton and the human model are aligned to the respective joints inside a Musculoskeletal Modeling software.
Within the range of motion, the linear and angular displacement errors were analyzed, and the effect of those errors on the
length of the associated tendons was studied. Results have shown a noticeable variation of the muscle-tendon lengths up
to 65.7 mm and a change in the pattern on different muscle groups of the shoulder. Similarly, about 4 mm muscle-tendon
length changes observed particularly at the elbow anconeus muscle-tendon. These changes of length could cause unwanted
stresses at the joints, specially for people with disabilities due to stroke that might not have the flexibility to accommodate
those extra pose variations imposed by the exoskeleton.
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1 Introduction

The need for robotic systems in human rehabilitation arose
when medical and rehabilitation research areas began to
search for an alternative rehabilitation method that could
induce active involvement from the patient through an
active system, which would lead to a more effective and
rapid recovery [1]. This new method that incorporated the
robotic devices began to provide benefits to the rehabilita-
tion process by reducing the physical load upon the physical
therapist, allowing longer training periods, reducing mus-
cle strain upon the patient, and reducing localized muscle
activity within the patient’s targeted limb [2—4]. Therefore,
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rehabilitation and ergonomic areas have continued to moti-
vate involvement in exoskeleton research over the years.
As new exoskeleton designs are proposed, there exists
the need for their assessment and evaluation to ensure user
safety and effectiveness. The quantitative evaluation of the
kinematic compatibility between the human body and an
exoskeleton is a crucial measure in the assessment process
since there is a relative motion from human-exoskeleton
interactions that could lead to negative effects upon the user
[5]. Moreover, a common challenge in exoskeleton develop-
ment arises when it comes to the alignment of these robotic
devices to the anatomical structure of the human body [6].
These misalignment issues are prevalent in exoskeleton
designs that have a focus on mimicking and simplifying the
human body due to the complexity of the human joints. Typ-
ically, complex joints, such as the shoulder and elbow joints,
are modeled as ball-and-socket and hinges joints respec-
tively. However, this design approach creates a limited range
of motion, which causes inconsistency between the human
limb’s trajectory and that of the exoskeleton [7]. In addition,
it creates the assumption that the set of joints has a fixed
frame that represents the joint position and/or rotation when
in fact, certain sets of joints allow for complex motions that
result in displacement of its center of rotation [6]. Therefore,
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failure to align these robotic devices to the anatomical struc-
ture of the human body can cause constraints and stress upon
the targeted limbs and joints as well as affect the user’s agil-
ity of movement [8—10]. Furthermore, there have been sev-
eral attempts on solving this recurring issue of misalignment
within exoskeleton designs, however, most solutions do not
take into account all of the different segments of the human
body’s range of motion and how the motion differs among
individuals.

Overall, joints are one of the most sensitive parts of the
human body, and they are significantly difficult to investi-
gate as their rotational axis is constantly changing within
the clearance of the joint throughout every single task. A
realistic characterization of the process that accounts for a
changing geometry of the joints as well as contact interfaces
is required. Human joints have been modeled based on kine-
matics, bone contact, muscle, and ligament force interactions
through prototype testing and computational modeling and
simulation [11, 12]. For instance, the study shown in [13]
provides an analytical and experimental analysis on an upper
limb exoskeleton design through prototype testing. By study-
ing the supported range of motion experimentally, they were
able to determine a compatibility between the designed exo-
skeleton’s range of motion and the natural range of motion
of the human arm. In addition, certain studies aim to assess
exoskeletons on their ability to account for human variabil-
ity and alignment to the human body. For instance, a study
introduces a model-based assessment method that involves
simulation to assess the kinematics of an exoskeleton by
identifying the source of parasite forces at the attachment
points between the exoskeleton and the human subject in
the prototyping stage [14].This approach does not estimate
the magnitude of those forces, which cannot then quantify
the level of impairment nor the parasite forces at the joints.
Similarly in [15], the OpenSim software is used to predict
the dynamic behavior of a human-exoskeleton system, how-
ever, the effects of this interaction on the human muscles and
potential consequences are not presented. In another study,
[16] the OpenSim software has been utilized to aid the exo-
skeleton development process by allowing the observation of
the kinematics of a desired motion in the human-exoskeleton
interaction, however,there has not been an overall focus on
using the software as a means to quantify the misalignment
of an exoskeleton and its effects on the targeted limb. In
[17], a 3D relative motion exoskeleton assessment method
using a motion capture system is presented. In this method,
the kinematic information of a human-exoskeleton system is
extracted from reflective markers and the relative orientation
between the human joint and exoskeleton joint is compared.
However, information regarding the relative displacement is
not presented, limiting its usefulness for joints that suffers
translation during its range of motion, i.e. the shoulder joint
[18]. Furthermore, due to the nature of the exoskeleton, the
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relative position of the human joints can be already con-
strained, which may reflect the wrong position of the center
of rotation of the human joint. The study in [19] introduces
a method of detecting and quantifying undesired interaction
forces caused by joint misalignment to validate a proposed
fixation mechanism that is expected to decrease the magni-
tude of the forces. The assessment method involves human
subject testing under virtual environments where the inter-
action forces were collected and compared using a six-axis
force torque (F/T) sensor. Although the F/T sensor was suc-
cessful at quantifying the undesired interaction forces caused
by the joint misalignment, a method was not provided to
quantify the misalignment itself. This method would also
require a developed prototype of the designed exoskeleton.
On other hand, if the exoskeleton were to be assessed virtu-
ally through modeling and simulation, a prototype would
not need to be developed until proper alignment is ensured.

In this study, a methodology to assess and quantify the
misalignment of a human-exoskeleton system at the design
stage using the kinematic information of the exoskeleton
and the OpenSim software is presented. The effects of mis-
alignment is quantified by examining the changes in muscle
tendons. The proposed approach will be presented in a case
study on the shoulder and elbow joints using a joint-based
exoskeleton for upper limb rehabilitation. Despite using this
type of exoskeleton, our work can be easily applied to assess
other types of exoskeletons, as well as target other parts of
the human body. The novelty of our approach lies on the fact
that the wearable exoskeleton can be assessed without com-
promising real subjects since it is conducted in a simulation
environment, and the ability to directly evaluate and quantify
the misalignment and its effects on the muscles.

The results obtained through this assessment can serve
as guidance to exoskeleton designers and developers to
improve their design toward the development of optimal
exoskeletons by minimizing the joint impairments between
the robotic devices and human joints. In effect, this will
reduce unwanted constraints in muscle-tendon lengths which
might cause severe pain to a patient undergoing rehabilita-
tion. Furthermore, higher impairment should be expected in
physical systems, since perfect alignment between an exo-
skeleton and the human body is a challenge to achieve due
to the complexity of the determined physical frames within
the joints since they are located under the skin, surrounded
by muscles.

2 Exoskeleton Description

In this study, a prototype of a 4 Degrees-of-Freedom
(DOF) upper limb joint-based exoskeleton (Fig. 1) and its
interaction with human joints is studied. The main body of
the exoskeleton is composed of four rigid bodies: link 1,
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(a) CAD model

Fig. 1 Exoskeleton with four degrees-of-freedom

link 2, link 3, and link 4. These bodies are interconnected
through mechanical revolute joints (J;, J,, J5, and J,),
respectively. The shoulder joint is modeled as a 3-DOF
ball-and-socket joint, with a center of rotation at the point
where the axes of the joints J;, J, and J; intercepts with
one another. Each joint has a relative orientation of 90°
with respect to each other’s axis of rotation (2, 2,, and 25).
Similarly, the elbow joint is modeled as a 1-DOF hinge
type joint (J,), with an axis of rotation labeled as Z,. In
addition to the active joints, this prototype has two addi-
tional passive-translational joints along link 3 and link 4
that allow proper adjustment of the exoskeleton arm to fit
different anthropometric measurements of users.

(b)

type

Exoskeleton proto-

3 OpenSim and Musculoskeletal Human
Model

In this study, the free-software OpenSim is used to model
and simulate the range of motion of the exoskeleton and
the human model, given the generalized coordinates of
their respective joints [20]. The software offers a series
of tools to solve for Inverse Kinematics (IK) and Inverse
Dynamics (ID), that determine the forces and torques at
the joints required to generate the desired trajectories.
The software also offers several approaches that extend
the ID toolbox to solve for the net forces exerted by each
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muscle. Additionally, given the generalized coordinates of
a motion obtained from the IK toolbox, OpenSim reports
the changes on muscle tendons’ length at each time step of
the simulation. Our work will focus on the corresponding
changes in muscle tendons’ length due to joint impairment
between the human model and the exoskeleton.

For the study, the Stanford VA Upper Limb Model is used
as the human musculoskeletal model [21, 22], Fig.2. This
model of the upper extremity is composed of 50 muscles that
cross its 15 DOFs, representing the shoulder, elbow, forearm,
and wrist. This human model does not use a spherical joint
to mimic the kinematics of the human shoulder; instead, it
simulates the actual human joint by modeling the sterno-
clavicular rthythm. This means that the center of rotation
of the shoulder joint does not remain fixed throughout the
range of motion of the shoulder joint. Therefore, this model
is suitable for the presented study, where the misalignment
between a rigid-body robotic system and a human model is
assessed and its effects are presented through simulation.

4 Human-Exoskeleton System Interaction:
Case Study

In these cases of study, the misalignment and its potential
effects between a joint-based exoskeleton and the human upper
limb model are addressed through computational simulations.
For this purpose, the exoskeleton model, the human model,
and the software presented in the Sects. 2 and 3 are used. The
human-exoskeleton system is presented in Fig. 3, where the

ShoulderJoint

Elbow Joint

Fig.2 Stanford VA Upper Limb Model
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alignment of each respective joint is highlighted. Both systems
are scaled to the appropriate measurements, assuring that the
center of rotation for the glenohumeral joint and the center of
rotation of the exoskeleton are coincident at the beginning of
the motion, Fig. 3a. The alignment was achieved by adding a
6-DOF joint for both systems at their respective bases, then
moving and rotating them until the calibration was achieved.
The axes of the frames representing the human model and the
exoskeleton are { Xy, Pnums Zhum § A0 {Xey0» Fexor Zexo J» FESPEC-
tively. Fig. 3b shows the misalignment between the center of
rotations at a position during shoulder flexion movement.
Similarly, the axis of rotation of the elbow joint and of the
J, exoskeleton joint must coincide with one another, Fig. 3c.
However, as motion is induced on the elbow, the axes of rota-
tion of the exoskeleton and model elbow joint are not coinci-
dent with each other, Fig. 3d. These adjustments must be made
when all the joint parameters are set to 0°; in other words,
when the human model arm and exoskeleton arm are parallel
to the sagittal plane (parallel to the human body’s Thorax).

Once the exoskeleton system and human model are aligned,
three different typical rehabilitation exercises are performed:
shoulder abduction—adduction, shoulder flexion—extension,
and elbow flexion—extension. The goal is to feed a set of gen-
eralized coordinates to the system that will then reproduce
the desired tasks, with a range of motion from 0° to 130°,
then from 130° to 0° for the duration of 4 seconds. Simula-
tions from OpenSim yield files containing information about
each system kinematics during the task at the Center of Mass
(CoM) with respect to the ground frame, { s}, making the com-
parison between the relative positions (x, y, and z coordinates)
and orientations (a, f, and y Euler angles) of the bodies of
interest possible. To make OpenSim report the actual position
of the joints, virtual bodies with negligible masses and iner-
tia tensors, and CoM at the joints were added. Theoretically,
if there is proper alignment between the exoskeleton and the
human model, the relative body transformation between the
joints must remain constant.

For the analysis of the relative transformation between the
bodies, a position offset and fixed rotation of the frame of
interest is determined at # = 0. Hence, if the relative position
and orientation is constant, then the corresponding errors will
be equal to zero. The position error is presented in Eq. 1. This a
necessary step, especially for the elbow joint since the location
of the frames representing each transformation in the exoskel-
eton and human system might not lie on the same location.

€,(t) = Py (@) — Py, (8) — €,(0) 1)

where ep(t) s the position error,
P (@) = [Xoro(Ds Yero(D)s Zexo(®]T is the position vec-
tor at the origin of the exoskeleton joint, and
Prun® = [Xium (D Youm (D» Zhum (D17 18 the position vector at
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(a) Aligned
der-exoskeleton (b) Shoulder-exoskeleton alignment during
joints flexion

Elbow Alignment

Shoulder Misalignment

(c) Elbow-exoskeleton align-
ment (d) Elbow-exoskeleton misalignment

Fig. 3 Musculoskeletal-exoskeleton system

the origin of the human model joint. Likewise, the error in ~ orientation vector representing the exoskeleton joint, and
the relative orientation is presented in Eq. 2. Qrum® = [0 ), Browm (D» Yrum (D17 is the orientation vector

€,(0) = Qo (©) — Oy ® @ the human joint.

where eq(t) is the orientation error,
0.xo®) = [y (1), Brxo(D)s Vexo D" is the
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4.1 Shoulder Abduction-Adduction Task

For this task, the J, exoskeleton joint was actuated from 0°
to 130° during 4 seconds. The other joints were locked at
0° during the entire trajectory. Then, the generalized coor-
dinates of the human model were programmed to produce
the shoulder abduction—adduction task while maintaining
a synchronize range of motion with its robotic counterpart.
The resultant position and orientation errors are presented in
Fig. 4. The position error in X varies from — 40.34 mm to 0
mm, y varies from — 40.95 mm to 0 mm, and Z varies from
— 24.58 mm to 0 mm. Additionally, the orientation error in &
varies from 0° to 0.22°, B varies from —5.44° to 0.002°, and
y varies from —3.52° to 0°. As expected, the biggest position
error occurred along the x—y plane in {s}.

Position Misalignment

Position (mm)

-50

0 20 40 60 80 100 120 140
Shoulder Elev. Ang. (°)

(a) Position error

4.2 Shoulder Flexion-Extension Task

In this task, the same procedure is followed, except, the exo-
skeleton joint being actuated this time is J5 instead of J,, to
generate the shoulder flexion—extension task. In the same
manner, the coordinates of the human model were adjusted
to produce this specific task. The derived position error in
X varies from — 40.34 to 0 mm, y varies from — 40.95 to
0 mm, Z varies from — 24.58 to 0.135 mm. Additionally,
the orientation error in a varies from 0° to 6.61°, § varies
from s — 0.79° to 3.57°, and y varies from 0° to 0.33°. These
errors are presented in Fig. 5. As shown, the position errors
for this task are similar to the ones shown for the previous
task. This was expected since both tasks are similar, but are
performed within a different plane.

Angle Misalignment

Angle (°)

il
5| —=p

*ry

0 20 40 60 80 100 120 140
Shoulder Elev. Ang. (°)

(b) Angle error

Fig. 4 Position and orientation errors for the shoulder abduction—adduction task

o Position Misalignment

Position (mm)

-50

0 20 40 60 80 100 120 140
Shoulder Elev. Ang. (°)

(a) Position error

Angle Misalignment

Angle (°)

0 20 40 60 80 100 120 140
Shoulder Elev. Ang. (°)

(b) Angle error

Fig. 5 Position and orientation errors for the shoulder flexion—extension task
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4.3 Elbow Flexion-Extension Task

For the last task, the misalignment at the elbow joint is
addressed. The simulation is proceeded as the previous
tasks, but the J, exoskeleton joint coordinate is varied from
0° to 130° and vice-versa; the human model joint corre-
sponding to the elbow is varied with the same range. All the
other coordinates for the exoskeleton and the human model
are set to 0° for the remaining of the task. The resultant
errors for the position and the orientation for this task are
shown in Fig. 6. The derived position errors are negligible in
all directions, as seen in Fig. 6a. On the other hand, the ori-
entation errors are not; they presented the following errors:
a varies from -1.28° to 1.42°, f varies from 0° to 6.26°, and
y varies from 0° to 0.15°. These errors are shown in Fig. 6b.

4.4 Impairment Analysis of the Shoulder Joint

The impairment level found on the shoulder from the abduc-
tion—adduction and flexion—extension tasks are similar in
terms of position, but different in orientation. Both cases
showed that the maximum position impairment values are
located in the sagittal plane of the human model; in our case,
the X — J plane.

To analyze the impairment caused by misalignment
between the shoulder joint and the respective exoskeleton
joint, the resultant maximum impairment values from the
tasks 4.1 and 4.2 are gathered, which occur when the ele-
vation angle on the shoulder is 130°. This is presented in
Table 1. The values found in this study are coherent with the
ones presented in [23], where a translation along the y — axis
goes from 0 mm to around 100 mm when the shoulder eleva-
tion angle goes from 0° to 180°. These values are used to
produce a new human model where the center of rotation of

| x10 5 Position Misalignment

0 O S S S S
=1
IS
é.g ==X
c
S y
27 —z
o
O 4

-5

5 . . | . . . .

0 20 40 60 80 100 120 140

Shoulder Elev. Ang. (°)

(a) Position error

Fig. 6 Position and orientation errors for the elbow flexion—extension task

Table 1 Maximum position and rotation values

X y z a P Y

—4034mm -4095mm -2458mm 0.2° -544° -281°

the shoulder joint has been translated and rotated using the
values obtained.

OpenSim has the ability to report the length of a muscle
tendon within a model when given the kinematic informa-
tion of its generalized coordinates. The muscle tendons are
the connective tissues that attach the muscles to the bones.
Therefore, any variation outside of the normal length could
strain them. This would lead to an injury upon a healthy
individual or cause severe pain to a patient undergoing reha-
bilitation. Therefore, misalignment will be assessed through
the deformation of the muscle tendons due to impairment.
Two muscle groups in the shoulder joint are targeted: the
rotator cuff muscles and the deltoid muscle group, [24]. The
former is composed of the supraspitnatus, infraspinatus, sub-
scrapularis and teres minor; this group provides important
structural support to the glenohumeral joint since it main-
tains the stability of the humeral head into the glenoid cavity.
The latter is composed of three parts: the deltoid anterior,
middle, and posterior, which superficially cover the shoul-
der. Depending on which fibers are activated, there will be
rotation and adduction along the humerus.

Two simulations are performed for the shoulder abduc-
tion—adduction task, shown in 4.1, using the healthy human
model and the model with the induced misalignment. The
results of the muscle-tendon lengths’ variations throughout
the task are shown in Fig.7 and Fig.8.

A variation in length and pattern is shown in Fig. 8 for
each of the muscles. For the most part, the deltoid muscle
group did not present a noticeable difference in its patterns,

Angle Misalignment
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o
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(b) Angle error
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Fig. 7 Rotator cuff muscles

except for the deltoid posterior when the shoulder elevation
angle varies from 45° to 130°, as shown in Fig. 8c. The
change in tendon length for the deltoid anterior, middle and
posterior are 65.7 mm, 65.91 mm and 27.82 mm, respec-
tively. On the other hand, all the muscles composing the
rotator cuff group demonstrated a change in pattern and an
increase in length; the supraspinatus exhibited a maximum
change of 33.9 mm, the infraspinatus exhibited a change of
52.02 mm, the subscapularis exhibited a change of 44.67
mm, and the teres minor exhibited a change of 56.21 mm.
These changes in tendon lengths are likely to lead to discom-
fort and pain, especially upon individuals whose tendons
are strained.

4.5 Impairment Analysis of the Elbow Joint
In the previous subsection, the impairment level of the

shoulder was addressed, in this one, the elbow joint impair-
ment will be investigated based on the results obtained
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(d) Teres minor

during the elbow flexion—extension task, shown in Sect. 4.3.
The position errors demonstrated negligible relative motion
between the exoskeleton and human joints. However, orien-
tation errors demonstrated a small level of misalignment,
as shown in Fig. 6. The OpenSim model of the elbow is
composed of nine muscles. The main flexor muscles are the
biceps (long and short), the brachialis, and the brachioradia-
lis. The main extensor muscles are the triceps (long, lateral,
and medial) and the anconeus muscles. Finally, the prime
supinator of the forearm is the supinator muscle [25].

The experiment procedure for this subsection is identi-
cal to the previous ones, except the joint being actuated is
the elbow joint. The OpenSim model of the upper limb was
offset at the elbow joint using the results of Sect. 4.3. Out of
the nine muscles, only the anconeus muscle showed a small
variation on its tendon length, which is presented in Fig. 9.
This is a small muscle that attaches the lateral side of the
humerus and the medial side of the ulna. This muscle is the
main extensor contributor at low elbow-flexion angles [26].
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This fact explains why the highest change in tendon length
occurred at low elbow-flexion angles, since the muscle is
under more stressed. In addition, its size makes it susceptible
to angle changes.

5 Conclusion

Through the proposed methodology, the variation on muscle
tendons’ lengths due to the discrepancies of human joints’
positions and orientations with respect to their exoskeleton
counterpart is quantified. Results showed that in the case of
the shoulder, the maximum changes in muscle-tendon length
due to a misalignment induced at the human model were
shown at the deltoid anterior, middle and posterior mus-
cles with 65.7 mm, 65.91 mm and 27.82 mm, respectively.
Likewise, the supraspinatus exhibited a maximum change of
33.9 mm, the infraspinatus exhibited a change of 52.02 mm,
the subscapularis exhibited a change of 44.67 mm, and the
teres minor exhibited a change of 56.21 mm. These changes
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can result in discomfort and pain, especially to individuals
who are injured and have strained muscles. In this study,
the effect of fitting, manufacturing tolerances, and imper-
fections in the exoskeleton prototype were not considered.
Future study will be done to include kinematic information
extracted from the exoskeleton prototype- human interac-
tion using a state-of-the-art motion capture system in the
OpenSim simulation.
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