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Abstract: Neuromuscular and sensorimotor degeneration caused by stroke or any other disease
significantly reduce the physical, cognitive, and social well-being across the life span. Mostly,
therapeutic interventions are employed in order to restore the lost degrees-of-freedom (DOF)
caused by such impairments and automating these therapeutic tasks through exoskeletons/robots is
becoming a common practice. However, aligning these robotic devices with the complex anatomical
and geometrical motions of the joints is very challenging. At the same time, a good alignment
is required in order to establish a better synergy of human-exoskeleton system for an effective
intervention procedure. In this paper, a case study of an exoskeleton and shoulder joint alignment
were studied through different size and orientation impairment models through motion capture data
and musculoskeletal modeling in OpenSim. A preliminary result indicates that shoulder elevation is
very sensitive to misalignment and varies with shoulder joint axes orientation; this is partly due to
drastic displacement of the upper arm axes with respect to the shoulder joint origin during elevation.
Additional study and analysis is required to learn any possible restraint on shoulder elevation that
could potentially help in the exoskeleton development.

Keywords: shoulder kinematics; rehabilitation; joint alignment; biomechanics; movement analysis

1. Introduction

The shoulder is one of the most important and complex human joints due to its wide range of
motion. It plays a vital role in the activities-of-daily living in placing and orienting the arm. A limitation
in the range of motion (ROM) of the shoulder can reduce the quality of life [1–3]. The ROM of the
shoulder can be affected or reduced by motor impairments, due to strokes, Spinal Cord Injury (SCI),
or any physical activity that results in an injury. Therapeutic interventions are usually required for
recovering most of the lost ROM. Traditionally during therapy, subjects undergo one-on-one manually
assisted exercises with qualified professionals. Depending on how severe the mobility problem of the
shoulder is, these sessions can last several months, which ends up being very expensive. Furthermore,
manually assisted or conventional therapy lacks training intensity. Verena [4] suggested that an increase
in intensity improves rehabilitation with the use of novel therapy methods (e.g., smart robot-based
rehabilitation). However, it is difficult to determine the level of muscle activity being triggered in order
to maximize the affected limb recovery during therapy sessions. One approach to overcome these
limitations is with the use of exoskeletons. These mechanisms can perform more intensive training
sessions, measure forces being applied and trajectories being followed, and muscles activities being
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triggered in order to enhance conventional therapy [4]. Nevertheless, these improvements do not solve
the issues with exoskeleton alignment and fitting due to complex motion of the shoulder joint.

A lot of effort has been put into studying and modeling the human motion with the
hope of building exoskeletons that are capable of mimicking the movement of human limbs
(i.e., replicating the workspace). In order to build effective exoskeletons, there has been considerable
research directed toward the study and mathematical modeling of human anatomy [5,6]. These models
coupled with motion capture systems are used in order to design and assess assisted rehabilitation
procedures for shoulder impairment and pain due to strokes [7].

This study is aimed at reviewing the shoulder geometry of motion, its modeling and implication
towards the design and application of exoskeletons for upper-arm rehabilitation tasks, and to provide
a case study of exoskeleton joint impairment. The paper is organized into five related topics:
(1) biomechanical models of the shoulder and its complexity; (2) shoulder kinematics and functional
assessments; (3) upper arm and shoulder muscle integration and responses during shoulder joint
movements; (4) shoulder kinematics and its implication on exoskeleton designs; and (5) best practices
and considerations for the design of bio-inspired exoskeletons.

2. Biomechanical Models of the Shoulder and Its Complexity

The shoulder also known as glenohumeral joint that articulates between the rounded head of the
humerus and the shallow peer-shaped glenoid cavity of the scapula. It is one of the most complex
human joints, granting its largest range of motion. As shown in Figure 1, it is composed of mainly three
bones named Clavicle, Scapula, and humerus [8,9].The clavicle is a thin s-shaped bone, it is the only
connection between the shoulder joint and the body trunk, also known as sternum, at one of its ends
forming the Sternoclavicular (ST) joint. On the other end, it links through the Acromioclavicular (AC)
joint with the Acromion, a process of the Scapula or, as it is known due to its shape, the shoulder blade.
The Humerus, the largest bone of the shoulder, is coupled with the Glenoid Fossa that is contained in
the shoulder blade and the humerus head, forming the Glenohumeral (GH) Joint. This union resembles
a ball-and-socket joint and 2/3 of the total ROM of the shoulder is attributed to it. The wide ROM is
due to the humerus head being to big for the cavity of the glenoid fossa; however, it makes this joint
the most unstable of all.

Mathematically modeling the shoulder mechanism is not an easy task, apart from the bony
structure, ligaments that attach each bone and muscles are involved in the dynamics and kinematics of
it. Consequently, the shoulder bones intercepts each other at different locations, making it a multiple
closed-loop chain mechanisms, thus, increasing its complexity. one of the earliest mathematical models
of the shoulder complex consisted of 21 muscles and a three rigid body twelve DOF mechanism [10],
3 DOF orientation for each bone, and 3 DOF the displacement of the Humerus head. Another model
was presented by Van der helm [11,12], obtaining good results. The model contains four bones, three
joints, three extracapsular ligaments, the scapulothoracic gliding plane, and 20 muscles and muscles
parts, resulting in a seven DOF mechanism, these models can be used to study the morphological
structure of the shoulder. Additionally, mathematical models are used to produce an estimated
shoulder workspace that can be later used for exoskeleton design [13–16]. More novel and simplistic
models for the kinematics are studied in [6], where IMU sensor data is collected for upper limb
kinematic reconstruction, modeling the shoulder as a five DOF mechanism. Furthermore, some
researchers neglect the effect of the AC and ST joints, and represent the shoulder kinematics as a pure
three-DOF spherical joint [17], assuming the center of rotation of the GH joints is accurately known
and fixed.

3. Shoulder Kinematics and Functional Assessments

The shoulder has one of the largest ROM of human joints. It allows for people to place and orientate
their arm for performing ADL such as grabbing and drinking a glass of water, opening/closing a door,
shoelace tying, showering, dressing, self-feeding, and many more. The important functionality of this
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joint can be affected due to an impairment caused by strokes or other diseases. Most of the patients
that survive strokes exhibit motor deficits on the shoulder that greatly affect the ROM reducing the
accessible workspace [1–3]. Therefore, this will impact the way affected people live, who will probably
need assistance from there on to be able to do ADL. Thus, without being able to take care of themselves,
shoulder impairment will indeed decrease their quality of life.

Therapeutic treatment plays an important role in restoring the lost ROM in order to overcome such
difficulties [18,19]. This therapeutic intervention is based on one-on-one training sessions with qualified
professionals. During these sessions, therapists assist patients to perform rehabilitation exercises in
order to stimulate and trigger muscle activity on the affected limb. Notably, the time frame for a patient
to recover most of the lost ROM from an impaired shoulder depends on the severity of the motor
deficit, it can take months of sessions with a professional to achieve it. Therefore, the rehabilitation
process can end up being very expensive for a patient to cover. On the other hand, it is very difficult
to make an assertive diagnosis of the progress and obtain feed backs from the exercise sessions.

As an example, one of the objective of therapeutic sessions is to enhance the muscle strength,
however, one should ask how accurate a therapist would be on determine the amount of aid that a
patient needs over the session is a challenge. Therefore, the recovery session could not be optimal,
since the muscles under treatment are not being triggered adequately. In addition, training sessions
are being given by people who will experiment physical fatigue due to repetitiveness and duration of
exercises, thus affecting the quality of the exercise.

3.1. Functional Assessment Tests

Functional assessment tests are often used to analyze and track the recovery of a patient under
rehabilitative exercise routines by physiotherapist. These tests were mainly used in conventional
physiotherapy, but, in the recent years, popular functional assessment tests, such as Fugl-Meyer
assessment test for motor recovery and modified Ashworth scale made their way into exoskeleton
research for validating rehabilitative exoskeleton designs.

The reason why Fugl-Meyer scale and modified Ashworth scale are preferred over the other
measurement scales, such as National Institute health stroke scale (NIHSS) [20] and Mayo Portland
adaptability Inventory (MPAI-4) [21], is because the task to be done and the scoring system is clear
and hence, easily implementable. There are many researches indicating the efficiency of these scales
especially in stroke research [22,23].

3.2. Fugl-Meyer Test

The Fugl-Meyer test is a score-based test where the maximum possible score is 226 under which
the scores attainable for upper extremity range from 0–66. The Fugl-Meyer scale is divided into each
part of the body (elbow, wrist, knee, hip, and plantiflexors) and the values are assigned according to
severity of the impairment in terms of mild, moderate, and severe [24]. The score is generally assigned
by a physiotherapist based on visual assessment and approximation of the patients range of motion
and patient feedback.

The Fugl-Meyer test can assess the effectiveness of an exoskeleton by quantifying the Range
of motion of a patient over the course of rehabilitative exercises. It is crucial to apply assessment
techniques to exoskeleton research because: (1) the outcomes can provide insight on what design
parameters are effective in rehabilitation and (2) serve as a basis for standardization of research
on exoskeleton design that can help track the developments of design overtime. The score can be
determined with the help of a Fugl-Meyer score card that is used by physiotherapists to record the
profile of the patient in regards to movement.

For Fugl-Meyer score detection, some researches utilized technology instead of physiotherapist
evaluation to reduce the dependence on clinical evaluation, hence making the rehabilitation evaluation
process more patient friendly [24]. The technology used to measure Fugl-Meyer source vary from
wearable sensor network to depth sensing cameras.
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3.3. Modified Ashworth Test

Modified Ashworth scale accounts for the muscle ’spasticity’, which translates to muscle pull
or stiffness. The modified Ashowrth scale is also a score based system but unlike the Fugl-Meyer
scale it measures how stiff or lack there of is the muscle overtime. It consists of six point scores
(0, 1, 1+, 2, 3, and 4) that amount to the muscle tone with zero being least increase in muscle tone and
four is highest muscle tone (rigid) [25].

In the clinical settings, the modified Ashworth test scores are assigned on the basis of
physiotherapist analysis and patient feedback, which can drastically vary overtime, hence causing
uncertainty in results, which is why a technological method to measure the score would give a
standard result for all research in this field and help track the rehabilitation process overtime.
The Modified Ashworth scale has been correlated with apparatus, such as goniometer, and also
EMG (electromyogram).

4. Shoulder Kinematics and Rehabilitation

Motor [26] and muscle responses [27] of the shoulder are needed before, during, and after the
rehabilitative process in order to understand the responses of shoulder over the course of rehabilitation.
The functional assessment tools are vital to measure the responses, such as Motor response, Fugl-Meyer
scale, and Muscle response, Modified Ashworth scale. Understanding such responses during therapy
sessions with and without exoskeletons may provide an insight to the variations caused by potential
misalignment and other human-exoskeleton interaction factors.

4.1. Shoulder Kinematics and Motor Response

The technical measure of Fugl-Meyer score can determine the motor response of the shoulder.
The general procedure majority of research have used for determining Fugl-Meyer score is as follows-

IMU sensors are used at the sternum, biceps, and triceps to make a sensor network that can
record the position of the Bony landmarks at different instances during various activities. The data are
then subjected to feature extraction and then a score is determined in correlation to the Fugl-Meyer
score. The RRelief algorithm is widely used for feature extraction because of its better performance as
compared to other algorithms [28] and noise tolerance [29] . The RRelief algorithm ranks the attributes
according to their ability to maximize the separation among classes that are associated with different
clinical scores.

An example of automated model that can measure, analyze, and calculate the scores is presented
in [30] which uses the RRelief algorithm for feature extraction and flex sensors alongside accelerometers
for additional data. In the quantitative model, the intensity, orientation, and signal complexity are
extracted from the raw sensor data and once de-noised the extreme learning machine (ELM) algorithm
is adopted to establish the mapping model, which will, in turn, calculate the motor response.

4.2. Shoulder Kinematics and Muscle Response

The Electromyogram (EMG) measures the muscle response to a particular stimuli. EMG can
be used to see the muscle improvement overtime, since neurological disorders, like stroke, cause
muscle stiffness. The modified Ashworth scale can serve as a good tool to quantitatively measure the
muscle ’spasticity’ and the overtime developments in regards to muscle movement. There are several
researches that have correlated EMG data with modified Ashworth scale.

Muscle response of bicep and triceps is much more feasible due to more surface area, which is
why the EMG data acquisition methods have mostly been used at these regions, the location of focus
for each research may vary, but the principles of the data acquisition and data processing methods
and MAS comparison is similar for shoulder. A typical EMG electrode placement ranges from eight
electrodes to sixteen electrodes [31]. For instance, in [32], the electrodes are placed on Deltoid, Biceps,
Triceps, Flexors, and Extensors muscles.
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5. Design of Exoskeletons to Align with Shoulder Kinematics

As the mathematical modeling of the shoulder is very complex, more simplified models are being
used for exoskeleton design and alignment. Often, researchers approximate the shoulder mechanism
as a pure spherical joint with its center of rotation at the head of the humerus [17,33,34]. This type
of design assumes the shoulder girdle motion can be neglected, and the center of rotation of the
GH joint is accurately known and fixed over the whole range of motion of the shoulder. However,
this is not the case, as studied in [35], where the human joint shifts away its mechanical counterpart.
Any misalignment between the exoskeleton and the human shoulder can cause discomfort and produce
reaction forces that lead to negative effects over time. Additionally, from the mechanical perspective,
spherical joint mechanism is modeled by 3 revolute joints, which include singularity configurations to
reduce the exoskeleton performance. Reference [36] proposes a redundant 4R mechanism in order to
avoid singularities; theoretically, this design can operate over the whole workspace of the shoulder, thus
making it a simple exoskeleton to model and build. Nonetheless, it does not address the misalignment
that was provoked by the shoulder girdle motion or how to accurately locate the center of rotation of
the shoulder over the the range of motion of the shoulder. Relatively, a more realistic designs have
been proposed and discussed in [37–39], where the position of the humerus head is estimated. These
exoskeletons take into account the motion of the humerus head due to shoulder girdle. For example,
the MEDARM [37] is a rehabilitation robot with five DOF at the shoulder complex, three DOF for the
GH joint, and two DOF for the ST joint to compensate the translation of the humerus head. Notably,
the ARMIN III [39] is an exoskeleton that has been used for rehabilitation. In this case, it has been
designed to compensate for shoulder girdle motion by approximating the humerus head motion by a
circle. However, it assumes that the motion of the humerus head is the same for individuals of the
same height. Even though these exoskeletons address the translation that the humerus head suffers
during the shoulder motion, they still have to be aligned with their human counterpart, which is very
challenging and tedious, and it varies with each individual.

Another challenge for exoskeleton design is the collection of data for the construction of these
rehabilitation robotic devices. In particular, one popular approach to collect information about a limb
trajectory is with the used of motion capture systems, see [6]. By placing IMU sensors over the skin at
specific locations of the limb being studied, it is possible to reconstruct the trajectory and orientation,
information that can be used as an input for exoskeleton design algorithm. However, because these
sensors are placed on the skin, the measurement will have errors due to the natural motion of the
skin over the trajectory being performed. This error will be carried out to the exoskeleton design,
which further increases the misalignment between the mechanism and joint understudied. A similar
limitations may exist when using MoCap systems as markers that are placed on bony part of the limb
are still subject to slight movement, and this small displacement will be transferred to simulation
model in OpenSIM, which is discussed in further details in this paper. It is clear that another approach
has to be taken in order to produce exoskeletons that can fully reproduce the motion of human joints,
especially the shoulder complex range of motion. Reference [40] suggests that probably researchers
should embrace redundancy instead of avoiding it as new kinematic representation for exoskeleton
design, in order to build mechanism that identically reproduce limbs workspace. In fact, in [41],
a novel task-based exoskeleton design is proposed. This approach is focused on the task without
mimicking the human joints, therefore avoiding the drawbacks of exoskeleton design that resembles
human anatomy, as a matter of fact, an implementation to reproduce a task for a lower limb, the
knee, is presented. The resultant mechanism is a one DOF that is able to reproduce the complex
three-dimensional (3D) motion of the knee, demonstrating the effectiveness of the approach.
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6. Exoskeleton Alignment and Its Effect on the Shoulder Muscles: Case Study

Through an experiment, shoulder movement is studied in a pick-and-place task performed by
a person without upper arm movement disability. A 2 lb weight placed on top of a table is used for
this purpose as the person is seated behind the table. The trajectory of the right arm is recorded by an
integrated motion capture (MoCap) system. The collected data are processed to replicate the same
movement in software which provides a better understanding of the mechanism driving the arm
and muscles contributing to generate sufficient force as well. In this section, the effect of exoskeleton
intervention in upper arm and specifically shoulder rehabilitation is assessed through introducing a
certain type of non-anatomical shoulder joint rotation due to interactive forces between exoskeleton
and upper arm that could directly affect shoulder joint. Traditionally, exoskeletons are designed to align
with the human joint axes of motion by assigning each human joint with an equivalent exoskeleton
joint (e.g., a hinge joint for the elbow). This assumes that the location of the axis can be accurately
known, and that such a fixed axis exists for the range of motion of the joint or set of joints, which is not
always the case. For example, the human shoulder permits complex motions, in which the shoulder
joint’s center of rotation moves with different arm motions. Misalignment can create large stresses on
the attached systems and underlying human anatomy.

Upper limb exoskeletons are modern devices meant to enhance upper-limb functionalities through
providing adequate support for people with disabilities in their ADL [42], rehabilitation for patients
suffering post-stroke trauma [43], power amplification in an industrial [44] or medical settings [45],
or people with neuromuscular injuries [46]. High demands of such profitable machines compelled
researchers and the private sector to develop more efficient control systems and mechanism to optimize
exoskeletons functionality through intelligent human robot interaction [47]. There are several aspects to
investigate the interaction between human and robot counterpart, namely, the design of the mechanism
and antropometric characteristics considered in design; actuation of motors and transmissibility of the
device while adjusting necessary stiffness or compliance; control type selection [48].

The anatomy of shoulder girdle encompasses several articulations or joints connecting the upper
limb to the skeleton. There exist three bones, including scapula (shoulder blade), clavicle, and
humerous (upper arm bones) at the shoulder site. Major joints at shoulder girdle are glenohumeral
(GH), acromioclavicular (AC), and sternoclavicular (SC) joint (Figure 1). The GH joint is also known
as ball and socket joint, which produces a substantial portion of the shoulder movement [49]. While
GH is often considered to have three DOF [50], its axis of rotation changes as shoulder moves; hence
in simulation, it is crucial to implement a clearance area so as to let GH anatomically moves as
human moving his/her arm. There are studies where various methods are applied in order to replicate
shoulder movements under different conditions with various level of impairment [51,52]. Arm rotation
that originates at the shoulder joint can also be affected through any simplification in modeling, or
external pressure from an outside agent, such as exoskeletons.
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Figure 1. Anatomy of shoulder joint and shoulder girdle.

Robotics has been center of attention in rehabilitation and the way it facilitates training has
been tremendously helpful to physicians; however, there are some technical issues involved, which
makes equipping controlling such devices challenging at times [53]. Exoskeletons as a popular
type of robotic devices in clinical settings may introduce unintended external force or misalignment.
In this part, a particular type of shoulder joints misalignment has been investigated through monitoring
the muscle compartments at shoulder and specifically those controlling arm rotation through the
pick-and-place task.

Picking and placing objects encompasses many activities people typically do, such as opening a
sliding window, opening drawer placing clothes, ironing cloth, etc. Accordingly, pick-and-place of a
weight has been selected for experiment in order to simulate most of these common tasks. However,
the outcome from this study can be extended to a broad range of daily activities people suffering from
shoulder impairment might desire to do. Through this study, results will be helpful in assessment
of related tasks, namely catching efficiency, grasping assistance, placing efficiency, reaching force,
and so on.

6.1. Methodology

Research discussed in this section is aimed at obtaining motion capture data, simulation of
shoulder movement for a healthy case, as well several other cases where an exoskeleton has imposed
unintended pressure to the shoulder joint as the arm performing a certain task. Ten markers are placed
at different sites of the fore arm and upper arm in such a way to appropriately capture the motion path
of the arm [54,55] as the weight is picked up, moved to right, placed down, and sequence repeats once
more to have the weight back to its original location. In addition to necessary sites, additional markers
are used to accurately track the upper arm motion during the course of action.

OpenSIM musculoskeletal modeling software is utilized to replicate the arm motion by solving
inverse kinematics (IK) equations using designated markers. OpenSIM provides two approaches for
calculating the muscle activation levels. The first, Static Optimization (SO), distributes overall joint
moments into forces generated by each muscle at any time frame [56]. Basically the movement of
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the model is equipped to solve the equations of motion for the forces under the following conditions
(Equation (1)):

ni

∑
i=1

(aiF0
i )ri,k = τki

ni

∑
i=1

[ai f (F0
i , li, vi)]ri,k = τkc

(1)

while minimizing the cost function (Equation (2)).

J =
ni

∑
i=1

(ai)
p (2)

where ni represents the number of muscles consisted in the model, ai denotes the activation level of
muscle i, li denotes the muscle fiber length, ri,k denotes the moment arm of the muscle force about
k-th joint axis, vi denotes shortening speed of the muscle, p denotes a constant defined by the muscle
properties and f (F0

i , li, vi) represents force-length-velocity criteria, τki denote the torque for ideal force
generators, and τkc denotes the torque constrained by force-length parameters [57,58]. The second
approach to calculate the level of muscle excitation is known as Computed Muscle Control (CMC) [59].
This method calculates muscle activations to drive the system, so that the desired trajectory of the task
is best met. First, the desired accelerations are calculated using Equation (3).

q̈ ∗(t + ∆t) = q̈ exp(t + ∆t) + kv[q̇ exp(t)− q̇(t)]

+kp[q exp(t)− q(t)]
(3)

where q denotes the model coordinates, q̈ ∗ denotes the desired acceleration, q exp denotes the position
derived from the experiment, and kv and kp are proportional constants for velocity and positions set
for the simulation. With this CMC process, actuator controls that lead to the desired accelerations are
computed and, subsequently, a forward dynamics analysis is performed. This cycle iterates until the
time reaches the end of the task interval.

For this study, Stanford VA upper limb model comprised of 50 muscles crossing through shoulder,
elbow, forearm, and wrist introducing 15 degrees of freedom is used to establish the simulation [60].
Markers pertaining to shoulder were placed at superior, anterior, lateral, and posterior side of that;
biceps, medial and lateral elbow, forearm, medial, and lateral wrist are other locations that are selected
for marker placement Figure 2. Same protocol has been followed to establish marker registration
in OpenSIM and replicate the motion of interest Figure 3. Shoulder joint motion limit is assured by
removing all muscles from the model to make sure arm posture is realistic. In addition, muscle wraps
(green compartments) are another set of properties the software uses to ascertain muscles are not
passing through bones. All of these considerations are embedded in the selected model Figure 4a;
however, figures also indicate that all measures are taken into account.
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Figure 2. Experimental setup and marker placement.

Figure 3. Pick-and-place trajectory in OpenSIM.

Figure 4. (a) Allowable joint motion limit, (b) Shoulder joint alignment, origin (dashed line) and
humerous (solid line) orientations.
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Five cases have been observed, including a healthy case and four non-healthy ones, where
shoulder impairment is introduced by imposing a predefined offset in rotation about Z, Y, and X
axes. Lastly, three subsequent rotations about all axes for an identical degree of rotation are also
implemented. These are configurations elected for Case I, Case II (Figure 4b), Case III, and Case IV
of this assessment, respectively. Rotation offsets are constrained by shoulder joint range of motion
and, based on schematics of the simulation, they do not seem too drastic or unrealistic. Coordinate
orientation demonstrated in Figure 4b pertains to humerous bone, which has a slight natural deviation
from shoulder origin (i.e., humphant 1, holzbaur (2005) model). First, three configurations apply a preset
rotation to humerous with respect to the origin to the highest allowable amount anatomically pertinent
to the axis they are rotating about.

6.2. Results and Discussion

According to anatomy of the shoulder, the origin of posterior fiber in deltoid muscle is at spine
of the scapula; and, infraspinatus and teres minor are rotator cuff muscles in charge of arm rotation.
As expected, muscle force variations are less susceptible to unintended rotation about Y axis; this is
due to the fact that shoulder rotation axis is largely dominated by the Y axis. Case II, which represents
unintended rotation about Y axis complies with this argument and data for all three muscles closely
follow the one for the healthy case (Figures 5–7).

Figure 5. Posterior Deltoid muscle.

Figure 6. Teres minor muscle.
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Figure 7. Infraspinatus muscle.

Case IV also indicates some coherence with the healthy case as it consists of subsequent rotations
about X, Y, and Z. As for teres minor, all three aforementioned cases show similar pattern and, for
other to muscles, they are quite comparable Figure 6. On the other hand as shown in Cases I and III,
rotation about Z and X axes are expected to significantly affect active fibers of the pertinent muscles
forces, which is demonstrated in muscle force graphs. As for Case I, unintended rotation about Z
shows the highest deviation from the anatomically healthy condition.

Rotator cuff muscles show more alike variation of muscle fiber forces when comparing to posterior
deltoid, which is expected since the origin and insertion locations are different. Results indicate any
misalignment about X and Z axes could cause discomfort and it could lead to irreversible injuries at
shoulder joint area in the long term. Evidently, rotator cuff muscles are the most susceptible specifically
Infraspinatus (Figure 7) as it shows a drastic drop in muscle force for the swing part of arm movement.

Shoulder elevation is very sensitive to shoulder joint axes orientation and any slight misalignment;
this is due to drastic displacement of the upper arm axes with respect to shoulder origin (i.e., humerous
and humphant 1, respectively) when elevating (Figure 4b). Evidently, coordinate axes entirely rotate
as the shoulder either elevates in frontal plane or moves along the horizontal (transverse) plane.
Hence, further evaluation for any possible restraint on shoulder elevation can be performed in future.

7. Conclusions

The shoulder’s complex anatomy and geometrical motion pose a great challenge for designing
assistive technologies, such as exoskeletons. In this study, the results have shown that relatively the
shoulder elevation is very sensitive to shoulder joint axes orientation and any slight misalignment;
the coordinate axes entirely rotate as shoulder either elevates in frontal plane or moves along the
horizontal (transverse) plane. Hence, further evaluation for any possible restraint on shoulder elevation
can be performed in the future. Currently, most exoskeleton designs try to mimic the human anatomy,
however such approaches are hindered by the fact that the orientation of the axes of the human
joints and their location are not accurately known or fixed in the space. For a better synergy of the
human-exoskeleton system, analyzing the degree of severity due to motion constraints and alignment
of exoskeleton with human joints are required.
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