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Abstract

The objective is to construct a musculoskeletal model of the upper extremities, focusing on the
shoulder joint, to accurately estimate forces acting on the joints. This model can advance insights
in human-robot interaction and facilitate the development of more effective exoskeletons. In this
thesis the model is used to investigate the impact of exoskeletal assistance through force versus
through torque.

To investigate this, an existing model in OpenSim, that meets the requirements, is used. A
flexion-extension movement of the shoulder is performed in real-life and recorded with XSens
DOT IMUs. From this the joint coordinates are computed and loaded in OpenSim. First a
validation is performed by comparing measured and computed muscle activity. After validation,
simulations are done with different levels of exoskeletal assistance, resistance, and no assistance.
This both with force and then torque as method of assistance. For each of these conditions the
reaction forces at the shoulder are computed.

These simulations showed that reaction forces are higher when applying an external torque,
and lower when applying an external force, compared to when applying no external load. The
reaction forces in x-, y- and z-direction for when the humerus reaches an angle of 90° are shown
in Figure 1, both for force (left) and torque (right) as assistance method. Reaction moments
showed little difference between the different simulations, but for external torque the reaction
moment slightly increased. When applying a resisting load, the reaction force increased, the
reaction moment also increased, but the increase was small.

Figure 1: Reaction forces at the shoulder joint when the humerus reaches an angle of 90°. On
the left for assistance through force, and on the right for assistance through torque.
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Chapter 1

Introduction

When performing daily activities such as walking, running, taking something from a shelf, brush-
ing your hair, and so on, we don’t think about the acceleration and/or deceleration of our body
segments and how our muscles are controlled to obtain the required joint movements for the
intended motion. However, the underlying mechanism is highly complex and, to improve ap-
plications in health science and engineering, for instance to design exoskeletons, gaining an
understanding of this mechanism is important [2].

1.1 Social impact

Exoskeletons are being researched more and more, and the sight of employees wearing exoskele-
tons when for example working in warehouses or on construction sites might not be unthinkable
in the near future. But also in the field of rehabilitation exoskeletons could be an added value.
But, if people use exoskeletons in repetitively, it is important to know that the exoskeleton
is transferring the assistance as efficiently and optimally as possible, and foremost that it is
not doing any harm by seriously increasing the joint load. This is mainly important when an
exoskeleton is used in long term.

1.2 Research question

Usually the goal of exoskeletons is to reduce the needed muscle force. And thus, exoskeletons are
often validated by showing that the muscle activity has decreased when using the exoskeleton.
Reaction forces acting on the joints however are rarely studied, with all potentially negative
consequences that entails.

Generally exoskeletal support is given through force application, however, in doing so, there
will always be a reaction force FR. The hypothesis holds that the application of a torque will
result in lower joint reaction loads than when applying a force, because applying a force will
create a reaction force at the level of the shoulder to keep the shoulder in place, while applying a
torque will create a reaction moment at the shoulder, but since the shoulder allows for rotation,
the reaction moment will be zero, or very small since the shoulder is not a perfect hinge joint.
This reasoning however does not include the contribution of muscles. When looking at Figure
1.1 (right) and Equations 1.1, it can be seen that when Fexo increases, another term has the
decrease in order maintain the force balance. Usually exoskeletons are made with the goal to

1



2 CHAPTER 1. INTRODUCTION

reduce muscle forces, which means that Fmuscle should decrease. However, the relation between
Fexo and Fmuscle is not known, and thus the influence on R remains a question.

Figure 1.1: Exoskeletal assistance can be given through torque (left) and/or through force (right).
The hypothesis holds that giving assistance solely through torque, will lead to lower reaction
forces in the shoulder since there will be no reaction forces needed to hold the humerus in place,
which will be the case when giving assistance solely through force.

0 = RX + FX
exo + FX

muscle

0 = RY + FY
exo + FY

muscle + Fg

0 = C + Cmuscle +OB × F exo +OG× F g

(1.1)

When an external torque is applied instead of a force, the muscle force Fmuscle should de-
crease, leading to a decrease in R, both forces should be be equal and opposite (in x-direction),
in order to maintain the force balance.

0 = RX + FX
muscle

0 = RY + FY
muscle + Fg

0 = C +Mexo + Cmuscle +OG× F g

(1.2)

There are however 2 challenges. A first challenge is the assessment of joint reaction forces at
the level of the joints, which can only really be measured in an invasive way, and secondly, how
to get a robot to transfer just a torque.

A way of to overcome these challenges is by using musculoskeletal models. A musculoskeletal
model is a computational model that consist of a skeleton of rigid body segments (bones) con-
nected by joints. Muscles span over the joints and can generate forces to move the body parts.
The main advantage of these musculoskeletal models is that they include models of muscles and
thus allow to characterize muscle forces, which are then also considered in the computation of
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reaction forces. These models are useful for biomechanical analyses, and simulations are often
used for estimating internal forces, joint kinematics and joint moments [2] [16].

Thus, if simulations with a musculoskeletal model confirms the hypothesis, this gives extra
rationale to give this research question more attention and to try it in real life.

So, the goal of this thesis is to employ a musculoskeletal model of the upper extremities,
focusing on the shoulder joint, to estimate forces acting on the joints as a result of exoskeletal
assistance through force or torque. This model can advance insights in human-robot interaction
and facilitate the development of more effective exoskeletons.

1.3 Thesis outline

Chapter 2 provides a brief description of the shoulder followed by an introduction to OpenSim and
a comparison of existing upper-limb musculoskeletal models in Chapter 3. Chapter 4 describes
the performed experiments, being first a validation of the simulations by comparing measured
electromyography (EMG) data with estimated muscle activation of the model for the same motion
[4] [28], and an inspection of the required moment to achieve to movement computed by OpenSim
and manually calculated. This is followed by a description of the experiment and data processing
steps for comparing force to torque assistance. The results of the validation and experiment
simulations are discussed in Chapter 5, and finally a general conclusion and possible future work
is given in Chapter 6.
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Chapter 2

The shoulder joint complex

This chapter will shed some light on the complex body part that the shoulder is. Sections 2.1,
2.2, 2.3 and 2.4 give some anatomical information about the shoulder joints, motion, muscles
and ligaments respectively. The chapter is concluded with the requirements for a musculoskeletal
model for this thesis based on this information in section 2.5.

2.1 Shoulder joints

The shoulder connects the upper arm to the thorax and is composed of the clavicle, scapula,
humerus and sternum (Figure 2.1). These bones are connected through 4 joints shown in Figure
2.2 and described in more detail below [36][44].

• Glenohumeral joint: ball-and-socket joint connecting the head of the humerus into the
glenoid cavity [19] of the scapula [36].

• Acromioclavicular joint: gliding synovial joint (also called gliding diarthrosis) allowing the
clavicle and acromion (part of scapula) to move side-to-side, up and down, and diagonally
[36].

• Sternoclavicular joint: gliding synovial joint (gliding diarthrosis) allowing the clavicle and
sternum to move side-to-side, up and down, and diagonally [36].

• Scapulothoracic joint: not considered as a true since the bones are not connected by liga-
ments, the scapula glides along the rib cage [36].

Due to this network of bones, joints and soft tissues and the spheroid shape of the gleno-
humeral joint (large ball in small socket), the shoulder has a very large range of motion. But
this also leads to the shoulder being prone to dislocation and other injures, which shows the
importance of shoulder stability [36][44].

2.2 Shoulder motion

The wide range of motion comes at the expense of stability. The shoulder is stabilized by its
surrounding skeletal muscles and various ligaments. The majority of support is coming from
the supraspinatus, infraspinatus, teres minor, and subscapularis muscles and their tendons, also

5



6 CHAPTER 2. THE SHOULDER JOINT COMPLEX

Figure 2.1: The shoulder joint complex consists
of three bones: the clavicle, the scapula, and
the humerus [36].

Figure 2.2: There are four joints in the shoulder
joint complex [36].

Figure 2.3: The rotator cuff is a group of four
muscles that stabilize the shoulder joint [36].

Figure 2.4: The shoulder rhythm describes the
kinematic interaction between the scapula and
humerus when elevating the arm [43].

know as the rotator cuff (Figure 2.3). They reinforce the joint capsule and limit the range of
movement [19].

A shoulder movement is a combination of movement of the four shoulder joints. Each joint
contributes continuously, but at a various rate and a different phase of the shoulder movement
[43].

The kinematic interaction between the scapula and humerus when elevating the arm is de-
scribed by the shoulder rhythm (also scapulohumeral or glenohumeral rhythm), which is the ratio
(R) of glenohumeral (GH) to scapulothoracic (ST) rotation, R = GH/ST. A general ratio of 2:1
is used (as shown in Figure 2.4), however this is oversimplified since the ratio is dependent on
several factors such as the arc and plane of shoulder elevation, the shoulder loading, and varies
between individuals and ages [43] [50] [24] [33].

In general, for small shoulder angles, under 30°, the contribution of the scapulothoracic joint
is very small and the motion is mainly due to the glenohumeral joint (thus a larger shoulder
rhythm). As the shoulder angle increases, the contribution of the scapulothoracic joint also
increases, in a non-linear trend, thus decreasing the shoulder rhythm [50] [43].
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2.3 Shoulder muscles

The muscles involving the shoulder can be divided into two groups, the muscles that position the
pectoral girdle (also called shoulder girdle, containing the clavicle and scapula), shown in Figure
2.5, and the muscles that move the glenohumeral joint, shown in Figure 2.6.

2.3.1 Muscles that position the pectoral girdle

The trapezius is a large superficial muscle that originates along the spine (on the spinous
processes of vertebrae C7 to T12), the nuchal ligament and the external occipital protuberance.
It inserts on the acromion (clavicle) and scapular spine. Each region (upper, middle, lower) of
the trapezius can contract independently, and depending on which region is active, the trapezius
can elevate, retract, depress, or rotate the scapula upward, elevate the clavicle, or extend the
neck [20] [45].

The serratus anterior originates along several ribs and inserts on the anterior surface of the
vertebral border of scapula, thus running between the scapula and the ribs. When contracting,
the serratus anterior protracts the scapula, swinging the shoulder superiorly [20].

The subclavius is a deeper laying muscle that originates on the first rib and inserts on
the inferior border of the clavicle. This muscle works in synergy with the pectoralis minor,
originating on the anterior-superior surfaces of 3 to 4 ribs and inserting on the coracoid process
of the scapula. Contraction of these muscles depresses and protracts the scapular end of the
clavicle, which rotates the scapula so that the glenoid cavity moves inferiorly [20].

The rhomboid major andminor and levator scapulaemuscles lay underneath the trapez-
ius muscle and insert along the vertebral border of the scapula. The rhomboids originate on the
spinous processes of several superior thoracic vertebrae and the levator scapulae originates on
the transverse processes of the first four cervical vertebrae. They work in synergy to elevate,
retract and rotate the scapula, tilting the glenoid cavity inferiorly [20] [41] [42].

2.3.2 Muscles that move the glenohumeral joint

The deltoid muscles (posterior, anterior and medial) originate on the clavicle and scapula
(acromion and adjacent scapular spine) and inserts on the deltoid tuberosity of the humerus. It
is the major shoulder abductor, but the anterior part also contributes to the shoulder flexion
and medial rotation and the posterior part contributes to the extension and later rotation [20].

The supraspinatus muscle assists in the abduction of the shoulder. It originates on the
supraspinous fossa of the scapula and inserts on the greater tubercle of the humerus [20].

The subscapularis muscle originates at the subscapular fossa of the scapula and inserts on
the lesser tuberosity of the humerus. This muscle performs medial rotation at the shoulder [20].

The teres major performs extension, adduction, and medial rotation of the shoulder. It
originates on the inferior angle of the scapula and inserts on the medial lip of intertubercular
groove of the humerus [20].

The teres minor has its origin at the lateral border of the scapula and inserts on the greater
tubercle of the humerus. Contraction initiates lateral rotation of the shoulder [20].

The infraspinatus muscle also performs lateral rotation of the shoulder. It is originated at
the infraspinous fossa of scapula and inserts on the greater tubercle of the humerus [20].

The coracobrachialis originates at the coracoid process of the scapula and inserts on the
medial margin of the shaft of the humerus. It is the only muscle originating on the scapula that
produces flexion and adduction of the shoulder [20].

The pectoralis major muscle originates from the second to sixth rib, the body of the
sternum and the inferior, medial portion of the clavicle and inserts on the crest of the greater
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tubercle and lateral lip of intertubercular groove of the humerus. It produces flexion, adduction
and medial rotation of the shoulder [20].

The latissimus dorsi muscle originates on the spinous processes of the inferior thoracic
and all lumbar vertebrae, ribs 8–12, and the thoracolumbar fascia and inserts on the floor of
intertubercular groove of the humerus. It produces extension, adduction, and medial rotation of
the shoulder [20].

The biceps brachii help shoulder flexion, and the triceps brachii help shoulder extension.

2.4 Shoulder ligaments

Most of the stabilizing support comes from muscles, however, ligaments aid to reinforce and
stabilize the shoulder [19].

The capsular ligament or glenohumeral ligament consist of 3 parts (superior, inferior and
medial) and connects the edge of the glenoid fossa to the neck of the humerus. From all shoulder
ligaments this is the main source of stability, it reinforces the anterior aspect of the shoulder joint
[37] [26]. More specifically, all 3 parts limit the external rotation of the humerus, and additionally
the superior glenohumeral ligament limits inferior translation, the medial glenohumeral ligaments
limits anterior translation and the inferior glenohumeral ligaments limits internal rotation and
superior and anterior translation [40].

The coracohumeral ligament connects the base of the coracoid process to the greater tuber-
cle of the humerus and reinforces the superior aspect of the shoulder joint. It limits the inferior
translation and external rotation of the humerus [26] [35].

The coracoacromial ligament connects the acromion to the coracoid process of the scapula
and prevents superior displacement of the humeral head [26]

The coracoclavicular and acromioclavicular ligaments connect the clavicle to the scapula
and reinforce the alignment of the clavicle with relation to the scapula [26].

2.5 Musculoskeletal model requirements

The shoulder muscles are activated in different levels for different types of movements. The
muscles that are of most interest in the light of this thesis are the flexor and extensor mus-
cles (deltoid, coracobrachialis, pectoralis major, teres major, latissimus dorsi) and the shoulder
stabilizing muscles (deltoid, rotator cuff muscles: supraspinatus, infraspinatus, teres minor, sub-
scapularis; trapezius, serratus anterior, rhomboids, pectoralis minor and major), as well as the
shoulder stabilizing ligaments (glenohumeral ligaments) [23] [39] [19] [55].
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(a) Anterior view.

(b) Posterior view.

Figure 2.5: The pectoral girdle connects the upper extremities with the thorax and consists of
two bones (clavicle and scapula) and 6 muscles (levator scapulae, pectoralis minor, rhomboid
minor and major, serratus anterior, subclavius and trapezius) [20].



10 CHAPTER 2. THE SHOULDER JOINT COMPLEX

(a) Anterior view.

(b) Posterior view.

Figure 2.6: Muscles of the shoulder that move the arm [20].
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Figure 2.7: Ligaments help to reinforce and stabilize the shoulder joint, the main ligaments are
the glenohumeral, coracohumeral, coracoacromial and coracoclavicular ligaments [47].
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Chapter 3

Musculoskeletal modeling

This chapter focuses on musculoskeletal modeling. In Section 3.1 an overview is given of different
musculoskeletal modeling software on the market, followed by an overview and comparison of
existing musculoskeletal models for the OpenSim software, which the software used for this thesis,
in sections 3.2 and 3.3 respectively. The chapter ends with a short explanation about the used
simulation tools in Section 3.4.

3.1 Musculoskeletal modeling software

Several musculoskeletal modeling and computation software exist, such as Anybody, OpenSim,
SIMM, BoB and others.

Anybody provides mechanical modeling of the living body, in particular musculoskeletal mod-
eling with the human body as main domain of application, but the technology applies to any
creature (currently living, pre-historic, or imaginary) [57].

BoB (Biomechanics of Bodies) is a group of biomechanical modeling software packages writ-
ten in MATLAB M-code and is used in academia and industry for product design, sporting
performance, equipment design, man/machine interactions, and many more [5].

SIMM (Software for Interactive Musculoskeletal Modeling) lets you create and analyze graphics-
based models of the musculoskeletal system. Moment arms and lengths of the muscles and liga-
ments can be calculated as well as forces and joint moments that each muscles generates. Easy
manipulation of the model allows for quick exploration of effects of changing musculoskeletal
geometry [38].

The open source software OpenSim [10][54] is used for biomechanical modeling of humans,
animals, robots and the environment and performing simulations and analyses on their inter-
actions and movement [17]. The graphical user interface provides several tools to visualize and
modify the model and to carry out the analyses. The software also provides an API (application
programming interface) that makes it possible for OpenSim to communicate with other programs
like C++, Python and MATLAB.

A technical note on SIMM and OpenSim states the complementary nature of the two software.
Where SIMM has relatively limited tools for computing muscle excitations and analyzing results
of dynamic simulations, OpenSim contains a muscle editor, model viewer, coordinate viewer,
and plotting tool. And where OpenSim provides very limited editing tools (e.g. joint editor,
body editor, deform editor, ...), SIMM provides these complementary capabilities. OpenSim can
import and export SIMM models, so users can easily take advantage of features of both software
[56].

13
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Langholz et. al report on the comparison of Bob, Anybody and OpenSim as Bob being the
most straightforward, AnyBody having the most sophisticated model which can be adjusted in
great detail, and OpenSim being a beneficial tool for academic projects with a many users and
papers available to support the user [29].

Mirza et.al reviews OpenSim as being a leading open-source software for human movement
analysis [30].

Of the mentioned software, OpenSim is only one being freely available [29].
In this thesis the OpenSim version 4.4, released on July 24 2022, is used in combination with

MATLAB.

3.2 Overview of existing upper-limb OpenSim models

There are several OpenSim models openly available, either directly when downloading the Open-
Sim software, or downloadable via the website simtk.org. The characteristics of the upper-limb
models that could be of interest for this research are listed in Table 3.1 and a comparison is
made.

3.2.1 Arm26

The first model, Arm 26, is directly available when downloading the OpenSim software. It is a
very simplistic model of the right arm with only 3 muscles modeled by 6 muscle elements: triceps
brachii (long, lateral and medial head), biceps brachii (long and short head) and brachialis. The
model has 2 degrees of freedom: shoulder elevation (flexion) and elbow flexion [10][54]. This
model was last updated in July 2008 [15].

The arm26 is, together with the Stanford VA model (see model below), used for the develop-
ment of a two upper limbs model. The developed model was validated by comparing simulated
and experimental muscle activation data [21].

This model was also used to evaluated the performance of a newly developed method to control
the assistive torque that minimizes the human muscle activations under stability guarantees for
assistive exoskeletons. [34]

3.2.2 Dynamic arm simulator (DAS3)

In 2008 Chadwick E. et al.[6] developed a first version of the dynamic arm simulator (DAS3)
in the SIMM software. It is a model of the right arm and was developed to design and test
neuroprostheses and consisted of the shoulder and elbow as substitute for the human arm. This
model was validated by correlating the model-calculated muscle activations to EMG signals
recorded from shoulder and arm muscles when performing arm movements [6]. Later this model
was updated and implemented in OpenSim, in 2014, by Chadwick E. et al.[7], the model was
last updated in 2016.

The sterno-clavicular, acromio-clavicular and glenohumeral joints are each represented by
three orthogonal hinges, this accounts for 9 degrees of freedom, elbow flexion and forearm
pronation-supination add 2 more degrees of freedom, which makes a total of 11 degrees of free-
dom. 138 muscle elements are used to represent 29 muscles concentrated around the shoulder.
In this model, the shoulder girdle is modeled to be independently controlled, meaning that the
movement of the scapula and clavicle is not kinematically controlled, either by measured motions
or by describing the shoulder rhythm, but by muscle forces [7] [6].

The independent control of the shoulder girdle in the light of this thesis is not preferable.
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Figure 3.1: Arm 26 model [10][54]. Consisting
of a thorax, spine and head as base, a humerus
and a radius, ulna and hand modeled as one
body; 6 muscles; 2 DOF and 3 markers (pink
dots). The blue surfaces are virtual wrap ob-
jects to prevent a muscle to pass through a bone
when a muscle wraps over a bone surface.

Figure 3.2: DAS3 model [7]. Bodies:
base (head, thorax, spine), clavicle, scapula,
humerus, ulna, radius, hand; 138 muscle ele-
ments representing 29 muscles; 11 DOF, wrap-
ping ellipsoid (blue) over which the muscles
move.

The DAS model is used in research to investigate the influence of humeral elevation and plane
of elevation on the stabilizing function of the shoulder muscles [1].

3.2.3 Upper extremity kinematic model

The upper extremity kinematic model (Stanford VA upper limb model) was developed by Stan-
ford researchers in 2005. Previous developed models were mostly used to analyze individual
regions such as the shoulder, elbow or wrist. However many upper extremity muscles cross over
multiples joints, which indicated the need for an integrated model of the upper extremity to bet-
ter understand the coupling between joints. Stanford researchers used already developed models
of the shoulder, elbow and wrist as a foundation, adding new representations of the shoulder,
thumb and index finger. The accuracy of the model was assessed by comparing the computed
moment arms to experimental data. The model matched well with published literature data [27].

This model can only be used for kinematic analyses since no inertial parameters for the bodies
are included. The model is of the right arm and consists of 50 muscle elements representing 32
muscles (muscles with multiple tendons or with wide attachments are represented by multiple
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compartments) and has 15 degrees of freedom. The motion of the shoulder girdle is described by
simplified regression equations from de Groot and Brand[9], to only vary with the thoracohumeral
(shoulder elevation) angle[27].

3.2.4 Upper extremity dynamic model

The upper extremity dynamic model is an evolution of the model mentioned above and was
developed by the same authors. In 2015 the first version of this model was developed as a tool
to evaluate differences in simulation outcomes between software platforms. Inertial parameters
were added to the model to make dynamic analyses possible, the number of degrees of freedom
was reduced to 7 by fixing the hand in a grip posture and, as in the previous model, each arm
has 50 muscle-tendon actuators to represent the 32 muscles.

In 2019 this model was updated to evaluate how glenohumeral joint stability is influenced
by task target and task type (unimanual and bimanual pushing and pulling). Joint definitions,
muscle paths, and muscle properties were mirrored to the contralateral side to extend the model
to a bimanual model, so in total this model has 14 DOF and 100 muscle elements. In addition
to the muscles this model also includes 4 ligament elements representing 2 shoulder ligaments,
namely the coracohumeral ligament and the glenohumeral ligament (superior, medial and inferior
part). The model was last updated in February 2021 [49][32].

The MOBL ARMS model was, among others, used in research to investigate the glenohumeral
muscle and joint contact forces in different keyboard setups [22] and to estimate the upper limb
angular kinematics and net joints moments as a result of a wheelchair propulsion movement [25].

Richardson RT et al. [46] reported increasing scapulothoracic angle errors with humerotho-
racic elevation. They advise to exercise caution when using the MOBL ARMS model for ap-
plications requiring precise scapulothoracic kinematics [46]. However, this paper was published
before the MOBL ARMS model was updated in 2019.

Figure 3.3: MOBL-ARMS model [49][32]. Body parts: thorax, clavicle (2), scapula(2), humerus
(2), ulna (2), radius (2), proximal row of wrist bones (2) and hand (2); 50 muscle elements
representing 32 muscles on each side (red); 4 ligament elements representing 2 ligament on each
side (green); 7 DOF on each side.
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3.2.5 Model of the scapulothoracic joint

The model of the scapulothoracic joint is rigid-body model of the right shoulder and arm de-
veloped in 2015 by Seth A. et al. [52]. This model was developed to accurately describe the
kinematics of the scapula relative to the thorax. This was done by parameterizing the scapu-
lothoracic motion by 4 joint coordinates: (1) elevation/depression and (2) abduction/adduction
on an ellipsoidal thoracic surface, (3) upward rotation of the scapula and (4) internal rotation or
’winging’. This model is purely skeletal, thus contains no muscles, and has 11 degrees of freedom.

The model was evaluated for its accuracy by comparing computed marker locations to mea-
sured marker data from motion-capture experiments, to properly compare the marker locations
the upper extremity model was scaled to the test subject.

Figure 3.4: Scapulothoracic joint model [52].
Body parts: thorax, clavicle, scapula, humerus,
ulna, radius, hand; 21 markers (pink dots); 11
DOF.

Figure 3.5: Thoracoscapular muscle model [53].
Body parts: thorax, clavicle, scapula, humerus,
ulna, radius, hand; 33 muscle elements repre-
senting 16 muscles;21 markers (pink dots); 11
DOF; blue wrapping surface to guide the mus-
cle path.

3.2.6 Thoracoscapular shoulder model

In 2019 Seth A. et el. [53] developed a model that combines the scapulothoracic model, from
above, with scapular muscles to drive the shoulder motions in order to asses the role of the
thoracoscapular muscles in the motion of the scapula. The model includes 33 muscle elements
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representing 16 thoracoscapular muscles and has the same degrees of freedom as the skeletal
model from above: pronation/supination of the wrist, flexion/extension of the elbow, axial ro-
tation, adduction/abduction and extension/flexion of the arm and the 6 remaining degrees of
freedom position and orientate the scapula and clavicle, of which the joint coordinates are linked,
however, they are not linked one-to-one [53]. The movement of the scapula is again kinematically
uncoupled, this independent movement of the scapula is not preferred for this thesis.

The model was evaluated by comparing the muscle activations from muscle-driven simulations
to the EMG measured for the same tasks. An average mean absolute error (MAE) of 0.06 was
reported across all model muscles, with the largest MAE of 0.15 for the latissimus dorsi during
loaded (2kg) flexion. For unloaded flexion and abduction the MAE’s for all muscles were below
10% [53].
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3.3 Review of OpenSim models

With the requirements for the OpenSim model, mentioned in section 2.5, in mind, some of the
discussed models can already be excluded as option for the following reasons. The Arm26 is
too simplistic for the purpose if this thesis, but, this also makes for a low computational cost,
and is thus very suitable to learn to work with the OpenSim program and to run some fast first
impression simulations, for which it will thus be used. The upper extremity kinematic model
cannot be used for dynamic analyses, which is a major part of this thesis, and is thus not a
suited model. Computing reaction forces in the muscles is part of the research of this thesis,
so since the scapulothoracic joint model does not include any muscles, this model is also not
suited. However, the model of the scapulothoracic joint could still be interesting to investigate
the difference between applying a force compared to a torque purely on the level of the bones,
independent of the muscle activity, which could give more insight on the function of muscles in
terms of reaction forces. This could be interesting when looking at people who can no longer
generate muscle activity.

The DAS3 and thoracoscapular muscle model both have muscles and dynamic parameters.
The downside however, is that the shoulder girdle is modeled to be independently controlled and
thus, that no shoulder rhythm is present.

The upper extremity dynamic model is a very comprehensive model, including both left and
right arm, with much more muscles than of interest for this thesis. A big advantage of this
model is that it is the only model that includes two important shoulder ligaments and that the
movement of the shoulder girdle is constraint by the shoulder rhythm.

The upper extremity dynamic model best fits the model requirements for this research, despite
being much more extensive than necessary. In addition, in the downloaded folder of this model a
unimanual model of the right arm is present and the muscles that are not of immediate interest,
such as muscles at the level of the elbow or hand, will not negatively influence further simulations.
On the contrary, it can only make the results more realistic. The final model is shown in Figure
3.6.

(a) Muscles. (b) Ligaments.

Figure 3.6: Unimanual MoBL-ARMS model that is used for simulations in this thesis [49][32].
This model contains 32 muscles and 2 ligaments and has 7 DOF.
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3.4 Simulations in OpenSim

To investigate the difference in reaction forces in the shoulder when using torque or force as
exoskeletal assistance, the model needs external load input elements. In the simulations, the
assistance purely through force is applied at the center of mass (COM) of the humerus as a 2D
vector in the plane of elevation, this is done for simplicity and equality between simulations. The
assistance purely through torque is applied around the transverse axis, and since the torque is
applied as a free vector, the point of application is arbitrary.

Muscle forces and activations

Muscles are represented by musculotendon actuators which consist of an active contractile ele-
ment, a passive elastic elements and an elastic tendon element. During non-isometric contraction
the muscle force varies with its length. The active-force-length curve (fL(l̃M )) represents the
non-linear variation of the maximal force a muscle can develop, depending on its length. The
force a muscle develops also depend on the rate at which its length changes, this is represented
in the force-velocity curve (fV (ṽM )). The passive-force-length curve (fPE(l̃M )) represents the
force a muscle develops when stretched beyond a threshold length. The tilde denotes the force,
length and velocity normalized by the peak force (fM

0 ), the length at peak force (lM0 ) and the
maximal velocity (vMmax) respectively. These curves form a force-length-velocity surface:

fM = fM
O ∗ (a ∗ fL(l̃M ) ∗ fV (ṽM ) + fPE(l̃M )) (3.1)

with a the muscle activation, ranging from amin to 1 [14].
Muscle forces needed to achieve a certain movement are computed for the loaded motion

with the static optimization tool. It uses the known motion, to solve the equations of motion for
the unknown generalized forces, while being constrained by force-length-velocity properties and
minimizing the sum of squared activations. And although a tendon can stretch way beyond its
slack length, in static optimization the tendon is assumed to be inextensible [12][14].

Joint reaction forces

The reaction forces acting on the shoulder are computed with the JointReaction analysis tool.
It calculates the resultant forces and moments transferred between two consecutive bodies as a
result of all loads acting on the model, including muscles, motors, and all other actuators. The
reaction load acts at the joint center of both the parent and child bodies. This function takes the
names of the joints of interest, the body on which the reaction is applied (parent or child), the
frame in which to express the reaction (parent or child) and a storage file containing the muscle
forces computed with the static optimization tool, as input [13].

Validation of simulations

The simulated data needs to be validated. This is done by comparing the behavior of the
measured EMG signal and the computed muscle activations. When giving different amplitudes
of assistance to a person, the EMG activation of the muscles will decrease when increasing the
level of assistance, the same behavior should be seen in the computed muscle activations.

Another way of validating the simulations and added external force and torque, is by com-
paring the influence of the external force on the reaction moments in the shoulder computed
with the inverse dynamics tool and a manually calculated estimation. The inverse dynamics
tool of OpenSim determines the forces and moments needed to produce a given motion for each
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joint, taking into account the applied external forces and/or torques. The inverse dynamics tool
ignores the contribution of muscles [11].



Chapter 4

Methods

This chapter first explains the validation method and the taken data processing steps in order
to achieve the needed data in Section 4.1. This is followed by the description of the performed
motion and robotic assistance experiments and how this data is processed to the wanted format
in Section 4.2.

4.1 Validation

To validate the simulations in OpenSim, EMG signals are recorded for the same motion in with
three levels of assistance: no support, low force support and high force support. This EMG data
is compared to the computed muscle activations and forces from OpenSim.

A second validation step is to compare the moment required to lift the arm computed by
OpenSim to the manually calculated moment.

Electromyography

The muscle activations of five unilateral muscles of the right, dominant, hand were recorded
(2000Hz, Cometa, Bareggio, Italy [8]) according to the Surface Electromyography for the Non-
Invasive Assessment of Muscles (SENIAM [51]) guidelines. The activity of the following muscles
was measured:

• Deltoid anterior (shoulder flexion)

• Deltoid medialis (shoulder abduction)

• Deltoid posterior (shoulder extension)

• Biceps brachii (shoulder flexion)

• Long head of triceps (shoulder extension)

The raw EMG data is bandpass filtered with a 4th order Butterworth filter from 10 to 500Hz,
full-wave rectified, and smoothed with a low-pass filter (4th order Butterworth) at 6Hz.

Synchronization

To synchronize the EMG and motion signals, a short impulse is given to one of the DOT sensors
and a reference EMG sensor simultaneously. This impulse is used to align the measurements,
Figure 4.1 shows the peaks in acceleration for both the Xsens DOT and EMG sensors.

23
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Figure 4.1: A short and quick impulse is given to an IMU and EMG sensor simultaneously. The
peaks in acceleration (red line) seen on the graphs are used to align the measurements.

The different signals are measured at a different frequency: Xsens DOT measures at a rate
of 60Hz, the EMG sensors at a frequency of 2000Hz. So to have the data at the same frequency,
the EMG data is re-sampled to a frequency of 60 Hz.

Inverse Dynamics

In order to estimate the required moment around the shoulder, the total mass of the arm (marm)
and the center of mass (COM) of the arm (COMarm) are calculated. The COM of the arm is
calculated when the humerus is horizontal, by taking the sum of the multiplications of the COM
of each body part with its perpendicular distance from the shoulder joint, and dividing this sum
by the total mass of the arm:

COMarm =
COMhum ∗mhum + COMu ∗mu + COMr ∗mr + COMhand ∗mhand

mhum +mu +mr +mhand

=
0.14m ∗ 1.99kg + 0.32m ∗ 1.11kg + 0.36m ∗ 0.23kg + 0.38m ∗ 0.58kg

1.99kg + 1.11kg + 0.23kg + 0.58kg

= 0.24m

(4.1)

The masses and origins of each body part are read out from the OpenSim MOBL ARMS
model. To then find the position of the COM, the origin of each body part is summed with the
longitudinal component of its COM multiplied with cos(67◦) to have the horizontal component,
67◦ is the angle of the elbow when the humerus is horizontal. For the humerus, this multiplication
is not needed since it is already horizontal. The positions of the origins and COMs are shown in
Figure 4.2.
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Figure 4.2: To estimate the center of mass (COM) of the right arm, the positions of the COMs
(green spheres) of the separate body parts are calculated. The positions of the origins of each
body part is outputted from OpenSim (left). The positions of the COMs of the body parts are
calculated by summing the position of the origin and the horizontal component of the position
of the COM.

The final resuired moment around the shoulder is then found by multiplying the total mass
of the arm with its COM and the sinus of the shoulder elevation angle:

M = marm ∗ COMarm ∗ sin(α) (4.2)

with α being the shoulder elevation (explained in the section below).
To include the external force or torque, the required moment is calculated as follows:

Mforce = M − 0.14m ∗ Fext

Mtorque = M − Text

(4.3)

4.2 Torque versus force assistance

4.2.1 Motion description

A subject was asked to perform a flexion-extension motion of the shoulder. As start position the
subject is sitting with his back against the backrest of a chair with his upper-arm straight down.
After starting the measuring devices, the subject slowly moves his arm forward and upward until
his arm is about 90° up and then lowers his arm again, the participant was instructed to keep the
elbow angle static and not fully extended to avoid overextension. One cycle of flexion-extension
took 7 seconds, the movement is shown in Figure 4.3. This motion is first performed once and
recorded with the SAFeR [48] robot. The SAFeR robot then executes this motion in a cycle.
The experiment is performed with different levels of assistance. The motion with assistance
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was repeated 30 times per assistance level (low assistance, high assistance), for the case without
robotic assistance, so without the SAFeR robot, the motion was repeated 9 times.

Figure 4.3: Flexion-extension motion of the shoulder. This motion is performed 9 to 30 times
within one set and one repetition took about 7 seconds. Three sets of measurements are per-
formed: once without robotic assistance, once with low robotic assistance and once with high
robotic assistance.

The kinematic data of the performed movement was recorded with Xsens DOT sensors, which
are wearable sensors providing 3D angular velocity, 3D acceleration and 3D orientation (Euler
angles are in Z-Y-X sequence). Three sensors were used, one on the upper-arm, one on the
fore-arm and one on the sternum.

From Xsens DOT angles in local sensor frame to angles in a reference
frame

The Xsens DOT sensors can give their orientation output as quaternions or as Euler angles.
These are used to compute the rotation matrix, which rotates a vector from the sensor coordinate
system (S) to the local earth-fixed reference coordinate system (G), known as East-North-Up
(ENU) [3].

To calculate the angles that rotate a vector from one body segment (L) to another, or to a
reference frame (R), Equation (4.4) is used, the different frames are shown in Figure 4.4.

RRL = RRG ∗ GRL = (GRR)
T ∗ GRL (4.4)

From reference frame Euler angles to joint coordinates in OpenSim

In the MOBL ARMS model the shoulder orientation is controlled by first defining the plane of
elevation, which is rotated by the angle of elevation, γ, around the fixed Y-axis (not physically
moving the arm but only the plane in which the arm is elevated), followed by the elevation
itself, namely α, around the moving X-axis. Note that the Y-axis in the MOBL ARMS model
corresponds to the X-axis of the XSens DOT reference frame, the X-axis to the Z-axis, and the
Z-axis to the Y-axis, see Figure 4.5. Thus, the rotation matrix that rotates the arm to a certain
position, expressed in the coordinate system of OpenSim, is composed of first a rotation matrix
that rotates the arm around the X-axis the plane of elevation around the Y-axis with an angle
γ:
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Figure 4.4: All DOT sensors have their own, Local, coordinate system. The rotation matrix, R,
formed by the measured Euler angles, rotates a vector from the Local DOT frame to the Global
East-North-Up (ENU) frame. To rotate a vector from its DOT frame to another reference DOT
frame, the vector is first rotated to the Global frame, followed by rotating it to the DOT Reference
frame with the inverted rotation matrix.

 c(γ) 0 s(γ)
0 1 0

−s(γ) 0 c(γ)

 ∗

−1 0 0
0 c(α) −s(α)
0 s(α) c(α)

 =

−c(γ) s(γ) ∗ s(α) s(γ) ∗ c(α)
0 c(α) −s(α)

+s(γ) c(γ) ∗ s(α) c(γ) ∗ c(α)

 (4.5)

To find γ and α, the following reasoning is used. For both sets of rotations, Euler angles
from XSens and joint coordinates in OpenSim, the final position of the arm should be the same,
meaning that multiplication of the rotation matrices with the start position of the arm has to
give the same end position. Since the default, a.k.a. start position, in OpenSim is defined as the
arm straight down, the start position in the Xsens coordinate frame is (−1, 0, 0), and in OpenSim
coordinate frame (0,−1, 0).

Rotation of the arm in OpenSim coordinate system:−c(γ) s(γ) ∗ s(α) s(γ) ∗ c(α)
0 c(α) −s(α)

s(γ) c(γ) ∗ s(α) c(γ) ∗ c(α)

 ∗

 0
−1
0

 =

−sin(γ) ∗ sin(α)
−cos(α)

−cos(γ) ∗ sin(α)

 (4.6)

Rotation of the arm in Xsens coordinate system:

RRL ∗

−1
0
0

 =

−R1
−R2
−R3

 (4.7)

Since the X,Y,Z axes in OpenSim correspond to the Z,X,Y axes in XSens frame, the following
equations are found:  R1 = cos(α)

R2 = cos(γ) ∗ sin(α)
R3 = sin(γ) ∗ sin(α)

(4.8)

From which the joint coordinate α for OpenSim can be calculated:{
α = acos(R1) (4.9)
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Figure 4.5: The shoulder position calculated from the Xsens DOT sensors is expressed by Euler
angles (ZYX sequence) in the coordinate system of the DOT placed on the sternum (left model
[18]), while the shoulder position of the MOBL ARMS model in OpenSim is expressed by two
angles in the coordinates system shown in the right model: γ, which rotates the plane of elevation
around the fixed Y-axis (not physically moving the arm but only the plane in which the arm is
elevated) and α, which elevates the arm by rotating around the moving X-axis.

The elevation angle γ is found by using the following formula’s:


||a× b|| = ||a|| ∗ ||b|| ∗ sin(γ) → sin(γ) =

||a× b||
||a|| ∗ ||b||

a · b = ||a|| ∗ ||b|| ∗ cos(γ) → cos(γ) =
a · b

||a|| ∗ ||b||

⇒ tan(γ) =
sin(γ)

cos(γ)
=

||a× b||
||a|| ∗ ||b||

a · b
||a|| ∗ ||b||

=
||a× b||
a · b

→ γ = atan2

(
||a× b||
a · b

) (4.10)

a represent a vector in the direction of the arm, with as magnitude 1, b represents a unit
vector in the y-direction (vertical).

The third degree of freedom of the shoulder is the shoulder rotation. This angle is found by
calculating the rotation matrix that goes from the moved humerus position to the initial humerus
position. The start position is taken as zero rotation of the humerus. From this rotation matrix
the Euler angles (Z-Y-X sequence) are retrieved and the rotation around the X-axis is the rotation
of the humerus around its longitudinal axis.

hum0Rhum = hum0RG ∗ GRhum = (GRhum0)
T ∗ GRhum (4.11)
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The angle of elbow flexion is found by calculating the angle between the longitudinal axis of
the humerus and the longitudinal axis of the forearm. These vectors are expressed in the global
ENU frame and are found by multiplying the rotation matrices of the IMUs with (1,0,0), since
the x-axes are aligned with the longitudinal axes. Then, analogous to the calculation of the
elevation angle, the elbow angle is:

atan2

(
||GRhum ∗ (1, 0, 0)× GRfore ∗ (1, 0, 0)||

GRhum ∗ (1, 0, 0) · GRfore ∗ (1, 0, 0)

)
(4.12)

The joint angles for the first five repetitions of the motion with high assistance are shown in
Figure 4.6.

Figure 4.6: Joint coordinates computed from DOT angle measurements for the MOBL ARMS
model in OpenSim (only the first five repetitions are shown): Elevation angle, describing the
plane of elevation (0° is abduction, 90° is flexion), Shoulder elevation, determines the degree of
elevation (0° is vertical down, 90° is horizontal, 180° is vertical up), Shoulder rotation, rotation
of humerus around its longitudinal axis, and Elbow flexion.

Motion file as input in OpenSim

For the final movement that is implemented in OpenSim, the mean of all cycles is taken. To
achieve this the minima of the shoulder elevation between each cycle are taken, and used as
splitting point. Then each separated cycle is re-sampled to have 500 data points, after which the
mean is taken per timestamp. The final joint coordinates are shown in Figure 4.7.

4.2.2 Robotic assistance description

The reaction forces and moments felt by the SAFeR robot are recorded and expressed in the
global frame of the robot, as shown in Figure 4.8. The measured data is low pass filtered (4th
order Butterworth, 0.5Hz) to smoothen the signal, the results are shown in Figure 4.10.

For simplicity the assistance in the simulation is applied in 2D, in the plane of elevation.
Since the coordinate frame in which the reaction forces of the SAFeR robot are measured is not
the same as the one used in OpenSim, the force and torque vectors need to be transformed. The
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Figure 4.7: For each joint coordinate, each repetition is re-sampled to have 500 data points, then
the mean over all repetitions is taken per timestamp. These are the final joint coordinates used
as input in OpenSim.

Figure 4.8: Base frame of the SAFeR robot, in which
the resistance felt by the end-effector is expressed.
The Y-axis makes an angle of 30° with the horizon.

Figure 4.9: Coordinate frames of
the SAFeR robot (green), and the
global coordinate frame of the Open-
Sim model (blue). The frame of the
OpenSim model is found by rotating
the SAFeR frame by 60° around its
X-axis, followed by rotating it -90°
around its moved Y-axis.

YSAFeR-axis of the SAFeR robot makes an angle of 60° with the Y -axis of the global frame of
the OpenSim model, as shown in Figure 4.9. Thus, the force vector measured by the SAFeR
robot is rotated (−60◦) degrees around the XSAFeR-axis (rotation matrix R), and then the X
and Y components of the force vector and the Z component of the torque vector, as input for
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Figure 4.10: Five repetitions of reaction forces and moments measured by the SAFeR robot,
expressed in the global frame of the robot, for low (left) and high (right) assistance.

OpenSim, are found as follows:

FX
exo = −R ∗RSAFeR ∗ 1Z

FY
exo = −R ∗RSAFeR ∗ 1Y

TZ
exo = −CSAFeR ∗ (−1X)

(4.13)

The negative signs are there because the assistive force should compensate for the measured
reaction force and moment, and thus have to be in the opposite direction. The result is shown in
Figure 4.11. The assistance through force is applied at the center of mass (COM) of the humerus,
the assistance through torque is applied as a free vector.

Just as for the motion input file, the force is averaged over all cycles, the final values for the
external loads are shown in Figure 4.12.

Synchronization

To align the robot assistance data with the DOT measurements, the position output of the
SAFeR robot is aligned with the motion of the DOT sensors.

The robot and XSens DOT sensors measure at different frequencies, the XSens DOT sensors
measure at a rate of 60Hz, while the data exported by the SAFeR robot has a frequency of 40Hz.

So, to have the data at the same frequency, the robotic assistance data is re-sampled to a
frequency of 60Hz by linear interpolation.
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Figure 4.11: The External Load components, for the high assistance case, found after converting
the recorded reaction forces and moments of the SAFeR robot to the global frame of the model.
For the simulations in OpenSim, the External Load is considered to be 2D, in the plane of
elevation.

Figure 4.12: Averaged external load over all repetitions, used as external load input in OpenSim.



Chapter 5

Results

This chapter starts with the validation outcomes of comparing the measured EMG signals with
the computed muscle activations, for the same muscles. After this, the consequence of using
static optimization for a dynamic motion is examined, this showed that the inertia force and
torque are negligible. A second validation step includes the inspection of the required moment at
the level of the shoulder, as a result of no external load, external force and the external torque.
This is all part of Section 5.1.

The second part of this chapter, Section 5.2, contains the reaction force and moment results
as a result of applying an external force versus torque.

5.1 Validation

Muscle activation comparison

The simulations are validated by comparing the activation patterns of the computed muscle
activations via OpenSim simulations, to the measured EMG.

First, the measured EMG data is inspected (Figure 5.1). These measurements show that the
deltoid muscles have the highest activation, which is logic since they are the principle muscles
for lifting the arm. And, as expected, the EMG amplitudes decrease with increasing level of
assistance.

Since the deltoid muscles are the main muscles for moving and stabilizing the shoulder joint,
they will be used for further investigation and comparisons.

When looking at the computed muscle activations of the three deltoid muscles from OpenSim,
in Figure 5.2, the same reduction in muscle activation is seen with increasing level of assistance.

Inspecting the computed muscle activations of the three deltoid muscles separately, the pat-
terns are as expected. To initialize the motion, the arm has to accelerate to initiate the movement,
this shows in the increased activity of the deltoid medialis, after this initiation, the activity of
the deltoid posterior increases to aid in lifting the arm and to decelerate the arm when it reaches
its maximum elevation. When lowering the arm, the activity of the deltoid posterior decreases
again and subsequently the activity of the deltoid medialis increases to decelerate the arm to
stop the motion. This late activation behavior of the deltoid posterior can also be seen in the
EMG measurements.

Figure 5.3 shows the summed activation patterns of the deltoid muscle for the different levels
of assistance (no, low, high).

33
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Figure 5.1: Measured EMG signals of five shoulder muscles, for the case where no (left), low
(middle) and high (right) assistance was given.

Figure 5.2: Computed muscle activations of the deltoid muscles, for the case where no (left), low
(middle) and high (right) assistance was given.

From this figure, no clear correlation can be seen. This could have several causes. A possible
reason is that, when using surface EMG, the measured signal is not necessarily a clean signal of
one single muscle, this is due to crosstalk with neighboring muscles. This phenomenon can be
seen in Figure 5.1, the measured signal pattern for all measured muscles is similar, but scaled in
amplitude. The measured EMG signal is also effected by the position of the EMG sensor.

Static approximation for a dynamic motion

Since static optimization is used for a dynamic motion, the dynamic component is calculated to
know whether there should be a compensation or if it is negligible.
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Figure 5.3: Summed activation patterns of the deltoid muscles. The simulated activations via
OpenSim are in blue and the recorded EMG signals in orange. The Pearson correlation coefficient,
ρ, is given per level of assistance.

The inertia force is found as:

F I = m ∗ aG = m ∗

 LG ∗ sin(α)
−LG ∗ cos(α)

0

 = m ∗

LG ∗ cos(α) ∗ α̇
LG ∗ sin(α) ∗ α̇

0


= m ∗

−LG ∗ sin(α) ∗ α̇2 + LG ∗ cos(α) ∗ α̈
LG ∗ cos(α) ∗ α̇2 + LG ∗ sin(α) ∗ α̈

0

 (5.1)

For the calculation of aG, constant components (components independent of α) are omitted
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since they drop out after differentiation. α is the shoulder elevation angle.
For simplicity of the calculation of the moment of inertia I, the arm is approximated as 2

thin rods connected at an angle of 67◦, which is the elbow angle when the humerus is horizontal.
For the first rod, the mass and COM are the mass and COM of the humerus, respectively. For
the second rod, the masses of the ulna, radius and hand are summed, and as COM the COM of
the total forearm is used. The COM of the forearm and the needed length are found as follows:

COMfore arm =
mu ∗ du +mr ∗ dr +mh ∗ dh

mu +mr +mh
= 0.104

d2 = L2
hum + COM2

fore arm − 2 ∗ Lhum ∗ COMfore arm ∗ cos(180− 67) = 0.34

L2 = Lu + Lh = 0.315

(5.2)

with u referring to the ulna, r referring to the radius, h referring to the hand, and hum
referring to the humerus. L is the length of the rod, d is the distance between the COM of the
rod and the point in which the inertia is calculated, which is the shoulder joint in this case.

With this in mind, the inertia torque is:

T I = IG ∗ dω

dt
= (IG1 +m1 ∗ d21 + IG2 +m2 ∗ d22) ∗

dω

dt

= (
m1 ∗ L2

1

12
+m1 ∗ d21 +

m2 ∗ L2
2

12
+m2 ∗ d22) ∗

dω

dt

= (
1.99 ∗ 0.282

12
+ 1.99 ∗ 0.142 + 2.8 ∗ 0.3152

12
+ 2.8 ∗ 0.342) ∗ α̈ ∗ 1Z

(5.3)

The results of the inertia force and torque are shown in Figure 5.4.

Figure 5.4: Graph of the applied external loads (solid lines) and the estimated inertia force and
torque (dashed lines) of the performed flexion-extension movement. The loads are expressed in
the global frame of the OpenSim model.

The absolute maximum values for the inertia force and torque are [0.28, 0.26]N and 0.0041Nm
respectively. This together with Figure 5.4 shows that the inertia component is negligible and
thus that using the static optimization tool for computation of the muscle forces is sufficient.
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Moment comparison

To check whether the external loads are defined and applied correctly, an inverse dynamics
simulation is performed and the results are compared with manual calculations. The results of
both are shown in Figure 5.5.

Assistance type No Force Torque No - 0.14 ∗ Fext No - Text

Pearson ρ 0.83 0.21 0.48 0.9997 0.9993
MSE 4.97 5.01 4.91 0.002 0.002

Figure 5.5: Required moment around the shoulder joint to produce the wanted movement. The
left graph shows the moments computed by OpenSim with the Inverse Dynamics tool, the right
graph shows the moments from manual calculations. The dashed line is the moment without any
external load computed by OpenSim minus the moment produced by the external load calculated
by hand. The contribution of muscles is not considered in the inverse dynamics calculation. The
table below the graphs shows the Pearson correlation coefficient and the Mean Squared Error
(MSE) between the moments from OpenSim and the ones from the manual calculations.

The manual calculations show that the required moment around the shoulder joint is lower
when an external assistance (force or torque) is applied. When comparing these outcomes with
the ones from OpenSim, they show the same behavior and a good agreement. The mean squared
error and the Pearson correlation coefficient for the moment required when no assistance is
provided, are 4.97 and 0.83 respectively. The same metrics for the computed moment in OpenSim
with force assistance, versus the moment computed in OpenSim for no assistance minus the
manually calculated moment induced by force are 0.9997 and 0.002. The metrics for the same
comparison with torque assistance are 0.9993 and 0.002. Differences between the manually
calculated moments calculated and the ones computed by OpenSim are due to the approximation
of the center of mass of the arm and the assumption of a constant elbow angle for simplification
of the calculation.

These results also show that the external force and torque are not balanced in terms of
induced moment. This difference might effect the comparability of the resulting reaction forces
and moments. Thus, to balance the induced moments, the external loads are balanced to induce
the same torque assistance. Secondly, in the beginning of the motion the required moment is
slightly increased, which is due to negative force and torque application. To account for these
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unwanted behaviors, the force and torque are recalculated as follows:

F ′
exo

X = FX
exo rescaled + (R ∗ TZ

exo

0.14
) ∗ 1X

F ′
exo

Y = FY
exo + (R ∗ TZ

exo

0.14
) ∗ 1Y

T ′
exo

Z = TZ
exo rescaled + 0.14 ∗ F x

exo

(5.4)

with rescaled, being the assistance rescaled between 0 and their maximum value.
TZ
exo

0.14
gives the

moment arm in the local reference frame of the humerus, so to have the X and Y components in
the global frame, this term is transformed from local to global reference frame with the rotation
matrix R. F x

exo is the force component perpendicular to the humerus expressed in the local
frame.

After re-scaling and balancing out the external loads, the reduction in required moment to
produce the movement is similar for force and torque assistance, see Figure 5.6. The agreement
between the moments computed by OpenSim and the ones manually calculated are again good,
this shows in the Pearson correlation coefficients and mean squared errors reported in the table
under Figure 5.6.

Assistance type No Force Torque No - 0.14 ∗ Fext No - Text

Pearson ρ 0.83 0.24 0.29 0.9998 0.9995
MSE 4.97 5.00 4.88 0.0026 0.016

Figure 5.6: Required moment around the shoulder joint to produce the wanted movement. The
external loads are balanced to produce the same moment. The left graph shows the moments
computed by OpenSim with the Inverse Dynamics tool, the right graph shows the moments from
manual calculations. The dashed line is the moment without any external load computed by
OpenSim minus the moment produced by the external load calculated by hand. The contri-
bution of muscles is not considered in the inverse dynamics calculation. The table below the
graphs shows the Pearson correlation coefficient and the Mean Squared Error (MSE) between
the moments from OpenSim and the ones from the manual calculations.



5.2. TORQUE VERSUS FORCE ASSISTANCE 39

5.2 Torque versus force assistance

Since the results from the Reaction Load analysis in OpenSim contained a considerable amount
of outliers, a moving median is used to replace outliers with a linear interpolated value. An
outlier is defined as a value more than three times the local scaled Mean Absolute Deviation
away from the local median [31].

The reaction forces, R, at the level of the shoulder joint are expressed in the global frame
of the model and are shown in Figure 5.7. When comparing the reaction forces when no load
is applied to when an external force is applied, it can be seen that the reaction force in the
Y-direction is lowering, with increasing external force. Also the reaction force in the X-direction
is decreasing, albeit very little, since the external force is smaller in the X-direction than in
the X-direction. In the Z-direction there is little difference since in that direction no force was
applied. When looking back at the equations from the introduction, (Eq. 5.5), it can be seen
that when Fexo increases, R and/or Fmuscle have to decrease. Since the relation between Fexo

and Fmuscle is not know, it is possible that the reaction forces also decrease.
When assistance is given through torque, the expectation was that there would be no increase

in reaction forces, however, simulations show the opposite effect, see Figure 5.7. The reaction
force in X- and Y-direction increases with increasing torque assistance. This can be explained
when looking at Equation 5.5, when torque assistance is given, Fmuscle decreases, so R has to
increase in order to maintain the force balance. The reaction force in Z-direction remains mostly
the same, which is logic since the torque is applied around the Z-axis.

Force assistance:

{
0 = RX + FX

exo + FX
muscle

0 = RY + FY
exo + FY

muscle + Fg

Torque assistance:

{
0 = RX + FX

muscle

0 = RY + FY
muscle + Fg

(5.5)

When looking at the reaction moments, C, again expressed in the global frame of the model,
(Figure 5.8) it can be seen that the reaction moments are small and similar for all three levels of
assistance. This is logic since the applied torque or induced moment via the applied force, results
in the upward motion of the arm. Relating this back to the Equations 5.6, it would mean that
the increase in assistance is almost fully counteracted by the decrease in muscle forces, which
leads to a decrease in muscle moment.

Force assistance: 0 = C +OB × F exo + Cmuscle +OG× F g

Torque assistance: 0 = C +Mexo + Cmuscle +OG× F g

(5.6)

Figure 5.9 shows the summed (
√
x2 + y2 + z2) reaction forces and moments. Here the de-

creased reaction force in case of force assistance, and the increased reaction force in case of torque
assistance is clearly visible.
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Figure 5.7: Reaction forces acting on the shoulder joint when performing a flexion extension
motion with no external load (left), external force (middle) and external torque (right). The
solid lines represent the reaction forces, the dashed line are the applied external force or torque.
The reaction forces are expressed in the global frame of the model.

Figure 5.8: Reaction moments acting on the shoulder joint when performing a flexion extension
motion with no external load (left), external force (middle) and external torque (right). The
solid lines represent the reaction forces, the dashed line are the applied external force or torque.
The reaction moments are expressed in the global frame of the model.
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Figure 5.9: Summed reaction forces and moments for three levels of assistance: no assistance,
force assistance and high assistance. With respect to the reaction forces for no assistance, the
reaction force increases with torque assistance, and decreases with force assistance. The reaction
moment is similar for the three levels of assistance.

The goal of an exoskeleton is to reduce the muscle activity. So, more assistance means
more reduction in muscle activity. However, too much assistance can also have adverse effects.
Simulations are done with five levels of assistance: no assistance, half assistance, assistance, twice
assistance and minus assistance (resistance). As can be seen in Figure 5.10, for force assistance,
the reaction force decrease with increasing assistance, up until a point where too much assistance
is given (named 2xhigh in the figure). From there the reaction forces increase in absolute value.
The X-component is higher compared to the other three levels of assistance (no, low, high).
The Y-component keeps decreasing, but crosses zero and thus starts to increase in the negative
direction. In the Z-direction little difference is seen between these four levels of assistance. When
looking at the reaction moments, little difference is seen between the different levels of assistance.
But still there is a small increase in reaction moment in the negative and positive direction of the
X- and Z-component respectively. The reaction moment around the Y-axis remains near zero
for all levels of assistance.

Then there is still the case when force resistance is given instead of assistance, for example
when an exoskeleton is working against you. Looking at Figure 5.10, the reaction force increases
in all directions, be it in the opposite direction compared to when assistance is given. For the
reaction moment the differences are small, but the reaction moment round the X-axis is slightly
increased. The reaction moment around the Z-axis is decreased, or increased when it crosses
zero.

For the case of torque assistance, the same comparison of assistance levels is made, the results
are shown in Figure 5.11. The reaction force in the X-direction increases with increasing level of
assistance, as is the case in the Y- and Z-direction. The reaction moment around the X-axis is
slightly increased with increasing level of assistance, mainly in the middle of the motion, since
there the assistance is highest. The reaction moment around the Z-axis increases in absolute value
for increasing level of assistance, so at the start and end of the motion it increases negatively
and in the middle of the motion it increases positively.

When torque resistance is given, the X-component of the reaction force is decreased. As the
muscle forces have to increase to overcome the resistance, the reaction force has to lower in order
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Figure 5.10: Reaction forces and moments when difference levels of force assistance are given: no,
low, high, 2xhigh, resistance. The reaction forces generally decrease for increasing assistance,
until the assistance is too much, then the reaction force is increased. For resisting force the
reaction force is increased in absolute value. Reaction moments are slightly increased in the x-
and z-direction with increasing level of assistance. With force resistance the reaction moment is
slightly increased around the x-axis, and decreased around the z-axis.

to maintain the force balance. For the Y-direction, the reaction moment is increased in the same
direction as when too much assistance is given, this would mean that the reaction force and
muscle force are opposite in the y direction, in that case, when the muscle force increases, so
thus the reaction force. The same behavior of increased reaction force is seen in the Z-direction.

For the reaction moments, the moment around the X-axis is slightly decreased, so negatively
increased when it crosses zero. The moment around the Z-axis is flattened, so increased in the
beginning and end of the motion, and decreased at the middle.
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Figure 5.11: Reaction forces and moments when difference levels of torque assistance are given:
no, low, high, 2xhigh, resistance. The reaction forces generally increase for increasing assistance.
For resisting torque the reaction force is increased in y-and z-direction, and decreased in x-
direction. Reaction moments are increased around the x- and z-axes. With torque resistance
the reaction moment around the z-axis is flattened, the reaction moment around the x-axis is
decreased.
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Chapter 6

Discussion and future work

6.1 Conclusion

Simulations showed that providing assistance through force leads to a reduction in reaction forces
while the reaction moment stays similar compared to no assistance. When providing assistance
through torque, the reaction forces increased, as did the reaction moments, albeit slightly. When
resistance was given, the reaction forces generally increased, in positive or negative direction,
both for force and torque resistance. The same behavior is seen for the reaction moments,
although the difference compared to no external load was small.

6.2 Limitations and future work

Some limitation, and therefore also possible improvements for future work, of the performed
experiments and simulations.

A first limitation is the applied external load. For simplicity the applied external force and
torque where in 2D and around one axis respectively. To achieve a more accurate result, the
force and torque should be applied in all directions, to be as close to the reality as possible.

A second limitation concerns the point of application in case of external force assistance. In
this thesis the center of mass of the humerus was used, however, this is an estimation of the point
of application in reality. This also goes together with the fact that in reality the force is applied
over a surface, while in the simulations it is applied in a single point. For future simulations this
point of application should be more close to the point of application in reality, the force could
even be divided over several points to approximate the applied force over a surface.

This leads to the next limitation, which is the fact that for this experiment the SAFeR robot
was used to provide assistance. When using a wearable exoskeleton, there is no connection to
the outside world, meaning that there are at least 2 connection points, which exert equal but
opposite force. The SAFeR robot on the other hand, is connected to the outside world, and thus
takes up this equal but opposite force. To mimic the use of an exoskeleton in a simulation as
close as possible, a second force could be applied to account for the second connection point.

A last limitation is the agreement between the test subject and the OpenSim model in terms
of dimensions and weight. To further improve simulations outcomes, the used musculoskeletal
model could be scaled to the anthropometric measures of the test subject.

In this study the motion was measured with Xsens DOT sensors. Calculations of joint angles
with these sensors are sensitive to position and orientation of sensor placement, and thus an exact

45
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replication of the performed motion is prone to deviations. To improve the replicated motion,
the motion could for example be measured with a motion capture system.

Lastly, this study could be performed on multiple test subjects and with a real wearable
exoskeleton to further improve outcomes. As well ass performing other motions than only a
flexion extension motion.
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MATLAB scripts

MakeMotionFile.m

Adapted from matlab script provided by Xsens Support and the Developer toolkit [58].

function [] = MakeOpenSimFile(coord ,time)

%%% Generate motion file

filepath = '...'; % Path to save file

motion_name = inputdlg('Give a name for the motion ');
filename = strcat(motion_name ,'.mot');

jointNameStrings = ['sternoclavicular_r2 sternoclavicular_r3

unrotscap_r3 unrotscap_r2 acromioclavicular_r2

acromioclavicular_r3 acromioclavicular_r1 unrothum_r1

unrothum_r3 unrothum_r2 elv_angle shoulder_elv shoulder1_r2

shoulder_rot elbow_flexion pro_sup deviation flexion '];

%%% Make file

data_matrix = [];

data_matrix (:,1) = time; % Time

% jointcoordinates

data_matrix (:,2) = -0.242* coord (:,1); % sternoclavicular_r2

data_matrix (:,3) =0.1025* coord (:,1); % sternoclavicular_r3

data_matrix (:,4) = -0.1025* coord (:,1); % unrotscap_r3

data_matrix (:,5) =0.242* coord (:,1); % unrotscap_r2

data_matrix (:,6) = -0.049* coord (:,1); % acromioclavicular_r2

data_matrix (:,7) =0.396* coord (:,1); % acromioclavicular_r3

data_matrix (:,8) =0.178* coord (:,1); % acromioclavicular_r1

data_matrix (:,9) = -0.178* coord (:,1); % unrothum_r1

data_matrix (: ,10) = -0.396* coord (:,1); % unrothum_r3

data_matrix (: ,11) =0.049* coord (:,1); % unrothum_r2

data_matrix (: ,12) = coord (:,2); % elv_angle

data_matrix (: ,13) = coord (:,1); % shoulder_elv

data_matrix (: ,14) =-coord (:,2); % shoulder1_r2

data_matrix (: ,15) = coord (:,3); % shoulder_rot

data_matrix (: ,16) = coord (:,4); % elbow_flexion

47
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data_matrix (: ,17) = 0; % pro_sup

data_matrix (: ,18) = 0; % deviation

data_matrix (: ,19) = 0; % flexion

[numRows ,numCols] = size(data_matrix);

ncols = num2str(numCols);

nrows = num2str(numRows);

% Create base joint angle matrix

fileID = fopen(strcat ([filepath ,filename {1}]),'w');
fprintf(fileID ,strcat ([ motion_name {1},'\nnRows=',nrows ,'\nnColumns

=',ncols ,'\n\n']));
fprintf(fileID ,'# SIMM Motion File Header :\n');
nrange = num2str ([time (1) time(length(time))]);

otherdata = num2str (1);

fprintf(fileID ,strcat (['name ',motion_name {1}, '\ndatacolumns ',
ncols ,'\ndatarows ', nrows ,'\notherdata ',otherdata ,'\nrange ',
nrange ,'\nendheader\n']));

fprintf(fileID ,strcat (['time ',jointNameStrings ,'\n']));
fprintf(fileID ,[ repmat('%5.4f\t',1,size(data_matrix ,2)),'\n'],

data_matrix .');
fprintf(fileID ,'\n');
fclose(fileID);

%%% Motion file created

text = 'Generated motion file saved to ' + convertCharsToStrings(

strcat(filepath ,filename));

display(text);

end

MakeExternalLoadFile.m

Adapted from matlab script provided by Xsens Support and the Developer toolkit [58].

function [] = MakeExternalLoadFile(assistance ,angles ,origin_hum ,

time ,type)

import org.opensim.modeling .* % Import OpenSim Libraries

% OpenSim model

[filepath_OpenSim ,filename_OpenSim ,fileext_OpenSim] = fileparts('
...\ MOBL_ARMS_41.osim'); % Path to where MOBL_ARMS model is

saved

myModel = Model(strcat(filepath_OpenSim ,'\',filename_OpenSim ,
fileext_OpenSim));

COM = myModel.get_BodySet ().get('humerus ').getMassCenter.getAsMat;
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motion_name = inputdlg('Give a name for the force file');
filename = strcat(motion_name ,'.mot');
filepath = '...'; % Path to save file

% Force data to file

data_matrix = [];

data_matrix (:,1) = time;

if strcmp(type ,'force ')
% Calculate COM position in ground frame

p = [];

com = [0;COM(2);COM(3)];

for i=1: length(time)

R_ax = axang2rotm ([0.0048 0.999089 0.0424 deg2rad(angles(i

,2))]);

rot_ax = R_ax *[ -0.998261;0.0023;0.058898];

axang = [rot_ax ' deg2rad(angles(i,1))];

R_elv = axang2rotm(axang);

R_rot_ax = R_elv *[0.0048;0.999089;0.0424];

R_rot = axang2rotm ([R_rot_ax ' deg2rad(angles(i,3))]);

R = R_rot*R_elv;

P = R*com;

p = [p;P'];
end

% Assistance data to new file in COM of humerus

data_matrix (:,2) = assistance (:,1); % Force x

data_matrix (:,3) = assistance (:,2); % Force y

data_matrix (:,4) = 0; % Force z

data_matrix (:,5) = p(:,1)+origin_hum (1: length(time) ,1);

% Point x

data_matrix (:,6) = p(:,2)+origin_hum (1: length(time) ,2);

% Point y

data_matrix (:,7) = p(:,3)+origin_hum (1: length(time) ,3);

% Point z

jointNameStrings = ['humerus_force_vx humerus_force_vy

humerus_force_vz humerus_force_px humerus_force_py

humerus_force_pz '];

elseif strcmp(type ,'torque ')
% Assistance data to new file

data_matrix (:,2) = 0; % Torque x

data_matrix (:,3) = 0; % Torque y

data_matrix (:,4) = assistance; % Torque z
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jointNameStrings = ['humerus_torque_x humerus_torque_y

humerus_torque_z '];

else

error('Please indicate whether the assistance is through force

of through torque.')
end

[numRows ,numCols] = size(data_matrix);

ncols = num2str(numCols);

nrows = num2str(numRows);

file_ID = fopen(strcat ([filepath ,filename {1}]),'w');
fprintf(file_ID ,strcat ([ motion_name {1},'\nversion =1','\nnRows=',

nrows ,'\nnColumns=',ncols ,'\ninDegrees=no','\n\nendheader\n']))
;

fprintf(file_ID ,strcat (['time ',jointNameStrings ,'\n']));
fprintf(file_ID ,[ repmat('%5.4f\t',1,size(data_matrix ,2)),'\n'],

data_matrix .');
fprintf(file_ID ,'\n');
fclose(file_ID);

%%% Motion file created

text = 'Generated force file saved to ' + convertCharsToStrings(

strcat(filepath ,filename));

display(text);

end
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