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Resumen

En los ultimos afos, se ha experimentado un crecimiento en popularidad de los exoesqueletos pasivos gracias al
desarrollo de nuevas e innovadoras tecnologias permitiendo el disefio de dispositivos ligeros y efectivos basados en
muelles y poleas para ejercer los pares de fuerza y fuerzas cuyo objecto final es reducir la carga sobre las articulaciones
humanas.

Las aplicaciones tipicas de estos dispositivos se dan en rehabilitacion o en la industria para asistir a los tra-
bajadores durante la realizacion de tareas pesadas o con riesgo para asi prevenir la apariciéon de desérdenes mus-
culoesqueléticos relacionados con las labores de trabajo. La confeccion de estos dispositivios tiene como aplicacién
su uso en un ambiente laboral, por lo que son disefiados para ser ligeros, compactos, manejables y comodos para el
usuario.

El objetivo de este trabajo es introducir un nuevo y detallado modelo biomecanico del complejo del hombro y
evaluar los efectos de un exoesqueleto comercial ("Paexo” de Ottobock) en la cinematica del hombro con un enfoque
particular en la articulacién escapulotoracica, para asistir finalmente en el posterior disefio de un nuevo exoesqueleto
para la extremidad superior.

Palabras clave

Modelado biomecanico, articulacién escapulotoracica, captura de movimiento, SEMG, cinética escapular
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Abstract

In the last years, wearable passive exoskeletons have experimented a growth in popularity thanks to the development
of modern technologies allowing to design lightweight and effective devices that rely only on springs and cantilevers
to exert torques and forces aimed to reduce the load on human joints.

Typical applications are in rehabilitation or in industry to assist workers during heavy and risky tasks and
prevent them from suffering work-related musculoskeletal disorders. Devices meant to be used in working environ-
ment, are designed to be lightweight, compact, easy to use and not to cause discomfort to the user.

The aim of this work is to introduce a new detailed biomechanical model of the shoulder complex and to
study the effects on shoulder kinematics of a commercial exoskeleton (“Paexo” by Ottobock) with a focus on the
scapulothoracic joint, to further assess in the design of a new upper-limb exoskeleton.

Keywords

Biomechanical model, scapulothoracic joint, motion capture, sSEMG, scapular kinetics
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Abbreviations/Acronyms

WMSDs: Work-related musculoskeletal disorders
ST: scapulothoracic

DoF: Degree of freedom

STA: soft-tissue artifact

EMG: electromiography

SEMG: surface electromiography

ISB: International Society of Biomechanics
IK: Inverse kinematics

ID: Inverse dynamics

AD: Anterior Deltoid

MD: Medium Deltoid

PD: Posterior Deltoid

ES: Erector Spinae

MIVC: Maximum isovolumetric contraction

SD: standard deviation
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Chapter 1

Introduction

Work-related musculoskeletal disorders (WMSDs) remain the most prevalent occupational health problem, consti-
tuting 60% of the work-related health problems [1]. One of the most affected areas are the neck or upper limbs, as
reported by the 42% of workers in Europe having suffered from muscular pains in these areas as a consequence of
work activities [2]. This proportion even tends to grow with the workers age and also depends on gender. For in-
stace, the percentage of workers reporting muscular pains in shoulders, neck and/or upper limbs along a 12 months
study grew from 26% on under 25 years old male workers up to 52% on female workers older than 55 years old [1].

That highlights the need for solutions, which have been focused on the design of assistive devices to help
reducing injuries and improve ergonomy.

1.1 Motivation

Precisely, there has been a growth in popularity for exoskeletons used to improve ergonomy and reduce the preva-
lence of WMSDs. Despite being the majority focused on the lower limbs, also upper-limb exoskeletons have expe-
rienced an increase in the market. These devices, as meant to be used in working environment, are designed to be
lightweight, compact, easy to use and not to cause discomfort to the user.

Some of the most relevant and already commercialized models are sumed up in Figure 1.

This master thesis is conducted under the guidelines of a bigger project in the Technische Universitat Wien
, whose goal is the design of an improved upper-limb exoskeleton. My role and work within this project focus on
the preliminary study to evaluate the effects of a commercialized exoskeleton and help in the design of a new and
improved exoskeleton by means of biomechanical modelling.

1.2 Objectives

In accordance to the presented project’s goal and particular role of this thesis, the following objectives are pursued.

1.2.1 Development of biomechanical model focused on the scapulothoracic joint

The scapular motion constitutes one of the principal diagnostic indicators of shoulder patology [3]. Because of this
relevant role of scapular kinematics, the development of the biomechanical model focuses on the scapulothoracic
(ST) joint, with the goal to represent realistically the shoulder complex and the scapula motion.
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Figure 1: Commercial upper-limb exoskeletons: a) Levitate AIRFRAME, b) SuitX ShoulderX, c) Ekso Bionics
Eksovest, d) Hyundai H-VEX, e) Ottobock PAEXO and f) Conau MATE-XT.

Additionally, some other requirements are pursued, such as bilaterality in order to reflect real working motion
and effects on both limbs or the modelling of lower back muscles, given the possible side-effects affecting them
because of the exoskeleton.

1.2.2 Design of a motion capture protocol

Another goal is to develop a methodology to track the scapula realistically and in a way that it is compatible with
the exoskeleton use.

With these requirements, the creation of a motion capture protocol aims to be created. It pursues to minimize
possible artifacts and improve as much as possible the data acquisition process.

Giving that one of main goals of the current project is the analysis of the effects of an upper-limb exoskele-
ton on the scapula kinetics and kinematics, the protocol should also include the guidelines to reach a reasonable
repeatibility and reproducibility of the test conditions for the different subjects under the different tasks.

1.2.3 Conduction of EMG and Videometry measurements

The exoskeleton tests aiming to study the effects of the exoskeleton would be done based on surface electromiography
(SEMG) combined with motion capture obtained through videometry. These technologies would be used to reflect
the effects on the muscular activity and in the kinematics, respectively and simultaneously. With respect to the
kinematics, a special focus would be made on the scapular motion.
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1.2.4 Analysis of exoskeleton effects

Lastly, the data recorded from the tests measurements along with the developed model would allow some calculation,
whose analysis would be of interest to interprete the effects of the exoskeleton on the subjects. The analysis would be
conducted on a commercialized exoskeleton, whose effects would be address from the scapular motion and muscular
acitvity focus, given that most of the previous exo studies were not considering kinematics effects, but just muscular
effects.

Being the topic and goals of the project already presented, the next chapters will address a literature review,
the model and protocol design, the methodology followed to process the collected data, an analysis and finally, the
extracted conclusions.
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Chapter 2

Literature review

Before working on the set objectives, a literature review should be made. Firstly, to condense what has been done in
this area of research, which were the directions and focus made by other studies, and most importantly, to identify
the gaps in these studies that my work intends to fill.

2.1 Biomechanical modeling of the shoulder complex

The shoulder joint complex is composed of three synovial joints (glenohumeral, acromioclavicular, and sternocla-
vicular) along with the articulation between the ventral surface of the scapula and the dorsal thorax, referred to as
the ST articulation. However, it is not a true joint in any sense of the term, although the relative motion of the scapula
with respect to the thorax. These movements of the scapula on the thorax are a result from cobined motions of the
sternoclavicular and acromioclavicular joints and contribute to reach the full mobility of the shoulder complex.[4]

The real challenge when modelling the upper-limb consists in obtaining a complex model which shows real-
istic motion while minimizing the computational costs asociated with higher complexity.

First models of the upper limb were considering just 4 rigid bodies (thorax, humerus, ulna and radius) con-
strained by 3 anatomical joints (glenohumeral joint, humeroulnar joint and radioulnar joint). In other words, the
clavicle and scapula were considered stationary and as an integrated part of the thorax, so no relative motion between
them was considered and muscles acting in the interphase neglected. [5][6]

Not considering the scapula motion represents a too restrictive limitation, given the relation of abnormal
scapular motion to a number of shoulder pathologies. To correctly study how the exoskeleton may affect the shoulder,
taking into account the role of the scapula is therefore essential

The ST joint, which had been neglected until then, was originally modeled by constraining the scapula to
remain in contact with the rib cage of the thorax, represented itself as an ellipsoid. [7][8][5]This ensures the scapula
to slide over the rib cage and it is achieved by enforcing the constraint points of the scapula to remain in contact
with the defined ellipsoid all the time. However, this constraints can lead to inaccuracies in the model predictions
and result in unrealistic positions. [9]{10]

Lately, Seth et al. [10] developed a new biomechanical model of the shoulder complex, where the ST joint
captures the scapular kinematics without kinematic surface constraints. This model showed promising results, as
it showed realistic motion when compared to a healthy subject’s experimental bone-pin data for three different
shoulder tasks.

Considering the different contributions made on the biomechanical modelling for the upper limb, there is
still some gap for future improvement in some prospects. First of all, most of the analyzed models do not include
bilaterality and therefore are not adequate to evaluate the effects on both limbs simultaneously for bilateral or uni-
lateral tasks, with the possible effects on some tasks on the non working side for this last case. Additionnally, most

11
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of them do not incorporate the pelvis and therefore the lower back muscles, whose side effects are really interesting
to address when analyzing the exoskeleton performance, given the possible overload there. Finally, although the last
approach on modelling the ST joint by Seth et al. [10] seems result into realistic scapular motion, the modelling has
been based on healthy subjects.

2.2 Scapula tracking methods

To record the three-dimensional motion of a rigid body, it is necessary to effectively describe its 6 degrees of freedom
(DoF). Ideally, each rigid body, each bone in this case, should be having three anatomical traceable landmarks dur-
ing the complete motion period. Although the scapula presents three palpable bony landmarks, accurate tracking
through these surface markers is not possible.[5].

Tracking the scapula has become a real challenge in motion capture for the upper limb, because of the great
soft tissue artifact (STA). This artifact is due to the non-negligeable motion of the scapula bone with respect to the
covering skin, where markers are placed. This leads to a displacement between the marker and the corresponding
anatomical landmark, that can be even larger than 2 cm [11], and therefore result into wrong and unrealistic scapula
tracking.

Although scapula tracking is not very documentated yet, there are some methods being considered. For
instance, in the study from Shaheen et al.[12], a scapula locator (see Figure 2) is used and the results proved to
be accurate. However, this method is based on quasi-static positions, in which the locator needs to be readjusted.
Therefore, it is not really appliable for dynamic tests. Moreover, this method is not compatible with the use of an
exoskeleton and therefore not useful for the evaluation of the exoskeleton effects on the scapular motion.

Figure 2: Scapula locator methdology for scapula tracking. [12]

Other study propose the reconstruction of the scapula markers based on the definition of a non-deformable
solid by 3 markers through local optimisation and the posterior recalculation applied to the rest of the scapula
markers with respect to this defined solid movement trough the motion capture period. They then compared the
recalculated positions of the markers with the actual bony landmarks in the abducted arm [13]. Figure 3 also helps
to illustrate the great STA happening in the scapula during the arm motion.

However, this study also have some limitations. It makes use of a significant number of scapula surface
markers, and because of the lack of space would not be useful for scapula tracking while wearing an upper-limb
exoskeleton. Moreover, it works under the hypothesis of non-deformable solid for surface markers placed on the

12
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Figure 3: (a) Scapular markers in initial static position and (b) scapular markers in 180° abduction position. All
markers from initial static position were left intact. TSp, pointed marker that corresponds to actual TS bony
landmark; Alp, pointed marker that corresponds to actualAI bony landmark [13]

acromoniom, which itself is not free from STA. So, even though local optimisation is conducted to minimize that
error, this method is still affected by STA.

Despite showing good results and a solid methodology, these approaches leave still a big room for improve-
ment. The future prospects to address would be then to minimize even further the STA and to compatibilize the
scapula tracking system used for the tasks with and without the exoskeleton, so the data are comparable.

2.3 Previous studies on the performance of upper-limb exoskeletons

Several studies have been conducted in order to test the capacity of some of the commercial exoskeletons presented
previously to reduce shoulders injury risk [14][15][16][17][18][19][20]. Although in some of the aforementioned
studies additional perspectives were addressed on the performance of the exoskeletons, in all of them, the effects
were assesed mainly in terms of perceived discomfort, shoulder muscle activity, and task performance.

Indeed, in most of them, the evaluation of the exoskeleton effects is qualitative, as it is based on subjective
questionnaires. For example, subjective measures are taken from the participants perception of discomfort and effort
while wearing the exoskeleton. [14][17]

Consequently, and emphasizing again the importance of the scapular motion in shoulder injuries diagnosis,
a path for improvement in this particular area would include the possible effects of the exoskeleton on the scapular
kinematics.
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Chapter 3

Methodology

With the objectives in mind and the main focus to develop the model and exploit it to analyze the effects of an upper-
limb exoskeleton, it is important to establish clearly the methodology followed in terms of tools and workflow.

3.1 Focus and tools
To achieve the different goals determined in the introduction, some Software and Hardware systems are needed:

« Opensim software: use for the development of the biomechanical model and for solving inverse kinematics
and dynamics with the motion experimental data.

« Optoelectronic motion capture system consisting of 8 Kestrel cameras and hardware by Motion Analysis and
Cortex software.

« SEMG Delsys hardware consisting of EMG wearable sensors and a base to connect to the computer

« Paexo Exoskeleton from Ottobock, available at the rehabilitation laboratory from the Institute of Engineering
of the TU Wien.

« Matlab calculation software: employed to process the data, calculate the virtual markers and plot results from
Opensim calculations.

3.2 Participants

Four healthy subjects were taken as subjects for this preliminary study, being 3 male students (26 £ 2 yrs old, 183
=+ 8.66 cm, 89.33 £ 16.29 kg) and 1 female student (23 yrs, 168 cm, 62 kg) with no previous shoulder injuries and all
right side dominant.
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3.3 Schedule: research steps

With respect to the research steps, the schedule plan followed is illustrated in Table 1 below.

SCHEDULE PLAN

Research step
1.Literature review
2.Model
3.Protocol design
4.Tests
5.Data processing
6.Calculations

7.Results and analysis

Oct

Nov

Dec

Jan

Feb

Mar

Table 1: Detailed schedule plan with the different research steps
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3.4 Data Worfklow

Lastly, given that the terminology for data processing encompasses several substeps, the data workflow is detailed

in the chart below (Figure 4).

[Experimental data acquisition}

Data Processing

Virtual markers calculation

Model scaling

Kinematics and kinetics Calculations

E Results }

Figure 4: Data workflow from acquisition till results

17



“jay1oljqig usipn N1 1e wiud ul ajgerene si sisay) syl Jo uoisian [euibuo panoidde ay |
JeqgbBnyian yaylolgig usiph NL Jap ue isi 1agrewoldiq Jasalp uoisiaAfeulBlO aponipab ausiqoldde aiqg

qny a3pajmous| JNoA

Sraylolqie

18



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Chapter 4

Model

After the careful consideration of the previous upper-limb models created by other authors and the need for im-
provement, an updated biomechanical model is developed in this project with the aim to obtain relevant kinematic
and dynamic information for the design of the exoskeleton. The new updates included are mentioned in the next
sections considering modelling from the joinset, muscleset and markerset points of view.

4.1 Jointset and geometry

Given the importance of the scapular motion and the different representations of the ST joint in literature, the one
developed by Seth et al. [10] is taken as the starting point. The reason behind is the fact that this is the only
study up to date whose results show a realistic motion of the scapula with respect to the thorax without excessive
computational cost. The implemented joint permits the translation and rotation of the scapula on the surface of the
thorax rib cage, modelled as an ellipsoid. Additionally, the coordinates of the joint comprise uniquely the funcional
kinematics of the scapula, easier to interpret. These 4 position coordinates are: abduction, elevation, upward rotation
and winging, as represented in Figure 5.

rotation \

internal é

\

Figure 5: The four modeled functional coordinates of the ST joint by Seth et al. [10]
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Although motion tipically is represented as independent coordinates along three orthogonal axes that repre-
sent three-dimensional motion allowing 3 independent rotations and 3 independent translations (that is, 6 DoF), in
this case, the selected coordinates are dependant but are chosen as a functional representation of the joint.

Abduction and elevation locate the scapula with respect to the thorax , similarly as longitude and latitude
on a globe. Upward rotation represents the rotation of the scapula about the normal to the ellipsoid surface, in
other terms, orients the scapula on the thoracic surface. Finally, winging or the internal rotation, rotates the scapula
about a longitudinal axis in the plane of the scapula that enables the medial border and the inferior angle to raise
off the thoracic surface. Although the 4 coordinates are modelled as rotations and express in degress, the first two
coordinates include both translation and rotation of the scapula with respect to the ellipsoid representing the thorax,
as are based on both rotational matrix and translational vectors. [10]

The rest of the joints of the upper limb are modelled as follow. The sternoclavicular joint theoretically is
represented as a ball joint enabling protaction-retraction, elevation-depression and axial rotation of the clavicle.
However, given the intrinsic inaccuracy in axial rotation measurements, just the first two rotations mentioned are
modeled, resulting in a universal or Hooke’s joint [21]. Then, the acromioclavicular joint is modeled as a ball joint,
by means of the definition of a point constraint, allowing 3 rotational DoF and denying the translational DoF. The
glenohumeral joint is modeled as a ball-socket joint allowing rotation on the elevation plane, elevation, and internal
rotation. [10] Additionally, the radioulnar joint is included to allow pronation-supination, as well as the wrist joint,
including in this case wrist flexion-extension and deviation coordinates. [6]

Given that the original model was unilateral, bilaterality is introduced as an important update in terms of
joints and muscular modelling. Considering that the geometry data employed [10] represented just one side, the
other side geometry was mirrored by the assumption of symmetry. The convenient transformations were applied to
obtain the symmetric geometry by means of the Software for data visualization “Paraview” [22].

Additionally, the geometry of the pelvis is included and the lumbar motion, between the pelvis and the thorax,
is modeled as a ball-and-socket joint with 3 DoF: lumbar extension-flexion, bending and rotation. [23]

Finally, the skull and jaw are included for aesthetic reasons, keeping them welded to the torso for simplicity.

4.2 Muscleset

Opensim software, other than calculate the kinematics and kinetics of the motion capture trials, offers a greater
toolset that includes also the estimation of muscle activation, as computed through Static Optimization or Computed
Muscle Control.

To estimate as good as posible the muscles activation, the set of muscles should be represented adequately to
reality. Although the analysis and SEMG measurements are conducted in a few number of muscles, the upper-limb
model should consider a greater set of muscles in order to correctly determine the activation of each muscle and
not overestimate the activation of some muscles because of the ommision of the agonist muscles involved in the
movements.

Although several muscle models can be employed, a good balance between realistic fiber length and compu-
tational viability with no errors should be achieved. The models published by Thelen [24] and Millard et al. [25] are
used for this purpose, contributing to realiability without an excessive computational cost.

Regarding the different muscle characterization curves and other needed parameters to define each muscle
modelling, the muscle parameters defined in [26], which are adapted from [27] are taken for the upper limb muscles.
Additionally, lower back muscles are added, in this case Erector Spinae both for left and right sides, whose parameters
have been extracted from Hamner’s model [28]. This information is condensed in Table 2.

Finally, considering the muscles paths, the origin and insertion of each muscle are reviewed, and corrected if
necessary, following the guidelines of the Complete Anatomy 3D anatomy platform [29].
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Muscle Group Max isomet- Optimal Tendon Pennation
ric force fiber length  slack length angle
Trapezius Scapula superior 1043 0.1127 0.027 0
Scapula middle 470.4 0.0832 0.032 0
Scapula inferior ~ 414.4 0.1264 0.035 0
Clavicle 201.6 0.1116 0.027 0
Serratus anterior ~ Superior 387.3 0.0945 0.000 0
Middle 508 0.1538 0.012 0
Inferior 430 0.1587 0.000 0
Rhomboideus Superior 200.2 0.0986 0.015 0
Inferior 407.4 0.1152 0.028 0
Levator scapulae 280 0.1578 0.019 0
Coracobrachialis 648.2 0.0683 0.104 0
Deltoideus Anterior 707.7 0.0940 0.088 5
Middle 2597.8 0.0748 0.064 5
Posterior 1324.4 0.0949 0.076 5
Latissimus Dorsi ~ Superior 201.6 0.2109 0.081 0
Middle 315 0.2656 0.095 0
Inferior 270.2 0.3062 0.062 0
Pectoralis Major ~ Clavicle 408.8 0.1087 0.014 0
Thorax middle 683.2 0.1500 0.026 0
Thorax inferior 571.2 0.1830 0.043 0
Teres Major 851.2 0.1410 0.006 0
Infraspinatus Superior 967.4 0.0698 0.050 0
Inferior 1037.4 0.0677 0.084 0
Pectoralis minor 429.8 0.1183 0.032 0
Teres minor 695.8 0.0550 0.051 0
Subscapularis Superior 540.4 0.0676 0.059 5
Middle 609 0.0744 0.055 5
Inferior 854 0.0721 0.059 0
Supraspinatus Anterior 543.2 0.0554 0.031 0
Posterior 326.2 0.0591 0.025 0
Triceps long 1580.6 0.0969 0.241 10
Biceps Long 485.8 0.1412 0.257 0
Brevis 693 0.1264 0.212 0
Erector Spinae 2500 0.1200 0.029 0

Table 2: Biomechanical model muscle parameters based on Seth et al. [26] and Hamner et al. [28].
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4.3 Markerset

Once jointset and muscleset have been addressed, the markerset employed is expained in this section. To generate
the appropiate markerset for the specific motion analysis of interest, it is relevant to follow some indications.

In first place and considering the part of the body of interest, as well as the movements to follow, the body
segments must be selected. To accurately detect the motion of each of the bodies, 3 markers should be placed in each
of them, and the convenient links between them created.

According to the International Society of Biomechanics (ISB), consistent naming has been used all over the
model for the markers. Markers are placed on the corresponding bony landmarks following ISB recommendations
[30][31] for the body segments on the upper-limb and the pelvis, explained with further detail in Chapter 5.

In addition to this recommended markerset, marker clusters are included on the most relevant body segments
to track in the current project. Precisely, for segments in which STA is highly relevant, additional marker clusters
allow better segment tracking and could help minimize the artifacts.

This is the case of the scapula, whose tracking implies a high degree of difficulty given the non-negligeable
STA occuring, as explained before. To reduce this phenomenom from occuring, a cluster with 3 markers is attached
to the acromiom of the scapula, named shoulder cluster. Similarly to Senk et al. [13] the shoulder cluster is used as
a non-deformable rigid body to reconstruct the scapular motion.

However, instead of using 3 surface markers to create a non-deformable solid to reconstruct the postion, the
use of the shoulder cluster illustrated in Figure 6 , permits minimize the STA, as it replaces the 3 skin markers, all
experimenting STA, for just the effect of the STA on the acromiom. Indeed, there is no need for local optimisation
as the distance in between the markers on the cluster is not going to change taking into account that they actually
belong to the same rigid body.

Figure 6: Shoulder marker cluster

Although the STA was reduced with the use of the shoulder cluster above (Figure 6), some other artifacts
appear in the preliminary collected data, as a consequence of the contact of the cluster sticks with the shoulder
during the elevation of the arm. This interference causes wiggling and wombling on the markers of the cluster
and leads to noisy motion capture data, which results into unaccurate scapula motion. An improved version of this
shoulder cluster was then implemented, which avoids contact interferences while doing arm elevations (Figure 7).
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Figure 7: Shoulder marker cluster, version 2.

Finally, a humerus cluster is added to improve the arm tracking, as illustrated in Figure 8. Given the addition
of SEMG sensors for the deltoids in the same humerus area, their position should be placed according to the space
left by the SEMG sensors. The positioning of the SEMG sensors in this case is a priority because it must record the
data from the targeted muscle and avoid cross-talk with the adjacent muscles.

Figure 8: Humerus marker cluster.
Further and more detailed indications of the correct positioning of the markers is further explained in the

Motion Capture Protocol, explained in this document in Chapter 5. The following images sum up the markerset
positioning on the model (Figures 9,10).
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Figure 10: Other views of the markerset on the musculoskeletal model.

Finally, the complete model with its muscleset and markerset is plotted in Figure 11.

24




Figure 11: Frontal and rear views of the musculoskeletal model.
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Chapter 5

Test protocol

To track and model the three-dimensional motion and muscular activity of the shoulder complex and upper limbs, a
non-invasive motion capture protocol is written hereunder.

An optoelectronic system with passive markers is exploited along with a SEMG system. Both of them are
synchronized to facilitate the analysis of the output data. The measurements are meant to drive the developed
biomechanical musculoskeletal model for the upper body.

This protocol is being written to contribute with a measurements guide to ensure good data collection for
further analysis within the objectives of a greater project consisting in the design of a passive exoskeketon for the
upper limb.

5.1 Target and tasks

Healthy shoulder of workers whose occupation requires shoulder postures and exposure to several physical factors
are the target of analysis for these measurements. The motivation behind lays in the fact that the working conditions
they are exposed to can lead to shoulder WMSDs.

The main objective of upper-limb exoskeletons is to the decrease the incidence of these injuries, which can
be reflected in the upper limb kinematics and muscular activity. To investigate the effect of the exoskeleton, the
shoulder motion is tested in two conditions: (i) with and (ii) without the exoskeleton.

With the aim to cover the great range of different movements executed by the target group of study in their
work environment, the following variables are to be considered in the tests:

« Arms working height: posture with a flexion or abduction greater than 60° from the rest pose need to be
considered, as they are a risk of WMSDs. Also postures with arms in underhead movement need to be studied
as they may lead to uncomfort when wearing the exoskeleton.

« Tool mass: interesting to establish the relation of muscle effort and torque required for different tools.

« Task time: consideration of muscle fatigue and possible appearance of discomfort in the case of the exoskele-
ton

« ROM: different amplitude of movements. Could be used to determine possible movements restrictions origi-
nated by the use of the exoskeleton.
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In addition to these variables of analysis, the trial is designed to reproduce at the same time tasks that are
naturally conducted in the selected working environments (automotive chain and food processing industries among
others), such as painting, welding, drilling and other overhead tasks as well as heavy load lifting tasks.

Note: although the protocol is designed to be used in studies with real workers under activities resembling the real
working conditions, this thesis just constitutes a preliminary study. As a consequence, the tests are conducted on
available subjects, mainly students, and the tasks are simplified as further explained.

5.2 Motion Capture System set up

The motion analysis system used for the tests is composed by the following items:

8 Kestrel Cameras, 100 Hz capture frequency (Figure 12)

« Black box hub: permits the synchronization and connection of the cameras with each other and to the power
supply

« Set of optical markers

Calibration kit: L-frame and wand from Qualysis (Figure 13)

« Cortex capture and analysis Software

Figure 12: Kestrel camera [32]

Figure 13: Example of calibration wand and L-frame from Qualysis [33]

The set up of this system is focused on the environment conditioning and markerset positioning.
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5.2.1 Environment
To make the capture and posterior analysis as accurate as possibe, the following recommendations are followed.

« Use of a small volume of capture

« Volume of capture as free as possible of reflecting objects

« Use of clean or new markers

« Configuration of cameras such that they are focused on the segment of interest: the shoulder

« Use of marker cluster in the points of most importance to track the motion of the scapula and the humerus
« Marker labels should followed the consistent naming defined in the model

« Marker trajectories must be consistent and free of gaps along the recording: each marker should be captured
at least by 2 of the cameras during the whole test trials. This ensures that position triangulation is possible
and markers positions are not lost during the trial.

Prior to any motion recording, it is of high importance to check if the volume of capture is free from re-
flects, removing or covering them as much as possible by replacing the reflecting objects or changing the cameras
diaphragm opening. To avoid cameras reflecting each other, they should be masked in each of the cameras capture
space. Masking of other reflecting objects should be avoided because that also implies the reduction of the field of
view of the markers for the cameras.

- : 7
<

£

Figure 14: Camera setup seen from Cortex software

Once the volumen of capture as been set up following the indications, a calibration procedure is conducted.
This procedure consists of an initial static calibration and a dynamic calibration afterwards. The inital calibration
is done using a L frame with 4 markers (orgin and two axes, the third one will result from the vectorial product of
these two) to establish the ground system of reference in the capture environment. Then, a wand is used for the
dynamic calibration, whose movement the tester should insist on the area of interest for the trials, in this case, the
area in which the subject’s shoulder is going to be. Figure 13 shows the different calibration tools.
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Note: if the calibration is correct according to the volume of capture and it can be ensured that the cameras position
and orientation are going to remain constant along all the trials, calibration will no longer be needed and the system
could be considered calibrated for all the different captures afterwards. However, it is recommended to recalibrate
when possible as reflections may appear because of the different room lighting conditions.

5.2.2 Markerset

The placement of the markers is of high relevance and should be set up in order to avoid as much as possible some
artifacts as the STA, overlapping between markers or high relative motion of linked markers belonging to the same
boddy segment.

The identified bony landmarks where to place them are resumed in the Table 3, which correspond to the
ones of the model, in terms of placement and naming. Additionally, Figures 15 and 16 illustrate the positioning on a
subject with and without exoskeleton.

Figure 15: Frontal and rear views of the markerset on a subject.
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Figure 16: Frontal and rear views of the markerset on a subject with Paexo exoskeleton.

It is relevant to notice that the markers for the scapula are removed when the exo is worn, given that the
straps will cover them or make them dettach. However, this is not a problem, given that scapula markers are just
used to scale the model, which does not need to be redone when the exo is worn, given that the subject is the same.

Additionally, scapula markers are not recommended to be used to track the movement, given the great STA
produced by the great relative motion of the scapula under the skin. In their behalf, the shoulder cluster attached to
the acromion would try to track this motion.
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District Marker Landmark

RFHD
LFHD Eminentia frontalis
Head RBHD
LBHD Eminentia occipitalis
C7 Processus Spinosus of the 7th cervical vertebra
T8 Processus Pinosus of the 8th thoracic vertebra
Thorax i} Deepest point of the Incisura Jugularis
PX Processus Xiphoideus, most caudal point on the sternum
RSC
LSC Most ventral point on the sternoclavicular joint
Clavicle RAC
LAC Most dorsal point on the acromioclavicular joint
RTS
LTS Trigonum Spinae Scapulae (root of the spine)*
RAI
LAI Angulus Inferior, most caudal point of the scapula *
Scapula RAA
LAA Angulus Acromialis (acromial angle), most laterodorsal point of the scapula *
RSHO1,2,3
LSHO1,2,3 Technical cluster on the acromion
RGH
LGH Glenohumeral rotation center™*
REL
LEL Most caudal point on lateral epicondyle
REM
Humerus LEM Most caudal point on medial epicondyle
REC
LEC Elbow rotation center**
RHC1,2,3
LCH1,2,3 Technical cluster on the humerus
RRS
LRS Most caudal-lateral point on the radial styloid
Forearm RUS
LUS Most caudal-medial point on the ulnar styloid
RHND
Hand LHND Third metacarpal bone, in proximity of the phalangeal joint
RASI
LASI Anterior superior iliac spine
Pelvis RPSI
LPSI Posterior superior iliac spine

Table 3: Marker landmarks. R-prefix = marker on the right side; L-prefix = marker on the left side. * for only
calibrating markers and ** virtual markers.
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5.3 SsEMG set up

The sEMG system consists of Delsys Trigno wearable EMG sensors, together with the Delsys Trigno base. This
protocol section includes the positioning of these sensors and the synchronization of the EMG system with the
motion capture system.

According to other authors [15][14][18][34][20][19], the main agonists and antagonists muscles involved in
shoulder movements as well as some of the lower back are selected in order to compare the muscle activation among
the different exercises and the effects of the use of a commercial exoskeleton. Additionally, a focus is made on the
Deltoid muscles, given that they constitute the prime mover of shoulder abduction. [35]

Selected muscles for SEMG:

« Anterior Deltoid (Deltoideus Clavicularis): the main agonist muscle active during overhead work [34]
+ Medial Deltoid (Deltoideus Acromialis)

« Posterior Deltoid (Deltoideus scapularis): co-contraction of antagonist muscles

« Upper trapezius (Trapezius Descendens): other agonist muscle

« Latissimus dorsi: effect on low and middle back

« Erector Spinae: effect on low back

The pictures from Hermens et al. [36] grouped together in Figure 17 indicate where the sSEMG sensors should
be placed. However, it is advisable that the tester itself tries to perceive the muscles on each of the subjects, in order
to be as accurate as possible with the sensors positioning and avoid cross-talk with other muscles activation signals.

Although camera acquisition is done at 100 Hz frequency while EMG sampling frequency is around 2000 Hz,
synchronization of both signals is easily attained. Precisely, it is achieved by means of Trigno Delsys base and Cortex
software. The Delsys EMG base should be connected to the PC where Cortex software is going to be used. Afterwards,
it is necessary to dettach the sensors from the base and connect them to the PC by means of Trigno Control Utility
software tool. Once the sensors are recognized, Cortex can be opened and the Delsys device connected. Then the
software automatically recognizes the connected sensors and is allowed to collect the data simultaneously with the
data from motion capture markers.

5.4 Trials

The trials to be recorded are divided into 2 main groups: calibration and dynamic tasks. To ensure an adequate test
practice, all the trials should be executed within the limits of comfort of the subject, with the subject standing, and
separately recorded for both shoulders.

5.4.1 Calibration

The purpose of this section is to get the necessary data to scale the model in terms of the anthropometry of each
subject, as well as to facilitate the calculation of virtual markers. The procedure is described afterwards.

1. A static trial is conducted, where the subject stands still in a natural pose for 5 seconds approximately. Taking
pictures of the subject at this point would facilitate further scaling. (Figure 18)

2. Shoulder rotation calibration. The subject performs small oscillations and circumduction of the arm. This
should be done separately for each of the arms and the scapula should move as less as possible during the
movement. (Figure 19)
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Figure 17: Positioning of sSEMG sensors for the selected muscles: a) Anterior Deltoid, b) Medial Deltoid, c) Posterior
Deltoid, d) Upper Trapezius, e) Latissmus Dorsi and f) Erector Spinae [36]

Then the output data is processed in Cortex and exported as .trc files to a Matlab implemented code that
calculates the center of rotation of the glenohumeral and elbow joints with the shoulder rotation calibration data
and incorpores them as virtual markers to the data from the static trial. Finally, the static trial data with the added
virtual markers is used for scaling the model in OpenSim.

5.4.2 Dynamic tasks

This sections’ aim is to collect data to analyze the muscle activiy and kinematics of the subjects as a result of simulated
work tasks that other works have defined to be physical risk factors in the development of shoulder WMDs. In
addition, this tasks are to be performed with and without a commercial exoskeleton in order to compare the efficience
of it. The considered exercises are the following:

1. Right arm elevation in the scapular plane
2. Left arm elevation in the scapular plane
3. Right arm elevation in the scapular plane with extra weight on the hand

4. Left arm elevation in the scapular plane with extra weight on the hand

Where the scapular plane is defined to be approximately 30 to 40° anterior to the frontal plane, as defined by
Hall et al. [37] and illustrated in Figure 20.
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Figure 18: Example of static pose by one subject

Figure 19: Calibration motion for the right arm on Cortex
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All these dynamic tasks would be conducted for each subject under two conditions: (i) without and (ii) with

an upper-limb exoskeleton.
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/‘Fexon’ (sagittal plane)

Figure 20: Scapular plane definition [37]

Figure 21 shows the elevation of the left arm in the scapular plane conducted by a subject under the no
exoskeleton condition.

Figure 21: Elevation of the left arm in the scapular plane
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5.5 Subject query

In addition to the collected data, other information should be collected from the subjects that may be helpful to
interprete the results regarding subjects variability or aspects including other study variables. The following aspects
are collected from each of the subjects.

« Name

« Subject number

« Height (cm)

+ Weight (kg)

« Age (years)

+ Gender

« Dominant side

« Profession, working tasks and working time (daily and in total)

« Previous shoulder injury (Y/N)
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Chapter 6

Postprocess of experimental data

Although the protocol is designed to improve test reproducibility and to obtain clean data without artifacts or noise,
there is still some post process that needs to be done on the motion capture and sEMG data.

6.1 Postprocessing of motion data

Even though the camera setup is intended to cover correctly the subject during the different tests and tasks, the
subject clothing or other objects such as the EMG sensors can occlude at some point some of the markers. The
protocol developed and followed in the tests is intended to avoid as much as possible this from occuring, but if some
marker is not detected at a punctual instant, then interpolation may be a solution as a postprocess tool. In addition,
other than losing a marker, in full contraction movements, two markers can be superposed for some of the cameras,
and this is something to correct too in the post process.

The postprocess of the motion capture data is done using the Software Cortex, and conducted following some steps:

« Rectify unnamed: all unidentified markers are being rectified over all frames. This is useful as it rectifies the
markers that have not been recognized as markers from the template and bring together separated segments
of data belonging to the same unnamed markers.

« Correct markers overlapped tracking: that is, wherever cameras change the positioning of one marker for
another because they got close in the trials. Exchange tool in Cortex is used to exchange the 3d positions of
the selected markers over the selected frames.

« Clean artifact peaks: in some cases noise appears provoking sudden changes on the markers positioning. If
these changes in the coordinates do not match reality, then this kind of noise should be cleaned. In this case
the selected frame where the noisy peak appears can be cut out from the marker data.

« Identify the tracked unnamed markers: with the template where each marker belongs to a bony landmark.

« Apply interpolation: to fill the gaps of information in the 3d position graphs for markers that have not been
completly tracked or were cut out because of noisy flickering by means of a cubic spline.

« Smoothen data: with Butterworth filter 5 point moving average to the selected markers in the selected frame
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6.2 sEMG data processing

Surface EMG (SEMG) signals were recorded from 3 upper limb and 1 lower back muscles for both sides in this pre-
liminary study. These include: the Anterior Deltoid (AD,ADR), Medial Deltoid (M Dy,M Dg), Posterior Deltoid
(PDp,PDg) and Erector Spinae (E.Sy,E'SR). The sample rate was set at 2000 Hz. Although in the protocol, more
muscles were defined to measure, they were simplified to this group, given the availability of a smaller number of
Sensors.

There are challenges of EMG signal processing including removal of systematic noise, identification of EMG
unrelated to the activity itself, overcoming signal variability, the presence of artifacts... [38] In order to clean the
data and facilitate the later analysis and interpretation, some filters and treatments are conducted on the data.

The collected SEMG signals were filtered by a 20 Hz high pass Butterworth filter, then rectified, then filtered
by a 6 Hz low pass Butterworth filter to extract the enveloped and finally normalized.

6.2.1 High pass filtering

The application of high pass filtering in the processing of sSEMG signals has as main goal reducing the baseline
noise and suppresing the movement artifact while avoiding or minimazing the distortion of the EMG signal in the
low-frequency.

The low-frequency noise which is aimed to eliminate in this first processing step is caused by several sources:

« Extrinsic noise sources: such as the power line noise and the cable motion artifact. Their pressence can be
totally eliminated with the selection of the appropiate equipment and technology.

« Intrinsic noise sources: the two intrinsic noise sources originate in the electronics of the amplification
system (thermal noise) and at the skin-electrode interface (electro-chemical noise) [39]

According to De Luca et al. [39], the balance bewteen noise filtering and no signal distortion at low-frequencies
is obtained setting the high pass corner frequency at 20 Hz. Additionally, following Reaz et al. recommendations
[40], notch-filtering is avoided. As a consequence, a high pass 4th order Butterworth filter with a corner frequency
of 20 Hz is employed to reduce the last two mentioned sources of noise in the sSEMG signals.

6.2.2 Rectification

Because of the later interpretation and analysis of the SEMG signals, rectification of these signals is prefered, given
that the analysis focuses on the amplitude of the signal, which represents the level of activation of the muscle.

While half-wave rectification neglects the negative values, full-wave rectification takes the absolute value of
each data point that is used. Usually for rectification, full-wave rectification is preferred [40]. In this post-process
workflow, rectification is made by means of full-wave rectification.
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6.2.3 Envelope extraction: low pass filtering

Because of the interest to analyze the amplitude of the SEMG signal, obtaining the SEMG envelope leads to a smoother
signal amplitude profile, which could result helpful to highlight the changes on amplitude and relate them to the
muscular activity.

One of the employed techniques of SEMG envelope estimation is performing a low-pass filter to the rectified
version of the signal, at cutoff frequencies that vary approximately in the range 2-20 Hz for general applications
[41].

An important consideration should be made before. Asisometric voluntary contractions are sustained in time,
the EMG signal progressively slows down and spectral components of the signal shift toward lower frequencies. In
other words, muscular fatigue manifets in the signal power shift towards the low-frequency area. As a consequence,
the lowpass filter may lose its effectiveness. [42][43]

However, in the current study, the SEMG measurements were done under tasks permformed in short periods
of time, so the fatigue effect is not expected and a low-pass filter is applied to the rectified signal. Similarly to
McManus et al. [44], a low pass 4th order Butterworth filter with a cut frequency of 6 Hz was applied.

6.2.4 Normalization

Generally, the method followed for normalization uses maximal voluntary isometric contractions (MVICs) as the
reference level to compare muscle activity levels and activation patterns between muscles, tasks and individuals,
considering that the maximum neural activation is achieved in all muscles and individuals tested.[45][46]

In order to generate the MVIC, some tests are used. However there is not an agreement or consensus on the
optimal test for each muscle, resulting in a considerable number of different reference tests for each muscles. [46]

Given the lack of consensus and the number of MVIC tests to be conducted in each subject for each of the
studied muscles, normalization is done by a simplified method, using the maximum level of activation for each muscle
and subject during all the recorded trials.

To sum up the sSEMG processing workflow, Figure 22 illustrates an example for the results from each workflow
step for the right anterior deltoid of subject 4 during elevations in the scapular plane with the right arm.
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Figure 22: Example of sSEMG signal processing workflow conducted for Subject 4, Right Anterior Deltoid muscle
during elevations in the scapular plane with the right arm.
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Chapter 7

Kinematics and Kinetics calculations

Once the biomechanical model is developed and the experimental data processed, the model can be further exploited
in order to obtain information on the kinematics and kinetics from the different trials and subjects.

7.1 Virtual markers calculation

Prior to scale the model, some virtual markers are calculated to improve this further scaling. Precisely, the gleno-
humeral rotation center and elbow joint center are calculated.

The estimation of the joints center of rotation can be done by regression or by means of functional tasks. In
this case, the functional task method is selected, and these movements defined in the protocol as calibration tasks.

In this calibration procedure, the subject performs the functional movements that would be then used to
estimate the functional joint centers at the shoulders and elbows, and once calculated, they are appended to the
subject static trial data for further model scaling.

While the estimation of the elbow joint center (REC and LEC for right and left sides) is simple and consists
in calculating the medial point in between the bony landmarks for the most caudal points on the lateral and medial
epicondyles of the humerus (REL,REM for the right side and LEL and LEM for the left) for every instant, the estimation
for the glenohumeral rotation center is more complex.

Because of the nature of the glenohumeral joint, the relative motion between the scapula and the humerus
can be decomposed into a rotation about and a translation along a single axis. This axis, which generally varies in
position and orientation instantaneuosly, is called a helical axis of motion, or screw axis.[47] Calculating the helical
axis means determining its orientation and its position, based on the recorded motion of the joint, which is done
following the method and code developed by Ancillao [48]. The virtual markers for the glenohumeral joint are the
RGH and LGH for the right and left sides and are defined as the pseudo-intersection of the consecutive helical axes
associated to the motion.

7.2 Model scaling

Model scaling is a really complex process but higly necessary, given that all the following calculations realized with
the scaled model for each subject depend on the model scaling and repositioning of the markers. It is conducted in
OpenSim software, using the original model as base and with the recorded static trials in which the calculated virtual
markers have been appended as input.

Firstly, mass distribution of the original model is preserved and the weight of the scaled model is estimated
as a percentage from the subject total body weigth, given that the model does not account for all the body but just
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the upper-limb, thorax and pelvis. The percentage used is extracted from the study of segment weight percentages
conducted by de Leva et al. [49]. Precisely, as the model does not include the lower limbs, it corresponds to the 59.26
% of the total body weight. The subject weight is included in the subject query from the protocol.

In order to simplify the scaling process, the same scale factor is used for each body segment. Scaling is
obtained by matching the model markers to the experimental ones in the static pose. This is done by means of error
minimization, and weights for each marker are assigned and used to determine how strongly the algorithm should
try to match them. [50]

To correctly scale the model and obtain the minimum error between the static trial markers positions and
the scaled model markers, some guidelines are followed:

« Markers that are reliably attached to the correct bony landmarks, as well as the virtual markers calculated for
the rotation centers are fixed to avoid the software to move them when scaling. This should be done on those
markers whose bony landmark is easy to indentify, as for example:IJ,C7,RSC and LSC.

« Assign high weight to trustfully located markers, while the clusters are given low values or even disabled as
they are not sticked to bony landmarks.

To validate scaling, the optimization should be checked as optimization failure is a clear sign of incorrect
scaling. It is also necessary to check the marker error and the joint angles, which we can be compared with the
pictures taken from the subject. [50]

7.3 Kinematics calculation

With the scaled model for each subject, Opensim is used to calculate the kinematics for the position coordinates
defined in the model for the different tasks from which the motion and muscular activity were captured.

It is done by means of Inverse Kinematics (IK), with the so named tool in OpenSim. IK consists in the calcula-
tion of the values for the different generalized coordinates from the model that best match the experimental markers
from the motion data for each time step. The difference between the model markers and experimental markers is
seek to be minimized as much as possible through a weighted least squares method. [51]

Similarly to the scaling procedure, weights should be assigned for each model marker, depending on how
strong the match with the experimental markers is aimed. However, for the IK calculation, on the contrary to
scaling, high weights should be assigned for the clusters and low for the bony landmarks, were a greater STA or
muscle movement is expected. For example, to scale, high weights are given for the scapula markers in order to
place it correctly but when kinematics are calculated, the scapula markers that are not included in the shoulder
cluster are disabled because of the highly relevant STA. Additionally, with the use of the exoskeleton, those markers
can not be tracked as the exoskelton straps occlude them.

Although in some body segments, if no enough tracking markers or a marker cluster is used, then the anatom-
ical markers should be weighted also heavily, to ensure that the body segment is correctly tracked in the motion.
But, always those in which STA is not really relevant during motion, such as IJ or C7.

7.4 Kinetics calculation

The next step would be the kinetics calculation, which, given the kinematics calculated from the IK, are calculated
by means of Inverse Dynamics (ID). ID technique employs kinematics and external forces to calculate torques and
forces acting on the joints for the particular studied motion. To determine these internal forces and moments, the
equations of motion for the system are solved with external forces, mass properties and accelerations calculated by
the double differentiation of the kinematics results. [52]
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Given that noise is amplified by differentiation and to calculate the accelerations the kinematics data is dif-
ferentiated twice, it is highly recommended to filter the kinematics data. [52]

Then, with respect to the external forces, in the trials where the subject was wearing the exoskeleton or
holding an extra weight on the hand, external force data should be considered. In the case of the trials conducted
wihtout the exoskeleton and with the weight, the external forces are easily applied as the weight of the mass on the
hand applied as a punctual mass. However, the external forces applied by the exoskeleton are not easily deduced and
would require from future force measurements. As a consequence, kinetics would only be calculated for the trials in
which the subjects were not wearing the exoskeleton.
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Chapter 8

Model validation

Before analyzing the results, a validation of the model is done. First, in terms of bilaterality and then, some parameters
are compared with other studies from literature. For validation, the tasks without weight and the exoskeleton are
used, as comparable data exists in literature for these cases.

8.1 Bilaterality

Given that the original model included just the geometry, jointset and muscleset for the right side and the left side
was added afterwards, it is considered necessary to first validate the left side and see if both sides work analogously.
The comparison between the right and left sides is illustrated below in terms of kinematics and kinetics.

The curves for the kinematics of the different ST joint coordinates defined in the model and calculated by IK
are plotted against the cycle percentage in Figure 23. In red and blue are shown the subjects and cycles mean for
the right and left scapula respectively, where the cycle represents the elevation and depression of the respective arm
(right or left) in the scapular plane.

Similar results are obtained for right and left sides, despite a noticeable standard deviation, for the four defined
coordinates.

The results coincide not only in kinematics but also in kinetics, showing in this case similar moments for the
ST joint in the same scapular planes of motion for which kinematics were analyzed before (see Figure 24). Notice
that the moments resulting from the kinetics are normalized to weight, given that if not the subjects mean can not
be calculated, as kinetics depend directly on the subjects mass.

8.2 Validation with literature

Regarding the validation with literature, having implemented the ST joint based on the model of Seth [10] the
calculated ST joint coordinates kinematics are plotted and compared with the ST joint coordinates reconstructed
motion from the measured bone-pin markers used in the reference study.

In Figure 25 the curves for the ST joint coordinates are plotted for the mean of the subjects and cycles during
elevation-depression task in the scapular plane, while in Figure 26 the coordinates are plotted for an abduction-
adduction task, in other words, an elevation-depression in the frontal plane.

The obtained curves are similar to the ones of the reference study, although some differences can be observed.
First of all, the scapular motion in both cases is dominated by scapula upward rotation and abduction.
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Figure 23: ST joint kinematics comparison for right and left limb during repective right and left
elevation-depression of the arm in the scapular plane. The curves represent the mean of the subjects and the cycles
and the shaded area the +/- standard deviation (SD).

On the contrary, the curves do not start and end in the same angles as in the reference, although this can be
explained by the differences on the defined initial congifuration of the scapula in the model and the different static
pose of the models. Despite this, the curves seem to follow the same patterns as in the reference although starting
in different angles.

Moreover, the amplitude of the curves seems greater than the observed in the reference for the different joint
coordinates. This could be explained by the fact that the plane of motion is not exactly the same, as in the reference
the elevation is done in the frontal plane, while in this study trials the elevation is conducted in the scapular plane,
30° anterior to the frontal plane.
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Figure 24: ST joint kinetics comparison for right and left limb during repective elevation-depression of the arm in
the scapular plane. The curves represent the mean of the subjects and the cycles and the shaded area the +/- SD.

Additionally, in the literature reference, the results from the bone-pin experiments are plotted, while some
error was obtained when comparing these results to the results obtained from the inverse kinematics calculated on
the model. [10]. These differences should be considered, as maybe some further improvements coud be done in the
ST joint, as the range of motion of the scapula seems to exceed a little bit the reference values from literature. [53]
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Figure 25: ST joint coordinates during elevation-depression motion in the scapular plane for the subjects, sides and
cycles mean. The curves represent the mean of the subjects and the cycles and the shaded area the +/- SD.
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Figure 26: ST joint coordinates during abduction-adduction motion reconstructed motion from measured bone-pin
marker [10]
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Nevertheless, from a general point of view, the model representation of the shoulder complex, and more
precisely of the ST joint, seems to be reasonably adequate to reality.

Finally, another parameter discussed by other authors with respect to the scapula motion, such as the scapu-
lohumeral rhythm analyzed by Bagg [54], is compared. The scapulohumeral rhythm in this case reflects the contri-
bution of the scapula when elevating the arm in the scapular plane, as it corresponds to the scapular upward rotation
in terms of shoulder elevation. In Figure 27 the rhythms calculated for the mean of the cycles for each of the subjects
are plotted, which are comparable to the different patterns observed in the author’s study, represented in Figure 28.
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Figure 27: Scapulohumeral rhythm mean for the four different subjects. The curves represent the mean of each of
the subjects for all the cycles and the shaded area the +/- SD.
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Chapter 9

Results

Once validation is discussed, results from the tests can be analyzed. First of all, subjects variability is studied and
afterwards, the effects of the commercialized exoskeleton on the scapular motion are evaluated.

9.1 Inter-variability between subjects

In Figure 29, the kinematics represented show the mean for each of the subjects for three different ST joint coor-
dinates along the cycle and the scapulohumeral rhythm, which includes implicitely the fourth coordinate, during
an elevation-depression movement in the scapular plane. When comparing the kinematics between the different
subjects, the scapula motion seems similar for most of them in the global trend but differ slightly on the measured
angles.

One observable difference is the greater amplitude of the scapular motion for Subject number 4, whose results
for scapula abduction and winging show a greater range of motion when compared to the rest of the subjects.

To further asses the possible differences in between the subjects, kinetics were calculated applying ID to the
filtered kinematics for each subject. Then, the means were calcualted for each subject and plotted in Figure 30. In
order to make a reasonable comparison, the obtained moments for the different ST joint coordinates were normalized
in terms of the respective subject’s weight, given that the moments are calculated considering the weight of the arm
of the subject. Under the supposition of uniform mass distribution, the normalization is done with the total subject
weight.

From the normalized to weight moments, the curves are similar for the different subjects, despite the observed
cycle shift in between them.

Finally, the different ROM for all the subjects and scapular kinematics are represented in Figure 31. The
standard deviation obtained for each of the subjects is small, showing a great repeatibility in the tests for each of
the subjects. However, again the results show differences in between the subjects, showing Subjects 1 and 2 similar
results in between them, but differing noticeably from the other subjects. Subject 4 shows the greater amplitude of
scapular motion for every coordinate, as expected from Figure 29, and on the contrary, Subject 3 shows the most
limited motion.
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each subject for all the cycles and the shaded area the +/- SD.
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Figure 30: ST joint normalized moments during elevation-depression motion in the scapular plane for the mean of
each subject. The curves represent the mean of each subject for all the cycles and the shaded area the +/- SD.
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9.2 Exoskeleton effects

With the subject variability in mind, in order to analyze the effects of the Paexo exoskeleton, the mean of the subjects
is taken for the scapular kinematics and muscular activity for the test configurations with and without exoskeleton.

9.2.1 Kinematics

Similarly to Figure 29, the motion of the scapula related to three of the ST joint coordinates is analyzed, as well as
the scapulohumeral rhytm (see Figure 32).

At first sight, the global trend comparison plotted seems to be similar for the tasks with (blue) and without
(red) the exoskeleton. However, if it is observed with a greater detail, the exoskeleton curves suggest a decrease in
the scapular abduction and an increase in the scapular elevation with respect to the curves without the exoskeleton.

Focusing now on the ROM for the subjects mean (Figure 33), no differences are suggested for the tasks with
and without the exo. Additionally, the great standard deviation because of the subjects variabilty is strongly reflected
here.

9.2.2 Muscle activation

In terms of muscular activity, the mean for the subjects normalized SEMG under the same tasks is computed and
plotted in Figure 34. Precisely, the muscular activity for the deltoids from the working side and the contralateral lower
back muscle, the ES, are represented. This muscle selection was based on the level of activation of the muscles, so
just the most implied or working muscles for the movements are analyzed.

Theoretically, from the deltoids, the anterior portion is more active in the upwards movement of the arm, the
posterior portion acts more in extension and downwards movements and the largest middle portion allows abduction
of the arm and its activation is similar in both directions.[35]

Apparently,the plotted curves show a similar activation trend along the cycle and do not suggest a reduction
of muscular activity in shoulder-involved muscles as the deltoids, neither on the contralateral lower back muscles.
The most active muscle from the elevation-depression motion in the scapular plane is the AD, as expected, followed
by the MD and finally by the PD together with the ES.

With a higher level of detail , some differences could be noticed in the deltoids. In first place, a slightly
decrease in the anterior and MDs slope during the elevation (approximately 0-50% of the cycle) with the exoskeleton
with respect to the curve without it can be noticed.

Additionally, a greater activation of the deltoids at the half of the cycle when wearing the exoskeleton is seen
as a peak in the graph.

Finally, another difference could be the greater activation of the medial and PDs (more implied in the down-
ward movements) in the depression movement (approx. 50.100% of the cycle).
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9.2.3 Weight effect

To further study the effects of the exoskeleton, the same tasks with a 2.5 kg weight plate on the hand were conducted
by the subjects and once again, kinematics and muscular activity discussed.

Similarly to the kinematics from the tasks without weight, the exoskeleton curves show similar trends to the
curves without the exoskeleton (Figure 35). On the contrary, differences observed in the comparison with weight
are not as clear.

Looking into the muscular activity in Figure 36, similarly to the case without the weight, the curves patterns
are similar with and without the exoskeleton, generally speaking. But, there are some observable differences if the
relationship between the curves for the exoskeleton and without it are compared for the weighted and unweighted
trials.

Firstly, there is not a decrease on the AD and MD in the elevation of the arm, corresponding to the first half
of the cycle, as the one presented in the unweighted tests.

With respect to the half of the cycle, similarly to the unweighted exercises, a peak is manifested for the PD
and MD when wearing the exoskeleton. In this case, the peak seen in the curve for the PD with the exoskeleton is
even more noticeable.

The difference on the descent of the arm is not as clear but the activation increases slightly with the exoskele-
ton to compensate the lifting forces. Finally, considering the lower back, the resulted activation of the ES is greater
than in the tasks without weight.
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+/- SD.
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Chapter 10

Conclusions and future perspectives

Looking back to the begining of the study, the development of a complex biomechanical model focused on the
scapulothoracic joint resulted as challenging as expected, but some hypothesis and achivements were extracted. It
was also possible to work on the motion capture protocol, to conduct the adequate tests with an exoskeleton and to
analyze the effects of its use.

In this chapter, the discussion of the obtained results and their comparison with literature is synthesized,
along with the limitations, the sumed conclusions and the drawing of future research needs.

10.1 Discussion

Although comparisons with other studies are not straight forward because of the lack of consensus for the testing
procedure and the different upper-limb exoskeletons employed, some analogies and contrasts can be seen.

Many shoulder models are related in the literature [55][5]. In general terms, simple models considered the
scapula fixed to the thorax frame while more complex models allow the scapula to glide over the thorax, represented
as an ellipsoid. The current model considers the scapulothoracic joint, and therefore it belongs to the second category
of shoulder models. As a result, it shows a more physiologic and realistic motion of the scapula than previous
models [9][10]. However, although the kinematics obtained in this preliminary study by simplified scaling seem
reasonable, some studies suggest that given the complexity of the scapulothoracic joint, scaling of this kind of models
to individuals is not trivial and could result in inaccurate kinematics [56][55] given that the thorax and scapula scaling
affect to the relative motion in betweeen them and therefore to the scapula kinematics.

Regarding subjects variability and taking into account the plots represented for the bilaterality validation,
where the subjects mean was represented (Figures 23 and 24), a non-negligeable subject variability is expected,
given the considerable standard deviation obtained and represented in these figures.

Precisely, some differences are observed in the kinematic scapula curves plotted in Figure 29 for each of the
subjects. This can be due to the different initial pose or configuration of the scapula for each subject at the beggining
of the trial.

However, subject 4 shows a greater amplitude of movements with respect to the rest of the subjects, which
can not be explained by the different initial position. This difference can be due to several reasons regarding the
subjects physique differential variables as the subjects mobility, strength, limbs length...Or, on the contrary, it could
be a sign of poor test reproducibility. However, as the study has so far included a number of four subjects, the sample
size is too small to determine the reasons of this variability or the possible lack of test reproducibility.

Similar results for the subjects were obtained for the scapula kinetics plotted in 30, where just the shifts differ
between the subjets curves. Nevertheless, these shifts could be explained by the different velocities under which
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each subject performed the movements. Precisely, if Figure 29 is analyzed in detail, the slope of the curves change
in between the subjects. As a result, when differentiating the motion to obtain velocities and accelerations, the
moments resulting from these accelerations are affected by the slope of the kinematic curves.

To end up with inter-variability between subjects, the ROM for all the subjects and scapular kinematics in
Figure 31 show a great repeatibility in the tests for each of the subjects, because of the small standard deviation.
However, differences are again observed between the subjects. To summarize, some subjects inter-variability is
observed from the kinematics and kinetics points of view, but as the sample size is not big enough, further conclusions
could not be made yet about the variability’s possible origins.

Comparing with literature, large variation was also observed in other studies. For example, differences among
the subjects of the study conducted by Hyun et al.[15] were seen and related to different muscular operating strategies
and arm kinematics between the individuals.

With respect to the exoskeleton effects on the shoulder motion, this preliminary study introduces as novelty
the study of the scapular motion, which can not be compared with other studies yet. However, some studies do
mention the effects on the general shoulder motion. For example, one study suggested that wearing PAEXO does
not degrade task performance, though it does modify shoulder movement[34]. Another, pointed out that the Paexo
was not limiting the ROM [16], although this suggestion was based on the users perception and not on objective
measurements. On the contrary, a study conducted with other exoskeleton, the Eksovest, suggested that wearing it
reduced maximum voluntary shoulder ROM [57].

Although the differences are not very clear given the high standard deviation, no strong conclusions can
be made but some hypothesis extracted from the effects of the exoskeleton in this study. For instance, the motion
restriction on the abduction direction could be compensated by a greater motion in the elevation direction. In
contrast, the exoskeleton may not be affecting the scapular winging or the scapulohumeral rhythm (see Figure 29).

On the contrary, from the study of Figure 33 a hypothesis of no motion restriction with the exoskeleton could be
extracted.

Comparing muscular activity, most of the studies conducted with the different upper-limb commercialized
exoskeletons agree in the significant reduction of deltoid muscles or shoulder effort caused by the exoskeleton.
[20][18][16][19][15][58]. This is not as clearly suggested in the results of the preliminary study, but it can be ex-
plained by the different tasks conducted in the trials. While these studies focus on overhead tasks, this preliminary
study tested elevations in the scapular plane, but overhead positions were not maintained. Regarding the side-effects
on the lower back muscles, some studies agreed on the non existing overload on the lower back as the current study
[18][16][19] and some others suggested an increase on the lower back load. [15][58]

With a higher level of detail, some differences were noticed from the use of the exoskeleton in the muscles
activity in this study. According to literature, AD and MD experiences a slight decrease of activation during the
elevation, which could be explained by the external forces exerted by the exoskeleton, which tries to compensate
the arm weight by lifting it.

Surprisingly, a greater activation of the deltoids at the half of the cycle when wearing the exoskeleton was
seen. Taking into account the apparent similarity of ROM obtained with and without the exoskeleton (Figure 33),
this could suggest that the subjects needed to make an extra effort to reach the same top position while elevating
the arm as without the exo because of some mobility restriction.

Another small difference was seen in the greater activation of the MD and PD in the depression movement.
The hypothesis extracted from here would be the need of a greater effort to make the arm descent because of the
lifting forces exerted by the exoskeleton in the upwards direction when comparing to the curves without the ex-
oskeleton.

Up to this point, although the sEMG signals may suggest effects on the muscular activity caused by the
exoskeleton, it is necessary to emphasize again the small number of participants in the current study and its value
as a preliminary study yet, which results may help in the reasoning of variables or development of study hypothesis
for a greater study.
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Moreover, the muscular activity was obtained by means of SEMG sensors, which only measure the surface
muscular activity. Furthermore, the SEMG sensors are close to each other, which may result in cross-talk in between
them, also likely to happen with other muscles.[44]

Finally, the results from the weighted tasks suggest some changes with respect to the hypotheses extracted
without weight. However, given that the experimental protocol was designed simultaneously as the first tests were
conducted, this weighted tasks were just considered for the last two subjects. Consequently, being the sample size
smaller in this case, the conclusions would not be so reliable but could be useful to establish possible weight effects
and hints for further studies.

Comparing to the effects caused by the use of the exoskeleton in the kinematics, the outcome is not so clear in
the tasks with weight, which could suggest that the exoskeleton is not changing the scapular kinematics in this case.
However, from the different scapulohumeral rhythms, it can be suggested that with the exoskeleton the contribution
to the elevation in terms of scapula upward rotation is decreased for the tasks with weight.

The reduction of the exoskeleton effect is also seen in the muscular activity when adding weight, not decreas-
ing the deltoids activity in the elevation as much as in the unweighted cases. This could be explained again by the
fact that in the case without weight, the exoskeleton was compensating the arms’ weight but maybe when adding
extra weight the exoskeleton performance is not enough for the selected level of pretension.

The activation of the posterior and medium deltoid were greater in this case in the half of the cycle, which
similarly to before, may be due to a restriction of movement leading to an extra effort made by the subjects. On the
contrary, their activation at the depression does not differ as much as before, maybe because the added weight is
helping the arm to descent and the exoskeleton is not compensating enough the weight of the arm with the weight.

Finllay, there is not a suggestion of a lower back overload when wearing the exoskeleton in any of the cases,
as no difference was observed in the ES activation in any of the cases.

Taking into account that the exoskeleton function consists in compensating the arms weight so the worker
does not need that much effort to work with the arms elevated over the head and that the level of compensation it is
not changed for the tasks with and without weight, the smaller effect of the exoskeleton in the weighted trials could
be explained by the lack of pretension to compensate not only the arm’s weight but the extra added weight.

This variability when adding an extra weight was also observed in the study by Huysamen et al. [14], where
the significant reductions on muscular activity by the exoskeleton were observed just for the tests conducted with an
extra weight. In the current study, the results suggest the opposite as the results were not that different when adding
the weight, but this contraposition of both studies can be explained by the different pretension levels configured in
the different exoskeletons. However, they both suggest the importance of the tool or extra weight as a variable of
study.

To summarize, the exoskeleton may be producing some changes in the scapular kinematics and muscular
activity as shown for this sample size. Additionnally, the tests conducted with weight resulted into different results,
which may indicate the importance of the weight to be considered a study variable in a greater future study.

10.2 Limitations

Before extracting the study conclusions, some limitations related to the study itself should be pointed out.

« STA: Although the motion capture protocol and the markerset definition aimed to minimize the STA from
occuring, the solutions adopted achieved to further reduce the artifacts from happening but did not eliminate
it. For example, although the shoulder cluster is used to track the scapula without the STA ocurring in other
the scapula tracking methods, where all the markers were placed directly on the scapula bony landmarks,
there is still a STA happening where it is placed, that is, on the acromion.

« Use of sEMG: sEMG is only suitable for measuring superficial muscles activity. That does not ensure the
correct muscle identification and increases the possibility of cross-talk between signals because of the signal
contamination from surrounding muscles activation.[44]
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- Simplified scaling: given the complexity of scaling the model to each of the subjects, some simplifications in
this step were taken. For instance, scale factors for each body segment were not used and scaling was merely
based in the repositioning of the markers according to the subject. This solution was adopted because the use
of scale factors implies taking a lot of measurements on each of the subjects, which increases the tests duration,
and implies complex calculations and transformations, given that in most of the body segments, the systems
of reference are chosen to facilitate the coordinates definition and do not correspond to the axes defined by
the bony landmarks. As a consequence, the axes of the scaling factors do not correspond to the axes formed
by the bony landmarks.

« Test environment: although cameras and environment calibration was thoughtfully conducted in each of
the trials to avoid possible external reflexes causing artifacts and noise in the recorded motion, as the motion
capture lab is shared for other projects, the camera set up may have slightly change in between the different
subjects tests. Consequently, a good test reproducibility may have been hindered.

- Sample size: the tests were conducted on just four participants, a too small sample size. As a consequence,
strong conclusions can not be made from this study, but some hints on how to proceed next or some suggestions
can be extracted for a complete study.

10.3 Conclusions

Taking into account the limitations, conclusions strictly speaking can not be extracted from this preliminary study,
but the following effects could be suggested and expected to happen when enlarging the sample size.

« Improved biomechanical model of the shoulder complex: the introduced updates to the previous upper
limb models refine the shoulder representation and allow a more realistic motion. Despite the great standard
deviation, the model is validated in terms of bilaterality and scapular kinematics. Nevertheless, a greater than
expected scapula motion could happen in some planes, so scapula tracking or the scapulothoracic joint should
be rechecked with a greater sample size.

« Subjects variability: it was observable and lead to a great standard deviation. This could suggest differences
on the physique conditions of the subjects in terms of mobility or a poor test reproducibility, so more subjects
would be needed to address this matter. Additionally, using simplified scaling may not be sufficient and a
more complex scaling improve it. For instance, if the subject has a extraordinary wide thorax, the simplified
scaling may not be accurate to represent the relative motion between the scapula and the thorax, resulting in
overestimated relative motion.

« Paexo exoskeleton may modify the scapula kinematics: although it did not seem to modify the range of
motion of the scapulothoracic joint, the exoskeleton did seem to change the scapula motion pattern decreasing
the scapular abduction while enlarging the elevation.

« Paexo exoskeleton may modify muscular activity: even though the effects did not seem to be really big,
the sEMG signals may indicate the decrease in the deltoids activity while elevating the arm, an increase in
the top position and while decreasing the arm, and not apparent side-effects on the lower back as effects of
wearing the exoskeleton.

« Tool weight may be useful as a study variable: adding weight could show different results as in this
preliminary study in terms of scapula kinematics and muscular activity. Therefore, it would be interesting to
keep it as a study variable
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10.4 Future perspectives

To conclude, some prospects in which to continue the current study and address in the future are highlighted.

Firstly, regarding the biomechanical model, more complex and detailed scaling should be address in order to
avoid inaccuracy in the calculation of the kinematics.

Additionally, it would be important to consider improvements or other alternatives fot the scapula tracking
to reduce even more the STA.

Concerning data acquisition, a greater sample size consideration will strongly benefit the discussion of the
Paexo effects and also determine if there is a need of improving the test reproducibility through a more strict protocol.

With respect to the exoskeleton study, in order to analyze also the kinetics and not just the kinematics, taking
exoskeleton force measurements and adding them to the model would help estimating the effects on the kinetics.

Additionally, the model could be further exploited as a predictive tool for the exoskeleton effects by intro-
ducing different exoskeleton curves in order to help in the future design.

Going even further, the model could be employed to predict the muscles activation, which could be really in-
teresting to model the muscular activity, as the placement of the sSEMG sensors is limited when using the exoskeleton
and not as reliable as deep muscle activation measurements.
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Figure 1: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 1, 2022.12.07. Shoulder EMG.
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Figure 2: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 1, 2022.12.07. Shoulder EMG.
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Figure 3: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 2, 2023.01.24. Paexo session 1.
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Figure 4: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 2, 2023.01.24. Paexo session 1.
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Figure 5: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular plane
with exoskeleton. Subject 2, 2023.01.24. Paexo session 1.
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Figure 6: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 3, 2023.02.16. Paexo session 2.
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Figure 7: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 3, 2023.02.16. Paexo session 2.
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Figure 8: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular plane
with weight. Subject 3, 2023.02.16. Paexo session 2.
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Figure 9: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane
with weight. Subject 3, 2023.02.16. Paexo session 2.
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Figure 10: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular
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Figure 11: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular

plane with exoskeleton and weight.

Subject 3, 2023.02.16. Paexo session 2.

12



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

2023.03.02. Paexo session 3. Subjectn.4 | Kinematics

Scapula Abduction Scapula Elevation

0 20 40 &0 80 100 - 0 20 40 &0 &0 100
Cycle (%) Cycle (%)
Scapula Upward rotation Scapula Winging

0 20 40 60 &0 100 0 20 40 &0 &0 100

Cycle (%) Cycle (%)
Shoulder elevation
120 . . - .
100 |
T
= 80}
=
<,
60
40

0 20 40 &0 &0 100
Cycle (%)

Figure 12: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular
plane. Subject 4, 2023.03.02. Paexo session 3.
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Figure 13: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane.
Subject 4, 2023.03.02. Paexo session 3.
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Figure 14: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular
plane with weight. Subject 4, 2023.03.02. Paexo session 3.
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Figure 15: Scapula and shoulder kinetics for right (red) and left (blue) limbs under elevation in the scapular plane
with weight. Subject 4, 2023.03.02. Paexo session 3.
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Figure 16: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular
plane with exoskeleton. Subject 4, 2023.03.02. Paexo session 3.
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Figure 17: Scapula and shoulder kinematics for right (red) and left (blue) limbs under elevation in the scapular

plane with exoskeleton and weight.
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Figure 1: Raw EMG data for right abduction, subject 2, 2023.01.24. Paexo session 1.
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Figure 2: Raw EMG data for left abduction, subject 2, 2023.01.24. Paexo session 1.
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Figure 3: Raw EMG data for right abduction with exo, subject 2, 2023.01.24. Paexo session 1.
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Figure 4: Raw EMG data for left abduction with exo, subject 2, 2023.01.24. Paexo session 1.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

2023.02.16. Paexo session 2. Subject n.3

Raw EMG: Right abduction

108 AntDelt 108 MedDelt
£ *
o —_— 2
= =
| &
= =-2
L L
-4 . . .
O & 10 15 20 25 0 b 10 15
Time|(s) Time(s)
105 PostDelt 108 AntDelt,
* ¥

< 5
S
o 0
0 5 10 15 20 25 0 5 10 15
Time(s) Time(s)
<105 MedDelt <105 PostDelt

O a 10 15 20 25 0 b 10 15
Time(s) Time(s)
105 ErecSping L10d ErecSpin

0 =
Ly a0
= =2 =
L w
-4 ' : i : -1 : : :
O 5 10 15 20 25 0 5 10 15
Time(s) Time(s)

Figure 5: Raw EMG data for right abduction, subject 3, 2023.02.16. Paexo session 2.
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Figure 6: Raw EMG data for left abduction, subject 3, 2023.02.16. Paexo session 2.
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Figure 7: Raw EMG data for right abduction with exo, subject 3, 2023.02.16. Paexo session 2.
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Figure 8: Raw EMG data for left abduction with exo, subject 3, 2023.02.16. Paexo session 2.
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Figure 9: Raw EMG data for right abduction, subject 4, 2023.03.02. Paexo session 3.
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Figure 10: Raw EMG data for left abduction, subject 4, 2023.03.02. Paexo session 3.
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Figure 11: Raw EMG data for right abduction with exo, subject 4, 2023.03.02. Paexo session 3.
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Figure 12: Raw EMG data for left abduction with exo, subject 4, 2023.03.02. Paexo session 3.
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