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summary

Musculoskeletal modeling has the opportunity to improve the rehabilitation process after a shoulder
injury by monitoring the muscle activations and tendon strain during rehabilitation exercises. The PT-
bot project combines a robot arm and a Thoracoscapular Shoulder Model (TSM) in order to track the
shoulder movement and give a physiotherapist insight on the what happens in a human body, but the
performance of the TSM is not yet analyzed. This paper aims to get a better understanding of the TSM
by testing its performance in a wide range of motion.

With an existing isometric dataset, the TSM is positioned in five different shoulder configurations. First,
the model is scaled in four steps. With the help of the muscle moment arms an normalized fiber length
of this scaled model, improvements have been made to the latissimus dorsi. This improved model is
scaled a second time whereafter an RMR solver is run. This RMR solver computed the muscle activa-
tion levels and joint torque residuals of the TSM. The RMR solver is first run with experimental external
forces applied on the hand, in order to validate the TSM by comparing the muscle activations to EMG
data. After that, the RMR solver is run with artificial external forces, in order to understand which mus-
cles are activated during push and pull exercises.

The Mean Average Error (MAE) between the muscle activation levels and experimental EMG measure-
ments has been calculated for the validation of the TSM. They show that the TSM performs well when
the shoulder planar elevation and shoulder elevation angles, but the performance decreases when
these angles increase. The active fiber forces have been calculated and the muscles with the major
contribution have been identified for pulling and pushing. The Infraspinatus, trapezius and deltoid play
a major role for pushing exercises and the subscapularis, teres major and biceps for pulling exercises.
The total muscle force needed for pushing is higher than for pulling.
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Nomenclature

Abbreviations
Abbreviation Definition
DSEM Delft EIbow and Shoulder Model
EMG Electromyography
IK Inverse Kinematics
MMA Muscle Moment Arm
MVC Maximum Voluntary Contraction
RMR solver Random Muscle Redundancy solver
RoM Range of Motion
Symbols
Symbol Definition Unit
a Muscle activation level [-]
Hz Hertz [1/s]
e Marker error [mm]
t Time [s]
T Torque [Nm]
v Velocity [m/s]

Muscle abbreviations

Abbreviation

Muscle

Infra

Supra
PecMajorC
PecMajorS
Lats

LatsS
LatsM
Latsl

Sert
TrapLow
TrapMid
TrapUp

Infraspinatus
Supraspinatus
Clavicular pectoralis major
Sternal pectoralis major
Latissimus dorsi
Superior latissimus dorsi
Middle latissimus dorsi
Inferior latissimus dorsi
Serratus anterior
Inferior trapezius

Medial trapezius
Superior trapezius
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Introduction

The rotator cuff consists of the infraspinatus, supraspinatus, subscapularis and teres minor. A tear in
one of these muscles is the most common shoulder injury as one fifth to one third of the population
experiences rotator cuff tears in their lifetime [1], [2], [3]. There are several treatment options. Physio-
therapy plays an essential role in recovering shoulder functionality [4]. A big issue with rehabilitation is
that there is no standard treatment for everyone and that it can last up to a year. Although excercises
improve the recovering time, there is a big concern for damaging the recovering tissue, for example
by putting too much strain on the rotator cuff [5], [6]. Currently, treatment is mostly based on clinical
experience and not on scientific protocols [7]. Getting more information on what’s happening during
rehabilitation can allow the patient to do exercises with less risk of damaging the tissue.

The PTbot project [8] aims to tackle this problem by monitoring a patient's movement and muscle func-
tioning by combining a robot arm and a musculoskeletal shoulder model. With the help of a robot arm,
the shoulder movement of a patient can be tracked. A musculoskeletal shoulder model can be used to
calculate the muscle activations and tendon strain. These activations and strain can help the patient
with performing exercises, without damaging the recovering tissue.

1.1. Musculoskeletal modeling

Musculoskeletal modeling software, such as OpenSim [9] is a powerful tool for understanding the me-
chanics inside a human body. These models consists out of the skeleton and muscles. The skeleton is
modeled as a rigid multi-body system, made up from the bones and joints. The joints are moved by ac-
tivation of the muscles. The muscles are attached to the bones and the force produced by the muscles
results in a torque around these joints. These torques results in a specific movement, similar to what
happens in the human body [10]. With the help of inverse kinematics these steps can be reversed: from
given motion data, the joint configurations of the human body can be calculated in a musculoskeletal
model. From these joint configurations, muscle activations and forces can be calculated.

1.2. Verification & Validation

As a model is an estimation of reality, it should always be verified and validated in order to see whether
the model’s results are trustworthy. The verification process determines whether the implementation
of a model corresponds to the conceptual description of the model: verification is needed to test if the
biomechanics and mathematics are implemented correctly [11], [12], The validation process determines
whether the model accurately represents the real world [11]. The validation process generally consists
out of three parts: a comparison between the model and experimental results, extrapolating the model’s
prediction to its intended use and determining whether the accuracy is good enough for this intended
use [13].
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Surface EMG data is currently the standard to use for this comparison [10]. The main advantage of
SEMG is that it is a cheap, noninvasive way to gather data about muscle recruitment under the skin.
SsEMG is however sensitive to crosstalk and the generated muscle force cannot be obtained with EMG
measurements [13]. Nonetheless, comparing EMG patterns to a model’s muscle activation patterns is
useful to see if the model correctly predicts which muscles are recruited for different tasks.

The Muscle Moment Arm (MMA) is another common metric that can be used for validation. By com-
paring the MMA of the model to data from cadaveric studies, the muscle paths of the model can be
validated. This makes MMA a useful metric to validate the musculoskeletal geometry of a model [12].
There are several cadaveric studies that have obtained MMA values, but they use different muscle
bundles. This makes it hard to compare the MMA's of two different cadaveric studies [14].

Whether a model is properly validated, is partially dependent on the task [13]: the range of motion (RoM)
of the experimental data should be similar to the RoM of the application of the model. Extrapolating the
validation results to other model poses is dangerous, due to the complexity of a biomechanical model.
Blind validation indicates that the experimental data used for validation is independent from the data
used to construct the model. Blind validation ensures that the validation is more robust and the model
is more reliable to use for other applications [13].

1.3. Thoracoscapular Shoulder model

A thoracoscapular shoulder model (TSM) [15] is used in the PTBot project for the simulations of the
shoulder joint [16]. This model uses the bone geometries from Holzbaur [17], combined with muscle
paths and architecture from Klein Breteler [18]. The muscles are bundled using muscle bundles from
Van der Helm [19] and the paths are adjusted to match the MMA from Ackland [20]. The triceps brachii
and biceps brachii muscles are adjusted to represent respectively three and two heads [21]. The TSM
uses 35 muscle tendon elements that control 7 degrees of freedom.

The TSM is previously validated in different studies by comparing the muscle activations to EMG mea-
surements. The muscle activations were compared to SEMG measurements by Seth et al. in 2019 [15]
and by Belli et al. in 2023 [22]. During shrugging, flexion and abduction trials, the EMG values were
recorded for 8 muscles and. The Mean Absolute Error (MAE) was calculated between the model’s
predicted muscle activations and sEMG values. For these trials, most muscles showed an MAE below
0.1, except for the trapezius superior, latissimus dorsi and teres major. In both researches, the latis-
simus dorsi performs worse than the other muscles. In 2024, the TSM is used by Santos Carvalho to
research wheelchair propulsion [21]. The activation levels of five muscles were compared to sEMG
measurements. The pectoralis major had the highest MAE during this research. There was no sEMG
measurement of the latissimus dorsi, but the MMA was compared to a cadaveric study from Ackland
et al. [20]. The MMA of the modeled latissimus dorsi have a maximum value at a lower shoulder eleva-
tion angle than the experimental data. The validation results of these three studies suggests that the
modeling of the latissimus dorsi in the TSM can be improved.

The TSM is validated for flexion, abduction and shrugging tasks [15], [22] and wheelchair propulsion
[21]. These movement have one or twee degrees of freedom, which makes it harder to extrapolate
the validation results. During physical therapy, exercises can vary a lot. This results in the shoulder
to move in a wide RoM and to exert forces in various direction. The EMG comparison results of these
experiments cannot be extrapolated to be used for validating the TSM during these exercises. In order
to acquire trustworthy results for the PTbot, the TSM model should therefore be validated more exten-
sively.
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1.4. Project aim

The aim of this paper is to get a better understanding of the performance of the TSM by testing it in
a wider range of motion. This aim is achieved in three steps: verification of the TSM (step 1), valida-
tion of the TSM (step 2) and investigation of the muscle contributions (step 3). In the first step, the
model is verified in different shoulder configurations using a dataset from a study of the University of
Waterloo [23]. This dataset provides motion data, EMG data and external force data isometric trials
in five different arm positions. The motion data has been used to set the model in different configura-
tions. As previous research has shown that the moment arms of the latissimus dorsi can be improved,
modifications were made to align the model's moment arms with those reported in a cadaveric study
from Ackland et al. [20]. In the second step, the TSM is validated by comparing its muscle activation
predictions against experimental EMG data. The EMG data from the University of Waterloo dataset is
useful for validating the TSM, as it allows for a direct comparison between the muscle activation levels
of the model and the experimental data. Finally, in the third step, the force contribution of the muscles
were analyzed by applying external forces in various directions on the hand of the TSM. These results
provide valuable insights on the contributions of individual muscles of the TSM and thereby help with
understanding the performance of the TSM.
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Figure 2.1: Flowchart of the methodology. The top half is used to improve the modeling of the
latissimus dorsi and the bottom half is used to investigate the performance of the TSM.

Figure 2.1 shows the methodology that is used in this research. First, the TSM is scaled in four steps:
OpenSim GUI scaling, performing inverse kinematics (IK), removing the systematic errors and again
performing inverse kinematics. These steps are explained in section 2.3. This scaled model is used
to acquire parameters of the latissimus dorsi. With those parameters, the latissimus dorsi is modified,
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as explained in section 2.4. The updated model is again scaled in four steps and the marker errors
are calculated. After this, the muscle activations and joint torque residuals are calculated with an RMR
solver (section 2.5). The RMR solver is run with experimental forces in order to verfiy and validate the
model. The scaling errors from the scaling process and the joint torque residuals from the RMR solver
are used for the verification of the TSM. The moment arm values and the muscle activation levels are
used for the validation of the TSM. Lastly, the RMR solver is run with artificial external force. The re-
sulting muscle activations from these experiments have been used to investigate the contributions of
individual muscles of the TSM (section 2.6).

2.1. Musculoskeletal Shoulder Model

For this research, a Thoracoscapular Shoulder Model (TSM) is used [15]. The model consists out of
7 bodies and 16 muscles, modeled with 35 muscle segments. The muscle paths are based on Klein
Breteler [18] and combined with bundles from Van der Helm [19]. The muscle paths are adjusted to
include wrapping surfaces of Ackland et al. [20].

2.2. Experimental dataset

The experimental data used for this research is acquired from a study at the University of Waterloo [23].
In this study, experiments were performed were a subject had to grab a manipulandum and exerts a
specific amount of force. The subjects had to reach the required force level in the 2 first seconds of
the trial and hold it for the next 5 seconds. The subject had visual feedback of their force direction and
magnitude for achieving this task. Twenty male subjects participated in this study and had to perform
a total of 120 trials. The trials are divided by 6 pushing directions (to the right, to the left, downwards,
upwards, forwards and backwards), 5 poses (low left, high left, low right, high right and center, figure
2.2 and 4 force magnitudes (20N, 30N, 50N and 60N).
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(a) Manipulandum positions [23].

1: Low left 2: High left 3: Low right 4: High right 5: Center

(b) Model poses of TSM in OpenSim.

Figure 2.2: Overview of the 5 different manipulandum positions from the experimental data (a) and
the corresponding TSM poses (b). The origin of the coordinate system is positioned at the center of
the torso. Position 1 corresponds to the low left pose, position 2 to the high left pose, position 3 to the
low right pose, position 4 to the high right pose and position 5 to the center pose.

During each trial, muscle activations, hand forces and motion data was recorded. The muscle activa-
tions were measured of the following muscles: anterior, middle and posterior deltoid, biceps brachii,
triceps brachii, infraspintus, supraspinatus, clavicular and sternal pectoralis major, latissimus dorsi, ser-
ratus anterior and superior, medial an inferior trapezius. They were recorded by EMG sensors with a
sample rate of 1500Hz. The hand force were recorded with the manipulandum. Both the magnitude
and direction of the force exerted by the hand were collected at 1500Hz. The motion data is recorded
with 19 markers placed on the body, with a sampling frequency of 50Hz.

Three sets of Maximal Voluntary Contraction (MVC) measurements were performed per muscle to
acquire the maximum voltage levels. For each trial, the raw EMG signals are first filtered, using a
4th order bandpass butterworth filter, with cut-off frequency of 20Hz and 400Hz. Then they are recti-
fied and normalized to the Maximum value of the MVC measurements. For some frials, the maximum
activation level after normalization is higher than 1. This trial is then used for calculating the MVC value.

2.3. Model scaling

The model is scaled in four steps, as can be seen in figure 2.1. For each subject, these steps are
performed once. The first step uses the Scaling Tool from OpenSim GUI in order to get a rough estimate
of the body dimensions. This tool uses the OpenSim base model (section 2.1) and scales the model
to the center pose of the Dickerson experiments. The marker pairs used for each respective body can
be found in table 2.1. After the first scaling step, inverse kinematics are performed for five trials per
subject, one for each position. From this inverse kinematics, the marker errors can be calculated for
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each position.

Table 2.1: Marker pairs used to calculate the scaling factors.

| Body | Direction [ Marker pair | Marker pair |

X SS Cc7
Thorax Y C7 L5
Z SS ACR

Clavicle XYz SS ACR
Scapula XYX ACR C7
Humerus XYZ ACR ME | ACR LE
Ulna XYZ us ME RS LE
Radius XYZ us ME RS LE

In the third part of the scaling the markers are moved in the scaled model to reduce the marker error.
The marker error vectors that follow from the scaling optimizer (step 2) are averaged over the five po-
sitions. This mean error is added to the position of the respective marker, moving the marker in the
model. This improves the accuracy of the marker, necessary for proper inverse kinematics results, but
does not have an impact on the precision of the markers. Inverse kinematics is therefore performed
again, with the same trace file that is used during the scaling optimizer, to calculate the marker errors
again. As the mean error of the markers is removed, this should be zero now. The mean squared error
can therefore be used to see if the marker errors are reduced. In order to speed up calculation time,
the data from Dickerson is only used for the time interval of 5.0s < ¢ < 6.5s. This time interval has the
lowest variance in the dataset, as the subject has had time to accustom to the task.

The muscle moment arms from the scaled TSM are calculated in OpenSim. In order to check the ac-
curateness of the moment arms, they are compared to the dataset from Ackland [20]. This dataset
contains the minimum and maximum moment arm values for 0°, 45° and 90° planar elevation. For all
5 poses, it is checked whether the moment arm values of the TSM lie within the range from the Ackland
dataset.

2.4. Improvements latissimus dorsi

The superior, middle and inferior latissimus dorsi muscles of the TSM have been modified. First, the
insertion point is moved distally over the humerus, in order to get the insertion points of the three mus-
cle parts closer together. The superior and middle latissimus dorsi have presiously been modeled with
5 path points, the inferior with 4 path points. The intermediate path points are removed and a new
ellipsoid is added to the model. This ellipsoid mimics the surface of the thorax and acts as a wrapping
surface for the three latissimus dorsi parts. The dimensions and position of this ellipsoid are tweaked
to let the latissimus dorsi parts wrap over the thorax as realistic as possible.

Three moving path points, one per muscle part, were added to the model, in order to mimic the narrow
part of the latissimus dorsi, close to its insertion point. These insertion points are attached to the thorax
and move anteriorly and laterally with increasing planar elevation of the humerus. For this movement
is a linear SimmSpline function used. In this function, the position is determined for 0° and 180° planar
elevation and inter- and extrapolated for other planar elevation values. The muscle moment arms of
the latissimus dorsi around the glenohumeral joint are compared to a dataset from a cadaveric study
performed at the University of Waterloo [20].

According to the force-length relationship, a muscle produces the highest force for a normalized fiber
length between 0.80 and 1.30. The tendon slack length of each latissimus dorsi part is altered in order
to get the normalized fiber length in this range for all 5 poses.
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2.5. RMR solver

A Rapid Muscle Redundancy (RMR) solver, developed by Belli et al. [22] is used to calculate the mus-
cle activations of the shoulder model. For every subject, inverse kinematics is performed for the five
different positions (figure 2.2). For each trial, six external force file of the force exerted on the hand are
created from the force sensor in the manipulandum. This results in 30 trials per subject: five different
poses with each six external force files. With the resulting motion and external force files as input, the
RMR solver calculates the joint residuals and the muscle activations by minimizing the cost function
2.1. Here, a; represents the muscle activation of the muscle i, c¢; represents the joint torque actuator
of joint j and w; and w; represent their respective weights. In total, the RMR solver is run 210 times
(seven subjects, five arm poses and six force direction).

Table 2.2: Overview of which muscle parts of the TSM model are compared to which muscles of the
experimental EMG data.

(2.1)

| Musclepart of model

Anterior deltoid
Middle deltoid
Posterior deltoid
Biceps caput longum
Biceps caput brevis
Triceps caput longum
Triceps caput medialis
Triceps caput lateralis
Inferior infraspinatus
Superior infraspinatus
Anterior supraspinatus
Posterior supraspinatus

| Muscle of experimental data |

Anterior deltoid
Middle deltoid
Posterior deltoid

Biceps brachii

Triceps brachii

Infraspinatus

Supraspinatus

Clavicular pectoralis major

Superior pectoralis major

Sternal pectoralis major

Middle pectoralis major

Middle latissimus dorsi
Inferior latissimus dorsi

Latissimus dorsi

Middle serratus anterior
Inferior serratus anterior

Serratus anterior

Superior trapezius

Superior trapezius

Middle trapezius

Middle trapezius

Inferior trapezius

Inferior trapezius

In order to verify the results from the RMR solver, the joint torques of the residual actuators are inves-
tigated. The muscle activations from the RMR solver are averaged over the 1.5 seconds trials and
compared to the average EMG values of the same time interval (5.0s - 6.5s), by calculating the MAE
between the model’s muscle activation estimations and the experimental EMG data. Table 2.2 shows
which muscles are compared. For some muscle parts of the model, the activation of multiple parts are
averaged in order to compare them to the experimental data. For the trend comparison, the increase
in muscle activation between the center pose and each outer pose is calculated.

2.6. Muscle analysis

Artificial eternal forces have been created in order to get insight on what muscles are activated in what
push and pull directions. Twenty-two external forces with a magnitude of 60N have been created (figure
2.3. Twelve external forces are oriented in the coronal plane and twelve in the transverse plane. The
forces are evenly spread with a 30° interval.
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Figure 2.3: Directions and magnitude of the artificial external force that is applied on the hand. Each
vector shows the external force of 1 trial, with a total of 22 external forces for 22 trials. The external
forces directly to the left and to the right are shown in both the coronal plane and transverse plane.

The RMR solver is used again on the TSM, this time with the artificial external forces. For each subject,
inverse kinematics is performed in the five positions. The RMR solver is applied 22 times, once for
each artificial external force on the TSM once for each of the five poses. With the resulting muscle
activation levels, the active fiber force is calculated for all muscles.



Results

3.1. Modeling of latissimus dorsi

The superior, middle and inferior latissimus dorsi paths are changed in order to match the muscle mo-
ment arms with the data from Ackland et al. [20]. The insertion point of the superior latissimus dorsi
is moved distally on the humerus, closer to the middle and inferior latissimus dorsi. The intermediate
pathpoints are removed and a new ellipsoid is added to the model, that is used as a wrapping surface
for all three muscle parts. A moving path point is added close to the insertion point, in order to merge
the three muscle parts close together. The moving path points are attached to the thorax and moves
anteriorly and laterally with an increasing planar elevation of the humerus, using a simmspline function.
The exact locations and functions can be found in appendix A. The tendon slack length is set to 0.01m
for all three latissimus dorsi muscles, in order to increase their normalized fiber lengths.

ol

Figure 3.1: Changes to the path of the superior, middle and inferior latissimus dorsi muscle. The
yellow arrow points from the old insertion point of the superior latissimus dorsi to its new insertion
point, the purple ellipsoid is used for wrapping the latissimus dorsi and the white circles are the new
moving path points.

10
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3.2. Verification

3.2.1. Scaling errors

Subject KWG did not have available data for markers SS and XP in the low right pose. The mean error
is therefore calculated with the position data of the other four poses for these two markers for subject
KWG.

After the OpenSim GUI scalig, the averaged marker error range from 11mm to 60mm. After removing
the mean error of each marker, the error is reduced for all subjects, as can be seen in table 3.1. For
seven subjects the error is below 12mm. The error for subject DRM is with an average of 16.4 signifi-
cantly higher than the error for the other subjects. This subject will not be used for further analysis of
the results.

| Position | ACC AWW BRD CRT DRM KJM KWG MBD |
low left 90+75 93+83 85+92 101+£92 200+133 83+56 106+57 90+78
highleft | 124 +73 128+86 75+55 126+93 131+105 94+43 10770 125+80
lowright | 154 +6.7 155+64 83+55 191+£80 149+83 128+65 148+11.8 16.0+6.3
highright | 80+4.6 11.1+48 107+86 11.9+47 163+114 87+47 95+43 10.8+£6.2
center 62+27 88+29 57+30 58+35 176+126 92+38 8.4+34 9.1+338
Average | 10.2+68 115+69 81+68 119+83 164+113 97+52 107+£71 11.5+6.9

Table 3.1: Average error of all markers of inverse kinematics after removing the systematic error of
the markers in mm.

Average RMSE error per marker
35 T T T T T T T T T T T T T T T T T

P v o

D \/?5\‘5 ?g%\"a P‘O?\ NS \\9 \)P‘\ \)Pﬂ' \)be w® Q?"\ ??ﬂ, (/be

Marker

Figure 3.2: Averaged marker error for each individual marker. The error is averaged over the five
trials and seven subjects. The errorbars show the standard deviation.

Figure 3.2 shows the average error per marker. The average error of markers C7, ACR and UAS3 is
significantly higher than for the other markers

3.2.2. Normalized fiber length

Table 3.2 shows the normalized fiber length of the latissimus dorsi muscle for the original and updated
model. For the superior and inferior latissimus dorsi, the normalized fiber length increases from an
average of 0.72 and 0.69 to an average of 0.99 and 1.00 respectively. The normalized fiber length of
the inferior latissimus dorsi also increases, but only to an average of 0.74.
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Table 3.2: Normalized fiber length of the latissimus dorsi of the original and updated model, averaged
over all trials.

Original model Updated model
Pose LatsS LatsM Latsl | LatsS LatsM Latsl
Low left 0.72 0.70 0.55 | 0.99 1.00 0.73
High left 0.76 0.79 0.67 | 1.07 1.10 0.83
Low right | 0.69 0.63 049 | 0.96 0.94 0.69
High right | 0.73 0.73 0.63 | 1.01 1.04 0.79
Center 0.68 062 042 | 0.95 0.94 0.69

3.2.3. Residual torques

Table 3.3 shows the joint torque residuals for the joint actuators for the RMR solver with external forces
from measurements. For clavicle protraction, the torques are significantly higher than for the other
actuators. The torques are higher in the high left pose than in the other poses. The torques produced
by the muscles are still higher than the torques produced by the actuators (section 3.4), except for the
pronation-supination actuator in the high left pose. As there are no muscles in the forearm, this actuator
is needed to stabilize the forearm.

Table 3.3: Residual torques of the joint actuators during the RMR solver in Nm. For every pose, the
torques are averaged over 42 trials (6 external force directions, for 7 subjects).

| Actuator | Lowleft | Highleft | Lowright [ Highright | Center |

clavicle protraction

clavicle elevation 0.08 + 0.06 0.07 +£0.02 | 0.04 +0.02 | 0.01 +£0.02
scapula abduction 0.00 +0.00 | 0.01 +0.02 | 0.00 + 0.00 | 0.00 + 0.00 | 0.00 + 0.00
scapula elevation 0.00 +0.00 | 0.01 +0.01 | 0.00 4+ 0.00 | 0.00 4+ 0.00 | 0.00 + 0.00
scapula upward rotation | 0.00 + 0.01 | 0.02 + 0.03 | 0.00 + 0.00 | 0.00 + 0.00 | 0.00 + 0.00
scapula winging 0.00 +0.01 | 0.02 +0.02 | 0.00 = 0.00 | 0.00 + 0.00 | 0.00 4 0.00
planar elevation 0.00 +£0.01 | 0.01 +0.02 | 0.00 = 0.00 | 0.00 + 0.00 | 0.00 + 0.00
shoulder elevation 0.00 +0.00 | 0.01 +0.02 | 0.00 +0.00 | 0.00 + 0.00 | 0.00 + 0.00
axial rotation 0.03 +0.05 | 0.07 +-0.06 | 0.00 4+ 0.00 | 0.00 + 0.00 | 0.00 + 0.01
elbow flexion 0.01 +£0.02 0.00 +0.00 | 0.00 +0.01 | 0.00 + 0.02
pronation-supination 0.07 £ 0.13 0.00 +0.00 | 0.01 +£0.06 | 0.00 + 0.01

3.3. Validation
3.3.1. Moment arms

Figure 3.3 shows the muscle moment arms of the superior, middle and inferior latissimus dorsi from the
cadaveric study from Ackland et al. [20] and from the simulation results. In the right and middle poses,
the moment arms from simulation results show a similar trend as the moment arms from the cadaveric
study. The moment arms of the middle latissimus dorsi are smaller in magnitude, but they are higher
when the arm is raised (higher abduction angles), similar to the cadaveric study. In the left poses, the
moment arms form the simulation results are significantly higher than for the cadaveric study. Only the
superior latissimus dorsi matches for the low left pose.
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Figure 3.3: Muscle moment arms with respect to shoulder elevation of the latissimus dorsi. The
circles are the moment arms of the TSM, the crosses are the minimum and maximum value from a
cadaveric study [20]. The shaded area marks the range where the moment arm values should stay
within, according to the cadaveric study.

3.3.2. Muscle activations
The MAE between the muscle activations from the RMR solver and EMG measurements are calculated
for the old and updated model. The MAE are averaged per pose (table 3.4). The center and low right
pose have an average MAE lower than 0.10 for respectively 12 and 11 out of 13 muscles, while the
high left pose only has an MAE lower than 0.10 for the Sternal pectoralis major. There is no significant
improvement of MAE after the improvements of the latissimus dorsi.

The triceps, infraspinatus, sternal pectoralis major and superior trapezius have the lowest MAE on av-
erage. The deltoid, biceps, supraspinatus, clavicular pectoralis major and serratus anterior have a low
MAE for the low right and center pose, but their MAE is significantly higher for either the high left, or
high right pose. This results in a higher average MAE for these muscles. The latissimus dorsi and
inferior and middle trapezius have a low MAE for all 5 poses.

| Low left High left Low right [ High right Center [ Average
Anterior deltoid 0.21 +£0.13 | 0.06 + 0.05 0.04 +£0.03
Middle deltoid 0.21 +£0.11 | 0.07 +0.05 0.03 +£0.03
Posterior deltoid 0.33 £0.30 | 0.07 +0.10 | 0.08 £0.08 | 0.05+ 0.08
Biceps *10.21+£0.14 | 0.07 +0.06 | 0.08 £ 0.06* | 0.05 + 0.06 *
Triceps 0.09 + 0.08 0.09 +£0.07 | 0.09+0.10 | 0.07 £0.09 | 0.09 + 0.09
Infraspinatus 0.07 £ 0.09 0.09 £ 0.12 0.07 £0.08 | 0.09 +0.10
Supraspinatus 0.05 +0.12* 0.07 +£0.07 *10.09+0.10 *
Clavicular pectoralis major 0.23+0.15 | 0.05+0.05 | 0.09+0.10 | 0.05+0.05
Sternal pectoralis major 0.09 +0.08 | 0.07 +£0.07 | 0.04 £0.03 | 0.05+0.04 | 0.07 +£0.07
Latissimus dorsi 0.09 + 0.07
Serratus anterior 0.25+0.16 | 0.07+0.08 | 0.22+0.13 | 0.06 + 0.07
Inferior trapezius 0.25 +£0.13
Middle trapezius 0.21 +0.13
Superior trapezius 0.05 + 0.03 0.03 £0.04 | 0.09+0.08 | 0.04 +£0.04 | 0.08 +0.09

Table 3.4: MAE of the muscle activation levels of the updated model. The average and standard
deviation of the MAE in each pose are calculated over 7 subjects and 6 directions. If the MAE
decreased with more than 0.02, the MAE is marked with an asterisk (*).
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3.4. Active fiber forces

The muscle activations of the TSM with artificial external forces have been calculated by the RMR
solver. The TSM pushes in 24 directions, 12 in the coronal plane and 12 in the transverse plane. For
each muscle, the active fiber force is calculated. For every pose, the 10 muscles that produce the high-
est active fiber force in are shown in figure 3.4. Except for the center pose, the middle deltoid produces
the highest force, with a force 1.5 to 2.5 times larger than the second-biggest force. As the low right
and center pose have the best validation results, the active fiber forces of those two poses are further
investigated. Table 3.5 lists which muscles achieve the highest force in the six push and pull directions
in figure 3.4c and figure 3.4e.

Table 3.5: List of muscles with the highest active fiber force for each push and pull directions. For
each direction, the muscles that achieve the highest active fiber force in the center pose and low right
pose in each direction are listed. The muscles are ordered alphabetically.

Left Right [ Downwards [ Upwards [ Forwards [ Backwards |
Biceps brevis Middle deltoid Middle deltoid Anterior deltoid Anterior deltoid Middle deltoid
Corachobrachialis Inferior infraspinatus Teres major Middle deltoid Middle deltoid Teres major

Middle pectoralis major
Inferior subscapularis
Middle subscapularis

Triceps longus

Superior infraspinatus
Triceps longus
Superior trapezius scapularis

Triceps longus
Superior infraspinatus
Triceps longus
Superior trapezius scapularis

Inferior infraspinatus

Middle serratus anterior

Triceps longus
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Figure 3.4: Polar plots with the active muscle force when pulling in the coronal and transverse plane.
The different directions indicate the direction the model is pushing towards. The 10 muscles with the
highest active force are shown. Note that the scale varies for each graph.
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Figure 3.4: (continued).
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Discussion

4.1. Experimental data

The experimental data from the University of Waterloo [23] provided a dataset of 20 subjects, with 120
trials for each subject, of which 30 trials of 8 subjects were used. The dataset consists of motion data,
external force measurements on the manipulandum and EMG data. The external force data that has
been collected during this research has a lot of variance. The participants of the experiments received
the task to maintain a force of 60N in a specified direction. This resulted in large variations of the di-
rection of the external force. These experimental forces were suitable to verify and validate the TSM,
but are less reliable to use to determine which muscles produce the highest force in varying pulling
directions. As a result, artificial external forces have been created to investigate the muscle force con-
tributions (figure 3.4).

The EMG measurements have been used to compare the muscle activation levels of the RMR solver to.
EMG values of maximum voluntary contraction measurements have been used to normalize the EMG
measurements, but the muscle activation levels of the muscles obtain values above 1 after normaliza-
tion. Therefore, the maximum EMG value that is measured is taken as MVC value. This makes the
EMG measurements less reliable to use for the comparison of the activation levels of the RMR solver.

In addition, several considerations were made when selecting which muscles to compare against the
EMG data. For the biceps, triceps, infraspinatus and supraspinatus, the EMG values are compared
to the average muscle activation levels of all muscle parts. These muscles are rather small and the
exact placement of the EMG sensor was not clear. The sternal pectoralis major, latissimus dorsi and
serratus anterior are relatively big muscles. One EMG sensor will not be able to measure activity from
all three muscle parts. Therefore, the middle and inferior parts of these muscles are used to compare
to the EMG values, as these parts are closest to the position of the EMG sensors.

4.2. Model scaling

For most markers, the average RMSE is smaller than 20mm (figure 3.2), which can be assumed to
be good [9]. The markers C7, ACR and UA3 have RMSE’s larger than 20mm. The ACR marker is
especially important for the model, as it is placed on the acromion. It is impossible to determine all
three 3 degrees of freedom of the scapula with one marker on the shoulder. This makes the motion
data from the study at Universit of Waterloo [23] less suitable to use with the DSEM model. One way
to improve the motion data is to use an acromion marker cluster, consisting of three markers instead
of one [24].

The marker RMSE after GUI scaling is two times larger for subject DRM than for the other subjects.

18
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The scaling factor of thorax, is 1.21, while the scaling factor of thorax, is 0.75. This indicates a wide,
slim body type for subject DRM, as can be seen in figure 4.1. The scapula cannot be placed correctly
on the thorax for this body type. There is however no data available on the length and body type of
each individual, so there could also be another underlying cause.

Figure 4.1: OpenSim model of subject DRM after GUI scaling.

The marker RMSE is smallest in the center pose, which is also the pose that is used for the scaling
factors in the scaling process. Even though the errors for all positions are combined when removing
the systematic error, the RMSE is on average still smallest in the center pose (table 3.1). During the
scaling process, the model therefore overfits to the center pose. Instead of using only one trial of the
center pose to obtain the scaling factors, the scaling results can be improved by using trials of every
pose to obtain the scaling factors.

4.3. Modeling of latissmus dorsi

After the changes, the three latissimus dorsi muscles are modeled with 3 pathpoints instead of 4 or 5,
These path points were placed a few centimeters around the thorax. Because of this, the ellipsoid that
previously has been used to wrap the latissimus dorsi around the thorax did not interfere with the path
of the latissimus dorsi. By removing the intermediate path points and adding a new ellipsoid, that is
wider than the previous ellipsoid, the latissimus dorsi curves more smoothly around the thorax.

The added moving path points do not fully replicate real-life movement patterns. The moving path
points only moves with planar elevation of the humerus, but in order to mimic real-life movement of the
latissimus dorsi better, this path point should also move superiorly with humeral elevation.

The tendon slack length is set to 1 cm, as the tendon won’t produce much force anymore when making
it shorter. Even though the normalized fiber improved for all three muscles, the tendon slack length is
not based on real latissimus dorsi muscles.

4.4. Residual torques

The joint torque residuals are the highest in the high left pose (table 3.3). When reaching for the
manipulandum, the subjects move their whole upper body to the left, as can be seen in figure 4.2. The
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residual torques are higher when pushing to the right. For this trial, the subjects move their body less
to the left. One reason for this can be that the model has trouble with capturing the leaning movement
of the upper body during inverse kinematics for these trials, resulting in a less accurate motion file.

(a) Pulling to the right (b) Pushing to the left

Figure 4.2: Body positions of subject ACC with its arm in the high left pose. (a) shows the motion
data for the trial where the subject is pulling to the right. For (b), the subject is pushing to the left.
When pushing to the left, the subject is leaning to the left.

4 5. Moment arms

According to the moment arms from the dataset from Ackland et al. [20], the middle latissimus dorsi
has a larger moment arm than the inferior latissimus dorsi. However, the inferior latissimus dorsi is
placed distal to the middle latissimus dorsi, further away from the glenohumeral joint. Therefore, the
moment arm of the inferior latissimus dorsi is expected to be larger than the moment arm of the middle
latissimus dorsi. This indicates that the insertion point of the inferior latissimus dorsi should have a
more oblique orientation.

At lower planar elevation angles, the moment arms of the latissimus dorsi corresponds to the dataset
from Ackland et al. [20]. However, for the two left poses, the moment arms are larger than the maxi-
mum measured value from the cadaveric study. The moving path point that is added to the TSM moves
anteriorly with an increase in planar elevation, in order to move the path point around the thorax. The
spline function that is used for this movement is linear, while the thorax has a more ellipsoidal shape.
Using a higher-order spline function will ensure that the moving path point of the latissimus dorsi is
moved more smoothly around the thorax. This can improve the moment arm of the latissimus dorsi for
high planar elevation angles.

Only the angles of the glenohumeral joint are investigated during the comparison of the muscle mo-
ment arms, but the position of the scapula and clavicle is ignored. Variations in scapular or clavicular
positioning have an impact on the moment arms of the latissimus dorsi. This may explain some of the
differences between the moment arms of the latissimus dorsi from the model and from the cadaveric
study.

4.6. Mean absolute error

The MAE is a useful metric for comparing the muscle activations to EMG data. After the modeling of
the latissimus dorsi in the TSM is improved, the MAE decreases for only the biceps and infraspinatus,
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but stays the same for the latissimus dorsi. Even though the muscle moment arms and normalized fiber
length show an improvement of the latissimus dorsi, the MAE does not improve for the experiments
performed in this study. Therefore, it can not be concluded whether the changes of the latissimus dorsi
result in an improvement of the TSM.

The MAE values deviate a lot between the different poses. The low right and center poses have low
MAE values (table 3.4. The planar elevation and humeral elevation angles for these two poses are
below 25° and 45° respectively. Therefore, the reliability of the TSM is good for low planar elevation
and humeral elevation angles. For the low left and high left poses, the planar elevation of the humerus
is around 90°. For this planar elevation angle, the MAE increases for all muscles except the trapezius.
The deltoid, biceps and serratus anterior have the biggest increase of MAE. The high left and high
right pose both have a humeral elevation above 70°. For these poses, the serratus anterior, inferior
trapezius and supraspinatus have he biggst increase in MAE. The sternal pectoralis major is the only
muscle where the MAE decreases for an increase in humeral elevation. Overall, the MAE show poor
to mediocre agreement of the muscle activations with the EMG values in the low left, high left and high
right poses. Therefore, the validation of the TSM is inconclusive for high shoulder elevation and planar
elevation angles. The agreement of MAE is good for the low right and center poses. The accuracy of
the TSM is trustworthy when the shoulder elevation and planar elevation angles are low.

4.7. Active fiber forces

The middle deltoid produces significantly higher force than all other muscles in 4 out of 5 analyzed
poses. A study from De Groot et al. [25] previously investigated isometric shoulder muscle activa-
tions patterns. They applied an external force on the hand in 20 directions in the coronal plane and
investigated the muscle activation patterns in this plane. They found that the middle deltoid has the
highest activation when pushing upwards and to the right, which is in line with the results from figure
3.4. However, they found little to no activation when pushing downwards and to the left, while in this
study the middle deltoid still produces a large force in these directions. This can indicate that the middle
deltoid plays a major role in stabilizing the shoulder in the TSM, but the exact role of the middle deltoid
is unsure from this experiments. New experiments with dynamic movement can help determining what
the role of the middle deltoid is in the TSM.

Table 3.5 reports which muscles have the highest active fiber force for which push and pull direction.
As De Groot et al. [25] reported the muscle activation levels in the coronal plane, the four directions
in this plane (left, right, up and down) can be validated to this dataset. The infraspinatus, anterior and
posterior deltoid and pectoralis major are activated in similar directions in this research as in De Groot
et al. . For the trapezius muscle, the TSM shows a high active fiber force in the superior part, while
De Groot et al. shows a high activation in the inferior part when pushing upwards. This can partly be
explained by the maximum isometric force of these two muscles in the model. The superior trapezius
has an isometric force fo 1043N in the TSM, while the isometric force of the inferior trapezius is only
414N. This means that the superior trapezius exerts a bigger active fiber force than the inferior trapez-
ius, for the same activation level. However, the inferior trapezius reaches an activation level of 0.9 with
an external force of 20N. The active fiber force of the inferior trapezius in the TSM is therefore lower
than can be expected.

In general, the active fiber forces are higher when pushing upwards and to the right than when pulling
downwards and to the left. This difference is best visible in figure 3.4e. This phenomenon can partially
be explained by the experimental set-up. During the experiments, the arm of the subject has no support.
The muscles in the TSM do not only have to counteract the external force, but also the weight of the arm
itself. With the total weight of the arm being 3.5kg, this results in an extra force of 35N pulling the arm
downwards. For the experiments where the TSM pushes upwards, the external force is also exerted
in the downwards direction. The total force applied on the TSM is 95N. For the experiments where the
TSM pulls downwards, the force is exerted in the opposite direction. The total force applied is just 25N
for these experiments. The TSM has to counteract a force that is almost 4 times higher when pushing



477. Active fiber forces 22

upwards than pulling downwards. In the study from De Groot et al. [25], there is a support below the
elbow that can counteract the weight of the arm. The difference in muscle activation levels is smaller
in those experiments.

As the active fiber forces are not only higher in the upwards direction, but also in the right direction, the
elbow support does not explain this phenomenon fully. The muscles that produce the highest active
fiber force for the pulling directions are the subscapularis, teres major, and biceps. These muscles
have a deep position in the TSM. The infraspinatus, superior trapezius and middle deltoid produce the
highest force for the pushing directions. These muscles have a superficial position in the TSM. For
pulling, the line of actions of the muscles that are activated are closer together (figure 4.3). Because
of this, less total muscle force is required to stabilize the TSM for a pulling motion than for a pushing
motion.

Figure 4.3: Muscles that produce the highest active fiber force for pulling and for pushing. The
inferior and middle subscapularis, teres major and biceps produce the highest force for pulling and
are colored blue. The inferior and superior infraspinatus, Superior trapezius scapularis and middle

deltoid produce the highest force for pushing and are colored red.



Conclusion

The aim of this research was to get a better understanding of the performance of the TSM in a wider
range of motion. The dataset from the University of Waterloo provided useful measurements to test the
model with isometric movements in 5 different poses. The marker errors of the scaling process and the
joint torque residuals from the RMR solver have been used for the verification of the TSM. From these
results can be concluded that the TSM is correctly implemented and represents the underlying model
accurately. After this, the muscle moment arms and muscle activation levels have been compared to
experimental data. The muscle path of the latissimus dorsi has been changed, which improved the
moment arms of the latissimus dorsi. For high planar elevation angles, this moment arm is still rela-
tively high. The MAE of the muscle activation levels show a high variance for three of the five poses.
The two poses where the shoulder has low planar elevation and humeral elevation angles have a low
MAE value From this experiments can be concluded that the TSM performs well for low humeral planar
elevation and low humeral elevation angles. The performance decreases when the planar elevation or
humeral elevation angle increases.

With this research, a better understanding of the performance of the TSM is acquired, but new experi-
ments with dynamic movements are needed in order to be able to determine in which range of motion
the TSM performs well. For these experiments, it is important that the orientation of the scapula will be
measured. In this study, the movements of the scapulothoracic joint and acromioclavicular joint is not
investigated, but they have an influence on the muscle activations of the RMR solver. By tracking the
scapula during dynamic movements, the effect of these joints on the performance of the TSM can be
investigated.
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Table A.1: Geometry of the ellipsoid that is used as wrapping surface for the latissimus dorsi. The

Latissimus dorsi changes

location is shown with respect to the thorax.

] \ X Y Z \
Location centerpoint | -0.021999879226828334 -0.14670090464761937 0.069998363349739287
Radii 0.0840668 0.139952 0.0904834
Rotation -0.17 -0.0383972 0.212232

Table A.2: Values used for the simmspline function used for the moving path point of the latissimus

dorsi muscles. The first row shows the two planar elevation angles (in radians) where the position is

given. The second to fourth row show the corresponding X, Y and Z location of the moving path point
for these planar elevation angles, with respect to the thorax (in meters).

(a) Superior latissimus dorsi.

| Planar elevation angle [ 0 3.14159 |
X -0.08 0.02
Y -0.085 -0.065
z 0.13 0.175
(b) Middle latissimus dorsi,
Planar elevation angle \ 0 3.14159 \
X -0.07 0.02
Y -0.104  -0.084
z 0.14 0.18
(c) Inferior latissimus dorsi.
| Planar elevation angle [ 0 3.14159 |
X -0.06 0.02
Y -0.124  -0.104
z 0.15 0.19
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Muscle Activations

Muscle activations averaged over all subjects in direction right
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Figure B.1: Muscle activations of RMR solver compared to experimental data, pushing to the right.
The activation levels are averaged over the seven subjects.
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Muscle activations averaged over all subjects in direction left
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Figure B.2: Muscle activations of RMR solver compared to experimental data, pushing to the left.
The activation levels are averaged over the seven subjects.

Muscle activations averaged over all subjects in direction down
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Figure B.3: Muscle activations of RMR solver compared to experimental data, pulling downwards.
The activation levels are averaged over the seven subjects.
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Figure B.4: Muscle activations of RMR solver compared to experimental data, pushing upwards. The

activation levels are averaged over the seven subjects.
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Figure B.5: Muscle activations of RMR solver compared to experimental data, pushing forwards. The

activation levels are averaged over the seven subjects.
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Figure B.6: Muscle activations of RMR solver compared to experimental data, pulling backwards.

The activation levels are averaged over the seven subjects.
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