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Summary

The musculoskeletal models have been used to estimate simultaneously the internal forces
and the joint kinematics during motion to avoid intrusive methods to diagnose
glenohumeral instability. The Holzbaur model and the Wu model have the main algorithms
to calculate the joint kinematics and dynamics that are used in most of the musculoskeletal
models to evaluate mobility and instability. No research has been done to compare the two
main shoulder models’ algorithms to evaluate shoulder mobility and have been reported
to evaluate stability. The estimation of range of motion and the joint reaction forces are
fundamental to find quantitative parameters to evaluate stability and mobility. The
shoulder mobility has been evaluated with standardized motion. From these, standardized
motions, abduction has been used as a clinical test to evaluate kinematic patterns to
differentiate from healthy subjects and subjects with anterior-posterior instability.
Nevertheless, the lack of evidence of the comparison of both models has not been enough
to find what model is better to evaluate joint kinematics and dynamics. The joint kinematics
and dynamics are essential to differentiate between healthy and pathological subjects.
Through the use of musculoskeletal models, the computation algorithms are used to
estimate the joint joint kinematics, moments, and joint contact forces that are calculated
based on experimental data. Nevertheless, the musculoskeletal models need to be ranked,
and evaluated with experimental data to identify the best models to evaluate joint
kinematics and dynamics. The direct measurement of joint reaction forces with biomodular
implants [1] are essential to compare the joint reaction forces that are estimated with both
models. The biomodular implants have been evaluated in patients with total shoulder
replacement to have a better approach to estimate the joint contact forces with
musculoskeletal models. The comparison of musculoskeletal models will help to evaluate
joint kinematics and dynamics for healthy subjects and patients with other surgical
procedures. This research is designed to verify the models’ capability to estimate joint
contact forces with the aim of improving the accuracy to improve the detection of

guantitative parameters to assess glenohumeral joint instability.

The diagnosis of glenohumeral joint instability has been quantified with the estimation of
joint kinematics and dynamics with musculoskeletal models. The comparison of the joint
reaction forces between the two models can improve the methods to detect the
algorithm’s ability to evaluate glenohumeral instability and other motion related

pathologies.



Eight participants were requested to realize three cycles of 90-degree thoracohumeral
elevation with a three second isometric motion that was guided with a digital metronome.
Cartesian coordinates of the bony landmarks were obtained to estimate 3 degrees of
freedom of rotations for the shoulder joint. The joint moments and joint reaction forces
were estimated and compared with direct measurement of joint moments and joint rection

forces measured with biomodular implants found in the literature [2,3,4].

The main angle of rotation was the thoracohumeral elevation. The complementary angles
are the shoulder rotation and the thoracohumeral plane angle. The findings of this research
are that the main differences in the standard deviation between the Wu and Holzbaur
model are detected in the midrange of the thoracohumeral plane and shoulder rotation
angles which proves that the differences in algorithms with both models have as a result
different output for the joint kinematics and the internal forces. and with the use of
controlled conditions for the joint kinematics data in further research. The use of
biomodular implants with the measurement of joint kinematics has been the best method
to compare the joint moments and joint rection forces between the biomodular implants
and the musculoskeletal models[2]. Nevertheless, the statical analysis done in this research
recommends the analysis with a higher sample of participants with biomodular implants

that execute motion with a simultaneous capture of the kinematic data.
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Abbreviation

Acromioclavicular (AC)

Degree of Freedom (DOF)

Humeroclavicular (HC)

Sternoclavicular (SC)

Glenohumeral (GH)

Glenohumeral Joint (GHJ)

Glenohumeral Joint Instability (glenohumeral joint instability)
Glenohumeral Joint translations (glenohumeral joint translations)
Joint reaction Force (JRF)

Glenohumeral Joint reaction force (GHJRF)
Suprahumeral (SH)

Thora scapular (TS) or Scapulothoracic (ST)
Thoracohumeral (TH)

Multidirectional instability (MDI)

Magnetic Resonance Image (MRI)

Computer tomography (CT)

Motion Capture System (MOCAP)
Musculoskeletal (MSK)

Glenohumeral reaction force (GHRF)

Linear Displacement Transducer (LDTS)

X-ray computed tomography (x-ray CT)
Electron beam computed tomography (EBCT)
Scapular Rhythm (scapular rhythm)

Inverse Kinematics (IK)

Physiological Cross-Sectional Area (PCSA)
Global Optimisation Method (GOM)
Coordinate Limit force (CLF)

Force directed kinematics (FD)



1 INTRODUCTION

The complexity of the shoulder in motion has been studied to improve the effectiveness of
interventions with patients with shoulder pathologies. The challenge of evaluating shoulder
pathologies is to accurately differentiate between healthy and pathological subjects. The
motion of the shoulder has been proven to provide accurate information of shoulder
pathologies. Shoulder motion patterns are the description of motion that help identify
pathological patterns of motion from healthy patterns of motion. Therefore, the main
problem in research is to find the best method to evaluate shoulder motion patterns for
different pathologies. For the glenohumeral joint, the most important challenge is to measure

accurately the joint kinematics and dynamics to evaluate shoulder motion patterns.

1.1 Anatomy

Understanding the anatomy of the shoulder and the glenohumeral joint is essential to
understand the interaction between all the anatomical structures in the shoulder that interact
during motion. The shoulder is comprised of four bones: scapula, thorax, clavicle, and
humerus. The four bones have seven anatomical structures, which are the regions described
in Figure 1,(Sternum, ribs, clavicle, scapula, acromion, humerus and glenoid). The definitions
of the anatomical structures are relevant because they are regions where muscles are
inserted to have contact between the anatomical structures. The classification of joints and
anatomical structures is based on previous research that involve all the muscles that interact
in the shoulder, based on the origin and insertion of the muscles[5]. The seven anatomical
structures are linked with seven anatomical joints (glenohumeral, suprahumeral,
acromioclavicular, thoracohumeral, scapulothoracic, sternoclavicular and sternocostal) [6]
that work together to provide motion to the shoulder, shown in Figure 1. Of all the joints, the
glenohumeral joint (GHJ) has the largest range of motion of any major moveable joints in the
human body. The GHJ is comprised of the glenoid (a shallow concave surface in the scapula)

and the humerus|[7].
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Figure 1. Shoulder joints based on [8] and [5]

Figure 2 shows the anterior, posterior, and sagittal views of the scapula. The GHJ has contact
between the proximal end of the humeral head, the glenoid fossa and glenoid labrum (inner
surface). The glenoid cavity (fossa) is described as “a depression in the lateral angle of
the scapula that articulates with the humeral head”[9], marked with a red square in Figure 2.
The humerus head has been reported to be up to three times bigger than the glenoid fossa,
which is described as a size ratio 3:1. The size ratio between the humerus and glenoid
facilitates the mobility of the GHJ. The size ratio between humerus and glenoid has been

considered to be an important factor for instability[9].
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Neck cavity
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Figure 2. Anterior, lateral, and posterior views of the scapula [10].
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The GHJ is commonly assumed to be a ball and socket joint, with the humerus head being the
ball and the glenoid being the socket. The labrum is a fibrocartilaginous ring that covers the
glenoid (see Figure 3) [11,9]. The labrum increases the depth of the glenoid. The main
function of the glenoid labrum is to use concavity- compression effects to maintain the

position of the humerus centred to the glenoid fossa[12].

SIDE VIEW
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_—Acromion

Supraspinatous [/ ®
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!
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Subscapularis =\ tendon
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/
Middle —/ |

glenohumeral \
ligament

Joint
capsule

Figure 3. Glenoid fossa and labrum Copied from [10]
1.2 Glenohumeral joint instability

The GHJ provides stability and mobility to the humerus and the glenoid fossa of the scapula
for the in static position and during motion of the shoulder joint [13]. Glenohumeral joint
pathologies can significantly decrease mobility and/or stability of the shoulder. Glenohumeral
joint disorders may affect a wide range of daily life activities, including eating and sleeping,
but especially those involving overhead shoulder motions[14]. Glenohumeral instability is an
abnormal movement, which exists when the humeral head does not remain centred with the
glenoid fossa during motion[15]. Consequently, the glenohumeral instability generates pain

and discomfort during daily life activities.
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2 AIM AND OBIJECTIVES

To compare the joint kinematics and kinetics of two musculoskeletal shoulder models to
evaluate the best candidate to estimate joint reaction forces to improve the assessment of

glenohumeral joint instability. s

The following objectives have been identified:

1. Capture shoulder motion kinematic data from a group of eight healthy volunteers with
a motion capture optoelectronic system

2. Estimate the joint kinematics using two shoulder musculoskeletal models with
OpenSim software

3. Compare joint kinematics of both models to evaluate the mobility of the shoulder
joints

4. Compare the joint moments of both models

Estimate resultant glenohumeral joint reaction forces with the same two models

6. Compare the resultant glenohumeral joint reaction forces with literature data from an
instrumented prosthesis to evaluate the accuracy of the musculoskeletal models

b
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3 LITERATURE REVIEW

The main challenge for current research of glenohumeral joint instability is to improve the
accuracy of the assessment of glenohumeral instability. The assessment of glenohumeral
instability requires an accurate description of the motion of the glenohumeral joint and the
muscle forces that generate motion. The description of the motion is essential to better
understand the causes of glenohumeral joint instability. Therefore, this literature review will
describe the existing methods to measure the joint kinematics and dynamics of the

glenohumeral joint.

3.1 Glenohumeral function: mobility and stability

The GHJ needs to be stable and mobile to be functional for daily life activities. Researchers
have designed methods to evaluate GHJ mobility [16,17] and stability. The methods to
evaluate GHJ mobility evaluate the range of motion. As shown in Figure 4,There are two main
standard movements to evaluate mobility that have been widely investigated in the
literature: abduction and flexion [14,18,19].

Glenohumeral instability is detected when the net forces of the glenohumeral joint are not
directed to the glenoid fossa during motion. Anterior-posterior instability occurs when the
joint reaction forces are not aligned in the anterior-posterior direction during motion. The
anterior-posterior instability is the most common type of instability, that is evaluated in
shoulder abduction[20].

FORWARD FLEXION ABDUCTION

Figure 4.Shoulder Flexion (forward) and Abduction (thoracohumeral elevation)[21]
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Scapular rhythm is the ratio of rotations between scapula and humerus relative to the thorax.
Previous studies have used scapular rhythm as a functional evaluation of the shoulder joint’s
coordination [22,23]. Researchers measure shoulder mobility with the scapular rhythm
[24,25,26] by quantifying the ability to coordinate complex motions in the shoulder joint. The
scapular rhythm is measured with the ratio of glenohumeral rotation relative to
scapulothoracic rotation during thoracohumeral elevation (showed in Figure 4). Scapular
rhythm tests help detect a decrease in range of motion or a functional limitation. Scapular
rhythm tests are also useful to detect motion related glenohumeral pathologies when

compared with healthy subjects, for instance glenohumeral joint instability [27].

The differences in scapular rhythm between healthy and pathological subjects help with
identifying the limitation of range of motion of scapula relative to thorax, and relative motion
from scapula to humerus. In Figure 5 the main rotations are represented in a 2-dimensional
plane for every joint: 'a' the glenohumeral angle,'B' the scapulothoracic angle and 'y'the
thoracohumeral angle. However, in reality, the motion of the shoulder occurs in a 3-
dimensional space and every joint has three physiological rotations and translations.
Therefore, 3D kinematic analysis is fundamental to detect pathologies with scapular rhythm
[23,28,29]. Scapular rhythm helps to evaluate mobility and GHJ motion related pathologies,
[22], and to understand the relationship between the range of motion and the glenohumeral

joint instability [30].

Figure 5. Angles between scapula, humerus and thorax in thoracohumeral elevation [31]
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3.2 Pathophysiology of glenohumeral joint instability

In a stable GHJ the head of the humerus stays centred in the glenoid fossa thanks to the
combined action of the rotator cuff and the capsule [32], as shown in Figure 6. The main
passive stabilizers are the glenohumeral ligaments [33] that pull in the direction of vector ‘D’
shown in Figure 6. The passive and active stabilizers keep the GHJ stable, resulting in the

humerus being centred in the glenoid fossa ‘G’ during motion.

Figure 6. Humerus head and forces in the GHJ H (humerus head), G (glenoid Fossa), SS(supraspinatus), A (Gravity
forces), D (active lateral displacement), B (conjoined tendon), C (Superior aspect of capsule) [12]

Muscles are the main active stabilizers, glenohumeral joint instability is caused by structural
damage or a pathological imbalance of muscle forces during motion. For clinicians knowing
the direction and degree of glenohumeral joint instability allows them to identify the cause
of instability [34].

The direction and degree of glenohumeral joint instability is evaluated based on the direction
of the glenohumeral joint translations and the degree of GHJ laxity. glenohumeral joint
translation is defined as the relative displacement between humeral head and glenoid.
Glenohumeral joint laxity is defined as a non-symptomatic degree of glenohumeral joint
translations, that is described to be inside a normal non-pathological range [33]. According to
some authors, the concept of glenohumeral joint instability has been misunderstood by
researchers due to the fact that laxity and instability are not typically differentiated [35]. The
confusion in definitions has generated an incorrect classification in patients [33]. The main
difference between laxity and instability is that laxity is measured in static positions, whilst

instability occurs during motion as shown in

Figure 7. Some authors have reported that glenohumeral laxity is crucial to diagnose

instability [36,37], in contrast with other authors that claim that there is no causality between
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laxity and instability [33,38]. The GHJ laxity is an important risk factor in glenohumeral joint
instability, but it has not proven to be a determinant factor. Understanding the nature of the
relationship between laxity and instability, requires a deep knowledge of the interaction of
all the forces that are acting in the GHJ. Researchers have found that glenohumeral joint
instability is highly influenced by muscle contractions [39,40,41]. The diagnosis of
glenohumeral joint instability in static positions does not consider muscle contractions during
motion and so it does not provide enough information to detect glenohumeral joint instability
for daily life activities [33]. Therefore, to improve accuracy of diagnosis of glenohumeral joint
instability, it is essential to evaluate glenohumeral joint translations during motion and
kinematic patterns of the GHJ.

/ * Degree of GH
{ € Humerus head is not

[ translation [
| | Unknown centred with glenoid
|| - Asymptomatic = relationship | inmotion
\ Physiological
\ range
-H""-\-\_

Figure 7. Laxity and instability based on [33].

Even though researchers have discovered a gap in the relationship between laxity and
instability [33], no research was found to fill this gap with objective quantitative parameters
to improve the understanding of the relationship between laxity and instability. Instead of
using objective quantitative parameters, Lewis[33], recommends a novel classification and
recommends diagnostic arthroscopy as the only accurate method to detect glenohumeral
joint instability. Other authors recommend the design of a subject-specific treatment due to

the complexity in classification for every clinical presentation [20].

An existing gap in research is the lack of databases of GHJ kinematic patterns that provide
guantitative parameters to detect glenohumeral joint instability. The lack of databases of GHJ

kinematic patterns could be related to the lack of measurements of glenohumeral joint
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translations in static and during motion with accurate methods [42]. Biomechanical
assessment is essential to quantify the kinematic patterns to differentiate between healthy
and pathological subjects.

3.2.1 Clinical current practices

The goal of a diagnosis is to understand the problem of the patient. The diagnostic process
requires interdisciplinary collaboration and relies on the characteristics of each health care
system. The diagnostic process requires iterations of clinical assessment to increase the
precision of diagnoses. The diagnosis is essential to explain the problem to the patient and all
the members of the interdisciplinary team of the healthcare system. Mistakes during clinical
assessment can be propagated through inefficient collaboration and communication between
clinicians, patients, and family members and could result in diagnostic errors. If an accurate
diagnosis is not provided to clinicians, patients and the family members, this lack of precision
could lead to harm to the patient [43]. Therefore, objective parameters are needed that are

clear and precise and can be shared with patients and clinicians.

The evaluation of anatomical and functional components of the GHJ has been evaluated with
several tests, nevertheless, the sensitivity and specificity reported by the authors has been
inconsistent with the results. In contrast, the physical examination within a general history
and a and specific shoulder history of the patient has been reported to be essential for

diagnosing and managing any shoulder instability [15].

The specific shoulder history must include an evaluation that reports if there is signs of
“instability, pain, stiffness, locking, catching, or swelling” [20]. Furthermore, the patient must
report the family history of atraumatic instability and any evidence of hyperlaxity in the
patient and family members. Physical examination of the unstable shoulder relies on
generalized laxity tests [20]. Nevertheless, laxity is difficult to detect with physical
examination. Patients with generalized and shoulder hyperlaxity do not always have
pathological effects on the shoulder. The diagnosis of glenohumeral joint instability requires
a set of tests to assess laxity, range of motion, strength, and the detection of functional
problems. The comparison of these tests is more accurate when compared with the patient's
healthy contralateral shoulder. A limitation of the comparison of both shoulders is that some
patients can have injury in both shoulders or the lack of anatomical structures in the healthy
shoulder [15].
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2. Diagnosis

Intervention

3.
Classification

Figure 8. The role of biomechanical assessment in the clinical diagnosis
The diagnosis is evaluated with a clinical history and an examination. If the examination is
accurate authors have reported that 90% of the cases are diagnosed correctly [33,44] .
Nevertheless, physical examination with clinical manual tests has been proven not have
enough reproducibility and repeatability to diagnose accurately the patients to classify
accurately glenohumeral instability [34].. Therefore, researchers have designed
biomechanical assessments to quantify the motion of the glenohumeral joint to improve the
accuracy of examination and diagnosis. The biomechanical assessment aims to improve the

accuracy of the classification of glenohumeral instability as shown in Figure 8.

3.2.2 Classification of Glenohumeral Instability and clinical

assessment

Previous studies have highlighted the classification as the central step to define an
intervention [33,45]. Several classification methods have been proposed to divide patients in
groups and create a specific intervention depending on the causes of instability based in

subjective parameters [15,45,46].

glenohumeral joint instability is classified by the degree of severity: starting with
impingement, subluxation and the worst case, dislocation. Impingement is described as the

compression of soft tissue between shoulder bones [47]. Patients with impingement are
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described to have a moderate displacement of the humerus relative to the scapula.
Nevertheless, “moderate” is only a subjective description of a complex pathology. Patients
that are diagnosed with subluxation have been described to have an uncontrolled humerus
translation without dislocation [33]. Other authors describe subluxation as the feeling of the
humerus sliding in and out of the glenoid [20]. The most severe case of instability is the full
humeral dislocation, which occurs when the humerus goes out the glenoid fossa.
Impingement and subluxation have been defined with subjective parameters and have not
been differentiated quantitatively with gold standard methods. Every author has generated
different qualitative parameters to classify the degree of instability without a standardized
convention Only subluxation has been quantified [48], but it interesting to note that the
researchers have not differentiated quantitative parameters between subluxation and
impingement. After evaluating definitions of glenohumeral joint instability , a current gap in
classification methods is the lack of quantitative parameters to evaluate various classifications
of instability over a period of time [33]. The consequences of this gap for patients, is that not
all the clinical presentations have a correct diagnosis. If the diagnosis is not correct, the

treatment may not be appropriate.

The current gap in classification has hampered a representative statistical analysis of
impingement and subluxation. Only one degree has been globally recorded, glenohumeral
dislocation. Glenohumeral dislocation has been reported to be the most common global
glenohumeral injury with 11 to 51 cases for every 100,000 [49] [50,51]. There could be more
cases of glenohumeral joint instability that are not reported such as subluxation or
impingement [45], because these cases do not require hospitalization and therefore, are not

frequently reported in medical centres.

Clinicians use manual tests to detect glenohumeral joint instability based on the
glenohumeral motion shown in Figure 9. The tests detect if there is a ‘high’ relative
displacement between humerus and scapula. The clinician tests the glenohumeral
displacement with the application of a force to the humerus to detect the degree of humeral
translation relative to the glenoid fossa in a vertical and a horizontal direction [20,34].
Researchers have explained the importance of measuring the 3 direction of glenohumeral
joint translations to improve diagnosis [52]. A limitation in manual tests, is that one out of
three directions of glenohumeral joint instability is not measured Therefore, this research will
evaluate non-intrusive tools that can be candidates to evaluate the three directions to

evaluate GHI.
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The manual tests evaluate the degree and direction of GHJ translations in static
positions as shown in Figure 9[34]. Many researchers, however, described these methods as
having a low reproducibility and diagnostic value in diagnosis [33,34,52]. To improve the
diagnostic value, researchers have designed instrumented methods to quantify GHJ
translations to detect glenohumeral joint instability with laxity tests [34,53,54,55,56,57,58]
The low accuracy of glenohumeral joint instability classification is probably caused by the low

accuracy of manual tests to detect glenohumeral joint instability.

oy |

Figure 9. Clinical test to measure glenohumeral laxity [34]
The challenge of biomechanical assessment for this condition is to have reliable quantitative
information of the physiological function of the GHJ to detect pathological motion patterns.
The differentiation between pathological and healthy kinematic motion patterns can help

understand the causality of glenohumeral joint instability.

Of all the surgical procedures, the diagnostic arthroscopy is the most common glenohumeral
intrusive intervention [59,60]. Diagnostic arthroscopy has been described to be a gold
standard to evaluate glenohumeral instability [59]. Arthroscopy is described as a minimal
invasive technique in which an examination and sometimes treatment that is performed

using an arthroscope, or an endoscope to do small holes or portals in the skin.

An ideal diagnostic procedure can be applied to a larger proportion of population than
arthroscopy without a risk of tissue damage. Arthroscopy can also be applied to repair tissue
in surgical procedures and is called arthroscopy treatment. The arthroscopy treatments are
reported to have failure rates of 4% to 22% for patients under the age of 30, in contrast
physical therapy that has been reported to have recurrence rates of 17 to 96% [61]. The risks
of diagnosis arthroscopy and arthroscopy treatment are similar. Even though, arthroscopy
has higher success rates than therapy, not everyone can be a candidate to an arthroscopy due

to risk factors (high arterial pressure, diabetes, overweight, heart disease). Therefore,
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patients older than 50, are less probable to be candidates for diagnostic and treatment with
arthroscopy. The population that can be candidate for the surgical procedure can have risk of
infection and other risks associated with surgical procedures [62]. Therefore, the use of non-
intrusive methods to diagnose glenohumeral instability is a key activity to increase the

amount of population that can be diagnosed accurately.

3.2.3 Biomechanical assessment

The biomechanical assessment is an essential process in the clinical diagnosis that consists in
evaluating the motion patterns of healthy and pathological subjects. The biomechanical
assessment provides a quantitative parameter to improve classification and therefore

improves the probability of success in intervention as shown in

Figure 8.The biomechanics assessment for glenohumeral joint instability requires kinematic

and dynamic data recorded during a motion performed by the subject.

3.2.3.1 GHJ joint kinematics

The biomechanics assessment requires kinematics and dynamics analysis that requires to
define the degrees of freedom of the GHJ. The GHJ can be fully simulated with 6 Degrees of
Freedom (DOF) that can be represented like a ball and socket joint combined with 3

independent perpendicular sliding joints, as shown in Figure 10.

The joint coordinate systems (JCS) are essential to measure joint kinematics. The JCS are
cartesian coordinate systems that are embedded in two adjacent body segments. The axes
are defined based on anatomical landmarks. As described in [63], the origin of the cartesian
coordinate systems is the "point of reference for the linear translation occurring in the joint,
at its initial neutral position”. Secondly, the JCS is established based on two cartesian
coordinate systems. Two of the JCS are fixed in every body of the joint, and one is
“floating"[63]. The GHJ physiological motion require the JCS are computed calculating the 6
DOF between two reference systems placed on the humerus and on the scapula, represented

in Figure 11.
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Figure 10. Kinematics of the glenohumeral joint
In a 3D space the GHJ has 3 translations and 3 rotations. Some researchers simplify the GHJ
to a 3DOF a ball and socket joint, which has been widely accepted based on the assumption
that glenohumeral joint translations (glenohumeral joint translations) were measured with
non-accurate methods to be below 1 [mm] [64,65]. Nevertheless, this approach does not
consider that subjects can have glenohumeral translations higher than 1[mm] [65]. Recent
research has shown that glenohumeral translation can be higher than 1 [mm] [66]. Another
limitation in current research is that the glenohumeral joint translations have not been

normalized to subject’s size and morphology mass and height of each subject.
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Figure 11. Humerus Coordinate system (HCS) and Glenoid coordinate system (GCS)
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In Figure 11 coordinate systems are represented as glenoid coordinate system (GCS) and
humerus coordinate system (HCS), which have 3 rotations 6; and 3 translations GHy. The

Il 7

Figure 11 represents a 90-degree rotation in the axis which brings along a displacement.

Figure 12 represents the coordinate systems that need to be computed from scapula,
humerus and thorax. The joint coordinate systems are necessary to measure the joint

kinematics of glenohumeral, scapulothoracic and thoracohumeral joints.

The International society of Biomechanics (ISB), gathered researchers in shoulder
biomechanics to define conventions to express the JCS of the upper limbs and the
shoulder[67]. The coordinate systems are embedded in each bone and are computed to
define joint coordinate systems (JCS). The conventions help researchers to compare results

and to have the same mathematical language to express joint kinematics.

JCs . Glenohumeral 6 (DOF)
R~ / 5

2 4 X

. ‘Scapulothoraclc 6 (DOF)

W@ﬂ

JCS ’ Thoracohumoral 6 (DOF)
/ —_—

4 y X

Figure 12. JCS for glenohumeral, scapulothoracic and thoracohumeral 6DOF joints
Each joint has algorithms to compute the DOF that describe motion. The ISB recommends 2
methods to estimate the GHJ centre [68,69], but describes them as non-accurate. Therefore,
the ISB recommends the use of medical images to improve the accuracy of the GHJ kinematics
[67].
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3.2.3.2 GHJ dynamics

Dynamics is the area of mechanics that study the cause- effect of motion and the resultant
forces and moments. The dynamics of the glenohumeral joint relies on the motion of all the
joints and the muscles of all the shoulder joint. In the clinical current practices, the
glenohumeral joint instability motion Is assessed mostly with kinematics tests. Nevertheless,
researches have also measured maximum isometric muscle force to improve the estimation
of the net force that is applied in static positions and during motion[70]. Maximum isometric
muscle force is evaluated to create a subject specific evaluation of the force during motion.
The maximum isometric muscle forces are used to calculate the forces that are applied in the
shoulder joint. However, the dynamic variables that are necessary to detect glenohumeral
joint instability are the direction and the magnitude of the internal forces. The Internal forces
could only be accurately measured directly In-vivo with intrusive methods or with cadaveric
subjects. In the next sections the instrumented methods to evaluate the kinematics and
dynamics of the glenohumeral joint instability will be explained. The instrumented methods
to evaluate glenohumeral joint instability provide quantitative kinematic and dynamic data

that is essential to differentiate between healthy and pathological subjects.

3.3 Instrumented methods for assessment of glenohumeral joint instability

The glenohumeral joint is difficult to access directly and palpate, because the glenoid is
covered by hard and soft tissue. Medical doctors’ clinical current practices evaluate
glenohumeral joint instability through medical history, manual tests, medical imaging, and
surgical procedures [71]. Researchers have designed methods to assess glenohumeral joint
instability that can be classified as: in-vitro and in-vivo and can be subdivided as intrusive and
non-intrusive Researchers have used: motion capture systems, medical imaging,
musculoskeletal modelling, and other methods to assess glenohumeral joint instability.
Previous research has focused on studying glenohumeral laxity with a high accuracy and great
progress has been made [52,72]. Non-intrusive instrumented methods have only been
validated with cadaveric subjects with gold standard intrusive methods, nevertheless, the
non-intrusive methods have not been validated during motion in vivo. Therefore, the
instrumental methods measured with cadaveric subjects are not applicable in a clinical

context for glenohumeral joint instability diagnosis and classification.
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Figure 13. Measurements in glenohumeral joint translations MRI (magnetic resonance Image), MSK(Musculoskeletal)
models
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The most accurate methods to evaluate the joint kinematics are intrusive. In Figure 13 |
compiled 37 measurements of GHJ translations from these the non-intrusive methods are:
MRI and MSK models.

Figure 14 shows the most accurate methods to evaluate glenohumeral joint translations
during motion and in static positions. The intrusive methods are fluoroscopy, arthrometer
and pins. Fluoroscopy has been reported to have absolute measurement errors lower than
0.53[mm] [73]. The non-Intrusive methods: MRI, MSK models and ultrasound have
measurement errors>0.33 [mm][40]. The most accurate method to evaluate glenohumeral
joint translations during motion is the use of intracortical pins, nevertheless it is a risky and
painful surgical procedure that changes the kinematic patterns of healthy subjects due to the

pain that is caused.

Measurement Errors

L Unstable

GHIT
[mm]

— Stable

Fluoroscopy Pins | MRI Mocap MSK models

Intrusive Non-Intrusive

Figure 14 Absolute measurement errors to assess glenohumeral joint translations
Only if non-intrusive measurement errors decrease can the non-intrusive methods replace
intrusive methods [74]. In existing research, the errors in non-intrusive methods are
significantly larger than the differences between healthy and pathological GHJ [75].
Therefore, if the measurement error is higher than the differences stable and unstable GHJ,
then the measurement can lead to an incorrect differentiation between stable and unstable
GHJ.
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The motion capture systems measure the motion of the human body with the use of sensors,
cameras and devices that measure the linear and rotational kinematics. Nevertheless, the
motion capture systems have not been accurate enough to measure GHJ Kinematics, but they
are essential to estimate scapular rhythm to evaluate GHJ stability and range of motion.
Therefore, the data obtained with motion capture systems require to be computed with
musculoskeletal software algorithms to estimate simultaneously joint kinematics and internal

loading.

Figure 14 shows the measurement error of glenohumeral joint translations and the range of
stable and unstable joints. No current non-intrusive method is accurate enough to detect
differences between stable and unstable joints [52]. Researchers are finding methods to fill
this gap with non-intrusive methods that can be accurate enough to measure accurately GHJ
kinematics and kinetics during motion. The musculoskeletal models are the only non-Intrusive
methods to evaluate the GHJ kinematics and kinetics. Nevertheless, the accuracy of the
musculoskeletal models has not been enough to estimate accurately the kinematics and

kinetics of the glenohumeral joint.

3.3.1 Magnetic Resonance Image (MRI)

Magnetic resonance imaging (MRI) has been used to assess glenohumeral instability that
produces images which can be used to estimate glenohumeral translation [52] [14] [76].
Glenohumeral translation is the relative distance between the humerus head and the glenoid

centre.

Certain authors have described the MRI as a gold standard to evaluate glenohumeral
instability by measuring glenohumeral translations in static positions [42,61,76]. In contrast,
authors have reported that the measurement of glenohumeral translations of the
glenohumeral joint in static positions is not accurate enough to evaluate glenohumeral
instability [33,77]. Therefore, further research is necessary to validate MRl as a gold standard

to evaluate glenohumeral instability in static positions.

The main contribution of MRI in the clinical context is to detect soft tissue structural damage
and improve classification and diagnosis of glenohumeral instability. The limitation of static
images of MRI is that it has not been able to quantify instability with the calculation of the
glenohumeral translations during motion. The glenohumeral translations in static positions

cannot be extrapolated to measure instability during motion [42,78].
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Additionally, access to MRI can be difficult in a clinical context for patients worldwide. The
World Health Organization (WHO) estimated that in 2008 only 10% of the worldwide
population had access to an MRI [79]. Authors have reported that there is one MRI machine
for every 5.3+11.6 million persons [80]. In summary, MRI is not accessible for most of the
worldwide population. MRI is accurate to evaluate glenohumeral translations or soft tissue
damage. If MRI is not accessible, non-intrusive alternative techniques are essential to
diagnose patients with glenohumeral instability. If MRI is accessible for a patient, then non-
intrusive complementary techniques and methods are necessary to improve the diagnosis of
the glenohumeral joint instability during motion. Recently, researchers have also used
dynamic MRI, which is a sequence of MRl images that can capture glenohumeral translations
during motion [42]. Unfortunately, because of its low accessibility, it was not possible to use

dynamic MRI for this project.

3.3.2 Musculoskeletal models

Musculoskeletal models are computational tools to estimate the joint kinematics and
dynamics from the musculoskeletal system. Musculoskeletal models have been used to
evaluate glenohumeral instability based on the estimation of glenohumeral joint contact
forces [6,81]. However, the estimated peak joint contact forces in thoracohumeral elevation
can vary from one author to another between 420 to 2070 [Newtons] and 43 to 110% of the
bodyweight [82]. Therefore, the wide range of peak joint contact forces have been described
to be “highly indeterminate” and as such not suitable to estimate glenohumeral joint contact
forces [82]. The wide range of variation of peak joint contact forces generated the necessity
of measuring the joint contact forces with experimental results. Therefore, authors used
intrusive methods to measure directly joint reaction forces with biomodular implants [1]. The
researchers that have used modular implants to validate musculoskeletal models, have
described them as a gold standard to measure glenohumeral joint reaction forces [82].
Biomodular implants are instrumented prosthesis that replace the humerus head and glenoid
in an intrusive surgical procedure. The surgical procedure is only applied for patients that
require shoulder replacement. Biomodular implants are the only instruments that can
measure directly joint contact forces. Accuracy of methods to evaluate glenohumeral joint

instability

The methods to evaluate glenohumeral joint instability need to be accurate enough to

differentiate between symptomatic and asymptomatic kinematics patterns. The difference
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can be detected evaluating glenohumeral joint kinematics and dynamics during the scapular
rhythm tests in thoracohumeral elevation. Pathological subjects are detected when having an
uncontrolled motion, in this case in the glenohumeral joint instability. Therefore, the Joint
contact forces and joint kinematics are fundamental to evaluate glenohumeral joint

instability.

3.4 Advantages and disadvantages of methods to evaluate glenohumeral
joint instability

Non- intrusive manual tests have been shown to have a low reproducibility [34], and only
intrusive methods are accurate in evaluating GHJ instability. An effective intervention relies
of a correct diagnosis of GHJ instability. The correct diagnosis of GHJ requires accurate
methods to evaluate GHJ instability. The glenohumeral joint instability and other motion
related pathologies require a quantitative assessment of the glenohumeral kinematics and
dynamics to assess the patients’ condition [30]. Nevertheless, there is a lack of gold standard
non-intrusive quantitative methods to assess glenohumeral joint instability during motion.
The methods to evaluate glenohumeral instability in static positions have not been proven to
be accurate enough, or require validation for various classifications of instability [33,38]. The
existing gold-standard intrusive methods to evaluate glenohumeral joint instability during
motion have risks of radiation [66], or require surgical procedures that can cause harm to the

patient[60]. An ideal biomechanical assessment is quantitative, accurate and non-intrusive.

Therefore, researchers are designing methods to improve the accuracy and reproducibility of
non-intrusive methods to replace the current intrusive methods to evaluate GHJ instability
[52,66,83]. The estimation of the joint kinematics description and the muscle forces are
essential to assess glenohumeral instability. Of all the methods to evaluate glenohumeral
instability, methods integrating musculoskeletal modelling are the only in-vivo non-intrusive
method that can simultaneously estimate glenohumeral joint kinematics, muscle forces and

joint contact forces of the glenohumeral joint.

3.5 Musculoskeletal models for glenohumeral joint instability assessment

In a musculoskeletal (MSK) model, the MSK system is modelled as a multi-body kinematic
chain comprised by rigid links [84]. MSK models assume that bones are rigid, and that muscles

are simulated with idealised springs, dampers, and masses.
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The complexity of the shoulder MSK models is that the muscles are attached to one or more
joints, furthermore, all the shoulder joints have multiple degrees of freedom (DOF)[85]. The
activation in one muscle can generate torque in one axis, and simultaneously generate
undesired torque in other axis and joints. Other muscles compensate this undesired torque,
involving the whole shoulder kinetic chain [6]. The complexity of modelling the GHJ during

motion is that is necessary to measure the complete shoulder.

3.5.1 Musculoskeletal (MSK) models assumptions and

implications

Researchers have used MSK models to assess glenohumeral joint instability with two
approaches, measuring 3D GHJ translations or joint contact forces. Both methods require the
use of algorithms to simulate the shoulder joint: inverse kinematics, inverse dynamics, and
static optimization methods. The methods will be explained in the musculoskeletal software

section.

Researchers have compared joint contact forces from MSK models with instrumented
prostheses [2]. The main limitation for validation is the lack of in-vivo and non-intrusive
methods to measure muscle forces. Therefore, the methods based on musculoskeletal
models have been the only suitable way to estimate muscle forces and joint contact forces
with living subjects [81]. Current models estimate muscle forces and GHJ contact forces based

on experimental data from the shoulder motion, which rely on the features of the MSK model.

Researchers have designed models to evaluate shoulder kinematics and dynamics with
different research questions and by consequence, different assumptions and algorithms
[6,86,87,88]. Even though most of the MSK models are based on the same concepts, every
model has different numerical methods, ranges of motion, and assumptions which lead to
different results[89,90]. An ideal MSK model simulates in the most realistic way the
physiological joint kinematics and internal forces. The accuracy that is needed to measure
glenohumeral joint instability with kinematics analysis requires glenohumeral joint
translations absolute errors lower than 1[mm] compared with gold standard methods, for

instance, intra-cortical pins [52].

The features that are relevant to assess glenohumeral joint instability are: MSK morphology,
tissue mechanical properties, glenohumeral constraints, scapular rhythm algorithms and

mathematical conventions to express joint kinematics. These features are fundamental for
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guantifying the degree and direction of glenohumeral joint instability with musculoskeletal
models. All the features that were mentioned previously are essential, but the mathematical
conventions to express joint kinematics can be labelled as secondary. The mathematical
conventions used by ISB improve the comparison of glenohumeral joint instability for
expressing rotations and translations of the joint kinematics with other researchers
worldwide. The use of Euler angles with the ISB recommendations helps to avoid the gimbal
lock for thoracohumeral elevation [67]. The gimbal lock is a mathematical singularity that

causes the loss of one or more DOF for measuring rotations with Euler angles.

3.5.2 Mechanical properties

The mechanical properties of anatomical structures are fundamental to simulate muscles
bones and ligaments. The bones are assumed to be rigid elements. The force generating
elements are simulated with virtual muscles and torque generators. Hill muscle model is the
most used in MSK modelling, shown in Figure 15. The muscles are simulated with vectors
that cross the centroid of a sectional cut for every muscle. The muscles are modelled with two

types of mechanical components: active (CE) and passive [91].

These virtual muscles are designed to replicate the origins and insertions of muscles in the
human body. The muscle-tendon mechanical properties are peak force, pennation angle,
optimal fibre length and tendon slack length that are necessary to simulate the force- velocity
relationship of muscles contractions. The mechanical properties are obtained from
experiments with corpses [86]. The muscle geometry and mechanical properties are used to
calculate moment arms and muscle forces that generate human motion. The passive
structures are represented with virtual ligaments, coordinate limit forces, springs, and
dampers. The MSK models use numerical methods to solve dynamic equations that estimate

the mechanical interaction between anatomical structures.

Force Generating Capacity

ja——— Muscle-tendon unit ——y

Figure 15. Hill muscle model
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3.5.3 Inverse Kinematics

Kinematics describes of how objects move.Figure 16 represents a four rigid bar linked
kinematic chain, with a base, and three rotational joints and an end effector in the last

segment.

* Base and End Effector.

Kinematic Chain

Figure 16. Kinematic chain base and end effector
The goal of inverse kinematics is to compute the vector of joint degrees of freedom (64, 8, 63)
that will allow to localise the point to reach that is represented with a star in Figure 17

Figure 17. Kinematic chain angles and goal position
For every system, the generalized coordinate can change depending on how the kinematic
joint is modelled and the DOF of the system. In Figure 17 the generalized coordinates are the
angles between the bars. In musculoskeletal modelling the Inverse kinematics computes the
joint angles with the minimal error to estimate the coordinates from the end effector. The
goal of inverse kinematics is to estimate the joint angles from cartesian coordinates from
anatomical markers. For a musculoskeletal software, the Inverse Kinematics (tool estimates

an angle that "best matches" experimental marker coordinate data for every time step.
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3.5.4 Inverse dynamics

For the shoulder, the Inverse dynamics is applied to multi-body systems thar are driven and
connected by external and internal forces. The inverse dynamics problems are to estimate
the internal forces based on the motion and external forces. The inverse dynamics determines
the generalized forces that cause motion. The inverse dynamics is based on the classical
mechanics principle of the second law of Newton. The Force is dependent to the mass and
acceleration; therefore, the inverse dynamics solves the equations of motion to determine all
the moments that generate motion. The joint angles that are obtained of the inverse
kinematic of the musculoskeletal kinematics and inertial properties are used to calculate the
moments based on the external forces that are applied. To solve the equations of motion the
dynamic equilibrium conditions and boundary conditions of the musculoskeletal model need

to be accomplished [92].

In musculoskeletal models the inverse dynamics require the use of joint kinematics and
dynamics to estimate the internal moments[93]. To calculate the moments, it is necessary to
know the anthropometric and inertial parameters for each body segment of the

musculoskeletal model[94].

3.6 Musculoskeletal models and software

Musculoskeletal software are designed to evaluate the joint kinematics and dynamics of the
bones and muscles using equations to simulate the muscles, tendons, ligaments and bones of

the human anatomy[95].

3.6.1 Scaling of musculoskeletal model

Scaling is a process to modify the dimensions of the bones of a musculoskeletal model to the
size of a specific subject [96]. The localization of the virtual markers that are estimated in the
musculoskeletal models need to be as close as possible to the markers that were captured
experimentally. The accuracy of the scaling process depends completely Inverse kinematics
and Inverse dynamics methods. Therefore, accuracy in scaling is essential to improve the

accuracy of a simulation [97].

Measurement-based scaling uses the distance between the virtual markers of the model and
the experimental kinematic markers. This method uses scaling factors for every segment in

one or more direction [97]. The factors are used to scale the generic model to the size of the
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specific subject. The scale is the proportion that the generic model is multiplied to have the
size of the specific subject. For example, a scale factor of 2, means that the generic body of

the model requires to be two times bigger than the original generic model [98].

3.6.2 Glenohumeral ball and socket and stability constraints

There are two constraints to model the GHJ with this assumption: ball and socket joint and
the stability constraint. The ball and socket constrain defines the glenohumeral DOF with
three independent rotations. The stability constraint is implemented starting from the
assumption that the muscle forces generate a resultant force that is directed to an ellipsoid

or circle [99],

Figure 18 GHJ stability is evaluated with the direction of the joint contact forces. The resultant
of the joint contact forces in the humerus is directed outside the glenoid this means that the

joint is unstable and could lead to a dislocation or subluxation.
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Figure 18.Elipsoidal constraint for GHJ contact forces
Even though, these two constraints are the most used, the limitation of these two constraints
is that current musculoskeletal models have not compared both constraints with gold
standard methods the accuracy to estimate the joint contact forces with the force stability
constraint algorithms. Research has been done to compare the joint reaction forces of
another algorithms of a different musculoskeletal model with biomodular implants with an
overestimation of joint reaction forces up to 33%[2]. A limitation of simulating the GHJ as a
ball and socket joint is that it cannot be compared with direct measurements of GHIJ

translations that are obtained with experimental methods[72].
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3.6.3 Force directed kinematics assumption

Force directed kinematics consists in modelling the joint with 2 more directions glenohumeral
joint translations than the ball and socket assumption. The equations are solved assuming a
quasi-static equilibrium between the forces generated by GHJ translation and the inertial
forces in the humerus and. The force directed kinematic forces are expressed as: (Fg;s, Fsap),
which are calculated based on the assumption that forces can modify the glenohumeral joint
translations. Fg;s is the superior inferior force and Fs4p is the anterior posterior force. The
force directed kinematics assumes that there is a” quasi-static equilibrium between the
inertial forces and the force directed kinematics reaction forces in two anatomical
planes”[37]: inferior — superior(Fs;s) and anterior — superior( Fsap) [100],
represented in

Figure 19. Dynamic equations are solved for the range of motion that is measured to obtain
a kinematically determined system. Muscle forces, JRF, moment arms are calculated
simultaneously with joint reaction forces. The dynamics of the muscles changes with GH)J

translation because the translations affect the moment arms [37].

The translations are assumed as elastic components that are in dynamic balance with the

labrum and the ligaments. The GH ligament is defined by a stress—strain model [100].

(a)Front A ~XsAP (b) Profile

Figure 19. Force dependant kinematics
The advantage of this methods is that it can calculate GHJ translation in motion and be
compared with gold standard methods [26,66,101]. Nevertheless, this calculation also relies
on numerical methods to simulate the shoulder joint JRF: inverse kinematics, inverse

dynamics, and static optimization methods. The numerical methods require validation of
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experimental data or to be tested to be used for clinical applications based on

recommendations for good practices for musculoskeletal models [102].

3.6.4 Surface Joint Contact Constraint

Another adaptation from the ball and socket model considers the assumption that there is
contact between the interfaces of two components of the GHJ. These constraints have only
been used by the Anybody model and has been applied to a “nonconforming total shoulder
arthroplasty (NCTSA)” [37]. The technique applies 3D models of surfaces that represent the
bones. The assumption allows humeral head penetration in the glenoid. This technique has
been used with prosthesis that are computed aided designed (CAD) [37]. Further research is
required to be implemented with non-surgical shoulders. The surface contact constraint has

only been used by the Anybody model that will be described an evaluated in section 7.7.

3.6.5 Scapular rhythm algorithms

Scapular rhythm algorithms are based on the theory that the relationship between the
scapular and humeral motions are consistent and dependent [70]. Therefore, researchers
have developed statistical models that estimate joint kinematics with skin-marker motion
capture experimental data from the shoulder [70,103,104,105]. The next section will
compare six out of seven MSK models that use scapular rhythm algorithms and will describe
the respective advantages and disadvantages. The scapular rhythm algorithm is essential to

evaluate GHJ motion and the interaction with other joints in the shoulder

Six out of seven MSK models that were ranked in this research use scapular rhythm
algorithms. One of the applications of scapular rhythm algorithms in musculoskeletal models
is to estimate the internal forces by solving the force and momentum equilibrium equations
from bone positions to generate a determinate system relative to the reaction for all the
bones of the shoulder joint [106]. The scapular rhythm algorithms estimate the scapula and
clavicle angles based on the thoracohumeral angles. Therefore, scapular rhythm has been
used for the musculoskeletal models to estimate joint kinematics and internal forces of the
GHJ.
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3.6.6 Holzbaur Shoulder Model

The Holzbaur model is designed to estimate tendon -muscle lengths and moment arms to
identify shoulder motion patterns to differentiate between groups of subjects. The main

applications are cuff tear, surgical procedures, and neuromuscular simulation.

The Holzbaur model uses the scapular rhythm algorithm based on the research of Groot et al
[70] to interpolate the position of scapula and clavicle based on the humerus position with a

linear regression of scapula and clavicle with the kinematics data of humeral motion.

The scapular rhythm algorithm is based on predictive equations that are regression equations
that associate the thoracohumeral angle to the scapulothoracic angle during motion. The
regression equations do not include a GH stability constraint which could lead to simulate
dislocations [107]. Instead, The Holzbaur model use virtual moments and forces in every DOF
named Joint Restraint Functions [90], which simulate the function of ligaments and soft
tissue. The authors of this model report muscle-tendon properties with Hill type muscles
obtained from cadaveric experiments [86]. The limitation of this model is that it lacks
validation for estimation of the centre of rotation in the humerus head with gold standard

methods for 90 degrees shoulder thoracohumeral elevation.

The anthropometric values are obtained from an average European male. The scapular
rhythm was validated for an 30°thoracohumeral elevation. The creators of the Holzbaur
model report differences in angles between 15 to 94% compared with intracortical-pins

[108], nevertheless, the authors do not report errors for the full range of shoulder abduction.

Holzbaur model has most of the essential features to assess glenohumeral joint instability.
Further research is required validate the glenohumeral constraint to measure GHJ contact
forces with experimental glenohumeral angles and glenohumeral joint translations. The GH)J
constraints also require to be evaluated for a 90 Degree abduction for healthy participants to

be able to evaluate glenohumeral joint instability

3.6.7 DSEM shoulder model

The Delft Shoulder and Elbow Model (DSEM) has been used to calculate joint contact forces
and joint moments in the shoulder joint [6]. The DSEM model simulates internal forces for

different tasks. DSEM has been shown to be helpful for simulating the effects of surgeries for
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daily life tasks. DSEM model is created generic anatomical geometries, with a scaling method
that fits the size of the subject [6].

The DSEM has been used to calculate moment around the combined axis of rotation of the
shoulder joints [6]. DSEM models the muscles as TRUSS (tensile force generating elements)
which are finite element with deformation nodes [6]. The TRUSS is expressed as a function of
displacement between nodes. The ligaments are modelled as passive rigid elements which
can only be loaded in tension. The GHJ contact forces are estimated using a ball and socket
and a stability constraint. The disadvantage of this approach is that it models the muscle
forces to be centred in the GHJ. The opposite of this happens in the shoulder, in reality- the
GHJ is centred by the muscle forces.

DSEM model have compared with an instrumented shoulder endoprosthesis [2]. For this
research, electromyography-signals optoelectronic motion data, external forces, and in-vivo
GHJ reaction forces (GHJRF) were measured for two patients with a modular implant, during
dynamic tasks [2]. The MSK model is reported to overestimate the GHJ contact force
(glenohumeral joint contact forces) 34% compared to the modular implant, and reduced to
23% or relative error with an energy cost function [109]. Another study evaluated the DSEM
model with intra-cortical pins with 10 to 29% of difference to evaluate GHJRF [110].

This model neglects glenohumeral joint translations, this could be the cause of the
overestimation of JRF compared with the direct force measurements with bio-modular
implants. Angles are expressed with XYX Euler angles for joints relative to the sternum. Which
were adapted to match the ISB recommendations, which are helpful to measure joint

kinematics and compare with other researchers results.

Another limitation from this model is that it does not include algorithms for scapular rhythm.
Therefore, this model cannot estimate the ratio of glenohumeral angles with scapulothoracic
angles and thoracohumeral rotations. The scapular rhythm is a feature that will need to be
included and evaluated in this model to improve the glenohumeral joint instability
assessment. The accessibility of the DSEM models permits the use of open-source software
to adapt the numerical methods for different research questions. Nevertheless, the software

is not fully accessible for glenohumeral stability.
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3.6.8 AnyBody Shoulder model

AnyBody is an MSM model named after a commercial musculoskeletal software that
simulates motion from living beings. The Anybody shoulder model has been used to evaluate
the effects of the muscles, medical implants, and wheelchair propulsion with an MSK shoulder
model. The anthropometric values are the same as the Holzbaur model. The constraints for
the GHJ are the same that in the DSEM model and the scapular rhythm kinematics linear
regression were adapted from the Holzbaur model [108,111]. The difference is that this model
is derivative on Bergmann et al, which measured reaction forces in the GHJ during arm
abduction [1], with underestimates the GHJRF 12% compared with direct measurements
from modular implants [82]. The Anybody model underestimated the value of the GHJ contact
forces probably caused by the morphological and kinematic differences between healthy

subjects and patients with total shoulder replacement [36].

Sins defined 2 different glenohumeral constraints that can be implemented in this research
[112] [37], forced directed kinematics and surface contact constraints, which require to be

tested with experimental motion data to evaluate the accuracy to measure GHJ translations.

The disadvantage of the current publications with the Anybody model is, that it has not been
validated directly for GHJ scapular kinematics with gold standard methods. The validation
could be done with the use of direct measurement of GHJ translations with arthroscopy or
with medical images. Same as other models, this model can have computational errors
generated by the incorrect estimation of joint kinematics and internal forces that could be

solved improving the algorithms to detect the GHJ kinematics.

3.6.9 Wu model

The Wu model is a 5 segmented musculoskeletal model with 10 degrees of freedom of the
upper limb that was developed in OpenSim. The model was originally designed for inverse
kinematics and dynamics. The glenohumeral and acromioclavicular joint were modelled as
ball and socket joints. The sternoclavicular joint was modelled with 2 rotation degrees of
freedom. The model is comprised by 26 Hill-type muscle tendon units. The muscles represent

|II

the “axioscapular, axiohumeral and scapulohumeral” muscle groups [113]. Muscle paths were
determined with optimal wrapping via points locations based in the anatomy of the visible
human male [87], the model was adapted to fit moment arms that were measured with 8

cadaveric subjects [114]. The scaling of the moment arms was adapted to the anthropometry
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to the 8 subjects. The Wu model allows to scale the musculotendon lengths, inertial
properties, and moment arms to the distance of the bony landmarks [115]. The Wu model fits
exactly the ISB recommendations to express joint kinematics and dynamics.

3.6.10 Ranking of MSK shoulder models

Eighteen shoulder musculoskeletal models were found in the literature. Among these, all of
which simulated the glenohumeral with at least 3 degrees of freedom were chosen to be
evaluated. To detect the existing models that can assess glenohumeral instability, eighteen
features were evaluated in 9 available shoulder musculoskeletal models that can evaluate
glenohumeral kinematics and dynamics, shown in Table 1. After evaluating the eighteen
features, two models were chosen to study joint kinematics and dynamics. All the models that
are described in Table 1 have two different algorithms that are used to evaluate glenohumeral

stability. The algorithms that have been used are shoulder rhythm and the glenohumeral joint

constraint algorithm. Shoulder rhythm is designed to detect the position of scapula based of
the position of the humerus relative to the thorax. The glenohumeral joint constraint
algorithms define the degrees of freedom and the relationships between the joint kinematics

and the glenohumeral joint reaction forces.
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Essential features Complementary features
Model .
GHJ SR Muscle-tendon MSK Ligament ISB
. . Mechanical morphology mechanical Kinematic
Constraints | algorithm ; . .
properties parameters properties conventions
s Pz |z |5 Pz |z |5 g2 |z |s Rz |z |5 gz |z |s B2 |z
g g |2 8 |2 B |EBE |2 E |BE |2 B |EBE |2 E |B
g F |8 g |3 s 2 |5 & ER A Z |3 k H
1. Holzbaur
2. Wu
3.DSEM
4.Anybody
5.Swedish
6.Dickerson
7.Newcastle
8.Garner

Table 1. Musculoskeletal models to evaluate Glenohumeral instability.
The models were ranked by three different criteria: validation, full description, and
availability. The models that have full description in the scientific paper explain how to
replicate the model and can help understand the equations and definition of the assumptions
of the model. The criteria to accept the validation of the feature describes if the authors
validated the model’s outcome with a gold standard method. In addition, the availability of

the musculoskeletal model is defined by the accessibility to the software and the methods to
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use the model to estimate the glenohumeral joint kinematics and dynamics. Therefore, after
reading the scientific articles and exploring the musculoskeletal models, two models that have
the highest rank based on the features and the accessibility to the model: Holzbaur and Wu

model.

The features of Table 1 are selected based on the sensitivity of the features to improve the
estimation of the glenohumeral joint reaction forces. For instance, the glenohumeral joint
constraints have more influence over the joint reaction forces than the other features.
Therefore, to choose the best models three characteristics were considered. Full description,
validation, and availability. These three characteristics are based on previous literature[102],
to improve the replication of the results of the estimation done by other authors The
Holzbaur and Wu model have the most important features with the most important
characteristics. Furthermore, both models have the minimal degrees of freedom and
constraints to estimate joint reaction forces, which are reported to be essential to improve

the diagnosis of GHJ instability,

The Wu model was chosen over the DSEM model because it is directly expressed with the
international society of biomechanics conventions. The international society of biomechanics
created conventions to express kinematics to improve the communication between
researchers unifying the language to express joint kinematics. The Holzbaur[86] model and
the Wu model[115] have the most important algorithms that are used in all the models that

were evaluated in the

Table 2. Therefore, the comparison of the two models will be oriented to understand the
differences between outputs of the two most important assumptions that are used in the

literature: Scapular rhythm algorithm, and glenohumeral joint stability constraint.
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4 METHODS

4.1 Motion capture process

Kinematic data was obtained with a BTS SmartDX optoelectronic motion capture system
comprised by eleven infrared cameras that captured cartesian coordinates of skin reflective
markets of the shoulder joint with a frequency of 250 frames per second. The participants did

three cycles of shoulder elevation following a metronome with twenty beats per second.

Every participant signed an informed consent approved by the ethical committee of the
biomechanics lab of the Mexican Neurobiology institute. We requested the participants to do
a 90-degree thoracohumeral elevation in 3 seconds in the first sound of the metronome. The
subject sustained the thoracohumeral elevation for 3 seconds from between to beats of the

metronome, and other 3 seconds for the thoracohumeral return to the neutral position.

4.1.1 Marker placement

The BTS Bioengineering SmartDX optoelectronic motion capture system was used to obtain
3D Cartesian coordinates of 16 photo-reflective markers that were placed in anatomical

landmarks that are visualized in

Figure 20 and Figure 21. The reflective skin markers were placed based on the markers in
OpenSim of the Wu Model without including the centre of humerus head and elbow centre
[115]. The kinematic data was obtained with a 250 [Hz] sample rate. The 3D cartesian
coordinates of markers were filtered with an 8 Hz Butterworth low pass filter with 1.10 Smart
Analyzer. Data was also smoothed with a triangular function in Smart Analyzer software from

BTS Bioengineering.

44



IJ Incisa Jugularis

PX Processus Xiphoideus
PCR,Processus Coraceiodeus. The most
ventral point of processus coracoideus.
EMR. ( Medial Epycondile) Most caudal
point of medial epycondile

ELR.(Lateral Epycondile) Most caudal point
of lateral epycondile

RSR: (Radial styloid)Most caudal- lateral
point of radial styloid

USR (Ulnar Styloid) Most caudal- medial
point of ulnar styloid

R.Biceps. Half distance between PC and
(EL+EM)/2

ACR The most dorsal point of
acromioclavicular joint

R.Forearm. Middle point between RS and
EL

Figure 20 Marker placement shoulder motion capture. Anterior view

TS. Trigonum scapulae, In the medial border of the medial
scapula and aligned with scapular spine

AA, Angulus acromialis. In the dorsolateral curvature of the
scapular spine

Al, Angulusilncisa Jugularis. The most caudal point of the
scapula

AC, The most dorsal point of the acromioclavicular joint.
C7. The most pronounced pointin C7

Rrib. Lowest point in False rightrib 10

Figure 21 Marker placement shoulder motion capture. Posterior view
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The kinematic model was exported to be evaluated with 2 models: Holzbaur [116] model in
OpenSim (version 3.3, Stanford University, Stanford, CA), and Wu Model in OpenSim (version
3.3, Stanford University, Stanford, CA)[113].

4.2 Kinematic model development

The kinematics of the two shoulder models that are compared are comprised by three joints
to simulate the shoulder joint. The musculoskeletal models simplify the shoulder to three ball
and socket joints: glenohumeral, sternoclavicular and acromioclavicular. The International
Society of Biomechanics (ISB) conventions were used to express the nine rotational degrees

of freedom that are expressed with different references systems for every degree of freedom

Figure 22.

shoulder
rotation

shoulder
elevation

£ 2P,
'/

wrist flexion forearm

Figure 22.Shoulder and elbow rotations
4.2.1 Range of motion and degrees of freedom

For the three models that were chosen, the range of motion of the shoulder joints is evaluated
based on the conventions that have been proposed by the International Society of
biomechanics (ISB)[67].
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Ys Ys Ys

Acromioclavicular

& e

AC- A-P tilt

AC-
Pro/retraction Lateral/medial rotation

Sternoclavicular (SC)

Depression/Elevation  Axial rotation

Yh

Glenohumeral (GH)

-

I i o5 I N =
GH plane of elevation Negative GH elevation GH axial rotation

Figure 23. Acromioclavicular, sternoclavicular and glenohumeral joint coordinate system (JCS) and degrees of
freedom [67]

The joint coordinate systems (JCS) of the acromioclavicular, sternoclavicular and

glenohumeral joint that are shown in

Figure 23 are conventions that are used to express the degrees of freedom of the joints. The
JCS define the angles of the bones in a 3D space for every joint. The glenohumeral,

acromioclavicular and sternoclavicular joints rotations are defined in

Table 2.
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Convention GHJ DOF | GHJ Acromioclavicular | Sternoclavicular | Software
Mathematical joint DOF
language
ISB (Ys) Plane | Euler YZY’ (Y+) Protraction (Y+) Protraction | OpenSim
of -Retraction -Retraction
elevation
(Yh) Axial (Z +) Posterior tilt | (Z+) Posterior
rotation -Anterior tilt -depression
(X)Elevati (X+) Medial | (X+) Depression
on rotation

-Lateral rotation

-Elevation

Table 2.Degrees of freedom and coordinate system for 3 MSK models (recheck)

4.2.2 Coordinate transformation from Holzbaur to ISB

recommendations

The Holzbaur model has similar conventions to express rotations than ISB, but the

mathematical language has differences that have been described in

Figure 24 [117]. The main differences are that the Holzbaur model is expressed in spherical

coordinates and the ISB recommendations are expressed in Euler angles. Therefore, to

express the Holzbaur in the same mathematical language than the ISB recommendations [67]

in order to compare the Holzbaur model to other models, it is necessary to use the same

mathematical language and conventions that are proposed by the ISB. Therefore, the

Holzbaur model requires to be transformed to the ISB recommendations conventions [67].
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ISB recommended Sequence

Tu=15 =15 7a=7%

B=0 B, =—60" B,=—60

Vg = % =0 =55

o=
Holzbaur et al. model

elv_angle=75 elv_angle=175" elv_angle =75
shoulder _elv=0" shoulder _elv= 60" shoulder _elv= 60"
shoulder _rot=0" shoulder _rot=0" shoulder _rot =-55"

Figure 24 Differences between the ISB recommendations and the holzbaur model [118]
The rotations between the Holzbaur model and the ISB conventions are expressed in Equation
1. Where [t(p)Rh(RISB)] is the matrix that changes from the Holzbaur model to the ISB
recommendations expressed in Euler angles YXY. The Euler angles are expressed as:
Yh1, B Yn1) and t(p)Rh(RISB) is the matrix to transform from the Holzbaur degrees of
freedom in spherical coordinates to the ISB recommendations coordinates in Euler angles.

[t(@)RMRisB)](elv g gie, shoulder,y, shoulder,,.) = [Ryxy] (¥Yn1, Bh Yh1) Equation 1

In the matrix [Ryxy]| , following the ISB recommendations [67], the angles are extracted with

the following equations:

t11 tiz 13
[t(p)Rh(RISB) (yhl,ﬁh,yhl)] = [tu 22 t23] v e e €quation 2
t31 t32 33
COSYR1COSYp1 — COSPBySinyy Sinypy  SinypiSinf,  cos B, coSyp1Sinyp, + COSYp1Sinypy
= sinfpsinyy, cosfy —cosyp1Sinfy
— COS Yp1SiNYp1 — COSYR1COSPRSiNYy1  COSYR1SIN By, COSYR1€0SPByCOSYR — SiNYp1Sinyp

from which:
Vi1 =arctan2(t12, £32) cooveereeenieenieeiee et Equation 3.a
Yne =arctan2(tyq, ty3) if Yre < 0 = ypp=arctan2(t,q, ty3) + 360.........ce..e. Equation 3.b

Br = arccos (£32).ccceeeeercreenieenieeanieens Equation 3.c
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The Holzbaur model is described with spherical coordinates, to compare both models the
Holzbaur model requires to be transformed to YXY Euler angles. The equations 3.a, 3.b and
3.c have as an output the Euler angles of the Holzbaur model expressed in the ISB
recommendations[63]. The advantage of expressing all the models with the same

conventions is that the differences between the algorithm outputs can be evaluated.

4.2.3 Musculoskeletal models workflow in OpenSim

Of the musculoskeletal software, OpenSIm has the advantage of having opensource, available

and full description of the algorithms that are used to estimate the joint kinematics.

The musculoskeletal generic models in OpenSim requires four steps to evaluate glenohumeral
joint contact forces in the OpenSim software: Inverse kinematics, inverse dynamics, static
optimization, and joint reaction forces analysis. Every step is computed with algorithms to

estimate joint angles, joint moments, muscle forces and joint forces[102].

Figure 25 shows the four algorithms that are necessary to estimate joint contact forces.

Kinematic Ierse Inverse Static loint reaction
data Kinematics Dvnamics Ophimisation analysis
. Mg ?
': 2 I _ﬂ?‘-:h& /
A — — — - v
Joint Angles
Delp et al., 2007 .
#ipenSim |.Io|nt Moments

Muscle Forces

Joint Forces

Musculoskeletal (MSK) modelling

Figure 25. Shoulder Musculoskeletal models workflow
The existing shoulder models have evaluated glenohumeral joint instability with the
estimation of the direction of the joint reaction forces of the scapula and humerus or with
glenohumeral translations. The glenohumeral joint contact forces have been compared with

biomodular implants obtained from experimental data from patients with total shoulder
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replacement [36]. Nevertheless, the joint contact forces have not been compared with
different musculoskeletal models with the same input (experimental kinematic data).
Therefore, it is important to compare the estimation of internal forces of the existing
musculoskeletal models to quantify the differences between different algorithms and
methods to understand the cause-effect relationships between the kinematic experimental
data and the estimation of the inverse kinematics and joint contact forces. The comparison
of the existing models that estimate joint contact forces with musculoskeletal models is a first
step to evaluate the accuracy of musculoskeletal models’ algorithms to evaluate
glenohumeral joint instability. Therefore, the accuracy of joint kinematics and inverse
dynamics are fundamental to calculate joint contact forces.

The existing quantitative methods estimate the direction of instability during motion to assess
glenohumeral instability. There are two approaches to evaluate glenohumeral instability. In
the first, it is measured with glenohumeral translations assuming a 6 degree of freedom joint.
In the second, estimating the direction of the glenohumeral joint contact forces, neglecting
the glenohumeral translations and assuming that the glenohumeral joint is a 3 degree of
freedom ball and socket joint [6,87,119,120]. In this second assumption, the criteria to detect
glenohumeral instability is evaluated with the direction of the net joint reaction forces of the
humerus during motion[6]. Both methods require the estimation of the glenohumeral joint
reaction forces to estimate the direction of the forces or the glenohumeral joint translations.
The joint reaction forces of both methods depend on the accuracy of the estimation of the
inverse kinematics and inverse dynamics. In this research both models that will be compared
assume the glenohumeral joint as a ball and socket. Therefore, no glenohumeral translations
will be considered. The accuracy of the calculation of the joint reaction forces depends on the
morphology of any musculoskeletal model. If the models replicate accurately the morphology
of the subject, then the accuracy of the estimation of the joint reaction forces will be higher.
Therefore, the accuracy of the location of the muscle attachments is essential to improve the

accuracy of the calculation of the muscle forces and the joint reaction forces.

4.2.4 Inverse kinematics implementation

The inverse kinematics algorithm is designed to estimate the values for every degree of

freedom that "best match" the trajectory of the experimental markers coordinates [121].

The inverse kinematics process was performed using the OPENSIM software. The algorithm

was implemented with a global optimisation approach using the equation 4. x*? (The
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experimental markers obtained with the motion capture system) and the markers of the MSK

model x;(q) .

. 2 .
min X%, wy[|x77 — x;:(@)|| Equation 4

a
The angles were computed using the OpenSim inverse kinematic algorithm with equation 4.
The complexity of the shoulder consists in the number of degrees of freedom that every joint.

Therefore, the glenohumeral joint has three outputs, one for every degree of freedom.

4.2.5 Inverse dynamics implementation.

The inverse dynamics solves the moments for the joints using the equation56 to find 7. Which
are the moments in every joint. M, C and G are known values obtained from kinematic data

The generalized coordinates are expressed as “g” and the respective first derivate is

q and the second derivate is (.
M(q)G+ C(q,q) + G(Q+E=T v, equation 5[121]

Where:

MHumerus—scapula
T= MScapula—thorax

MThorax—humerus

The moments are calculated for every joint. Every joint is restrained by a coordinate limit
force (CLF), which allows to calculates the sum of torques that restraint the joint [116], with

damping forces for every (DOF) and for every joint. The mechanical properties are defined in
Table 5 in the appendix.

The moments are evaluated for the GHJ with equation 6. A moment (t) is estimated for every
DOF of the shoulder joint. The CLF, muscle and tendon parameters were obtained from the
literature, where they had been calculated with a benchmarking simulation[89] and Rankin’s

experiments[122].

4.2.6 Joint reaction forces implementation

Joint reaction forces are estimated in the internal joint structures and are applied because of
all the loads that are acting in the model. The joint reaction forces simulate joint structures

that are not included in the model, for instances: ligaments, cartilage, and soft tissue. The
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joint reaction forces are expressed in the joint centre of the parent and child reference
systems [123].. To represent these forces that are applied in a system, Newton defined
dynamic equation 6:

p
z F =md equation 6

i=1

~

The equations of the models are based on Newton’s second law of inertia, which is described
with a linear relationship between acceleration and force. Position can be computed in a time
sequence. With this reference translations and rotations can be measured between rigid

bodies. For example, the shoulder joint can be defined as a linkage.

z ﬁexternal + z ﬁmuscles (ﬁGH: ﬁSC: ﬁ}]) + Z ﬁconstraint + Ri = Miai-- equation 7
R; (Joint reaction Forces)
m (Glenohumeral contact force)
E (Sternoclavicular force)

The musculoskeletal models” joint reaction forces are the sum of the muscle forces “ ﬁ'muscles"
and the other forces expressed in equation 7. The number of forces is higher than the
numbers of degrees of freedom. This leads to a mechanical redundancy, that requires the use
of a static optimization algorithm. The static optimization algorithm calculates a unique

solution to this redundancy.

4.3 Data processing

The experimental motion capture data processing was done following the steps described in

Figure 25. The experimental motion capture data was exported to OpenSim for the Holzbaur
and the WU model.

4.3.1 Kinematic data
4.3.1.1 Scaling

Both models were scaled with the measurement-based scaling method with OpenSim. The
thorax, humerus and scapular were scaled for length, width, and height of every segment[97].

The ulna, radius and clavicle were scaled with only the length between the proximal and distal
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markers. The bony landmarks were scaled with OpenSim scaling tool with a ten static pose

weight and the markers with a lower confidence were with static pose weights of 5 and 1.

4.3.1.2 Data Processing

Kinematic data of three cycles was filtered in MATLAB 2021b with a 5 grade Savitzky—Golay
filter with a 0.05 smoothing factor [124]. The filtered and raw data is shown in Figure 26

90 . . ,

Input data
80 Smoothed data |

70 b

60

50

401 1

30 1

201 7

10 7

0 | | 1 1 1 1 |
15 20 25 30 35 40 45 50 55

time

Figure 26. Filtered and raw data of thoracohumeral elevation of three cycles of 1 participant

4.3.1.3 Transformation to ISB recommendations conventions

The filtered inverse kinematic data was transformed to the ISB recommendations with the
equations 3 to equation 3.C. The transformation of the Holzbaur model to the ISB

recommendations was made to compare joint kinematics between both models.as shown in.

Figure 27
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Figure 27.Shoulder elevation, for the Holzbaur and Wu model for three cycles

After calculating the mean for the three the cycles of thoracohumeral angle the graphs can
be shown in Figure 28. The 3 cycles were interpolated with a cubic spline function in MATLAB
2021 b, and normalized in the horizontal axis from 0 to 100% of cycle of time, that is shown

in the Figure 28Figure 28
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The Figure 28 shows the thoracohumeral angle, which is the main angle of rotation for the
motion that was captured for the eight participants. All the participants realized a 90-degree
abduction from the resting position to the 90-degree thoracohumeral elevation. If the
participants were not able to do a 90-degree thoracohumeral elevation, no feedback was
provided to the participants to ensure the most similar motion to daily life activities was
recorded. Therefore, the range of motion was not always ending in 90 Degrees for all the

participants. The standard deviation was calculated for the three cycles for every subject as

Thoracohumeral elevation

10 20 30 40 50 60
cycle[%]

shown in Figure 29.
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Figure 28. Thoracohumeral angle vs time for three cycles for Wu and Holzbaur model
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Figure 29. Mean thoracohumeral angle vs. time cycle
The Figure 29 is an example of the plot that was made for the eight subjects for every degree
of freedom. The kinematics helps understand the variations between models for every

subject.

4.3.2 Dynamic Data

The Inverse dynamics algorithm was applied in OpenSim to calculate the thoracohumeral
elevation moment, thoracohumeral elevation plane moment and the shoulder rotation
moment with a two [Hz] Butterworth filter that is applied in OpenSim. The resultant moment

was calculated for both models as shown in

Figure 30.
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Figure 30. Resultant moment for 3 cycles for a participant
The resultant moments were segmented for the elevation phase with the same time
segments that were used with the inverse kinematics data. The data was normalized in
percent of time cycle time from 0 to 100% with a cubic spline function in MATLAB, the

resultant moments for one participant are shown in Figure 31.
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Figure 31. Mean Joint moments for resultant moment force for the Holzbaur and Wu model

The Figure 31 shows the comparison between the Wu and Holzbaur model to calculate the
joint moments with the inverse dynamic algorithm with OpenSim. This figure can provide
information of the angles of the thoracohumeral joint during motion. The differences can be
detected for every participant for both models. The standard deviation of the resultant
moment is high at the beginning because the thoracohumeral plane and shoulder rotation
moment have wide variation in the first 10 degrees of motion for both models
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5 RESULTS

5.1 Kinematics

The joint kinematics has been used to detect differences between healthy and pathological
subjects. In this research eight healthy subjects did three cycles that attempted to do a 90-
degree thoracohumeral elevation were the participants attempted to do motion in the

sagittal plane. The sagittal plane is parallel to the thorax of the subject.

Figure 32 shows the mean for three cycles for eight subjects that realized a thoracohumeral
elevation. To calculate the mean angles, first the mean data was calculated for the 3 cycles.
After calculating the mean of the 3 cycles, the mean was calculated for the 8 subjects.

Therefore, the kinematic data is the mean of the 3 cycles for the 8 participants.
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Figure 32. Mean thoracohumeral plane for three cycles of 8 participants
The positive thoracohumeral elevation is described as an elevation of the humerus relative to
the thorax. The zero angle of thoracohumeral elevation is described when a subject has the

humerus horizontal to the vertical axis of the thorax. Both models show an increase in angle
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during cycle time. Nevertheless, the mean range of motion for the Holzbaur model was 72
degrees and of 65.32 degrees for the Wu model. This shows that different algorithms have
different range of motion for a mean thoracohumeral elevation angle. For instance, the
Holzbaur model has a lower initial angle and a higher ending angle, in consequence the
Holzbaur model has a wider range of motion with the same experimental data. The ranges of
motion and the angles in both models were consistent with the literature for this motion.
Nevertheless, the standard deviation was higher for both models after the 50 degrees of
thoracohumeral elevation due to the intracycle and intrasubject variation of range of motion
between 50 and 90 percent of the cycle.
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Figure 33 Mean thoracohumeral plane elevation vs. cycle for 3 cycles of 8 participants

The positive thoracohumeral plane angle represented in

Figure 33 describes a motion of the humerus going in an anticlockwise with as shown in the
left side of the vertical axis of

Figure 33. The mean range of motion for the Holzbaur model was of 23.19 degrees for eight
subjects. The mean range of motion for the Holzbaur model was of 17.9 Degrees for the same
eight subjects. The variations in the standard deviation are higher than in the shoulder plane

of elevation. This is caused by a larger variation for each subject for both models. The increase
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in the standard deviation compared to the thoracohumeral angle is higher due variation of a

thoracohumeral plane elevation during the thoracohumeral elevation.

The participants did not receive corrective feedback if they deviated from the requested
motion. Some participants did a slight positive rotation in the thoracohumeral plane angle
when the shoulder was elevated Therefore, the participants had a high standard deviation in
all the ranges of motion. The variation of the mean thoracohumeral plane elevation between

cycles and subjects is also affected by the skin motion artifact in the scapula. The

Figure 33 shows for all the participants the shoulder elevation increased together with
thoracohumeral plane elevation. In future research it will be necessary to make corrections

to every subject to have a more accurate comparison between participants.

Shoulder rotation
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Figure 34. Shoulder rotation angle for 3 cycles for eight subjects
The glenohumeral rotation is the motion of the humerus relative to the scapula. The

glenohumeral rotation is colinear with the axial axis of the humerus. The positive direction

62



occurs with an anticlockwise rotation that is represented with a blue arrow at the left side of

the vertical axis of the

Figure 34. For both models (Wu and Holzbaur) a thoracohumeral elevation is accompanied
with an external rotation, which would be represented with a clockwise rotation seen from a
superior view. The range of motion of the mean external rotations is of 49.62 degrees for the
Holzbaur model, and of 24.9 degrees for the Wu model. The difference in range of motion
was detected with all the subjects, this means that the Holzbaur model has higher external
rotation during motion. The difference is caused by two different approaches to simulate the
motion of the scapula. The Holzbaur model uses a linear regression [108], meanwhile the Wu
model uses a shoulder plane constraint [115]. These variations have different results which
would need the use of other methods to validate that the models are able to detect accurately
the position of the scapula during motion. In this research we did not have any evidence to
prove that the shoulder rotation was accurate enough to detect the position of the scapula
and the humerus during motion. The behavior of the shoulder rotation was consistent with
the literature, because the shoulder rotates externally when it has a positive thoracohumeral
elevation [125]. Further research is needed to calculate the relative error of the glenohumeral
rotation to understand the great variations in the glenohumeral rotation for all the cycles and

participants.

5.2 Dynamics

After estimating the joint kinematics, the dynamics were calculated. The joint moments and
internal forces were estimated with anthropometric values, inertial properties and
mechanical properties that are reported in the literature for the Wu[115] and Holzbaur
model[89]. The mass and inertial moments of the bones were similar for both models. The
main goal of the next section was not to increase the accuracy of the model but to replicate
the methods that were reported in the literature for every model and calculate the
differences with biomodular implants reported in the literature[82,126]. The mass of the
humerus, thorax, clavicle and scapula were calculated from the literature based on the mass

of the complete body for every participant[127].

The moments were normalized dividing by the mass in Newtons [N] for every subject with

the same method than the authors that used biomodular implants[36]. The body mass was
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multiplicated by 9.81 [sz] The force is expressed in percent [%]. The moment was also divided

by the mass of the subject expressed in newtons which results in a percent multiplied by mass

as shown in the equation 8.

Moment[Nm](100)
Bodyweight[N]

=Normalized Moment (BW[%M]) ....cceevevreveeveeiecieee e Equation 8
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5.3 Joint moments
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Figure 35 Joint moments for Holzbaur and WU model for eight participants
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After computing the joint kinematics, the inverse dynamic algorithm was applied in OpenSim
as shown in the methods section. The data was sampled in time cycles with MATLAB cubic
splines. The time segments were sampled with the same initial and final time than for the

kinematics results in the last section.

The green dashed line in Figure 36 represents the mean peak resultant moments that were
directly measured with biomodular implants [36,82]. For the eight subjects the Holzbaur and
Wu model overestimated the value compared with the mean value of bio-modular implants.
The differences for the biomodular implants of peak resultant moments are from 0.1 to 1.2
%Bwm [1] which are shown in the red dashed line in Figure 36. The great differences
between subjects also show that the joint moments have a great variability with direct
measurement that can be ten times higher from one subject to another. One of the limitations
of the experimental results done with biomodular implants, is that the author only divides his
tests in slow and fast movement. A lack of quantitative parameters to measure the speed of

the motion makes difficult to compare the data with the findings on this research.

Therefore, the Wu and Holzbaur models were compared with both: the fast and slow motions
reported in the literature [36]. The results show that for the eight subjects, all the graphs
show a similar incremental curve with time, except for the 7% participant. The 7t participant
showed a higher increase in the external rotation during motion. The changes in shoulder
rotation and thoracohumeral elevation caused the main difference between the Holzbaur
model and the Wu model. There was no evidence that one model has higher values for
resultant moment for all the subjects. The greatest variations between the Wu and Holzbaur
model for the peak resultant moments were found for the first participant as shown in Figure
36. The green dashed line represents the average peak moment in 90 degrees of
thoracohumeral elevation. Therefore, the moments estimated with the Wu and Holzbaur
models are significantly higher than the values the mean resultant moments that are reported
with the direct measurement made with biomodular implants [36]. Nevertheless, this
research requires more information from the kinematics of the subjects that were evaluated
with biomodular implants to understand the cause of the great differences between different

subjects.
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Figure 36. Glenohumeral joint Moment/BW% vs time for eight participants
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Figure 37. Box plot for the joint moments for Wu and, Holzbaur and biomodular implants
A Kruskal-Wallis test was applied in MATLAB for the Wu, the Holzbaur and the biomodular

implants. These results show the 25% 50% and 75% of percentile for each population. From
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the models, the Holzbaur models has the wider variation, meanwhile the Wu has the smaller

variation between the 25% and 75% percentile. The

Figure 37 shows also that the highest dispersion exists in biomodular implants that were
evaluated with 6 participants in the literature [1]. Nevertheless, there is not enough
information in the research to know the cause of the variations in the measurements done
with biomodular implants. The author’s hypothesis is that the friction has wide variation
between subjects and this causes high differences in joint contact forces and joint moments
[36]. The measurements done with biomodular implants have the highest dispersion
coefficients that are observed in Figure 38. The wide dispersion coefficients in the
measurement of the joint moments in the biomodular implants can be caused of the lack of

measurement of the angular speed for every cycle and participant.

The Kolmogorov-Smirnoff tests were applied for the Holzbaur model, Wu model and

biomodular implants.

Kolmogorov-Smirniov Normality Test for one universe
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ed d mplant
Frecuencies 8 8 6
Normal parametres Mean 12518 14169 A283
Std. Deviation 19790 12208 39640
Maximum extremal  Absolute 233 .214 342
» differences Positive 115 148 342
Negative -.233 -214 -160
Statistical test parametre 233 214 342
p Value (two-tailed asymptotic) .200°¢ .200°¢ .027°

a.Test distribution is Normal

b. Calculated based on data provided

c. Significance correction of Lilliefors

d. That is an inferior limit of the true significance

Figure 38. Kolmogorov-Smirnov normality test
The Holzbaur and Wu joint moments had values that are close to have a normal distribution.
In contrast, the biomodular implants shows a behaviour that is not close to a normal

distribution of data. This means that the biomodular implants have the highest differences in
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the joint moments between the mean values for all the participants. The ideal way to improve
this research is to increase the sample of participants with biomodular implants. However, it
is difficult to have a high sample of subjects that can have a surgical procedure with a
biomodular implant. Based on previous research the best way to improve the existing data is
to increase to more than 30 samples of each test to reduce data dispersion and analyse data

according to normal data distribution [128].

B wu [ Holzbaur Biomodular implants
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Figure 39. Standard deviation of resultant mean peak joint moments for Wu Holzbaur models and biomodular
implants

For the estimation of joint moments with the musculoskeletal models the inertial properties
of the shoulder require verification and validation because any difference in the inertial
properties has a high influence over the inverse dynamics data. Same happens with the
morphological characteristics that could be caused using scaling the segments of the generic

models.

Figure 39 show the differences of the dispersion coefficient and standard deviation between
both models and the biomodular implants. These results are consistent with the values
obtained with the Kruskal-Wallis test.
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Figure 40.Dispersion coefficient
The Wu model exhibit less dispersion of the three models analysed because the data
contained in the Wu model are closer to the mean values. However, as the Holzbaur model,
it shows a tendency to obtain values under the mean. After applying the Fisher value, the

findings are that he differences between variance of both distributions is not significative.

Fisher value
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Figure 41. Fisher test for peak joint moments for Holzbaur Wu and biomodular implants
Even if the biomodular implants are reported to be the gold standard to measure joint

moments, the fisher test shown in
Figure 41 together with the results of the t value in the

Table 3 show that there are not statistically significant differences between the Wu model,
the Holzbaur model and the biomodular implants to measure resultant peak moments due to

the small difference between the fisher value between Holzbaur and Wu model.
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Holzbaur vs
Holzbaur biomodular

Model vs Wu implants Wu vs, Biomodular implants

t test value 0.2706 0.0017 0.0013

Table 3. T test for Holzbaur and Wu and biomodular implants

5.4 Joint reaction forces

The joint reaction forces were calculated with the muscle parameters from Wu [115] and
Holzbaur [116] that are used by default in OpenSim. The joint reaction forces were calculated
with the static optimization results without using the force- length velocity curves. The results
of our research for the muscle forces did not have consistency with the literature. The models
that were used with the mechanical properties reported in the literature presented a wide
variation between subjects from 4 to 100 N for the muscle forces. This leaded to high

variations in the glenohumeral joint contact forces.

In contrast with the resultant joint moments, the mean peak joint resultant forces were sub
estimated with the Wu and Holzbaur models compared with biomodular implants. The mean
of peak joint reaction forces in a 90-degree thoracohumeral elevation are 66.5% for
biomodular implants. For the Holzbaur model the mean peak resultant joint contact forces
were 45% for the three cycles for 8 subjects. The Wu model had a mean peak joint contact

forces of 25.95% for three cycles of 8 subjects.
The

Figure 42 shows the great differences between the Wu and the Holzbaur model One of the
most crucial factors that must be considered is that the Holzbaur models includes more

thoracohumeral muscles than the Wu model
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Figure 42. Resultant joint reaction forces for thoracohumeral elevation of 8 participants for three cycles of
thoracohumeral elevation

The research done with biomodular implants showed variations from 50 to 100 % of peak
resultant joint contact forces for a slow thoracohumeral elevation and from 40 to 100 % of
force for a fast thoracohumeral elevation. The measurements done with biomodular implants
have a lack of quantitative measurement of the joint kinematics. Therefore, our research
cannot compare the joint reaction forces that were estimated with musculoskeletal models
with the joint reaction forces measured directly with biomodular implants because the linear
and angular velocity of the glenohumeral joint were not measured during the use of
biomodular implants[1]. The lack of measurement of the glenohumeral joint angles can also
generate a wider variation of the joint reaction forces from one subject to another with
biomodular implants. This research has shown that the musculoskeletal models need more
validation and verification to accurately replicate the mechanical properties, morphology, and
motion. The results of this research show that to have a better simulation, it is necessary to
adapt better the muscle mechanical properties from the default values that are in the

literature and that are used as default values in OPENSIM.
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6 DISCUSSION

The musculoskeletal models are the only non- intrusive method that can estimate muscle
forces, joint contact forces and joint moments simultaneously. Nevertheless, the estimation
of the joint contact forces relies in the accuracy of the marker placement to detect the
position of the anatomical skin mounted landmarks. The joint coordinate systems are
calculated based on the position of the anatomical landmarks. The soft tissue artifact is the
error caused due to the relative motion of the skin mounted markers relative to the
anatomical landmarks. The first limitation of this research is that there was no method to
evaluate the accuracy of the skin markers to detect anatomical landmarks during motion. This
means that the position of the scapula and humerus can have errors that affect all the process
to calculate the joint contact forces and moments that have been reported by other authors
to have 23% of relative error [110]. The use of magnetic resonance imaging MRl is a tool that
has been recommended by researchers to measure the relative error of the marker
placement to improve the accuracy of the kinematic and dynamics. The researchers have used
the virtual markers placement based on the MRI to improve the accuracy to calculate the

joint coordinate systems of the glenohumeral joint [73,129].

The second limitation was the lack of knowledge of the accuracy of the estimation of the
inertial properties from the segments that were used for the inverse dynamics, static
optimization, and estimation of the joint contact forces. The inertial properties of both
models are based on a generic model for a European male and were scaled based on linear
regressions. There is no evidence in this research to know accurately the relative error in the
calculation of the joint contact forces due to the variations in morphology and mechanical
properties in both models (Wu and Holzbaur). Nevertheless, the differences in the range of
motion and the peak joint contact forces show the difference between both models to
represent the same motion. The shoulder rotation showed a similar behavior that had been
reported by other authors. Nevertheless, to know the accuracy of the range of motion during
motion gold standard methods are fundamental to validate the results that were obtained
with musculoskeletal models. The use of MRI and medical images can also help to use the
positions of the muscle attachments and the morphology of the bones to adapt the

musculoskeletal models to the subjects anthropometry and therefore the inertial properties
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of the musculoskeletal model can be calculated with the 3D geometrical surfaces of the

muscles and bones[130].

The third limitation is the lack of subject specific parameters to scale the muscle forces and
the maximum isometric force with direct measurement of external forces. The inverse
dynamics results show a similar result between subjects for every model, but the joint contact
forces show a wide variation between subjects. The Wu and Holzbaur model require to be
validated for a 90-degree shoulder abduction with more accurate methods. Researchers have
used subject specific parameters to scale the muscle forces for every subject. The calculation
of the maximum voluntary isometric contraction has been used to scale to force that acts in
every muscle [115].

. A higher number of muscles influences the joint reaction forces. The thoracohumeral
muscles are fundamental to stabilize the humerus relative to the thoracic cage that are listed
in the

Table 4. In contrast with the Wu model, the Holzbaur model has thoracohumeral muscles and
by consequence also has a higher number of muscles, therefore the joint reaction forces are
higher. Another important variable is the maximum isometric force. The maximum isometric
force is different for both models, and well as the number of muscles is different. The number
of muscles that work in a motion change significantly the output of the joint reaction forces.
The participant 1,2,3 have higher joint reaction forces in the Holzbaur model that are caused
by a higher muscle force that is applied in the glenohumeral joint. For example, in the Table
4 the infraspinatus has a higher maximum isometric force for the Holzbaur model than the

WU Model, therefore, the infraspinatus peak forces were higher for the Holzbaur model.
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Holzbaur Wu
Maximum Maximum isometric
Muscle name . . Muscle name
isometric force [N] force [N]
deltoid anterior 1218 | deltoid anterior 556.8
deltoid medial 1103.5 | deltoid medial 1098.4
deltoid posterior 1103.5 | deltoid posterior 944.7
supraspinatus 499.2 | supraspinatus 410.7
infraspinatus 1075.8 | infraspinatus 864.6
subscapular 1306.9 | subscapular 944.3
teres minus 269.5 | teres minus 605.4
teres major 144 | teres major 234.9
pectoral Majors 1 444.3 | pectoral major 983.4
pectoral majors two 658.3 | pectoral major two 699.7
pectoral Majors 3 498.1 | pectoral major two 446.7
Latissimus dorsi one 290.5 | Latissimus dorsi 1129.7
Latissimus dorsi two 317.5
Latissimus dorsi three 189
coracobrachialis 208.2 | coracobrachialis 306.9
triceps longus 771.8
triceps lateral 717.5
triceps med 717.5
anconeus 283.5
Elbow supinator 379.6
biceps long 525.1
biceps short 316.8
brachialis 201.6
rhomboid minor
superior 185.9
rhomboid minor
inferior 111.57
Elevator of scapula 301.67
trap4 557.243
trap3 155.28
trap2 162.44
trapl 280.56
serratus one 365.11
serratus two 179.96
serratus three 377.92
subclavius 195.8

Table 4. Maximum isometric force of muscles for the Holzbaur[131] and Wu[115] model
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The Holzbaur model uses a linear regression to estimate the position of the scapula, humerus,

clavicle, and thorax based on the position of the markers of humerus and thorax[108].

From all the standardized motions, the 90-degree thoracohumeral elevation was evaluated
because this research was focused mainly to evaluate anterior-posterior GHJ instability which

is detected during thoracohumeral elevation.

WU model uses a gliding plane which requires three markers in the scapula to define the
plane of motion of the scapula. The same marker placement protocol was used during the
motion capture for all the participants with the use of both models. Therefore, the variations
in the inverse kinematics are caused by differences in the placement of the virtual markers in
the musculoskeletal model and the differences in the algorithms to detect the scapula and
humerus for the Wu and the Holzbaur model. The Wu model has wider standard deviation
for the shoulder rotation and the thoracohumeral elevation plane because the algorithm of
Wu predicts the position of the scapula based on the assumption that the scapula moves in a
plane, which is not always accurate during motion. Nevertheless, the Wu model showed a

higher repeatability between cycles and subjects than the Holzbaur Model.

Both models have a different range of motion of the scapula, humerus, clavicle, and thorax.
Therefore, the length of the muscles changes during motion due to the relative motion
between the bones. The muscles have a force-length-velocity curve that have variations with
the length. The muscle forces are highly influenced by the origin and insertion of muscles in
the musculoskeletal models and in the participants morphology. Both models have different
position for the muscle origin and insertions and are affected by the inertial properties.
Therefore, the use of MRI can help to improve the accuracy to replicate the shoulder

musculoskeletal morphology.

This research found that the existing results done with biomodular implants shows a high
dispersion in the joint moments, the authors explain that the wide variation is caused by the
differences in friction in the prosthesis between subjects. Therefore, this research was not
able to evaluate accurately which MSK model had a higher accuracy compared with
biomodular implants. Nevertheless. the contribution in this research was detecting that the
generic static optimization methods that are used by default in OpenSim did not have
consistent results with the literature for the joint moments and joint reaction forces[109].
The joint moments were higher for the MSK models and the joint reaction forces did not have

similar results to the biomodular implants, which is the most accurate method to measure
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joint reaction forces directly in-vivo. It is important to highlight that the research done with
biomodular implants was evaluated with elderly participants, in contrast the research we
made with musculoskeletal models was done with participants with a mean age of 41. It is
complex to calculate accurately the muscle forces with non-intrusive methods but a progress

in the existing work would be to have consistent muscle forces that were reported in the
literature[115].
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7 CONCLUSION AND FUTURE WORK

The musculoskeletal models attempt to simulate the joint kinematics and dynamics based on
motion capture data of reflective skin markers. The differences between both models are
caused by differences in the number of muscles, the maximum isometric forces, the inertial
properties, the morphology, and the algorithms to estimate the position of the scapula,
humerus, and clavicle (scapular rhythm). The accuracy of the musculoskeletal models is
sensible to the marker placement, the data processing, scaling, inverse kinematics, inverse
dynamics, static optimization, and the calculation of the joint reaction forces. The standard
deviation between the mean of the 3 cycles for the 8 participants shows the wide variation
for the thoracohumeral elevation plane and shoulder rotation. The Holzbaur model shows a
higher inter-cycle and inter-subject variation of the standard deviation for shoulder elevation
plane and shoulder rotation. The Holzbaur model has higher ranges of motion for the
thoracohumeral plane and shoulder rotation caused by the scapular rhythm algorithms. The
main differences in the joint kinematics were shown for the thoracohumeral plane elevation
and the shoulder rotation for all the subjects and cycles. For both models, the highest
variation for the mean range of motion for the three cycles and the eight subjects was
demonstrated to be for the shoulder rotation. The shoulder rotation depends completely on
the estimation of the scapula for both models. The greatest challenge for all the existing
musculoskeletal models is the estimation of the position of the scapula and humerus. The
future work for this research is to measure the accuracy of musculoskeletal models to
estimate the position of the scapula compared with gold standard methods. Another area of
opportunity is for the detection of the humerus head centre[130]. The detection of the
humerus head can be contrasted with medical imaging to improve the accuracy of current

musculoskeletal modelling[52].

Previous research has been done with intracortical pins [132], nevertheless the intra cortical
pins have been demonstrated to change motion patterns caused by the participants pain
[133]. The use of medical imaging has shown promising results without having the risks of
surgical procedures [17,26,66,73]. The main goal for future research for the joint kinematics
is to validate the position of humerus head and glenoid with non-intrusive methods. For the
joint kinematics it is difficult to know which model replicates more accurately the motion of

the scapula, therefore this research helps to understand the main differences between both
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models. Future research is needed to measure the relative error of both models with a gold
standard method. This research found that the generic models are not able to simulate the
joint reaction forces with muscle mechanical properties that are reported in the literature,
which are the default values for the OpenSIm generic models[116]. The contribution of this
research is to detect that the generic models require subject specific parameters that have a
better estimation of the muscle forces based on the direct measurement of the net maximum
isometric force for the range of motion that are recommended to be evaluated with the
motion capture system data. For example, in shoulder abduction, the maximum net isometric
force can be evaluated to scale the maximum isometric force with the muscles that are
activated during motion. Authors have recommended to use Electromyography to measure
the muscle activation [30,96]. Another static optimization strategy will be essential to

improve the estimation of the joint contact forces and muscles forces for both models.

The inverse dynamics test helped to find the joint moments for every degree of freedom for
the thoracohumeral joint and shoulder. The resultant peak joint moments showed similarity
in the range of values between both models compared with the great differences between
the joint contact forces for the 3 cycles of the 8 participants. The mean peak joint moments
for the eight participants had the lowest standard deviation, therefore the calculation of joint
moments for a larger population can be evaluated to improve the statistical analysis. Based
on our statistic results the Wu and Holzbaur model could be studied for more than thirty
subjects to have a better statistical sample to detect differences between both models. This
research detected the need of searching gold standard methods that can evaluate a higher
group of patients than the biomodular implants or the use of intracortical pins. The use of
biomodular implants is not accessible to a wide population. Further research is needed to
know if the joint reaction forces that have been measured with patients with total shoulder
replacement have similarity with a healthy population to avoid surgical intervention for

diagnosis.

The main limitation of this research is the lack of methods to validate the muscle forces and
mechanical properties of both models. Nevertheless, the comparison with biomodular
implants demonstrates that the joint contact forces and static optimization techniques
require further validation and research about the cause to study the relationship between the

effect of the mechanical properties of each muscle for both models.
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The future work is to determine the accuracy of inverse kinematics for the scaling and the
marker placement with medical imaging. The inverse dynamics requires a validation of the
inertial properties of the segments. The joint reaction forces would need to evaluate the use
of medical images and of EMG and other techniques to verify the accuracy of the muscle
activation and to improve the estimation of the muscle forces. Another objective to improve
the comparison of both models is the application of a sensitivity and repeatability analysis

between cycles and participants.

This research also highlighted the need to find a higher sample of gold standard GHJ contact
forces in the literature during a shoulder abduction to meet the criteria that is recommended
for statistical parameters [134]. Therefore, there is not enough evidence with the estimation
of joint moments and joint reaction forces to determine the best model to evaluate
glenohumeral instability based on the comparison between musculoskeletal models and the
results found in the literature with biomodular implants[36]. More research is needed to
improve the validation and verification of the musculoskeletal models to be able to
differentiate joint kinematics and dynamics between healthy and pathological subjects. The
best way to improve the accuracy of musculoskeletal models requires research of methods
that replicate the joint kinematics, the estimation of muscle forces and the methods to
calibrate the measurements for a higher sample of participants. This study showed joint
kinematics results and inverse dynamics results that are consistent with the motion patterns
that are described in the literature. Nevertheless, the peak values for the joint moments and
joint reaction forces do not show similar results during thoracohumeral elevation. But this
research requires collaboration with clinicians to be applied in a clinical context. This research
had the limitation of not having feedback from clinicians. Therefore, a future work in
biomechanics of the glenohumeral joint would need a multidisciplinary collaboration to be
able to understand better the needs of patients. The shoulder joint does not have the amount
of research that is necessary to be able to provide of non-intrusive methods that can replace
the intrusive methods, this is a challenge that will need a detailed study of the application of

biomechanics in the clinical practices for different regions of the world.
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9 APPENDIX

9.1 Complementary figures

Magnetic resonance image (MRI)
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Figure 2.Peak GHJ translations with fluoroscopy
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Coordinate limit force parameters for OpenSim.

# 0.15 [mm] Measurement error

Restraint torque CLF

Coordinate upper limit (°)  upper stifness (Nm/®) lower _limit (%) lower _stiffness (Nm/™)  transition (°)  damping (Nm*sec/®)
shoulder clevation 150 L0 30 106 5428423 1]

elevation plane 100 100 =0 100 5454471 0

shoulder rotation -0 106 6l 106 4R35 4660 ]

elbow flexion 85 L3037 14 10 139.5813 L]

forearm rotation 2] 50 —6l 50 430,186 L]

wrist flexion ] 525961 —f 4871760 391586 ]

wrist deviation ol 20y —fill 1353232 V2.9 60 [}
Damping CLF

Coordinate * upper _limit (") wpper stifness (Nm™) Tower _limit (") lower _stiffoess (Nm/®)  transition () damping (Nm*sec™)
shoulder elevation 190 (OO0 | 1590 L0000 | 1 001745
elevation plane 190 (. OD00000 1 190 CLODOD000 1 (LO01T45
shoulder rotation 190 (L OO00000 1 154 CLOOODO00 1 1 (001745
elbow flexion 190 (L OO00000 T 1) CLOOOD000T 1 (L1745
forearm rotation 190 LKA CKD T 190 ChOKMOCHCD T 1 (LK T45

wrist flexion 190 (0000000 T 190 CLODOBO0I T 1 0001745

wrist deviation 190 (0000000 | 190 CLODODO0 1 00004363

Table 5. Tissue mechanical properties for Holzbaur model [116]
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9.2 Glossary

Verification: According to the ASME definitions [109]: “Verification is the process of
determining that a model implementation accurately represents the developer’s conceptual
description of the model and the solution to the model” [135].

Model Validation assessment : “Model Validation assessment determines the degree to
which a model is an accurate representation of the real world from the perspective of the
intended uses of the model” [135].

Root-mean-square deviation (RMSD) is used in this thesis as a "measure of the differences
between the values that are predicted by a model and the corresponding experimental

values", as proposed in [110]
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