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Zusammenfassung

Die vorliegende Dissertation befasst sich mit der muskuloskelettalen Modellierung
und Simulation der menschlichen Hand und des Ellenbogens. Dabei besteht die
Auseinandersetzung mit der Hand und dem Ellenbogen jeweils aus drei wesentlichen
Aspekten: Der Modellentwicklung, der Modellvalidierung und der klinischen An-
wendung des jeweiligen Modells. Grundlage hierfür ist jeweils die muskuloskelet-
tale Mehrkörpersimulations-Software AnyBody™ (Anybody, Aalborg, Dänemark),
die auf dem Prinzip der inversen Dynamik beruht.
Das Handmodell, das in Kooperation mit Lucas Engelhardt vom Ulmer Zentrum
für Wissenschaftliches Rechnen entwickelt wurde, beruht dabei auf einer eigens
dafür an der Westböhmische Universität in Pilsen durchgeführten anatomischen
Studie von insgesamt 16 sezierten oberen Extremitäten. Das daraus entwickelte
Modell weißt grundlegende Neuerungen bei der muskuloskelettalen Modellierung
der Hand auf; unter anderem die Einbettung der Hand in ein holistisches Ganzkör-
permodell, die Möglichkeit einer patienten-spezifischen Skalierung, sowie die Re-
alisierung mehrere weitere Besonderheiten der menschlichen Hand (wie z.B. der
Ansatz der lumbrikalen Muskeln an der Sehne des Flexor Digitorum Profundus) -
siehe Kapitel 4
In mehreren Validierungsschritten (siehe Kapitel 5 - 7) wurde das entwickelte
Handmodell anschließend mit Literaturwerten bzw. experimentell erhobenen Daten
verglichen. Die erste Validierungsstufe bestand dabei aus einem Vergleich von
numerisch bestimmten Muskelmomentenarmen mit experimentellen Literaturw-
erten (siehe Kapitel 5). Anschließend wurden von insgesamt fünf Freiwilligen
das elektromyographische Potential von zehn verschiedenen ex- und intrinsischen
Muskeln sowie Bewegungsaufnahmen während der Ausübung von sieben unter-
schiedlichen Handbewegungen erhoben. Somit konnte ein Vergleich von numerisch
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und experimentell bestimmten Muskelaktivitätsmustern gezogen werden (siehe
Kapitel 6). Der finalen Validierungsschritt befasst sich mit der Fragestellung
in wie weit sich die Streuungen der dem Modell zugrundeliegenden Daten auf
die Vorhersagen des Modells auswirkt. Hierfür wurden die Muskelansatzpunkte
sowie die Muskelstärken gemäß der in der Kadaverstudie der Universität Pilsen
erfassten Standardabweichungen variiert (siehe Kapitel 7). Keiner der oben er-
wähnten Validierungsprozesse wies größere Unstimmigkeiten zwischen Modell und
entsprechenden Vergleichswerten auf. In der ersten klinischen Fragestellung der
dargelegten Arbeit steht die Anwendung des Handmodells auf die Unterstützung
des Geburtvorgangs durch einen Geburtshelfer und die Untersuchung zweier ver-
schiedener Techniken bezüglich biomechanischer Aspekte im Vordergrund (siehe
Kapitel 8).
Das im Rahmen dieser Arbeit entwickelte Modell des Ellenbogengelenks beruht
neben der Studie aus Pilsen auf zahlreichen weiteren Literaturdaten, um die bio-
mechanischen Eigenschaften des Bandapparates abdecken zu können. Die Imple-
mentierung der Bandstruktur in Kombination mit dem integrierten force-dependent-
kinematic Ansatz weicht das starre Scharniergelenk des Ellenbogens auf, sodass
eine Verkippung der Flexionsrotationsachse ermöglicht wird (siehe Kapitel 9).
Unter Verwendung von Literaturdaten wird das Ellenbogenmodell in Kapitel 10
validiert. Dabei dienen neben einem Abgleich von Muskelmomentenarmen (ana-
log zur Validierung des Handmodells) unter anderem die Längenänderung und
Steifigkeiten der Bänder. Eine klinische Anwendung des Ellenbogenmodells erfolgt
in Kapitel 11. Diesbezüglich wird die Stabilität des Ellenbogengelenks gegenüber
Varus/Valgus-Momenten für verschiedene Verletzungsszenarien numerisch unter-
sucht und anschließend mit den Erfahrungswerten von praktizierenden Ärzten ver-
glichen.
Nach Abschluss dieser Arbeit stehen somit ein validiertes Ellenbogen- und Hand-
modell zur Verfügung (wobei Letzteres in naher Zukunft bereits in die Simulation-
ssoftware AnyBody integriert wird), die neben der in dieser zugrundliegenden Dis-
sertation dargestellten klinischen Anwendungen für zahlreiche weitere Forschungs-
zwecke genutzt werden können.
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Abstract

This thesis addresses the musculoskeletal modeling and simulation of the human
hand and elbow. The examination of the hand and elbow consists of the following
three essential aspects, each: Model development, model validation, and clinical
application of the model. The simulation software AnyBody™ (Anybody, Aalborg,
Denmark), which is based on the principle of inverse dynamics, is the platform for
the modeling.
The hand model, which has been developed in cooperation with Lucas Engelhardt
from the Ulm Center for Scientific Computing, is based on an anatomical study
of a total of 16 dissected upper extremities conducted at the University of West
Bohemia in Pilsen. Due to the embedding in a holistic whole-body model, the pos-
sibility of patient-specific scaling, and the realization of several additional features
of the human hand (such as the attachment of the lumbrical muscles to the ten-
don of the flexor digitorum profundus), the model developed in this thesis provides
fundamental innovations in musculoskeletal modeling of the hand (see Chapter 4).
In several validation steps (see Chapter 5 - 7), the developed hand model was
compared to results from prior literature or experimentally collected data. The
first validation step involved a comparison of numerically determined muscle mo-
ment arms with experimental literature values (see Chapter 5). Subsequently,
the electromyographic potential of ten different extrinsic and intrinsic muscles as
well as motion recordings during exercise of seven different hand movements were
collected from a total of five volunteers. Thus, a comparison of numerically and
experimentally determined muscle activity patterns could be drawn (see Chap-
ter 6). The final validation step addresses the question of how far the scatter
of the data, on which the model is based, affects predictions made by the model.
Hence, the muscle attachment points and the muscle strengths were varied accord-
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ing to the standard deviations recorded in the cadaver study of the University of
Pilsen (see Chapter 7). None of the above-mentioned validation processes showed
major discrepancies between model and corresponding comparative values. The
first clinical application of the presented work focuses on the transfer of the hand
model to the support of the birth process by an obstetrician and the investigation
of two different techniques from a biomechanical perspective (see Chapter 8).
The model of the elbow joint developed within this thesis is based on numerous
data gathered from prior literature in addition to the study from Pilsen in order
to be able to cover the biomechanical properties of the ligamentous apparatus.
Beside the implementation of the ligament structures, the developed elbow model
resolves the rigid elbow joint previously represented as a simplified hinge joint
in the simulation software AnyBody. The integrated force-dependent-kinematic
approach allows for a more anatomically accurate description of the elbow flexion-
rotation axis (see Chapter 9). Using literature data, the elbow model is validated
in Chapter 10. To this end, the change in length and stiffnesses of the ligaments,
among other features, are included in addition to a comparison of muscle moment
arms (analogous to the validation of the hand model). A clinical application of
the elbow model is given in Chapter 11. In this context, the stability of the el-
bow joint against varus/valgus moments is numerically investigated for different
injury scenarios and subsequently compared with the experience values of practic-
ing physicians.
Upon completion of this work, a validated elbow and hand model will thus be
available (whereby the latter is already in the process of being integrated into
the AnyBody simulation software), which can be helpful in answering numerous
other research questions in addition to the clinical applications presented in this
underlying work.
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Chapter 1

Introduction

In vivo experiments required to answer musculoskeletal research questions concern-
ing prevention or rehabilitation can usually only be performed at great expense
and often only under ethically questionable conditions. To overcome this issue, the
last decades showed a surge in the development of simulation models of the human
musculoskeletal system. These simulation models are already used in a variety of
domains, such as orthopaedic research (Dendorfer et al. 2014, Weber et al. 2014,
Putzer et al. 2016) or sports (Kwan et al. 2011, Nakashima et al. 2013) to mention
only a few. Additionally, these models can serve as a basis for further analyses,
such as finite element models (Schönegg et al. 2022, Jian-Qiao Peng et al. 2021).
Depending on the body part a research question is concerned with, a corresponding
simulation model must be available that provides a sufficient level of detail with
respect to the respective musculoskeletal components. Since recently the human
gait and the resulting boundary conditions for possible prostheses of the lower
extremity have received a lot of attention in research, the simulation models of the
lower limb provide a relatively high level of detail (Carbone et al. 2015, Carbone
2016).
In contrast, only a few mostly stand-alone models of individual areas of the upper
extremity exist. Additionally, these models are neither embedded in a whole-body
model (Wu et al. 2014) – and thus can only be used for the biomechanical analysis
of very specific tasks – nor do they provide a sufficient level of detail required for
many research questions. Recent studies conducted at the Laboratory for Biome-
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Chapter 1. Introduction

chanics in Regensburg have focused on advancing a musculoskeletal shoulder model
(Aurbach et al. 2020a) within the widely used simulation platform AnyBody™ ,
which has already provided valuable new insights into this area (Aurbach et al.
2020b).
As logical progression of this research, this thesis is dedicated to the development,
validation, and clinical application of a hand and elbow model within AnyBody™
in order to complete a musculoskeletal model of the upper extremity embedded
in a whole body model. Both models are based on an anatomical study of the
University of Pilsen (Havelková et al. 2020). The model of the human hand was
developed in close collaboration with Lucas Engelhardt from the Scientific Com-
puting Centre Ulm (see Chapters 4 - 6), such that the Scientific Computing Centre
Ulm and the Laboratory of Biomechanics Regensburg contributed equally to the
development of the model. To elaborate, the study on the correlation of hand and
single phalanx lengths (see Chapter 4) was conducted at the Scientific Computing
Centre Ulm and the accompanying experimental validation study in Chapter 6 at
the Laboratory for Biomechanics Regensburg. All other minor work packages were
always carried out in close collaboration, rendering a precise assignment of to a
single institute infeasible. In order to have sufficient confidence in the predictions
of such developed musculoskeletal models when answering various research ques-
tions, they must be validated accordingly; which means, one must assess to what
extent the simulation is able to determine certain target variables. This is usually
done by comparing numerically determined and experimentally measured values
(Lund et al. 2012). Thus, it is possible to determine indeterminates and limits of
the numerical simulation more precisely. Accordingly, the models developed in this
thesis are compared with empirical literature data or the results of experimental
studies carried out particularly for the purpose of validating the developed mod-
els. Since the developed hand model with its large number of degrees of freedom
and parameters is very complex, a sensitivity analysis against uncertainties in the
determination of the input parameters is performed.
Following validation, the musculoskeletal model of the hand and elbow are used to
answer two exemplary, clinically relevant research questions. For the hand model,
this is achieved within the framework of manual perineal protection - this is a
special hand grip to relieve the perineum of an expectant mother during birth and
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Chapter 1. Introduction

thus reduce possible damage (Laine et al. 2008). Since the correct execution of
this grip is crucial not only in averting injury to an expectant mother, but also
for the physically integrity of the performing obstetrician, musculoskeletal stress
in the obstetrician is examined in Chapter 8. In this context, the hand model can
ensure a correct introduction of the external forces into the human body, which is
crucial for the determination of all further calculated muscle forces and thus joint
reaction forces in the further kinematic chain of the human body.
For the elbow model, the clinical application, as shown in Chapter 11, is per-
formed in the context of assessing the stability of the elbow after injuries of its
stabilizers. The stability of the joint is an important decision criterion for the sub-
sequent treatment (e.g. non-operative vs. operative) (van Riet 2017). While some
cases clearly fall in the non-operative or operative treatment categories, treatment
selection for many cases is less clear due to the complex interaction of the sta-
bilizers and the diverse injury patterns. In these cases, the decision regarding
non-operative/operative care depends mostly on the subjective assessment of the
medical expert. Musculoskeletal simulations provide the ability to analyze a va-
riety of different injury patterns and thus can be used as decision aid for medical
specialists by providing a more objective means of assessment through a numerical
analysis of elbow stability.

In summary, the objective of the present thesis consists of the following:

1. development of a new hand and elbow model in the AnyBody™ development
environment; each with an unprecedented level of detail and the possibility
of patient-specific scaling (see Chapter 4 and 9).

2. validation of the two models by comparison with literature data and own
experimental studies. This includes the following:

• regarding the hand model:

– comparison of numerically calculated muscle moment arms by the
model and experimentally measured muscle moment arms from
literature (see Chapter 5)
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– evaluation of the different timings of on- and off-sets of muscle
activities between the numerical model and experimental measure-
ments (see Chapter 6)

– investigation of the sensitivity and stability of the model regarding
anatomical uncertainties the model is based on (see Chapter 7)

• regarding the elbow model:

– comparison of numerically calculated muscle moment arms by the
model and experimentally measured muscle moment arms from
literature (see Chapter 10.1.1)

– alignment of ligament elongation and tautness between the model
and literature data (see Chapter 10.1.2 and 10.1.3)

– resistance of the elbow regarding an acting moment and the corre-
sponding change in the cubital angle (see Chapter 10.1.4)

– comparison of the change in the flexion axis of the elbow joint
between model and literature data (see Chapter 10.1.5)

3. application of the two new musculoskeletal models to answer initial research
questions:

• determination of the forces occurring in obstetricians using different
obstetric techniques (see Chapter 8)

• assessment of elbow stability after the occurrence of common injury
patterns (see Chapter 11)

With the completion of this thesis, a new, detailed simulation model of the elbow
and the hand is available to the musculoskeletal user community (the latter is cur-
rently already being incorporated into the AnyBody Managed Model Repository).
Thus, the research presented in this thesis can be useful in addressing numerous
other research questions concerning the upper extremity, besides those addressed
herein.
Chapters 2 and 3 provide an overview over the anatomy of the hand and elbow
and the utilized musculoskeletal simulation software AnyBody™ which constitutes
the basis for this presented work.
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Chapter 2

Anatomy and functionality of the
human hand and elbow

At the beginning of this thesis, the anatomy of the hand, the forearm and the
elbow will be discussed, since the existing bones, muscles, ligaments, and the re-
sulting degrees of freedom (DOF) represent important boundary conditions for the
corresponding musculoskeletal model. Consequently, basic knowledge of anatomy
is an essential component for understanding the functionality of the developed
models. If not stated otherwise, this chapter is based on Hirt (2016).

2.1 The human hand

The hand is a highly sensitive gripping mechanism consisting of a total of 27 bones
connected to each other by joints that allow a different number of DOFs. These
DOFs are controlled by a total of 39 extrinsic and intrinsic muscles via the central
nervous system.

2.1.1 Bones and joints

The 27 bones of the human hand can be divided into three subgroups: the carpal
bones, the metacarpal bones, and the phalanxes - see Figure 2.1. The individual
bones are connected to each other via different joints and therefore have different
numbers of DOFs.
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

Figure 2.1: Overview of the bones of the human hand and notations - adapted
from Schünke et al. (2014) - Figure 27.1

Wrist joint: The ulna and radius are in junction with the proximal row of carpal
bones (Scaphoid, Lunate, Triquetrum, Pisiform) via the radiocarpal joint, which
in turn is connected to the distal carpal row (Trapezium, Trapezoid, Capitate,
Hamate) via the midcarpal joint. The movement of the individual carpal bones
among each other is very much restricted by their shape, ligaments and capsules,
which results in the midcarpal joint being severely limited in its range of motion
(ROM). Overall, the wrist can be considered a universal joint allowing rotation
along two axes - palmar flexion and dorsal extension, as well as ulnar and radial
abduction (see Figure 2.2). This results in possible extension of about 80°, flexion
of around 80°, radial deviation of around 15° to 25°, and ulnar deviation of around
40° to 50° (Schmidt and Lanz 2011).
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

Figure 2.2: ROM of the wrist joint. Dorsal extension/ palmar flexion (left side)
and ulnar and radial abduction (right side) - adapted from Hirt (2016)

CMC joint: The carpometacarpal (CMC) joint is located between the distal
row of carpal bones and the metacarpal bones. The CMC joints of the fingers
are severely restricted in their mobility-range by ligaments and therefore represent
amphiarthrosis. In contrast, the CMC joint of the thumb forms a saddle joint
with two DOFs, which allows abduction of 45°, a flexion of 20°, and extension of
45°(Hochschild 2015) - see Figure 2.3. Using this ROM, humans are able to oppose
the thumb to the fingers and thus utilize the hand as a sensitive gripping tool.

Figure 2.3: ROM of the CMC thumb joint. Abduction/ adduction (left side),
flexion/extension (middle). This range of motion allows an opposition of the thumb
(right side) making the hand a sensitive grapping tool - adapted from Hochschild
(2015)
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

MCP joint: The metacarpophalangeal joints (MCP) are located between the
metacarpal bones and the proximal phalanges. This joint forms a universal joint
with two DOFs, allowing ulnar/radial abduction of 15° as well flexion of 90° (see
Figure 2.4) for the fingers.

PIP and DIP joint: The interphalangeal joints - the proximal interphalangeal
joint (PIP) and distal interphalangeal joint (DIP) - are located between the prox-
imal and middle phalanges and between the middle and distal phalanges, respec-
tively. As the middle phalanx is missing for the thumb, there is no PIP joint for
the thumb and the DIP joint is defined between the proximal and distal phalanges.
For the thumb as well as for the fingers, the interphalangeal joints are typical hinge
joints allowing only flexion and extension (see Figure 2.4).

Figure 2.4: ROM of the MCP, PIP and DIP joint of a finger - adapted from
Schünke et al. (2014)
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

2.1.2 Muscles

The hand consists of 39 muscles, which are used to move the individual bones and
thus ensure the functionality of the hand. These 39 muscles can be divided into
two groups: the extrinsic and intrinsic muscles.

Extrinsic muscles: The origin and the contractile element of the extrinsic mus-
cles are located in the forearm and transmit the generated force to the individual
bones via long tendons up to the finger tips to ensure the ROM. According to
their main task - bending and stretching the wrist and individual phalanges - these
muscles are differentiated in flexors (see Figure 2.5) and extensors (see Figure 2.6),
which overlap in several layers.

Intrinsic muscles: In contrast to extrinsic muscles, the origin and insertion
point of intrinsic muscles is within the hand. The main function of the intrinsic
muscles is abduction/adduction around the MCP joint of the fingers and for the
skilled movements of the thumb. An overview of the different layers of the intrinsic
muscles is given in Figure 2.7.
In general, muscles are connected to the bones through the tendon origin and
insertion points. A unique feature of the human hand, however, is the origin
points of the lumbrical muscles. In contrast to regular muscles, the lumbricals
do not originate from a bone, but rather from the tendon of the flexor digitorum
profundus muscle. Therefore, the force of the lumbrical is transmitted onto the
flexor digitorum profundus tendon.
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

(a) (b)

(c)

Figure 2.5: Extrinsic hand muscles (anterior view) from superificial (a) to deep
layers (c) - adapted from Schünke et al. (2014) - Figure 26.10
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

(a) (b)

(c)

Figure 2.6: Extrinsic hand muscles (posterior view) from superficial (a) to deep layers
(c) - adapted from Schünke et al. (2014) Figure 26.11
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(a)

(b)
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(c)

(d)
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Chapter 2. Hand and elbow anatomy 2.1. The human hand

(e)

Figure 2.7: Intrinsic hand muscles (palmar view (a)-(d) and dorsal view (e)) from
superficial (a) and (e) to deep layers (d) - adapted from Schünke et al. (2014)
Figure 27.18-21
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Chapter 2. Hand and elbow anatomy 2.2. The human elbow

2.2 The human elbow

The elbow joint serves as a link between the upperarm and forearm and incor-
porates all three long bones of the human arm: humerus, radius and ulna (see
Figure 2.8).
The elbow joint allows the complex motion of flexion/extension (150°/10°) as well
as the rotation of the forearm (± 80° - 90°) (Hochschild 2015). According to the
elbow’s ROM, the muscles spanning the elbow can be divided into flexors (biceps
brachii, brachialis, brachioradialis), extensors (triceps), pronators (pronator teres,
pronator quadratus), and supinators (supinator, biceps brachii) - see Figure 2.9.

(a) (b)

Figure 2.8: Overview of the bones of the human elbow and notations from
(a) the medial side and (b) the lateral side - adapted from Schünke et al. (2014) -
Figure 26.2

The bone structure of the elbow joints is stabilized by ligaments that provide
additional passive forces. On the medial side (see Figure 2.10(a)), the medial
collateral ligament, which consists of an anterior, posterior, and transverse part,
is the most important. On the lateral side, the radial collateral ligament and
the annular ligament are the most important for the stability of the elbow (see
Figure 2.10(b)).
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Chapter 2. Hand and elbow anatomy 2.2. The human elbow

(a) (b) (c)

Figure 2.9: Muscles crossing the elbow joint that are responsible for his full ROM
- adapted from Schünke et al. (2014) - Figure 25.31-32

(a) (b)

Figure 2.10: Ligamentous apparatus of the elbow - from (a) the medial side
(b) the lateral side - adapted from Schünke et al. (2014) - Figure 26.4
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Chapter 3

The AnyBody modeling system

Underlying principle

For all musculoskeletal simulation performed in this thesis the AnyBody™ Mod-
eling Systm (AMS) was used. The AMS uses a holistic human body model and
is based on the inverse dynamics principle. Using recorded kinematics (gained by
motion capture measurements) and the gained external forces as boundary condi-
tions the AMS is able to calculate the corresponding muscle forces and hence joint
reaction forces by solving the following equilibrium equation.

Cf = r

where f = [f (M), f (R)] is a vector of muscle and joint forces (whereby f (M) ≥ 0
and f (M) ≤ f

(M)
i,max as muscles can only pull and not push, and can not exceed their

maximal force), r is a vector representing the external and inertia forces, and C is
a matrix of equation coefficients.
Since the human body is a redundant system, there is no one unique solution
for the equation above for a given combination of motion and external forces.
Mathematically, this would result in an infinite number of solutions. However,
this problem can be solved in the AMS with the help of an optimization problem
of the following form:
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Chapter 3. The AnyBody modeling system

minimize
f G(f (M))

subject to Cf = r

with f
(M)
i ≥ 0, i = 1...n(M) and f

(M)
i ≤ f (M)

max, i = 1...n(M)

where G is the objective function, which defines the criterion for the muscle re-
cruitment and is minimized with respect to all unknown forces in f = [f (M), f (R)].
There are different variants for the objective function. A variant most commonly
used to describe muscle recruitment by the nervous system is the following poly-
nomial criterion:

G(f (M)) =
n(M)∑
i=1

f
(M)
i

Ni

p

where p is the power of the polynomial representing the muscle synergy - the larger
p gets, the greater is the muscle synergy and hence the forces are more distributed
to all muscles. Ni is the normalization factor of a muscle - the maximal strength
fmax is usually used for this purpose.

Upper extremity within AnyBody

Depending on the research question to be investigated, a different level of detail
of the musculoskeletal model is required. If a model does not show an appropriate
level of refinement, the research question may not be answered with sufficient
accuracy. While the development of an accurate model of the lower extremity has
received considerable attention in recent years (Carbone et al. 2015), less attention
has been devoted to the upper extremity.
Looking at the current AMS elbow model, it is apparent that the entire ligamentous
apparatus, which is of great importance for the stability of the elbow, is omitted.
In addition, the cubital angle (the angle which is formed by the humeral, elbow
and wrist), which according to the literature is between 5° and 15° in humans
(Oppenheim et al. 1984), is not taken into account at all, so that this angle is set
to 0° by default in the AMS.
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Chapter 3. The AnyBody modeling system

As far as the hand is concerned, the current AMS includes a distinction between
a detailed and an undetailed hand model. In the undetailed model, the hand
consists of only one rigid body and thus the ROM is limited to flexion/extension
and ulnar/radial abduction of the wrist. While the detailed hand model represents
the individual bones by respective rigid bodies, some limitations have to be noted:
There are no intrinsic hand muscles in the detailed hand model, and even the
extrinsic hand muscles extend only to the distal end of the metacarpal bones.
Furthermore, the MCP joint lacks the degree of freedom (DOF) for abduction of
the fingers and patient-specific scaling of the individual phalanges.
In order to answer clinically relevant research questions, these limitations of the
existing hand and elbow model need to be addressed. Consequently, it is necessary
to develop and validate a new corresponding model.
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Chapter 4

Hand model: model development

A part of the following chapter has been published in a similar form in the Jour-
nal for Computer Methods in Biomechanics and Biomedical Engineering under
Engelhardt and Melzner et al. (2020).

4.1 Introduction

The human hand is a highly developed and sophisticated grasping organ containing
27 bones with 36 articulations and 39 active muscles (Kehr and Graftiaux 2017).
This contributes to a wide ROM (31 DOFs) while possessing sensitive haptic prop-
erties. For controlling this complex system, a high level of interaction between the
human brain and the musculoskeletal structure is required. To address various
malfunctions because of disorders of the musculoskeletal system, the inverse dy-
namics modeling approach is an increasingly applied method. With this method,
the complex dynamic force distribution in all hand structures can be analyzed in
numerous kinds of tasks for physiological as well as for pathological simulations.
Research questions regarding the prevention or rehabilitation of the biomechanics
of the hand can be explained without the requirement for in vivo or in vitro exper-
iments. Mechanical loads within the hand do not only affect muscle activities and
forces in the surrounding joints but also lead to balancing forces in the entire body.
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Therefore, a diversified field of problems does not rely on the biomechanics of an
isolated hand model alone, but an embedment into a holistic human body model.
Numerous research groups conducted musculoskeletal simulations of the human
hand over recent decades.
Holzbaur et al. (2005) implemented an entire upper limb model, including the hu-
man hand within the OpenSim (Seth et al. 2018) framework. This model is based
on the experimental and anatomical data of An et al. (1979), Lieber et al. (1990),
Jacobson et al. (1992), Lieber et al. (1992), and Murray et al. (2000). The model
copes with 26 muscles crossing the wrist and finger joints, but lacks the intrinsic
muscles.
Lee et al. (2015b) solved this limitation by implementing intrinsic muscles for the
fingers. On the basis of the experimental data of An et al. (1979), the muscle
pathing was optimized to achieve an improved alignment with the moment arm
behavior of each joint (Lee et al. 2015a). Further enhancements regarding the
length-dependent passive properties of the extrinsic index finger muscles was done
by Binder-Markey and Murray (2017).
The model from Ma’touq et al. (2019) also included the biomechanics of the thumb
and its intrinsic muscles based on the same literature data as Lee et al. (2015a)
and Lippert (2006). In contrast to the previous ones, this model implements the
human forearm and hand as a standalone framework in Simulink® (The Math-
Works, Inc., USA). As proposed by Mirakhorlo et al. (2018) and Kerkhof et al.
(2018), the usage of one single source for anatomic data is fundamental.
De Monsabert et al. (2018) showed that using multiple sources instead of a single
one can lead to errors of up to 180% in the calculated muscle forces. Therefore,
Mirakhorlo et al. (2018) implemented an OpenSim hand/wrist model, based on an
anatomical study of one single cadaver specimen (Mirakhorlo et al. 2016). Never-
theless, it is a standalone model of the upper extremity based on one cadaver and
can thus not be used in a broader scope.
The AnyBody Modeling System (AMS) is a musculoskeletal modeling platform
containing body scaling functions that incorporate body mass and percentage of
fat and influence the muscle and bone dimensions accordingly, which features a
patient-specific scaling of the hand model. The AMS is a widely applied simulation
platform for musculoskeletal modeling using an inverse dynamics approach. Fur-
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thermore, it contains sophisticated algorithms to optimize complex motion capture
data, like the movement of thumb and fingers. The AMS also provides the Any-
Body Managed Model Repository (AMMR) (Lund et al. 2019), which includes a
generic human body model and a collection of human body parts. The AMMR
contained only single fingers in detail by Wu et al. (2008, 2009), which are not im-
plemented in the full-body model. A complete comprehensive model of the hand
was still lacking.
Therefore, the aim of this thesis was the development and validation of a detailed
human hand model within an existing, commonly used framework for inverse dy-
namics simulation, including:

• Anatomical data from a consistent source containing sixteen cadaveric spec-
imens

• All intrinsic and extrinsic muscles of the entire hand (fingers and thumb)

• The possibility of patient-specific scaling

4.2 Hand model

The detailed hand model was embedded in the AMS Version 7.2 and AMMR
2.2.2 (Lund et al. 2019). The AMMR full-body model was used as a basis. Only
the forearm and hand were modified. For the proposed detailed hand model,
22 hand segments (including ulna and radius) modeled as rigid bodies linked by
physiological idealized joints were used, allowing 31 DOFs. The joints of the DIP
and PIP were modeled as revolute joints for flexion/extension movements and
the MCP joint as a universal joint. Hereby flexion/extension and ab/adduction
were achieved. Joint positioning and orientation was achieved in accordance to
literature studies (An et al. 1979, Buchholz et al. 1992) and an anatomical study
by the University of West Bohemia (UWB) (Havelková et al. 2020), following
the International Society of Biomechanics recommendations for joint coordinate
systems (Wu et al. 2005). Further, the axes of rotation of the thumb’s joints were
modeled in separated revolute joints as depicted by Hollister et al. (1995). To
reduce the complexity, the carpal bones were treated as one rigid body as in other
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models described in the literature (Lee et al. 2015b, Mirakhorlo et al. 2018, Ma’touq
et al. 2019). The wrist joint has two rotational axes according to Kobayashi et al.
(1997), which implies flexion/extension and ab/adduction.

4.2.1 Anatomical data set

Anatomical data were obtained by a study at the UWB by Havelková et al. (2020),
which included dissecting sixteen cadaveric forearms and magnetic resonance imag-
ing scans. Through this study, the patient-specific bone surfaces and muscle prop-
erties like physiological cross-sectional area (PCSA), muscle length, and origin,
via-, and insertion points, as well as the alignment of the muscles were obtained.
The whole data set, including a short description of the data obtaining procedure,
is freely available (Havelková et al. 2020). The means of all values were calcu-
lated and implemented into the model. Because the use of multiple anatomical
data can lead to large deviations in the result according to De Monsabert et al.
(2018), the mean values of the sixteen measured samples were calculated and im-
plemented into the model. Further, the muscle alignment was obtained according
to the magnetic resonance imaging scans of one exemplary cadaver specimen of
the anatomical study.

4.2.2 Patient-specific scaling and muscle alignment

Regarding patient-specific scaling, it is not always feasible to measure all dimen-
sions of each finger segment. However, Buchholz et al. (1992) proposed a linear
correlation rs between the hand length lH and that of each finger bone ls.

rs = ls
lH

Because the study of Buchholz et al. only included the dimensions of six hands,
a study with the X-ray data of 71 patients (anonymous anterior posterior X-Ray
scans of entire human hands - 49 women and 22 men) was performed to determine
a more accurate relationship. To determine the relative lengths of the individual
finger bones, all bone lengths were measured and related to the respective hand.
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This results in the following data for all fingers as shown in Table 4.1. The average
hand length was 190.5 mm (±12.7 mm) and the average hand width was 84.7 mm
(±6.4 mm).
Thus, the length of the metacarpal (MC) and the proximal-, middle-, and distal
phalanges (PP, MP, DP) can be scaled according to the hand length. The scaling
of the model affects not only the length of the segments but also the dimension
of the wrapping surfaces, assuring an appropriate alignment of the muscle paths.
Therefore, various obstacles like tori, cylinders, and ellipsoids were implemented
to guarantee a correct and physiological alignment of the muscle tendons – also in
extreme positions of the fingers.

Table 4.1: Relative segment lengths (to hand length) of each phalanx (distal pha-
lanx (DP), middle phalanx (MP), proximal phalanx (PP), and metacarpal (MC))
in percent and corresponding standard deviation.

Finger DP MP PP MCP

Thumb 11.52 (0.99) - 15.76 (1.32) 23.38 (1.72)

Index 8.82 (1.10) 11.75 (1.00) 20.27 (1.44) 34.82 (2.44)

Middle 9.30 (0.77) 14.31 (1.11) 22.54 (1.54) 33.41 (2.36)

Ring 9.54 (0.84) 13.62 (1.04) 21.05 (1.40) 29.48 (2.07)

Small 8.43 (0.92) 9.56 (1.04) 16.72 (1.20) 27.811 (1.88)
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Figure 4.1: Visualization of all wrapping obstacles of the hand model.

Figure 4.2: According to Wu et al. (2008) the phalanx is approximated by a
superposition of ellipsoidal cylinder of a cavity, bone and soft tissue
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4.2.3 Moments of inertia

The single phalanx of the finger can be regarded as a hollow bone surrounded by
soft tissue. As an approximation, an ellipsoidal cylinder can be assumed for both
bone and soft tissue (Robertson et al. 2013) - see Figure 4.2.
Based on this assumption, the individual mass moments of inertia can be calcu-
lated as the sum of the one of soft tissue and bone respectively (Wu et al. 2008)
according to:

Ixx = Ixx(tissue) + Ixx(bone)

= πρt

4 [(atbtlt)(a2
t + b2

t ) − (abbblb)(a2
b + b2

b)] + πρb

4 [(abbblb)(a2
b + b2

b) − (acbclc)(a2
c + b2

c)]

Iyy = Iyy(tissue) + Iyy(bone)

= πρt

12 [(atbtlt)(3a2
t + l2

t ) − (abbblb)(3a2
b + l2

b)] + πρb

12 [(abbblb)(3a2
b + l2

b) − (acbclc)(3a2
c + l2

c)]

Izz = Izz(tissue) + Izz(bone)

= πρt

12 [(atbtlt)(3b2
t + l2

t ) − (abbblb)(3b2
b + l2

b)] + πρb

12 [(abbblb)(3b2
b + l2

b) − (acbclc)(3b2
c + l2

c)]

where a is the half width, b the half depth, l the length of the cylinder, and ρ the
mass density (ρt = 1.0 g/cm3 and ρb = 1.9 g/cm3 according to Abé et al. (1996)).
For the calculation of the moments of inertia within the model, half width and
depth (a and b) are taken from the study by Wu et al. (2008) and the length of
the individual fingers is determined using the scaling function (see section 4.2.2).
For the bone cavity, 75% of the total length of the finger bone was assumed.
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4.2.4 Finger rhythm

In the AMS, it is possible to implement kinematic dependencies between individual
joints by defining so-called rhythms, such as the shoulder rhythm (dependency
between scapula and clavicle) and the lumbar rhythm (dependency between the
lumbar vertebral bodies). Due to the fact that there is also a kinematic dependency
between the PIP and DIP joints (Van Zwieten et al. 2015), a finger rhythm was
implemented in the hand model based on data from Van Zwieten et al. (2015) (see
Figure 4.3) allowing to control the joint angle of the DIP joint via the angle of the
PIP joint.
This is important for two reasons. On the one hand, it allows for the realization
of a natural hand movement in a hand-driven model. On the other hand, it makes
marker tracking based motion capture recordings possible in situations, in which
no markers can be applied to the fingertips or the markers are concealed, for
instance.
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Figure 4.3: Experimental data (crosses) and analytical fit (line) of DIP–PIP flexion
angles for a finger according to Van Zwieten et al. (2015)
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4.2.5 Muscle on a muscle

Another unique feature of the human hand is the origin points of the lumbricals.
In contrast to regular muscles, the lumbricals do not originate from a bone, but
the tendon of the flexor digitorum profundus. Therefore, the force of the lumbrical
is transmitted onto the flexor digitorum profundus tendon. The following example
illustrates how this was realized from the modeling side - introducing the concept
”muscle on a muscle”.
Therefore, lets consider a model consisting of three muscles and two segments
connected by a universal joint (which only locks the rotation around the lon-
gitudinal axis) (see Figure 4.4(a) and 4.4(b)). For one of the three muscles
(muscle C), the insertion point should be on the muscle line of action of another
muscle (muscle B).
For this purpose, a mass-less dummy segment is created. In order to determine
this segment in space, the rotational DOFs are closed via a corresponding driver,
which accesses the rotational measure between the global coordinate system and
the dummy segment. The translational degrees of freedom are closed via a linear
combinatorial measure between the dummy segments and the origin, as well as
between origin and insertion point. An offset can be used to specify the relative
distance between the origin and the insertion point at which the dummy segment
is placed. With this method, the dummy segment is also able to transmit forces,
as the following example demonstrates.
If a flexion of the joint is performed, muscle B is mainly responsible for flexion,
whereas muscles A and C are also involved in medial/lateral stabilization of the
joint. Figure 4.5(a) shows the activity of the three muscles during flexion. If an
activity bound is set to ensure a muscle activity of at least 20% of muscle C, the
results shown in Figure 4.5(b) were obtained. As can be seen, artificially increasing
the activity of muscle C also results in an increase in the activity of muscle A - the
additional transmitted force of muscle C creates a moment along the medial/lateral
axis of the joint, which in turn can only be counterbalanced by muscle A.
Through this minimal example, the functioning and functionality of the ”muscle
on a muscle” concept could be illustrated.
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(a) (b)

Figure 4.4: Model to evaluate the concept ”muscle on a muscle” - consisting of
two segments and three muscles. (a) top-view (b) side-view
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Figure 4.5: Activity of muscles A - C during flexion of the joint from 30◦ to 120◦.
(a) ”normal” muscle activity (b) muscle activity with generated muscle bound of
20% for muscle C.
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4.2.6 Purlicue skin

To model the strengthening of the skin between the fingers during ab/adduction,
ligaments simulate the skin resistance. Properties are according to the material
investigations by Gallagher et al. (2012). The zero position was assumed accord-
ing to the positioning of the fingers shown in Figure 4.6. The red line depicts the
ligament representing the purlicue skin resistance.

Figure 4.6: The proposed detailed musculoskeletal hand model in the AMS (config-
uration WRAP–SINGLE). The position of the fingers corresponds to the calibration
position of ligaments to simulate the purlicue skin resistance (red).
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4.2.7 Choice of model accuracy

Because this detailed representation and guidance of each muscle increased the
computational time during the calculation of kinematics and kinetics, the model
contains four different stages of accuracy:

• switch between fully detailed muscle alignment in the fingers through wrap-
ping obstacles (WRAP) or via-points (VIA) (see Figure 4.1).

• selection between a splitting of the extrinsic hand muscles in various repre-
sentatives according to their anatomical origins (MULTIPLE) or one repre-
sentative for each extrinsic hand muscle (SINGLE) (see Figure 4.7).

Figure 4.7: Detailed hand model with several representatives of one muscle (FPL)
– left side. Hand model with only one representative for the same muscle – right
side.
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Chapter 5

Hand model: moment arm
validation

A part of the following chapter has been published in a similar form in the Jour-
nal for Computer Methods in Biomechanics and Biomedical Engineering under
Engelhardt and Melzner et al. (2020).

5.1 Validation

For validation purposes, moment arms numerically calculated by the model and
experimentally measured moment arms from the literature were compared. This
approach was chosen because studies of Maury et al. (1995) and Raikova and
Prilutsky (2001) indicated that the line of action and moment arms are critical
parameters for muscles to predict muscle and joint reaction forces. Previous vali-
dation studies of he AMS by De Zee et al. (2007) and Marra et al. (2015) showed
that simulated muscle activities and joint reaction forces fit quite accurately to
experimental data. Therefore, when the moment arms of the proposed model fit
experimental data, the resulting muscle activities and joint reaction forces of the
hand should also correspond to reality.
Even though the model is able to calculate inverse dynamics, this study placed
particular emphasis on the importance of the muscle moment arms, and thus on
the correct kinematics.
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Loren et al. (1996) obtained the muscle moment arm in five upper extremities for
the extension/flexion as well as for the ulnar/radial abduction of the wrist. Smutz
et al. (1998) used seven cadaveric specimens to obtain the moment arm consider-
ing the thumb. The ROM contained the flexion/extension of the DIP joint, the
flexion/extension and ab/adduction of the MCP joint, and the flexion/extension
and ab/adduction of the CMC joint. In case of the index finger, An et al. (1983)
conducted movements of the flexion/extension of the MCP, PIP, and DIP as well
as ab/adduction of the MCP joint. Thereby seven cadaveric hands were evaluated.
The results of Franko et al. (2011) stated that the moment arms are nearly iden-
tical across all digits for each joint (MCP, PIP, DIP). Therefore, for validation
purposes, only one finger (the index finger) needed to be addressed. The muscles
examined in all three studies are summarized in Table 5.1.
The tendon excursion method introduced by Landsmeer (1961) was used to com-
pute moment arms in experiments (An et al. 1983, Loren et al. 1996, Smutz et al.
1998, Franko et al. 2011) and simulation models. The tendon excursion method
uses the length variation of the tendon (dx) because only one axis of a joint is
moved and the angular change of the joint (φ) to calculate the moment arm (M)
of the specific muscle in respect to the chosen joint (An et al. 1983).

dx

φ
= M

The model was scaled to an average 50 percentile male person (hand length:
182 mm, hand breadth: 85 mm) unless the literature data provided anthropo-
metrics of single specimens (An et al. 1983). To compare the numerical and ex-
perimental results, the same kinematic motion was performed in the simulations
as in the experiments. Thereby, only the investigated joints were moved through
the ROM provided by the literature, all others were locked in neutral position.
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Table 5.1: Examined muscles according to the studies of Loren et al. (1996), Smutz
et al. (1998), and An et al. (1983).

Wrist joint

extensor carpi radialis brevis (ECRB)
extensor carpi radialis longus (ECRL)
extensor carpi ulnaris (ECU)
flexor carpi radialis (FCR)
flexor carpi ulnaris (FCU)

Thumb

flexor pollicis longus (FPL)
extensor pollicis longus (EPL)
extensor pollicis brevis (EPB)
abductor pollicis longus (APL)
flexor pollicis brevis (FPB)
abductor pollicis brevis (APB)
adductor pollicis oblique head (APo)
adductor pollicis transverse head (APt)
opponents pollicis (OP)

Index finger

flexor digitorum superficialis (FDS)
flexor digitorum profundus (FDP)
extensor digitorum communis (EC)
extensor indicis (EI)
first dorsal interosseous (FDI)
lumbrical (LU)
first palmar interosseous (FPI)
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5.2 Results

Figure 5.1 - 5.3 show exemplary the comparison of the experimentally gained litera-
ture data and the numerically calculated muscle moment arms of selected muscles.
The main flexors and extensors of the wrist follow the trend of the experimental
data (Loren et al. 1996) for the flexion/extension of the wrist and remains mostly
within the standard deviation (SD); only the FCR muscle displays a small offset
(Figure 5.1). Regarding the flexion/extension of the MCP finger joint (5.2) the
model prediction shows a comparable progression as the literature data (An et al.
1983), whereby it should be noted that the experimental data is based only on a
single finger. Additionally, for the MCP joint of the thumb, the numerically calcu-
lated moment arms of the selected flexor/extensor thumb muscles remain within
the SD of the literature experiments (Smutz et al. 1998) (Figure 5.3). The pro-
gression of all muscles over the flexion/extension and ab/adduction ranges can be
found in the Appendix A.
However, An et al. (1983) only provided the exact progression of an exemplary
finger for the flexion/extension and ab/adduction along the MCP joint. For the
measurements of all examined patients’ fingers and all joints (including the PIP
and DIP joints), only the mean values along the ROM are given. For this reason,
the mean moment arms along the ROM for all muscles and joints are summarized
in Table 5.2 for a better comparability. For all simulations, a detailed muscle align-
ment through wrapping obstacles and one representative for each extrinsic hand
muscle were chosen (configuration: WRAP–SINGLE). The hand model was scaled
in size according to the literature data.
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Figure 5.1: Progression of the moment arms for the wrist regarding the extensor
and flexor muscles during the extension/flexion phase. Negative angles represent
the extension of the wrist, and positives the flexion. Lines represent the simulated
results, whereas the shaded areas are the experimental results with SD from Loren
et al. (1996).

Figure 5.2: Progression of the moment arms for the index finger regarding extrinsic
and intrinsic hand muscles during the flexion of the MCP joint. Lines represent
the simulated results, whereas the shaded areas highlight the experimental data
of one subject with SD from An et al. (1983).
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Figure 5.3: Progression of the moment arms for the thumb regarding extensor and
flexor muscles during flexion around the CMC joint. Negative angles represent
the extension of the CMC joint, and positives the flexion. Lines represent the
simulated results, whereas the shaded areas highlight the experimental data with
SD from Smutz et al. (1998).
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Table 5.2: Mean muscle moment arms (and SD) in mm of the index finger, thumb
and wrist during the ROM (extension/flexion, abduction/adduction).

Index Finger FDS FDP EC EI RI LU UI

MCP Model 12.18 8.79 -7.37 -7.37 1.38 10.39 3.81
Flex/Ext Exp. 11.9 11.1 -8.6 -9 3.7 9.3 6.6

(0.7) (1.1) (1.6) (1.3) (1.4) (2.1) (2.1)

MCP Model 0.13 0.82 0.80 0.29 -7.81 -7.66 12.79
Abd/Add Exp. 1.7 1.1 -0.2 1.3 -6.1 -4.8 5.8

(2.0) (1.7) (2.5) (1.6) (2.1) (1.6) (1.7)

PIP Model 5.75 7.77 -4.09 -4.02 - 0 0
Flex/Ext Exp. 6.2 7.9 -2.8 -2.6 - -1.8 -2.6

(1.0) (1.1) (1.1) (1.1) (1.3) (0.8)

DIP Model - 4.29 -3.67 -3.68 - 0 0
Flex/Ext Exp. - 4.2 -2.2 -1.9 - -0.7 -1.6

(1.4) (0.4) (0.5) (0.6) (0.5)

Thumb FPL FPB EPL EPB APL APB APt APo OP

CMC Model 14.81 13.24 -8.44 -15.18 -13.07 -0.07 32.15 13.91 0.79
Flex/Ext Exp. 14.49 13.43 -9.62 -14.39 -7.69 3.36 31.32 22.91 12.56

(5.02) (6.52) (3.93) (2.75) (3.57) (3.70) (7.68) (10.80) (5.08)

CMC Model -4.45 -9.72 1.12 -0.35 -0.09 -17.95 17.47 -0.24 -8.52
Abd/Add Exp. -1.18 -9.41 7.42 -3.58 -9.71 -15.13 16.46 13.62 -4.72

(3.84) (5.83) (5.28) (4.59) (2.99) (7.08) (11.38) (12.04) (5.00)

MCP Model 8.86 6.83 -6.58 -8.49 0 5.04 9.6 - -
Flex/Ext Exp. 9.91 6.64 -9.69 -9.04 1.36 6.78 5.26 - -

(2.16) (1.65) (1.44) (1.16) (2.21) (4.56) (3.06)

MCP Model -0.57 -5.17 3.64 1.64 -7.58 8.4 3.27 - -
Abd/Add Exp. -0.06 -8.83 4.37 -1.04 -10.77 4.93 2.96 - -

(2.41) (3.27) (1.86) (1.43) (4.39) (4.23) (4.36)

DIP Model 5.86 - -4.97 - - - - - -
Flex/Ext Exp. 7.82 - -4.18 - - - - - -

(1.31) (0.77)

Wrist ECRB ECRL ECU FCR FCU

Wrist Model 15.58 10.24 6.86 13.84 13.96
Flex/Ext Exp. 13.47 - 16.42 8.49 - 10.87 4.21 - 6.35 15.00 - 16.22 13.27- 15.05

Wrist Model 16.32 21.73 20.03 5.04 16.28
Abd/Add Exp. 13.99 - 15.79 21.08 - 23.09 25.83 - 29.51 4.01 - 7.13 19.82- 23.59
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5.3 Discussion

The aim of this work was the implementation and validation of a developed, de-
tailed hand model in the simulation environment of the AMS. In addition to the
successful implementation of a scalable, anatomically representative hand model,
the validation by moment arm patterns displays matching results.

Wrist joint

Moment arm patterns inside the wrist display a good alignment with data from
the literature, according to Loren et al. (1996). Furthermore, the decay in the
ECU muscle during high flexion is predicted accurately, whereas the FCR follows
the trend of the data from Loren et al. but showing a small offset.
Regarding the mean moment arm through the ROM, only small deviations from
the literature data for the ECU and FCR in extension/flexion and during ab/ad-
duction for the ECRB are notable. All other muscle moment arm averages are
within the SD of the compared data. Exceptions are the ECU and FCU mus-
cle during the ab/adduction phase, which show differences up to 5.8 mm. This
deviation could result in the patient specification or measure inaccuracies of the
experimental data set, because a moment arm of approximately 20 mm/16 mm
for the ECU/FCU appears reasonable.

Index finger

The comparison with the data from An et al. (1983) shows that the majority of the
respective muscles are within the average moment arms SD or display divergences
of less than 1 mm apart. In particular, the intrinsic muscles (LU, RI, UI) show a
greater discrepancy in the experimental data than the extrinsic ones. One reason
could be that the moment arms of intrinsic muscles are more patient-specific than
the extrinsic muscles, which was previously noted by Mirakhorlo et al. (2018).
Regarding the progression of the muscle moment arms during the MCP flexion
phase, the simulated muscle paths agree well with the experimental observations.
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Thumb

The large SD of the experimental dataset from Smutz et al. (1998) shows that the
anatomical structure of the thumb can vary considerably among subjects, particu-
larly for the intrinsic muscles. Alternatively, the high SD of the experimental data
by Smutz et al. could originate from measurement errors.
Regarding the mean moment arm along the ROM, the majority of the thumb mus-
cles are within the SD. Greater differences occur at the CMC joint for the OP,
APo, and APL. The divergence for the APL might originate from the insertion
point of the underlying anatomical data set from Havelková et al. (2020), because
the insertion point is located closer to the joint than in the experimental data,
which restricts the moment arm of the APL. Nevertheless, the simulated moment
arm progressions of the extrinsic muscles align well with the data from Smutz
et al. (1998). The depicted results show similar moment arm patterns as previ-
ously published models by Ma’touq et al. (2019), Mirakhorlo et al. (2018) or Lee
et al. (2015b).
Together with the generalized anatomical data set, this leads to the conclusion,
that the proposed model represents the musculoskeletal mechanics of the human
hand in an accurate manner. Therefore, the muscle forces and joint reaction forces
calculated with this model should reflect reality as closely as possible.
Anatomical variability needs to be emphasized in any type of musculoskeletal
model, it therefore needs to be kept in mind, that patient specific variations of
muscle aligments and unique musculatures can not be considered by such a gener-
alized model. The patient specific scaling in size might cope the most significant
anatomical changes in muscle alignment and joint placement, but is limited to this
scaling.
To ensure the most accurate possible answers to any research questions, the model
is scalable to subject-specific anthropometric data. The necessary degree of de-
tail (WRAP, VIA, MULTIPLE, SINGLE) can be adapted. Additionally, the use of
the consistent anatomical dataset (Havelková et al. 2020) from multiple specimens
provides generalizability of the model, as claimed by De Monsabert et al. (2018).
In addition to many features that contribute to the preciseness of the model, the
first implementation of the LU muscles with origins on the FDP tendon leads to
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a more accurate prediction of the intrinsic muscle activities. Thereby, the force
equilibrium between, for example, the two LU of the index finger, is achieved more
physiologically, because each crosses the MCP joint on each side.
Nevertheless, the model is limited, because the origins of the LU muscles are fixed
on the neutral position of the FDP tendons, but do not change position when the
FDP muscles are contracted. By contrast, simulations show that a manual shifting
of the LU origin point according to the calculated shortening of the FDP tendon
would only lead to a change in the LU moment arm of 1 mm. Considering the way
the moment arm is calculated using the tendon excursion method, this limitation
of the LU being fixed explains that the intrinsic muscles have no moment arm in
the PIP and DIP joint compared to the experimental data (see Table 5.2).
Regarding the different configurations, computational costs, and the accuracy of
the results, the following could be stated: the most detailed model includes more
wrapping obstacles within the fingers and more muscle representatives. This in-
creased level of detail leads to the most precise outcome but also more compu-
tational expenses and, thus, to an approximately five times longer computational
time compared to the simplest detailed model (see Figure 5.4).
As seen in Figure 5.4, the progression of the moment arm is quite similar for the
MULTIPLE and SINGLE configurations. This can be explained by the fact that
these two configurations differ in the size of the muscles’ origin and insertion zone,
as indicated in Chapter 4 Figure 4.7. The respective muscle representatives have
different muscle paths and correspondingly different moment arms along the wrist
and the CMC joint. However, from the MCP on wards, these are all very similar,
which leads to only a slight difference in the moment arm for the MCP joint.
The axis of rotation of each joint is not adjusted according to the mean cadaveric
specimen data, and therefore, small deviations or offsets of the moment arms can
be explained.
The skin resistance between the fingers during ab/adduction is only assumptions
according to the data of Gallagher et al. (2012). The material properties of the
skin in the forearm by Gallagher et al. are directly transferred to the skin proper-
ties because no specific material tests were conducted in the presented anatomic
study by Havelková et al. (2020).
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Although Eschweiler et al. (2016) had already developed a detailed model of the
human wrist within the AMS, this model is not implemented in the proposed
detailed hand model, mainly because of the reduction of complexity of the model.
The eight carpal bones in the presented model are defined as one rigid segment,
allowing no movement between the carpal bones. When the research questions
do not address the force distribution inside the wrist joint, Schuind et al. (1995)
showed that this lack does not have a great influence on the outcome of the muscle
activities. This limitation can be addressed in a future version of the model, where
splitting of the wrist joint into an ulnar and radial side might be convenient.
Further enhancements might be the implementation of helical joint axes in the
thumb joints, as proposed by Kerkhof et al. (2016).
Another point for improvement is the implementation of the extensor mechanism
in the fingers. Although the kinematics of the extensor mechanism is partially
represented by the finger rhythm, the passive tension whenever it is elongated is
currently still omit-ted when calculating forces in an inverse dynamics simulation.
Consequently, slightly altered joint reaction forces on the finger joints could be
found, as well as a possible co-contraction in the finger muscles, as stated by
MacIntosh and Keir (2017) could be lacking.
In general, the anatomical complexity of the fingers is quite high and the exten-
sor hood is just one example of the inter connectivity within the human hand.
Although the model is capable of correctly mapping tendon pulling forces using
the obstacle, which transfers forces to segments, passive joint stiffness or damping
moments are not yet implemented in the model. How the implementation of these
parameters can affect a forward dynamic finger model is shown by Lee and Kam-
per (2009).
A further step to enhance confidence in the model could be an experimental val-
idation, like a comparison with electromyographical data, as well as testing the
outcome of predicted joint reaction forces against measured ones, using instrumen-
talized prostheses similar implants of the shoulder of Bergmann (2008) .
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Figure 5.4: Progression of the FDS moment arms during flexion of the MCP index
joint with different detailed stages of the model. Clearly notable is, that the model
with obstacle methods predicts a better moment arm behaviour. The simple model
drastically decreases the computational effort from 100 % (MULTIPLE-WRAP) to
14 % (MULTIPLE-VIA) and from 92 % (SINGLE-WRAP) to 12 % (SINGLE-VIA).
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5.4 Conclusion

Chapter 4 presented the development of a musculoskeletal hand model using the
AMS framework, that is capable of kinematics as well as inverse dynamics predic-
tions, based on a consistent anatomical dataset. Comparison with experimental
moment arm studies showed good correlation and emphasizes the motivation to
use the model in an inverse dynamics validation and later in a broad field of ap-
plications.
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Chapter 6

Hand model: experimental
validation

A part of the following chapter has been published in a similar form in the Journal
of Biomechanical Engineering under Melzner and Engelhardt et al. (2021).

6.1 Introduction

Musculoskeletal simulations offer enormous potential to provide insights into ar-
eas of biomechanics that are difficult to access; especially in areas where numerous
mutually influencing structures come together - like in the hand. Over recent
decades, numerous research groups have conducted simulations intending to de-
pict this complexity of the human hand (Holzbaur et al. 2005). To address various
functions and malfunctions because of disorders of the musculoskeletal system, the
inverse dynamics modelling approach is an increasingly applied method.
With this approach, the complex dynamic force distribution in all structures of
the hand can be analyzed during activities of daily life for both physiological and
pathological evaluations. The major benefit of these models is the enablement
of research questions regarding injury prevention and rehabilitation of the biome-
chanics of the hand without the need for in-vivo or in-vitro experiments. The AMS
is a widely utilized simulation software for musculoskeletal modelling using this
inverse dynamics approach. The AMS contains body-scaling functions featuring a
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patient-specific scaling and algorithms to optimize complex motion capture data,
like thumb and finger movements. In future releases of the AMMR, a new compre-
hensive model of the hand developed in Chapter 4 will be available and for open
access. To increase the validation depth of this model, the approach of compar-
ing numerically calculated and experimentally gained moment arms (Franko et al.
2011, Loren et al. 1996, Smutz et al. 1998, An et al. 1983) was used.
This comparison was adopted because studies of Maury et al. (1995) and Raikova
and Prilutsky (2001) have indicated that the line of action and moment arms
are critical parameters in predicting muscle and joint reaction forces. Therefore,
when the moment arms of the proposed model fit experimental data, the resulting
muscle activities and joint reaction forces of the hand should also correspond to
reality. Furthermore, the above-mentioned models of Holzbaur et al. (2005), Lee
et al. (2015b), Mirakhorlo et al. (2018), and Ma’touq et al. (2019) were validated
comparing muscle moment arms. However, as stated in the literature (Lund et al.
2012, Hicks et al. 2015), there are many more ways to confirm the validity of a
musculoskeletal model. A common type is an indirect validation using the compar-
ison of measured electromyographic (EMG) signals of the muscles with predicted
muscle activities of the simulation. Using the EMG signal, the evaluation of the
different timings of on- and off-sets of muscle activities between the model and the
experiment can result in the validation of a model (De Pieri et al. 2018, Anderson
and Pandy 2001).
This experimental validation approach is a decisive step that is necessary in deter-
mining whether the model predictions fit the measurements. This consistency
between model and reality is crucial when the data obtained from the model
(e.g. joint reaction forces) is to be used for answering musculoskeletal research
questions. However, to my knowledge, no experimental set-up has to date been
conducted in which experimentally captured motion data and simultaneously
recorded muscle activities of hand motions are recorded, and the calculated muscle
forces of an inverse dynamic approach are compared to the experimental outcomes.
Because the moment arm studies of the hand model (see Chapter 5) revealed
promising results and a good comparison of the experimental with simulated data,
a further trend validation of the model could be realized using measured EMG
signals of the muscles.
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Therefore, the aim of this study is a further affirmation of the human hand model,
based on insights through the EMG results and a more informative trend validation
of the new detailed hand model by EMG experiments. This procedure is intended
to answer the research question of whether the hand model produces reliable results
and, therefore, could be used to address clinical and ergonomic questions in the
future – like how the avoidance of certain malfunctions can be used to prevent
long-term injuries.

6.2 Materials and Methods

6.2.1 Experimental set-up

To provide a reference dataset for the validation of the musculoskeletal hand model,
an experimental study was conducted including five subjects (three males, two fe-
males; age = 23.0 ± 2.4 years; weight = 69.2 ± 9.7 kg; height = 1.73 ± 0.11 m;
hand length = 18.8 ± 1.4 cm). All persons were right-handed, performing the
exercises with their dominant hand, which was not harmed or affected by any
illness. Each test person was informed in advance about the procedure of the mea-
surement, and a corresponding written consent was obtained concerning voluntary
participation. All procedures performed involving human participation were in
accordance with ethical standards and with the 1964 Helsinki Declaration and its
later amendments or comparable ethical standards. The anthropometrics of the
test persons were obtained to scale the musculoskeletal model afterwards.
For the measurement of the muscle activities, four intrinsic and six extrinsic mus-
cles were considered (see Table 6.1). The EMG activities of these muscles were
captured via surface EMG (Delsys Trigno IM and Delsys Trigno Mini, Delsys®
Inc., Natick, MA, US.) using the recommended sensor placements according to to
Criswell (2011) and Barbero et al. (2012). Prior to sensor placement, the skin was
cleaned with an alcoholic solution to minimize the influences on the acquired sig-
nal resulting from dead skin cells, salt, or grease. For the intrinsic muscles, ECU
and FDS, the Trigno Mini sensors were applied, whereas the Trigno IM sensors
were used for all others; but all sensor types had the same sampling frequency of
1.1 kHz and recorded only the raw signal without any filters.
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Table 6.1: Measured EMG signal of intrinsic and extrinsic muscles. The placement
of the sensors was performed according to Criswell (2011)* and Barbero et al.
(2012)**. For the measurement, Trigno IM (T-IM) and Trigno Mini (T-Min)
sensors from Delsys were applied.

Extrinsic muscles Sensor Protocol

Flexor carpi radialis (FCR) T-IM **
Flexor carpi ulnaris (FCU) T-IM *
Extensor carpi radialis (ECR) T-IM *
Extensor carpi ulnaris (ECU) T-Min *
Flexor digitorum superficialis (FDS) T-Min *
Extensor digitorum (ED) T-IM *

Intrinsic muscles Sensor Protocol

Abductor pollicis brevis (APB) T-Min **
Flexor pollicis brevis (FPB) T-Min **
First dorsal interosseous (FDI) T-Min *
Abductor digiti minimi (ADM) T-Min **

For normalization of the EMG data, maximum voluntary contraction (MVC) mea-
surements following Kendall et al. (1993) were performed. For this purpose, a mea-
suring device was specially constructed - see Figure 6.1. Each subject repeated the
MVC measurement three times for each muscle group, and the maximum value
was taken as the normalization factor.
The kinematics of each hand movement were recorded with a camera-based motion
capture system (Vicon©, Vicon Motion Systems Ltd., Oxford, UK) consisting of
12 cameras. A custom marker set-up of 38 markers (22 on the hand) was designed,
capturing the movement of the pelvis, thorax, humerus, forearm, and all segments
of the hand. An overview of the marker and EMG sensor placement of the hand
is given in Figure 6.2 and in the Appendix - Figure B.1.
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Figure 6.1: Measurement device for the maximal voluntary contraction measure-
ments

(a) (b) (c)

Figure 6.2: EMG sensor placement in (a) pronation and (b) supination as well as
(c) marker placement of the forearm and hand of a test subject.
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The test subjects performed seven different muscle-specific activation movements
for the fingers, thumb, and wrist (see Table 6.3). Additionally, the involved joints
and expected active muscles according to Tillmann (2016) are depicted in Table
6.2. Each task was repeated five times within one trial, and each subject repeated
every trial three times. Every subject was instructed to use the full ROM in each
task and the EMG signals of all sensors were recorded. To guarantee the same
initial time of the EMG signals and motion capture recordings, both measuring
systems were synchronized.

Table 6.2: Indication the joints moving in each task and the muscles involved in
each motion according to Tillmann (2016)

Movement Involved joint Involved muscles

Finger ab-/adduction Metacarpophalangeal joint (finger), FDI, ADM, FPB,
carpometacarpal (thumb) APB

Metacarpophalangeal Metacarpophalangeal joint (finger), ED
joint extension carpometacarpal (thumb)

Finger flexion Metacarpophalangeal joint (finger), FDS
carpometacarpal (thumb)

Thumb ab-/adduction Carpometacarpal (thumb) FPB, APB

Thumb flexion Metacarpophalangeal, FPB, APB
carpometacarpal (thumb)

Wrist ab-/adduction Wrist FCU, FCR, ECU,
ECR, ED

Wrist extension/flexion Wrist FCU, FCR, ECU,
ECR, ED, FDS
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Table 6.3: Sequence of muscle-specific activation movements for the experimental
reference dataset. Except for the abduction and flexion of the thumb, the starting
position was the pronation of the hand parallel to the floor. For the abduction
and flexion of the thumb, the trials were started in a neutral position of the hand.
In each movement, the maximal ROM of every subject should be run through.

Task 1: Ab-/Adduction of all fingers

Task 2: Extension of the metacarpophalangeal joint

Task 3: Flexion of the fingers

Task 4: Ab-/Adduction of the thumb

Task 5: Flexion of the thumb

Task 6: Ab-/Adduction of the wrist

Task 7: Ex-/Flexion of the wrist
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6.2.2 Simulation

The gained kinematic data were used for the musculoskeletal simulation with
AnyBody (AnyBody Technology A/S, Aalborg, Denmark, V. 7. 3 Beta) - see
Figure 6.3. For the hand model, the configuration with only one muscle line of
action for each muscle but with detailed wrapping pathing was chosen. Since only
the EMG signal and motions of the dominant right hand was measured, the left
arm segment and both legs of the entire AMMR human body model were omitted
for this simulation to reduce the computational time.
Because a strong synergy of muscles within the hand for gross motor skills was
assumed (Israely et al. 2018), a polynomial muscle recruitment criterion with a
power of p = 5 was chosen, and simple muscle models are applied. The polynomial
describes the objective function G, which has to be minimized by the algorithm.

G =
∑

i

(
fi

Ni

)p

with fi is the applied force and Ni is the strength of a muscle (see Chapter 3).
The higher the polynomial coefficient p, the more the load is distributed between
the individual muscles. All trials were calculated with 40 simulation steps per
second. Prior to each motion simulation, a calibration of the skin resistance (see
Figure 6.3) according to the anthropometrics of the subject was performed.
Compared to the original detailed hand model from Chapter 4, which was validated
by moment arm studies and, therefore, simplified movements, smaller adjustments
were made because of the complexity of the motions to assure a physiological
pathing of the muscles. These adjustments mainly involved the initial wrapping
vectors (like extensor pollicis brevis and extensor carpi radialis longus) and also
the muscle path of the extensor carpi ulnaris muscle. Because the goal of this
study was a real blind validation rather than just a calibration of the model (Lund
et al. 2012), no further adjustments were made.
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Figure 6.3: The new detailed hand model with measured markers (blue spheres)
and markers fixed on the model (red spheres) within the AMS. The red lines
between the fingers represent the purlicue skin resistance.

6.2.3 Data processing

For each EMG signal, the baseline off-set was subtracted, the root mean square
with an applied window size of 50 ms was calculated, and the signal was normal-
ized according to the MVC measurements (Konrad 2005).
To be able to compare the numerical with the experimentally measured muscle
activity, simulated muscles were compiled and only the maximum value at each
time step was taken into account. This compilation of muscles allows a numerical
reproduction of the signal received by the EMG sensor. The exact list of enveloped
muscles can be found in the Appendix - Table B.1.
The validation was quantified by the comparison of the on- and off-set time points
of the numerical and measured muscle activities, which implies the time difference
in which a muscle was activated/deactivated in reality and the simulation, respec-
tively. There are numerous methods using computer analysis for determining the
on- and off-sets, but little agreement regarding the most appropriate (Vannozzi
et al. 2010, Lee et al. 2007, Solnik et al. 2010). Therefore, a MATLAB (The
MathWorks Inc., Natick, USA) tool was designed through which a total number
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of five trained biomechanical engineers were able to determine the various on- and
off-set time points manually. Thereby, the graphs, as depicted in Figure 6.4 were
displayed and the on- and off-set time point were selected and saved in a database.
This method is also taken as the gold standard when comparing different numerical
on- and off-set approaches by Tenan et al. (2017).
For the respective comparison of the EMG signal and the simulated muscle activ-
ity of each task, only muscles with a measured maximum EMG activity >15% in
at least 50% of all performed movements were considered.

6.2.4 Statistical analysis

To determine to agreement between the model’s prediction and measured EMG
signal, the weighted kappa value for inter-rater agreement was calculated for all
tasks and all muscles. Hence, the periods of time during which the muscles were
active according to the experimental and numerical data were considered. The
kappa value κ ∈ [0, 1] represents the agreement between the two raters: κ ∈ [0, 0.2]
slight, κ ∈ ]0.2, 0.4] fair, κ ∈ ]0.4, 0.6] moderate, κ ∈ ]0.6, 0.8] substantial, and
κ ∈ ]0.8, 1.0] almost perfect agreement.

6.3 Results

From the 105 potential trials, 100 motion data sets as input for the inverse dynamic
simulation could be reconstructed, and 100 numerical simulations were performed.
Because the aim of this study was a general comparison of measured and simulated
muscle activities, Figure 6.4 shows one example of the normalized EMG signal and
the calculated muscle activity for the FDI and ADM muscles of a test subject for
task 1 (ab-/adduction of the fingers). All other muscle activities of this trial can
be found in the Appendix - Figure B.2.
The predicted progression of the muscle activity corresponded to the measured
data, but a shift of the on- and off-set points could be observed. Additionally,
for the ADM, the model appeared to overestimate the muscle activity, whereas
the magnitude of the peak correlated with the abduction angle, which was not
reflected in the experimental data.
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Figure 6.4: Muscle activity prediction from the model and measured EMG signal
during the abduction of the fingers along the MCP joint five times in a row.
(a) FDI muscle, (b) ADM muscle.

Regarding the on- and off-sets of the muscle activities of all tasks as well as the
weighted kappa values, these are summarized in Table 6.4. An overall difference of
0.58 s between the estimated and measured muscle activities was computed. The
lowest variation (0.19 s) was detected for the FPB muscle in task 4 (ab-/adduction
of the thumb), while the highest (1.5 s) was found in the same task for the ECU
muscle. Concerning the weighted kappa value, the average kappa value for all
trials (0.48) and all muscles (0.46) show a moderate agreement.
Table 6.4 depicts which muscle was mostly active during the corresponding move-
ment in the experiment. It is noticeable, for example, that the FDS muscles were
not active in task 3 (flexion of the fingers), such that it can be assumed that most
of the test subjects simply used gravity to flex their fingers or did not use their
full ROM in the PIP and DIP joint to fulfill the task. The time difference between
model and experiment was best for task 1 (ab-/adduction of the fingers), where
a force against the resistance of the skin during the abduction had to be applied.
This is also reflected in the highest kappa values for task 1, 2 and 4, in which all
a passively acting force had to be overcome.
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6.4 Discussion

The aim of this study was an experimental validation of a recently developed de-
tailed hand model by an overall comparison between the computed muscle activi-
ties of the hand model and the experimentally derived EMG activities. Therefore,
the on- and off-sets and the corresponding kappa values of the muscle activities
were investigated. Because these two approaches bring their own advantages and
limitations, first the model and then the validation process will be examined more
closely.

6.4.1 The hand model

For skilled movements, the AMS assumes the muscles to be recruited using more
and fewer muscle synergies. Because hand movements are quite trained motions,
this study used a strong criterion for the minimization of the muscles’ efforts,
which also previously showed good results for cycling, gait, and biting (Prilutsky
and Zatsiorsky 2002, De Zee et al. 2007).
The current model has the limitation that the entire wrist is modelled as one rigid
body, not including any ligaments within the wrist and hence lacking any passive
forces, which might explain the divergence in the computed and experimentally
derived activities of the ab-/adduction and the extension/flexion of the wrist (tasks
6 and 7). An implementation of such a detailed wrist model, like the one of Es-
chweiler et al. (2016), could provide a solution to address this issue.
Using a simple muscle model, additional passive forces from the muscle tendons
are also omitted. The muscle model, which includes these forces, is the Hill-type
model. Aurbach et al. (2020b) recently showed that using the Hill-model could be
one key modelling parameter for simulation of the joint reaction forces within the
shoulder. Particularly for the extrinsic muscles with long tendons, using the Hill-
model could be an essential part, which, however, offers significant possibilities for
additional uncertainties within the model.
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6.4.2 Validation

Validating a musculoskeletal model is a necessary, albeit difficult step to take to
determine when the model should be used for answering upcoming research ques-
tions.
Because there are no available datasets of instrumentalized prostheses and thus
available joint reaction forces for the hand – compared to other joints (Bergmann
2008) – only indirect validation remains, in which muscle activities and moment
arms are compared. This validation method is based on the assumption that when
the muscle activities match, the joint reaction forces are also acceptable.
The validation in this study should be accomplished through the comparison of the
time difference of numerically determined and experimentally measured on- and
off-set time points. With regard to the EMG measurements, it can be stated, that
the wrist extensors were more active than the wrist flexors for most of the tasks
(which is indicated by the fact that they more frequently overcome the 15% activity
threshold), which correlates well with the findings of Forman et al. (2019). When
considering Figure 6.4, the EMG signal and the numerically calculated muscle ac-
tivity displayed similar progressions. The on- and off-sets as well as magnitudes
alternated in the same dimensions.
However, when considering and evaluating the results of Table 6.4, one must also
always keep in mind which muscles should be primarily addressed in the respective
task (see Table 6.2). For example, ab-/adduction and flexion of the thumb (tasks 4
and 5) mainly address the intrinsic muscles of the thumb, for which the on-/off-set
time differences were much smaller than for the stabilizing muscles of the wrist,
which are less affected by the movement.
Nevertheless, there are some uncertainties within the comparison which have to
be born in mind. One major issue within EMG signals is cross-talk – neighboring
muscles also produce an EMG signal, which is recorded by the sensor (Konrad
2005). Particularly in the forearm/hand, which contains 39 muscles, cross-talk is
a systematic bias of the EMG signals (Kong et al. 2010), but not in the simulation.
The lower the activity of the considered muscle is in comparison to the surrounding
ones, the more pronounced the effects of the cross-talk become, which results in
a lower signal-to-noise ratio (Kasprisin and Grabiner 1998). Therefore, only mus-
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cles mainly targeted for the respective movement were compared to each other,
and envelopes were introduced. Concerning at the individual tasks 1 - 7, it can
be stated that cross-talk mainly influences tasks 2, 3, 6, and 7 since these task
mainly involved extrinsic muscles which are bundled in the forearm. In contrast,
the intrinsic muscles in the hand are in a more exposed position, which should
reduce the influence of cross-talk in task 1, 4, and 5.
Additionally, the displacement of the innervation zones can produce some artifacts
when considering dynamic movements (Rainoldi et al. 2000). An example in the
collected data is the activity of the FDI during finger abduction. Only two of
five subjects were able to abduct the index finger by more than 10°, but for all
five subjects EMG deflections during movement were detected. When only the
two indicated test persons were included in the data evaluation, the on-/off-set
was reduced to 0.39/0.42 s (in contrast to 0.62/0.63 s). This improvement clearly
demonstrates the influence that interference signals can have in EMG.
Jungtäubl et al. (2018) earlier introduced a method demonstrating how the nu-
merical signal of a simulation can be contaminated with cross-talk and showed a
positive effect on the corresponding Person correlation coefficient between mea-
sured and numerical obtained muscle activities. Contaminating the numerical
outcome with synthetically generated cross-talk could help achieve a better com-
parison of experimental data and the model.
As the results of task 1, 2, and 4 (ad-/abduction of the fingers, extension of the
fingers, abduction of the thumb) indicated, the EMG signal and simulated mus-
cle activity became more distinctive when the movement was performed against
a force (passive stiffness). All other tasks were performed with gravity as the
only prevailing external force. For other scenarios, like measuring EMG in the
lower limb, gravity as an additional force might be sufficient by using the body-
weight. However, for the movement of the hand weighing only a few hundred grams
(0.575% body weight for the average hand (Plagenhoef et al. 1983)), the on- and
off-sets of the muscle activities were not as distinctive, which makes it complicated
to assume the correct on- and off-set timing. The results from task 1 also show
that the model is much more consistent with the measured data in that loaded case.
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Another limitation, which might explain the differences between reality and the
model predictions, is that the models were scaled only to the anthropometric data
and were not exact patient-specific models. The lengths of the single finger bones
were gained by an optimization process of the adjustment to the defined markers.
Because of the relative sliding of the skin and bones along the finger joints, a par-
ticular inaccuracy regarding the hand anthropometrics may have occurred.
In future studies, it would also be of interest to morph subject based bone ge-
ometries (from CT data) into the model to make the outcome even more patient-
specific. In this way, it would even be possible - also by scaling the strength of
different muscle/muscle groups - to map any pathologies and accordingly obtain-
ing even more realistic muscle activities in the numerical model.
A similar musculoskeletal validation study is the one by Wibawa et al. (2013) for
the lower limb. In this study, it was not the time difference between experimental
and numerical data that was determined, but the number of on and off set points
during lower limb movements. Here, the AnyBody model of the lower extremity
(De Pieri et al. 2018), which has been validated in several studies, showed a slight
agreement between the measured EMG and predicted muscle activity data (kappa
was up to approximately 0.3). The average kappa for all muscles presented in this
study were even slightly higher (0.46).
Apart from all this, the experimental set-up restricted the comparison to only four
intrinsic and six extrinsic muscles, which are not all, but the dominating hand
muscles for most movements. Therefore, the question occurs whether the remain-
ing muscle activity also fits quite well with reality. For this reason, this study
attempted to perform a trend rather than an absolute validation. As a conse-
quence, it should be expected that the underlying conceptual model is physically
correct, although this is difficult to prove. One way could be the comparison of
joint reaction forces to data obtained by an instrumentalized wrist or finger pros-
thesis in the future.
In general, a validation process based on the measurement of EMG is also restricted
to the limitations of EMG. The major limitation of EMG signals in validation is
that EMG is only able to reject models with a clearly wrong result (Lund et al.
2012), which according to the data of this study, is not the case for this hand
model.
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6.5 Conclusion

The study presented the comparison of a musculoskeletal hand model recently
developed within the AMS with experimentally obtained data of muscle activities.
The alignment of on- and off-set timings provides good initial agreement, also
emphasized by kappa values between 0.27 and 0.56 for the muscles. Further studies
might increase the accuracy of the validation by addressing external load cases.
Nevertheless, the model provides a good basis to analyze future musculoskeletal
research questions regarding the hand.
The presented generic model will become available in the AMMR and can be used
for the biomechanical investigation of critical clinical problems affecting the human
forearm.
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Chapter 7

Hand model: sensitivity analysis

A part of the following chapter has been published in a similar form in the Jour-
nal for Computer Methods in Biomechanics and Biomedical Engineering under
Melzner, Süß and Dendorfer (2022).

7.1 Introduction

The outcome of musculoskeletal models, e.g., joint moments and forces, is mostly
reported as single values with a deterministic character. The incorporation of
any uncertainties within the model is often left unexamined (Cook et al. 2014).
When inaccuracies associated with model development are taken into considera-
tions, simulation results have to be interpreted as a single case out of many possible
outcomes. These uncertainties may arise either from simplifications in the model
(Gagnon et al. 2011) or inaccuracies in underlying input variables as a function of
data extraction (Żuk and Pezowicz 2016). The process of identifying such param-
eters is usually associated with complex measurements (Taddei et al. 2012, Scheys
et al. 2009), which are based on an average error greater than zero (Scheys et al.
2008).
Critical variables for modeling are the muscle parameters, such as the line of ac-
tion (Raikova and Prilutsky 2001), PCSA, and thus the maximum force capacity
of muscles (Herzog 1992). These are crucial parameters for determining muscle
activities and joint reaction forces. Maury et al. (1995) has already shown that
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such uncertainties in the muscle line of action result in a change of more than
100 N in the joint reaction force within the spine.
If the model to be analyzed is based only on a single anatomical data set, the
inaccuracy in the determination of muscle parameters is reduced to measurement
errors as the data is not diversified. This lack of diversity may also lead to a
systematic error if the subject’s anatomical preconditions in patient-specific mod-
eling deviate significantly from the cadaver, which the model is based on. To
achieve ideal population-based models, a more comprehensive anatomical data set
is necessary, which can be gained by including a large number of different cadavers
when determining muscle parameters. The advantage of including a larger num-
ber of cadavers increases the representativeness of the sample means and reduces
their susceptibility to be skewed by outliers. However, scattering of the respective
parameters also leads to considerable uncertainties in parameters. Another disad-
vantage depicts the fact that there is high variability within human performance
measures within a population, and hence only a few people can be defined as an
average person (Smith et al. 2014). However, generalized musculoskeletal models’
overall purpose should not be the ability to represent only an average person but
to be applicable to a large number of subjects with idiosyncratic characteristics
through patient-specific scaling.
The developed hand model from Chapter 4 is based on a general data set, which
includes data of 16 donors (Havelková et al. 2020). This model consists of 80 ex-
trinsic and intrinsic hand muscles with 31 DOFs and has been shown to correlate
highly with moment arm studies from prior literature (see Chapter 5). Since this
model’s anatomical data has some unavoidable known indeterminacy, the outcome
sensitivity of subject-specific model predictions (muscle activities and joint reac-
tion forces) compared to the input parameters should be researched. Thus, this
study aimed to investigate the sensitivity and stability of the model and at the
same time determine whether the model can be applied to a broad population be-
yond the average hand. Due to its increasing importance in using various modern
technologies, such as smartphones (Gustafsson et al. 2010), attention was focused
in particular on the thumb.
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7.2 Materials and Methods

The PCSA and the muscles’ line of action are crucial parameters in determining
acting muscle forces and hence the acting joint reaction forces. In order to evaluate
the sensitivity of the recently developed musculoskeletal hand model from Chapter
4 to these parameters, the underlying anatomical data (Havelková et al. 2020)
was varied according to their known measurement uncertainties – see Appendix
Table C.1 and C.2.
Subsequently, the simulated on- and off-set time points of the muscle activities
were compared with experimentally derived EMG activities. Further, the effects
on the change of joint reaction forces within the hand were investigated.

7.2.1 Experiment set-up

The test subject (weight = 78.3 kg, hand length = 20.5 cm) was informed about
the measurement procedure in advance and provided written consent confirming
voluntary participation. Then, the test subject performed one trial with the ab-
duction of all fingers, one trial with the abduction of the thumb, and one trial with
the flexion of the thumb. Each trial consisted of five repetitive movements, where
the hand was in pronation for the abduction of the fingers and neutral position
otherwise.
The movements’ kinematics were captured with a camera-based motion capture
system (Vicon©, Vicon Motion Systems Ltd., UK) using a marker-set including
the upper arm, forearm, and all fingers. The EMG activities of 10 extrinsic and in-
trinsic muscles were captured analog to Chapter 6 via surface EMG (Delsys Trigno
IM and Delsys Trigno Mini, Delsys® Inc., MA, US.) following the recommendation
of sensor placement according to Criswell (2011) and Barbero et al. (2012) (see
Table 6.1 and Figure 6.2). Prior to the sensor placement, the skin was cleaned
with an alcoholic solution to minimize the acquired signal’s influences due to dead
skin cells, salt, or grease. The muscles were selected according to the movements
to be investigated (abduction of all fingers/ thumb and flexion of the thumb),
such that in addition to the primarily active intrinsic muscles, extrinsic muscles
stabilizing the wrist were also covered. For normalization of the EMG data, MVC
measurements following Kendall et al. (1993) were performed beforehand analog
to Chapter 6.

64



Chapter 7. Hand model: sensitivity analysis 7.2. Materials & Methods

7.2.2 Simulation

The gathered kinematic data was fed into the musculoskeletal simulation software
AnyBody™ (AnyBody Technology A/S, Aalborg, Denmark, V. 7. 3). Then, the
model was scaled according to the anthropometric data of the test subject to
allow for patient-specific simulation, and simple muscle models are applied. The
change of input parameters and the simulation were performed externally using
the python module AnyPyTools (Lund et al. 2019) to conduct the subsequent
sensitivity study. The PCSA and the origin, as well as the insertion points of
all extrinsic and intrinsic hand/wrist muscles were amended according to their
measurement inaccuracies published by Havelková et al. (2020) – see Appendix
Table C.1 and C.2.
A modification in the PCSA is directly incorporated into the cost function G,
which has to be minimized by the algorithm

G =
∑

i

(
fi

Ni

)p

whereby p is the polynomial coefficient symbolizing the muscle synergy, fi is the
applied force, and Ni is the strength of a muscle, which is linear proportional to
the PCSA. Hence, the magnitude of the PCSA influences muscle recruitment and,
thus, the joint reaction forces to be determined. The outputs are also influenced
by changing the muscles’ origin and insertion points, resulting in a resulting alter-
ation in the moment arm.
For the PCSAs, origin, and insertion points, a normal distribution (with the ex-
pectation value µ being the value of the standard model and SD of the anatomical
data (see Appendix Table C.1 and C.2) was assumed. Further, the following as-
sumptions regarding origin and insertion points were made:

• The origin and insertion area was split up according to the number of the
muscle representatives within the model.

• Since the anatomical data-set provided only the area in a two-dimensional
plane, the SD in the third dimension was assumed to be 1 mm.
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• To not exceed the limits of the origin and insertion areas while randomly
creating input parameters, the boundaries of the area were set to ±3 SDs.
This restriction assures that origin and insertion points stay at 99,7% within
the anatomical area.

Based on this set-up, 1.000 simulations were calculated for each trial. The Latin-
Hypercube sampling (LHS) technique (Helton and Davis 2003) was used to perform
sensitivity analysis, which is a standard method in biomechanics as it provides
improved sampling efficiency compared to the otherwise commonly used Monte
Carlo analysis (Valero-Cuevas et al. 2003, Reinbolt et al. 2005).

7.2.3 Data processing

For the EMG signal, a root mean square with a window size of 50 ms was applied,
the baseline offset was subtracted, and the signal was normalized according to the
MVC measurements. To compare the numerical with the experimentally measured
muscle activity, a compilation of corresponding representatives of a muscle was
created whereby only the maximum value at each time step of the grouped muscle
elements was taken into account. A detailed list of enveloped muscles can be found
in the Appendix - Table B.1.
Following prior research, which has used an evaluation of on- and off-set timing of
muscle activities to validate musculoskeletal models (De Pieri et al. 2018), the on-
and off-set time points of the experiment, the standard model, and all simulations
run by the LHS method were compared. This comparison is particularly interesting
since a larger variation of the on- and off-set timing would imply a questionable
experimental validation or instability of the model.
For automatization of on- and off-sets detection, change point detection (Killick
et al. 2012) as implemented by the MatLab (The MathWorks Inc., Natick, USA)
FindChangePts() function was used. Based on this output, the difference between
each simulation and the experiment was evaluated. Next, the joint reaction forces
acting on the wrist and all finger joints were calculated using the inverse dynamic
approach of the AMS. This inverse dynamic approach provides a computation of
the muscle forces and the resulting joint reaction forces, but it can not be used
directly for motion prediction. Since a relatively small ROM in the DIP and PIP

66



Chapter 7. Hand model: sensitivity analysis 7.3. Results

joint took place during the conducted movements, only the CMC and the MCP
joint were considered in the investigation of the joint reaction forces.
For analysis of the model output and measured data, (Rebba and Mahadevan
2008) showed that a metric r

r = P (−ε < m − c < ε)

where m − c is the difference between experimental data and numerical simula-
tion, and ε is the accuracy requirement, which is more suitable than the hypothesis
testing using the p-value. Therefore, the r metric was used for comparing the ex-
perimental data, the standard model, and the outcome of all LHS simulations re-
garding the on- and off-set time points. This metric was also applied to comparing
joint reaction forces, although the model cannot be checked against experimental
data. Instead, the results of the LHS simulations were compared to the standard
model.

7.3 Results

As the aim of this study was to test the sensitivity and stability of the muscu-
loskeletal hand model, Figure 7.1 exemplifies the extent to which variation in input
parameters can affect changes in muscle activity (Figure 7.1(a)) and joint reaction
forces (Figure 7.1(b)). Figure 7.1 displays the activity of the FDI muscle and the
joint reaction force of the thumb’s CMC joint during the abduction of all fingers.
In both cases, the standard model is within the range of one SD of the LHS simu-
lations. It can be stated that the variation in the joint reaction force is higher than
that of the individual muscle activities. All muscle activities and joint reaction
forces of each motion can be found in the Appendix - Table C.3 - C.5.
The mean values of the difference between all calculated on and off time points for
each movement are displayed in Table 7.1. In contrast to the fingers’ abduction,
during movements of the thumb, mainly FPB and APB muscles were addressed.
Hence, only these muscles were taken into account for calculating the on and off
times. Comparing the mean values of the LHS simulations and the standard model,
only a slight shift of the on-off times can be observed.
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(a) (b)

Figure 7.1: (a) Muscle activity of the FDI muscle and (b) the joint reaction force
of the CMC joint of the thumb during the abduction of the fingers. The standard
model is provided by the red dashed line, the mean of the LHS simulation by the
blue line, and its corresponding SD (shaded area). The force of (b) is given in
percent body weight (BW).

The joint reaction forces (normalized to the body weight) acting on the wrist and
finger joints for each movement are shown in Table 7.2. When determining the
joint reaction forces, only times when the muscles of the standard model were ac-
tive were taken into account and averaged. The highest acting forces were found
in the wrist joint, whereby the CMC joint of the index finger was also exposed
to high loads during thumb movements. Considering the joint reaction forces, the
standard model also stays within one SD of the LHS simulations except for the
index finger’s MCP joint during the abduction of the thumb. The coefficient of
variation (CV) – which is defined as the ratio of SD and mean - varies between
9% (MCPthumb – abduction thumb) and 56% (CMCfinger4 – abduction thumb) for
individual joints.
The results for applying the metric proposed by Rebba and Mahadevan (2008) to
the outcome of the on- and off-set time difference and the joint reaction forces, re-
spectively, are shown in Figure 7.2 - 7.4 for each movement. Subfigures
7.2(a) - 7.4(a) show the probability of finding an outcome of the predicted joint
reaction forces of the LHS simulations within a specific interval around the cal-
culated value of the standard model (all forces were normalized to the standard
model). Subfigures 7.2(b) - 7.4(b) show the probability that the time difference be-
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tween the experimental and numerically calculated data is within a specified time
interval for the standard model and the LHS simulations. Considering the joint
reaction forces, almost 70% of all simulations stay within a 30% interval around
the standard model for the abduction of all fingers. Notable exceptions are the
CMC joint of the thumb and index finger, for which only 60% of results occur
within this interval (Figure 7.2(a)).
Regarding the thumb flexion, approximately 60% of simulation outcomes stay
within a 30% interval around the standard model (Figure 7.3(a)); whereas for the
thumb abduction, it is about 70% except for the joints of finger 4 and 5 (Fig-
ure 7.4(a)). Regarding the probabilities of finding an on- or off-set point in a
specific time interval, the results of the LHS simulations follow the trend of the
standard model (see Figure 7.2(b) – 7.4(b)).
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Table 7.1: The average time difference of the on- and off-set time points of the
muscles between the experimental measured and simulated predictions during
(a) the abduction of all fingers, (b) the flexion of the thumb, and (c) the ab-
duction of the thumb. The standard model is compared to the mean value of
the LHS simulations with modified input parameters and its SD. The on- and the
off-sets time difference is given in millisecond.

(a)

On-/Off-Sets ED ECR FCR FCU FDI ADM APB FPB FDS ECU

Standard model 160 185 181 136 190 178 90 106 283 100

Mean-LHS 167 258 209 170 194 201 88 121 276 100

SD-LHS 39 180 173 177 169 213 27 63 245 25

(b)

On-/Off-Sets APB FPB

Standard model 309 258

Mean-LHS 311 269

SD-LHS 26 61

(c)

On-/Off-Sets APB FPB

Standard model 204 224

Mean-LHS 203 225

SD-LHS 7 22
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Figure 7.2: Probability for the abduction of all fingers (a) to find an outcome of
the predicted joint reaction forces of the LHS simulations within a specific interval
around the calculated value of the standard model (all forces are normalized to
the standard model) (b) that the time difference between the experimental and
numerical calculated data is within a specific time interval for the standard model
and the LHS simulations.
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Figure 7.3: Probability for the flexion of the thumb (a) to find an outcome of the
predicted joint reaction forces of the LHS simulations within a specific interval
around the calculated value of the standard model (all forces are normalized to
the standard model) (b) that the time difference between the experimental and
numerical calculated data is within a specific time interval for the standard model
and the LHS simulations. Only the APB and FPB muscles were considered.
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Figure 7.4: Probability for the abduction of the thumb (a) to find an outcome of
the predicted joint reaction forces of the LHS simulations within a specific interval
around the calculated value of the standard model (all forces are normalized to
the standard model) (b) that the time difference between the experimental and
numerical calculated data is within a specific time interval for the standard model
and the LHS simulations. Only the APB and FPB muscles were considered.

7.4 Discussion

The aim of this study was to examine the sensitivity and stability of the muscu-
loskeletal hand model from Chapter 4 and thus to determine whether the model
can be applied to a broad population outside the average hand for patient-specific
modeling. Examining the comparison between experimental data, the standard
model, and LHS simulations suggests that the hand model is able to provide con-
vergence for a broad range of input data and, therefore, can be considered relatively
stable.
Combining all joints’ CV values results in an average scattering of 30% around
the expected value. The probability that the calculated joint reaction forces of the
LHS simulations are located within an interval of ±30% around the value of the
standard model is about 60% for the three investigated movements. Even when
comparing the experimental data with the numerical models, the highest devia-
tion between the prediction of the standard model and the mean value of the LHS
simulations is 73 ms (abduction of all fingers - ECR muscle) and the probability
curves of Figure 7.2(b) - 7.4(b) show no substantial deviations. Further, all SDs
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are smaller than equal to approximately 250 ms, which is within an acceptable
range once electromechanical delays (which are about 75 ms, according to Seth
and Pandy (2007)) are taken into account.
Investigating joint reaction forces, the level of particular forces within the hand
during the different movements is of particular interest. Especially in the abduc-
tion of the thumb, the wrist, and the index finger’s CMC joint seem to be exposed
to high forces (Table 7.2(c)). These increased forces are especially interesting,
as this movement is mainly used in the operation of modern multimedia devices.
However, because there are no in vivo measured force data of these joints - com-
pared to other joints like the shoulder (Bergmann 2008) - these results cannot be
validated quantitatively.
Taking a closer look at the outliers in the probability metrics of Figure 7.2 - 7.4,
it is evident that outliers are mainly finger joints that were rarely involved in the
respective movement, such as the CMC and MCP joint of fingers 3-5 for the ab-
duction of the thumb or the CMC joint of finger 3 for the flexion of the thumb.
Only the MPC joint of the index finger (during the abduction of the thumb) and
the CMC joints of the thumb and index finger (during the abduction of all fingers)
seemed to be sensitive to changes in input parameters, although the movements
addressed these joints. One possible reason for these joints’ increased sensitivity
could be the large number of intrinsic muscles running through the area between
the index finger and the thumb.
When evaluating the scattering of the model´s outcome, the distribution of in-
put parameters needs to be considered. The scattering magnitude is difficult to
quantify in terms of the muscles’ insertion/origin area, but for PCSA, this is quite
manageable. The anatomical data set from Havelková et al. (2020) can be used
to recalculate the average CV of PCSA values for all hand muscles, which is 38%
of the corresponding mean. Weighting the individual muscles according to their
size results only in a slightly smaller weighted average CV of 36.5%. Assuming
a normal distribution of the underlying PCSA values, roughly 68% of the values
are within an interval of ±36.5%. Comparing this measure of dispersion to that
of the numerical outcomes shows that the model predictions do not scatter more
than the input parameters (with the limitation of reference to the PCSA).
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The LHS method used in this study has improved sampling efficiency compared
to the Monte Carlo analysis, which has the disadvantage of requiring a large num-
ber of simulation runs. Accordingly, the number of 1.000 simulations seems to be
sufficient compared to the Monte Carlo studies of Valente et al. (2014) and Myers
et al. (2015) with 500 and 3.000 simulations, respectively.
Although the results show that the model seems to be relatively stable concerning
changes in input parameters, this stability depends on the type of movement per-
formed, which should also be considered in future analyses. Therefore, an attempt
was made to depict a correspondingly comprehensive range of relevant movements
being essential for modern everyday life.
This study has important implications for patient-specific scaling of musculoskele-
tal models. A common approach to patient-specific modeling is to scale the model’s
force-specifically, which is analogous to changing the PCSA. Alternatively, it is also
possible in the AMS to morph patient-specific bone geometries, which results in a
shift of the muscle attachment points. The effects of both methods were illustrated
in this study.
However, some limitations of this research need to be noted. The comparison
of experimentally gained and numerically determined muscle activities introduces
cross-talk, which is associated with the measurement of EMG signals (Konrad
2005). The kinematic inaccuracies that inevitably occur during the measurement
can also impact model predictions (Myers et al. 2015).
Further, some assumptions about the distribution of input parameters had to be
made when the anatomical data set did not provide exact data (e.g. for the SD of
the third dimension of the origin/insertion area). In addition, it must be taken into
account that this study did not investigate the direct effect of a change in muscle
moment arms and thus the resulting variation in joint reaction forces. Rather, a
change in the muscle line of action indirectly caused changes in the muscle moment
arms. Finally, it is challenging to derive generally valid data from the measurement
of only three different movements of a single person. However, these results provide
valuable preliminary information, which can be useful to future investigations.
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7.5 Conclusion

The study presented a sensitivity and stability analysis of the musculoskeletal hand
model from Chapter 4 by changing the input parameters of the muscles’ line of
action. The results indicate the model’s corresponding stability, which provides a
reasonable basis for the patient-specific simulation of a broad population regarding
the hand.
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Chapter 8

Hand model: clinical application -
simulation of the manual perineal
protection

A part of the following chapter has been published in a similar form in the Euro-
pean Journal of Obstetrics & Gynecology and Reproductive Biology under Melzner
et al. (2021). Parts of this chapter were created in collaboration with the project
partners Vladimír Kališ, Zdeněk Rušavý, and Khaled Ismail from the Charles Uni-
versity in Pilsen.

8.1 Introduction

In spite of ongoing advances in medical care, clinical obstetrics still remains a
high-risk practice. For centuries, childbirth posed life-threatening risks for both
mother and child. These were markedly reduced in recent decades by progress
in maternity care and the assistance of an experienced accoucheur (King 2013).
Even though the lives of the mother and child are no longer threatened to the
same extent, some complications during natural childbirth may have a lasting life-
long impact on the woman’s health and quality of life (Abedzadeh-Kalahroudi
et al. 2019). Facilitating childbirth with the least consequences for the mother
and child is the main priority, yet, remains to be one of the major challenges in
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obstetrics. There are several interventions and maneuvers that are routinely used
in obstetrics; operative vaginal deliveries (Yeomans 2010), manual perineal pro-
tection (MPP) (Kleprlikova et al. 2020), special maneuvers during breech or twin
births are examples of some of them (Blickstein et al. 2000). For the purpose of
this study the focus was set on MPP as a surrogate for such interventions.
Childbirth-related perineal trauma may lead to perineal pain (Åhlund et al. 2019)
interfering with nursing and other activities shortly after birth while incontinence
(LaCross et al. 2015) and other pelvic floor disorders can have long-term conse-
quences (Mehrvarz et al. 2015). Therefore, the correct execution of interventions
that can increase or reduce the risk of such injuries is of utmost importance to ma-
ternal outcomes. Indeed, the rate of these types of injuries varies across countries
and institutions and obstetric practice seems to be a very important determining
factor (Laine et al. 2013). Nevertheless, the maneuvers performed for the reduc-
tion of childbirth trauma may have a detrimental effect on the accouchers’ health.
Lower back pain is a common complaint amongst maternity care providers (doc-
tors and especially midwives) (Karahan et al. 2009, Houngbedji et al. 2017). Back
diseases represent one of the leading causes (71%) of musculoskeletal morbidity re-
lated to the work of accoucheurs. It is reported that about 30% of midwives have
taken sick leave due to musculoskeletal disorders (Okuyucu et al. 2019). Inappro-
priate body postures have been widely associated with a high prevalence of such
injuries more than other factors (Anita et al. 2014, Ezugwu et al. 2020). Therefore,
the correct execution of these maneuvers is, not only important for mother and
baby, but also of crucial importance for the healthcare professional. Depending on
the particular posture during such maneuvers, the strain on the musculoskeletal
system, particularly the critical stress peaks, may result in long-term consequences
and disabilities to the accoucheur.
The most effective MPP techniques have been described and validated both the-
oretically (Jansova et al. 2017, 2014), and clinically (Laine et al. 2008). However,
there is paucity of information regarding the most healthy posture for the ac-
coucheur. In general, the postures adopted by accouchers in everyday clinical
practice for assisting birth differ fundamentally.
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For the purpose of this study, two completely different postures for comparison
were selected:

• the accoucher being in an upright position and performing an MPP while
bending slightly to the side – referred to in this study as standing technique
(ST)

• the obstetrician kneeling (on one knee) and supporting the birth process in
this position – referred to in this study as kneeling technique (KT)

Musculoskeletal simulations are increasingly used in biomechanical analyses. Us-
ing the kinematics of the human body, musculoskeletal simulations are able to
analyze different loading situations and provide internal biomechanics. This is
of particular interest since in-vivo measurements of the human body - like joint
forces - are challenging to assess. These simulations are already used in numerous
applications, e.g. orthopaedic research (Putzer et al. 2016, Dendorfer et al. 2014,
Weber et al. 2014) sports (Nakashima et al. 2013, Kwan et al. 2011), and show good
agreement compared to in-vivo data (Andersen et al. 2014). To my knowledge,
no biomechanical analyses regarding the musculoskeletal load on obstetricians and
midwives have been reported in the medical literature. Therefore, the feasibil-
ity of undertaking these measurements should be evaluated and the effect of the
accoucheur’s posture on their musculoskeletal system should be investigated.
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8.2 Materials and Methods

Studied postures

To facilitate the reproducibility of the experiment all deliveries were conducted
in a semi-recumbent maternal position. Two fundamentally differing accouchers’
postures were selected for analysis, ST and KT, during real life and simulated
deliveries. One obstetrician was in the standing position, bending slightly towards
the perineum and the side, pivoting his elbow on his right thigh (Figure 8.1(a)),
whereas the other obstetrician was supporting the perineum while kneeling on the
right knee (Figure 8.1(b)).

(a) (b)

Figure 8.1: Musculoskeletal simulation of the loads acting on the accoucheur within
the AMS while performing an MPP using (a) the ST and (b) the KT. The blue
lines on the feet show the acting ground reaction force. The different shades of red
indicate the various muscle activities - the redder, the more active the muscle.
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Experiment set-up

To create the reference data set for the musculoskeletal analysis of the accoucheur’s
joint loads, a study containing the measurements of two obstetricians (both male,
right handed) were conducted with one obstetrician always used ST and the other
one KT (anthropometrics: ST 1.83 m and 95.0 kg; KT 1.95 m and 92.5 kg). For
both obstetricians, three trials using the birthing simulator (BS) (Sophie and So-
phie’s Mum Birth Simulator, MODEL-med, Melbourne, Australia) and one trial
of a real-life delivery (RD) were measured.. For the birth simulator measurements,
the device was placed on a table (height 72 cm), whereas the bed height for the
real births was adjusted at 85 and 90 cm, respectively.
To determine the movement of the obstetricians, an Xsens IMC System (Xsens
Link, Xsens Technologies BV, Enschede, Netherlands) was applied to the test sub-
jects (Figure 8.2(a)). This system uses inertial measurement units (17 sensors,
measurement frequency 240 Hz) to gain joint angles during any motion.
Two gloves, on top of each other, were placed on the accoucheur’s hand - one glove
to obtain the kinematics of all fingers of each hand (Prime I Xsens, Manus VR,
Geldrop, Netherlands) and one glove, measuring the forces acting on the thumb,
index, and middle finger of the right hand. The latter glove is a bespoke custom-
made glove which was previously described (Kalis et al. 2020). Three force sensor
(sensitive resistors Tekscan FlexiForce A201) are used, which recorded the data
with a frequency of 100 Hz. The measurement of these forces and the correct
application of them via the hand model developed in Chapter 4 is necessary to set
the correct boundary conditions for the subsequent musculoskeletal simulations.
After the test subjects were prepared accordingly, the measurements were recorded
using a birth simulator (Figure 8.2(b)) and real-life deliveries. Women involved in
the real life births were informed in advance about the procedure of the measure-
ment, and informed consent was obtained concerning their voluntary participation.
The study was approved by the Ethics committee of the University Hospital in
Pilsen, Charles University.
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(a) (b)

Figure 8.2: (a) Fully equipped obstetrician – including Xsens IMU sensors, Manus
VR glove and force measurement glove developed by the New Technologies Re-
search Centre (University of West Bohemia). (b) Performing a delivery using the
birth simulator

Simulation

Only the final contraction’s time interval was considered for the analysis of the
loads acting on the accoucheur’s musculoskeletal system. The musculoskeletal
simulation software AnyBody (AnyBody Technology A/S, Aalborg, Denmark,
V.7.3.1) was used as a modeling environment.

82



Chapter 8. Hand model: simulation of the MPP 8.2. Materials & Methods

Prior to the simulation, the model was scaled according to the anthropometric
data of each test subject. The kinematic data of the experiments were introduced
into the simulations as boundary conditions. Kinematic mismatches of the fingers
caused by pressure artefacts due to the multiple layers of gloves on the right hand
were improved in advance.
To reduce computational time, the muscles of the left (non-dominant) arm were
omitted as the loads acting on the left hand were not of interest for this study. The
detailed hand model from Chapter 4 was used in the simulation to best illustrate
the loads acting on the hand and wrist. The forces measured on the glove were
then applied to the corresponding fingers.
The missing boundary conditions of the ground reaction forces were included by
using the ground reaction force prediction implemented within the AMS. This
method uses the individual segments’ acceleration to obtain the acting ground
forces (Fluit et al. 2014). One exemplary simulation is shown in Figures 8.1(a)
and 8.1(b) for the standing and the kneeling postures respectively. Following the
simulations, joint forces were analysed.
For the ST, it is possible that the resting of obstetrician’s right elbow on his thigh
may have caused some force transmission between those two segments, which could
not have been measured. To evaluate how far this possible force transmission
affected the load on individual joints, a spring was implemented in the simulation
model – meaning the closer the two segments get, the more force would have been
transmitted. Depending on this spring’s stiffness, some (k) or no (kzero) force is
transmitted between two segments being in contact. Based on these simulations,
the effects of MPP on the accoucheur’s musculoskeletal load were determined.
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8.3 Results

With the different postures of the two obstetricians, the musculoskeletal system’s
whole kinematic chain was shifted. This variation was reflected in a corresponding
change in the joint reaction forces along the upper extremity and lower back, listed
in Figures 8.3 and 8.4. A corresponding table with all exact values (including the
applied finger forces) is shown in the Appendix - Table D.2.
Regarding the intra-operator reliability for KT, an average deviation around the
mean value of 10.5% was obtained in the maximal forces. The lower back’s medio-
lateral force components were a noticeable outlier (in the range of ±25%). For ST
the deviation was about 15.5% for the maximum force - without stronger outliers.
When comparing KT and ST with regards to inter-operator stability using the
respective mean values, there were comparable maximum and mean values for the
upper extremity, although the obstetrician using ST applied on average less force
to the perineum via the fingers.
However, this was no longer the case for the lower back. The average maximum
total load between the lower back segments increased by 677 N (mean force 638 N)
from KT to ST. Also, the shear forces showed a mean rise of the maximum force
of 295 N (276 N) and 92 N (66 N) for the anteroposterior and the mediolateral
directions respectively.
Hence it can not be excluded that there was any force transmission between
the obstetrician’s right elbow and his thigh during ST, an exemplary BS-trial
(BS-01) was also simulated, using the spring. This transmitted force between the
two segments was within a range of maximal 90 N.
Only joint loads on the musculoskeletal chain from the elbow upwards were changed
by this procedure; therefore, only joints from the shoulder to the L5-Sacrum joint
are shown in Figure 8.5. A corresponding table with all exact values can be found
in the Appendix - Table D.1.
Based on the results in Figure 8.5, forces in the lower back can be considerably
reduced by supporting the elbow. However, within the shoulder, the maximal and
mean acting joint reaction forces were almost doubled and quadrupled respectively.
Compared to the average force of KT, the shoulder was subjected to a much higher
load. While the maximum load between the lumbar vertebral bodies were below
the level of KT by the force transmission.
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Figure 8.3: Maximal and mean forces (brighter outer or darker inner area) acting
on the upper extremity ((a) wrist, (b) elbow – humeroulnar, (c) elbow – radio-
humeral, and (d) shoulder joint) during the BS - 01-03 trials and the RD trial for
KT 1 (blue) and ST 2 (orange). The results for ST were gained using zero stiffness
of the spring between the elbow and the thigh (kzero).
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Figure 8.4: Maximal and mean forces (brighter outer or darker inner area) acting on
the lumbar spine ((a) T12L1, (b) L1L2, (c) L2L3, (d) L3L4, (e) L4L5, and (f) L5Sacrum
joint) during the BS - 01-03 trials and the RD trial for KT (blue) and ST (orange). The
overall bar indicates the total acting force, whereas the yellow and green bar indicates
the shear forces acting in the anterior-posterior and medio-lateral direction. The results
for ST were gained using zero stiffness of the spring between the elbow and the thigh
(kzero). 86
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Figure 8.5: Maximal and mean forces (brighter outer or darker inner area) acting
on the respective joint during BS - 01 trial for ST using a spring with kzero/k
(orange/blue). The overall bar indicates the total acting force, whereas the yellow
and green bar indicates the shear forces acting in the anterior-posterior and medio-
lateral direction.
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8.4 Discussion

This study assessed the feasibility of measuring accoucheur’s musculoskeletal joint
loads during an obstetric intervention and explored the effect of change in the ac-
coucheur’s posture on these loads during real life and simulated vaginal deliveries.
With the gained kinematics, the musculoskeletal loads between segments was de-
termined using musculoskeletal simulations. A comparison of the musculoskeletal
load of the two techniques used indicates that, regardless of the uncertainty of how
much support was provided by the thigh during the standing posture, the kneeling
position puts less strain on the musculoskeletal system than the standing posi-
tion. Moreover, the intra-operator variability of the forces between the individual
segments was more scattered in the standing posture compared to the kneeling
position (15.5% to 10.5%). If the variability is recalculated with the loads’ devia-
tion weighted linearly in relation to the acting force, the intra-operator variability
even shifts to 17.6% and 7.2%, respectively. A possible explanation for this is
the restriction of the human body’s kinematic chain due to the knee’s additional
fixation on the floor. Thus, higher stability is achieved, allowing less movement
variability. This is also reflected in the kinematic data due to the local stronger
fixation of the pelvis. Therefore, the intra-operator variability is probably more
pronounced in ST than in KT.
If the load on the two test subjects’ musculoskeletal system is compared, the loads
on the upper extremity were similar, but the radio-humeral joint load is slightly
higher in ST. Even if the loads between the two techniques do not differ signifi-
cantly for the upper extremity, it can be stated that forces up to 146% of the body
weight (see BS-01 for subject 02 - radiohumeral force) can appear during perineal
support. These high forces, in combination with the nature of the repetitive task
of obstetricians, have the potential to cause musculoskeletal disorders, according
to Gallagher and Heberger (2013). Higher forces mean a higher risk, and this is
the case for the accoucher.
Therefore, using the standard detailed hand model of the AMS in the simulation
instead of the hand model developed in Chapter 4 would possibly underestimate
this risk. Compared to the hand model developed in this thesis, the simulation of
the birth process with the AMS hand model shows a lower maximum and average

88



Chapter 8. Hand model: simulation of the MPP 8.4. Discussion

force in the area of the upper extremity (wrist: 10% max., 20% mean; elbow-
humeroulnar: 20% max., 29% mean; elbow-radiohumeral: 41% max., 45% mean;
shoulder: 13% max., 16% mean). This underestimation of the acting forces is most
likely due to the lack of detail of the AMS model. The synergy of the muscles dis-
tributes the load among several muscles - including those with a lower moment
arms. Thus, in order to apply the same moment, higher forces are required in the
muscle, which in turn increases the joint reaction forces. However, if some of these
muscles are not present at all (as in the AMS hand model), the acting force is
automatically reduced compared to the hand model developed in Chapter 4 and
validated in Chapters 5, 6, and 7 . Thus, the potential risk of musculoskeletal dis-
orders in the upper extremity of the obstetricians is more accurately represented
by the newly developed and validated hand model.
Regarding the lower back load during the birth process, forces are, approximately,
equivalent to carrying a 20 kg box in a bent-over position if other studies are used
for classification (Lee et al. 2013). However, these forces were much higher in the
upright position. According to Gallagher and Marras (2012), occasional exposures
to antero-posterior shear loadings up to 1000 N are acceptable, and a limit of 700 N
is appropriate for repetitive work. This 1000 N limit was exceeded twice in the
standing posture (BS-02 T12/L1 and L1/L2) and the 700 N limit was exceeded
constantly at the T12/L1, the L1/L2 and partly at the L2/L3 joint or are even
close to this limit for the other joints considering the maximum values. But the
mean values for the first two joints are also above the 700 N limit.
In contrast, during KT the 1000 N mark was never broken, and the 700 N limit
was only slightly broken for the maximum values of the T12/L1 joint. Regardless
of whether the limits used in the literature can be considered to be absolutely
valid, it can be seen that peak loads are significantly less pronounced in KT than
in ST.
However, an unknown parameter in the simulations is the extent to which the
right elbow during ST transfers force to the thigh. A corresponding absorption
or redirection of force could relieve the lower back. Therefore, the spring was in-
cluded in the simulation, and an exemplary case (BS-01) was calculated, which
demonstrated that up to 90 N could be transferred. Indeed, the comparison of
Figure 8.3 - 8.5 shows that the force transmission is capable of reducing the load
(total and shear forces) of the lower back in general for the standing posture.
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Interestingly, the maximum acting force was even lower than the average maximal
force acting during KT (for example, -755 N at T12/L1 and -566 N at L1/L2).
However, when assessing the average acting force, there was a reduction at T1/L1
and L1/L2 but an increase at L2/L3 - L5/Sac.
Nonetheless, most of the force transmitted via the elbow seems to increase the
load on the shoulder where the mean and maximal acting forces acting were al-
most tripled compared to the average forces during KT. These findings suggest
that a higher force transfer to the distal thigh protects the lower back (about the
same extent as the KT) but makes musculoskeletal injuries in the shoulder area
much more likely.
When considering the differences between the birthing simulator and real delivery,
there are slight deviations for the lower back and the upper extremity. On aver-
age, the lumbar spine’s maximal forces deviate only 17% and 13% for KT and ST,
respectively (mean force 10% for both) during the birth simulator measurements
compared to real birth values. However, for the upper extremity, the deviation in-
creased to 27% and 54% in the maximal (mean forces 23% and 54%) respectively.
Exploring the reasons for these variations was outside the remit of this study, how-
ever, there are several possible reasons. First, the increased elbow pronation and
ulnar abduction of the wrist during real birth compared to BS-01-03. Second, the
difference in table/bed heights, which also contributes to the kinematic movement
chain. Third, ST transferred a below average amount of force in simulated birth,
which could possibly be due to a non-optimal haptic of the birth simulator. These
are all important points that need to be addressed in further studies.
This study has some limitations. Firstly, only data from two male obstetricians
performing MPP in two postures were captured. However, the primary intention
was to assess the strain on the musculoskeletal system in general and determine if
there is a significant difference depending on accoucheur’s posture. Additionally,
this allowed evaluation of the intra-practitioner variability. Secondly, one real life
delivery per posture is insufficient to draw conclusions, however, due to the nature
of a vaginal birth, motion capture is extremely challenging. This is also the reason
why these were compared to birth simulations as these are much easier, safer and
more controlled to organize and perform. Nonetheless, the development and ap-
plication of a specifically designed integrated system to capture the required data
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and the fact that this is the first report of such measurements are major strengths
to this study.
This feasibility study enabled us to test the protocol and optimize data collection
that will inform future larger studies, in which the number of obstetricians should
be increased and the influence of additional parameters, such as the influence of
altering the table height, should be examined more closely.

8.5 Conclusion

In this study an extremely high strain on the musculoskeletal system of an ac-
coucheur during manual perineal protection was demonstrated using kinematic
measurement of birth processes conducted with the assistance of a birth simula-
tor, as well as recordings of real deliveries. The results of this study point to an
unstudied aspect of a vaginal delivery. Optimizing practitioners’ posture during
labor may significantly contribute to the increase in the quality of life of obstetri-
cians and midwives and reduce the cost burden of staff sickness leave secondary to
musculoskeletal problems. Finding the optimal posture for the accoucheur remains
a challenge for future research.
Furthermore, the results of this study demonstrated that the hand model devel-
oped in this thesis is suited to assess the risk of potential musculoskeletal disorders
regarding the upper extremity. Moreover, the hand model developed in Chapter 4
enables the correct application of external forces into the system and thus ensures
a realistic musculoskeletal analysis of the lower back.
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Elbow model: model development

9.1 Introduction

The elbow joint, which connects the two forearm bones (ulna and radius) with
the humerus, consists of two joints, namely a hinge (i.e., humeroulnar joint) and
a socket and ball joint (i.e., radiohumeral joint). While the former allows flex-
ion/extension, the latter only allows two degrees of freedom (flexion/extension
and pronation/supination of the hand) due to the fact that there is a fixation
between the ulna and radius. Thus, the elbow joint ensures that the hand can be
precisely spatially aligned as a grasping mechanism allowing for interactions with
the external world. This ROM of the elbow joint is enabled by a total of four main
muscle groups (m. biceps brachii, m. brachialis, m. brachioradialis, m. triceps
brachii), which span the joint. The joint itself is also enclosed by a joint capsule
and the medial and lateral collateral ligaments, which provide additional stability
to the elbow (see Chapter 2.2).
In recent years, extensive work has already been done in the Laboratory for Biome-
chanics at the Ostbayerische Technische Hochschule in Regensburg on advancing
a musculoskeletal shoulder model in the AnyBody simulation software (Aurbach
et al. 2020a,b). Additionally, a new musculoskeletal hand model was developed
and validated (see Chapters 4 - 7) in this thesis. Therefore, investigating elbow
joint – arguably the most important joint of the upper limb (Morrey 2009) – was
the logical next step of research as it links the shoulder joint and the hand. This

92



Chapter 9. Elbow model: model development 9.1. Introduction

step will complete the development of an entire detailed model of the upper ex-
tremity in the Laboratory for Biomechanics in Regensburg.
Such a model is of high practical importance and contributes to the literature in
manifold ways. To elaborate, the elbow is the most or second most commonly
dislocated joint (following the shoulder) in children and adults, respectively (Litin
and Nanda 2018). Specially, the action of intercepting of falls and the resulting
high varus/valgus moments causes not only numerous injuries of the ligaments but
also fractures of the bones in the elbow area. A loss of elbow functionality as a
consequence often results in a very severe limitation of mobility and incapability
to interaction with the environment effectively.
Musculoskeletal simulation models are an effective tool for investigating the effects
of such injuries/damage to the soft tissues or bony structures of the elbow joint
and their downstream consequences for elbow functionality and stability. Numer-
ous research groups conducted musculoskeletal simulations of the human elbow
over recent decades. In addition to the model of Holzbaur et al. (2005), which was
already addressed in Chapter 4, there are many other musculoskeletal models that
are concerned with the biomechanics of the elbow (Gonzalez et al. 1996, Lemay
and Crago 1996, van der Helm et al. 2001, Garner and Pandy 2001). However, all
these studies consider the elbow joint merely as a simplified hinge joint and ne-
glect the ligamentous components. Of note, though, Tanaka et al. (1998) showed
that the elbow joint reveals instability in relation to valgus and varus moments.
Thus, previous models miss a crucial part, which is foundational to the stability
of the elbow and of high relevance to clinical questions. Another limitation of
the research mentioned above is that all developed models are stand-alone models
without being embedded in a holistic body model and thus cannot properly reflect
the complexity of the human body.
Furthermore, the model developed in the research mentioned above are advanced
by the work of Fisk and Wayne (2009), who developed a musculoskeletal elbow
model, in which the joint behaviour was determined by ligament constraints. How-
ever, their model is based on several strong assumptions that do not correspond
to reality. That is, the ligaments were modeled as linear springs, the muscle forces
were modeled as constant force vectors, and only m. triceps, m. brachialis, and
m. biceps were considered, while neglecting that the path of the muscles and lig-
aments is influenced by different obstacles.

93



Chapter 9. Elbow model: model development 9.2. Elbow model

While some of these shortcomings have already been addressed through more re-
alistic modeling by Rahman et al. (2018), their model is also a stand-alone model,
which only contains the three main muscles that span the elbow (m. triceps,
m. brachialis, and m. biceps).
To the best of my knowledge, no musculoskeletal model of the elbow exists that
1. can be embedded in a holistic body model, 2. can be scaled patient-specifically,
3. does not represent the elbow as a simplified hinge joint, and 4. includes both
the ligamentous apparatus and all the muscles spanning/passing the elbow. There-
fore, this thesis aims to create a more detailed model of the human elbow based
on literature data and validates it using experimental data (muscle moment arms,
ligament elongation during flexion, ligament tautness, and acting moment within
the elbow during valgus/varus moments). The elbow model will be developed in
the simulation software AnyBody in a similar fashion to the hand model to benefit
from all the advantages of the inverse dynamic approach and the scaling functions
already mentioned in Chapter 4. As with the hand, the elbow cannot be con-
sidered in isolation, but must be integrated into a holistic body model, which is
implemented by the generic human body model in the AMS.
Subsequently, this model will be used in Chapter 11 to evaluate clinical issues
of elbow stability after different elbow stabilization failures from a biomechanical
point of view.

9.2 Elbow model

The elbow model was embedded in the AMS Version 7.3 and AMMR 2.2.2 (Lund
et al. 2019). The AMMR full-body model including the detailed hand model was
used as a basis. The fact that many of the extrinsic muscles of the hand model
originate in the elbow area is particularly relevant in this context, as the use of the
detailed hand model also allows for a more accurate calculation of the forces acting
on the elbow. For the elbow joint, the revolute joint implemented as standard in
the AMS was used allowing only one DOF (flexion and extension). In contrast
to the standard model, the new elbow model allows an adjustment of the cubital
angle (formed between the axis of a radially deviated forearm and the axis of the
humerus). In the AMS standard model, this angle is set to 0°, which corresponds
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to a cubitus varus deformity; a deformity in which the extended forearm is deviated
towards the midline of the body (see Figure 9.1(a)). However, since the literature
(Waldt and Woertler 2014) assumes that a normal cubital angle is between 5° (<5°
cubitus varus deformity) and 15° (>15° cubits valgus deformity), a cubital angle
of 10° was defined as standard in the new elbow model (see Figure 9.1(b)).

(a) (b)

Figure 9.1: Implementation of the cubital angle in the AMS. Figure (a) shows the
formerly default cubital angle of 0° within AMS, whereby Figure (b) depicts the
basic angle of 10° defined for the new elbow model.

9.2.1 Muscles

As part of the same anatomical study conducted at the University of Pilsen to
determine the muscle parameters of the ex- and intrinsic hand muscles in the
forearm region (see Chapter 4), detailed maps of the upper arm muscles were
created as well (Havelková et al. 2020). These data, which include the muscle origin
and insertion points, as well as the muscle cross-sectional areas, were implemented
in the new elbow model.
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9.2.2 Ligamentous apparatus

For the ligamentous apparatus, the medial and lateral collateral ligament com-
plexes were implemented using data from prior literature. According to Morrey
and An (1985), the lateral ligament complex is composed of the radial collateral
ligament (RCL) as well as the medial ligament complex of the anterior and pos-
terior medial collateral ligaments (AMCL and PMCL). The origin and insertion
points of these three ligaments, based on a dissection of ten fresh cadaver speci-
mens, were taken from Morrey and An (1985) for the new elbow model. To be able
to distangle the occurring forces in more detail, each band complex was divided
into three parts - an anterior, middle, and posterior portion.
Unlike muscles, ligaments cannot actively generate forces themselves. They only
passively introduce forces into the multi-body system like a spring. Therefore,
the force applied to the system depends strongly on the specific stiffness of the
ligaments. Regarding the AMCL, PMCL, and RCL ligaments, Regan et al. (1991)
measured corresponding force-strain curves of up to seven specimens and repre-
sentative curves were determined (see Figure 9.2). These curves are used for the
analysis of the load acting within the model.
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Figure 9.2: Experimental data from Regan et al. (1991) regarding the force-strain
relationship of the different elbow ligament complexes.
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In addition to the stiffness of the ligaments, the length (or the positions of the
elbow) at which the ligaments are in a taut state, and thus introduce passive
forces to the system, is also essential. The ligament position at which the different
parts (anterior, middle, posterior) of the ligaments can be considered taut in the
neutral state (without additional valgus or varus moments) was also taken from the
experimental study of Regan et al. (1991). All ligaments were calibrated according
to the individual zero-load length l0 to best fit the tautness-range within the neutral
position.

9.2.3 Varus-Valgus motion

Within the AMS, all joints are defined as ideal joints allowing a certain number of
DOFs. However, many biomechanical joints are not ideal and allow small motions
between the bones based on acting forces from muscles or ligaments. One example
of such a motion is the varus-valgus motion of the elbow joint.
On the one hand, as discussed in Chapter 3, the inverse dynamics approach re-
quires motion of the entire system in order to compute the muscle forces. On the
other hand we need the acting forces to compute the according motion, which leads
to a chicken-and-egg problem. This issue is solved by means of the force-dependent
kinematics (FDK) approach (Skipper Andersen et al. 2017), which allows a small
rotational deviation for the elbow joint in this case. The passive force created
by the ligaments of the elbow stabilizes the joint against free rotation. There-
fore, the ligamentous apparatus contributes crucially to resistance against applied
valgus/varus moments (though the stabilizing function of capsule and articulation
ought to be acknowledged - see Morrey and An (1983)). Morrey and An separated
the elbow joint from four cadaver specimens, leaving only the bone, ligamentous
apparatus and capsule. The joints were then fixed in a corresponding testing ma-
chine and the moment acting in the elbow was recorded both for the extension and
the 90°-flexion for different displacements in the valgus and varus directions. These
displacement-load curves were obtained for the intact condition as well as for the
complete transection of the lateral and medial ligament apparatus. This data was
incorporated into the new elbow model to determine the rotational resistance of
the joint in the intact case. This resistance, which results from the capsule and the
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articulation, was then simulated in the new elbow model by a torsion spring in the
elbow joint. Since only the values for extension and 90° flexion were determined
in the experiment, and thus experimental values for the interval between the two
values were missing, the model was based on the assumption of a linear progression
between the two interval limits and beyond.
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Elbow model: validation

In order to validate the new elbow model, a comparison of the data calculated
by the model with experimental literature data was conducted with regard to the
following variables, which are elaborated in the subsequent chapter.

• muscle moment arms (section 10.1.1)

• ligament elongation (section 10.1.2)

• ligament tautness (section 10.1.3)

• elbow moment (section 10.1.4)

• change of cubital angle/rotation axis during flexion (section 10.1.5)

Since prior literature does not provide precise anthropometric data of cadaver spec-
imens, all following simulations were performed using the anthropometrics of an
average 50 percentile male person (body height: 1.75 m; body weight: 75 kg). All
other segment lengths and segment masses were scaled according to Winter (2009).
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10.1 Validation

10.1.1 Muscle moment arms

As mentioned in Chapter 5, the line of action and moment arms are critical pa-
rameters in predicting muscle and joint reaction forces according to Raikova and
Prilutsky (2001). Therefore, a comparison of the numerically determined moment
arms with experimental data was performed for the elbow model as well. The
comparison was based on a study conducted by Murray et al. (1995) in which the
moment arm of m. brachioradialis, m. brachialis, m. biceps, m. triceps, and
m. pronator teres during elbow flexion and of m. pronator teres, m. biceps,
and m. brachioradialis during elbow pronation of two alcohol-preserved cadaver
specimens was measured using the tendon excursion method (see also Chapter 5).

10.1.2 Ligament elongation

Ligaments cannot actively generate forces. However, they act as passive elements
whose forces depend on stiffness and the range of the respective strain/elongation.
In order to determine the distance between the origin and the insertion of the dif-
ferent bands as a function of the angle of flexion, Morrey and An (1985) conducted
a study in which five specimens were measured accordingly. The resulting data
were normalized to the magnitude at 0° flexion (= full extension). This change
in band length will be compared with data collected numerically analogous to the
study for validation purposes. Since the study by Morrey and An did not contain
any information on the position of the hand (supination/neutral/pronation) dur-
ing the collection of the data, a neutral position was assumed for the collection of
the numerical data.
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10.1.3 Ligament tautness

The range during the flexion of the elbow in which the anterior, middle, and poste-
rior parts of the ligaments are to be considered taut was also addressed by Regan
et al. (1991). In his study, this range was determined both without valgus/varus
displacement and for the position under valgus and varus moments. Unfortunately,
however, it is not further defined which excursion was considered as valgus or varus
deviation. Due to this lack of information, the following parameters were assumed
for the comparison of the model with the experimental data from Regan et al.
(1991). A varus/valgus deviation was defined as a deflection of the cubital angle
by 5° in each case, allowing the cubital angle of the model to reach the marginal
ranges (5° or 15°) at which deformity is not yet considered to exist. Since the
underlying study did not contain any information about the position of the hand
in this case either, a neutral position was assumed.
As mentioned in Chapter 9, the data without occurring valgus-varus-deviation were
used to define the zero-load length and thus the values with occurring deviation
could subsequently be used for validation purposes.

10.1.4 Elbow moment

The resistance of the elbow regarding an acting moment is an essential parame-
ter when assessing the stability of the elbow (see Chapter 11). Consequently, the
moment acting on the elbow and the corresponding change in the cubital angle is
compared with experimental data from Morrey (2009), both in the intact state and
in the case of various ligament injuries/ruptures. Morrey has exposed the elbow
joint of four cadaver specimens and mounted them in a material testing machine.
A force was applied at a distance of 12 cm from the joint center in the medial and
lateral direction for extension as well as 90° flexion. The corresponding shift the
cubital angle was detected. This procedure was performed for the intact case as
well as a complete cut of the medial and lateral ligament apparatus. The exper-
imental setup was simulated using the musculoskeletal simulation model without
any acting muscles and the corresponding measurement series were recreated.
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10.1.5 Change of cubital angle/rotation axis during flexion

In the previous validation steps, the ligamentous apparatus and the muscles (more
precisely, their moment arms) were considered separately. In a final validation step,
the acting ligamentous apparatus will be tested in conjunction with all muscles.
A study by Van Roy et al. (2005), who measured the change in the cubital angle
of 20 subjects (10 male and 10 female subjects) during elbow flexion from 0° to
120°, was used for this purpose. Therefore, a flexion of 0° to 120° was simulated
in the model and the change in the cubital angle was measured.
Furthermore, according to Bottlang et al. (2000), the flexion axis of the elbow joint
is not a fixed rotation axis (as specified in the previous AMS model), but shows a
tilt during flexion. Thus, it should also be examined whether and to what extent
the flexion axis rotates during flexion.

10.2 Results

10.2.1 Muscle moment arms

Figure 10.1 and 10.2 show the comparison of the experimentally gathered literature
data (Murray et al. 1995) and the numerically calculated muscle moment arms of
the m. brachioradialis, m. brachialis, m. biceps, m. triceps, and m. pronator
teres. For the elbow flexion, all muscles follow the trend of the experimental
data and remain mostly within the SD. Only two out of three branches of the
m. brachioradialis show an offset (see Figure 10.1). Regarding the pronation
of the elbow, the model prediction shows a progression comparable to the data
from literature. However, a deviation from the literature data with regard to
m. brachioradialis can be observed for the pronation as well (see Figure 10.2).
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Figure 10.1: Progression of the moment arms for the elbow regarding the most
dominant muscles during the flexion of the elbow joint. Lines represent the sim-
ulated results, whereas the shaded areas highlight the experimental data from
Murray et al. (1995). Positive moment arms indicate flexion, negative moment
arms indicate extension and 0° flexion angle represents full extension.

Figure 10.2: Progression of the moment arms for the elbow regarding the most
dominant muscles during the pronation/supination of the forearm. Lines represent
the simulated results, whereas the shaded areas highlight the experimental data
from Murray et al. (1995). Negative angles and moment arms indicate supination,
positive angles and moment arms indicate pronation.
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10.2.2 Ligament elongation

The experimentally gathered length difference between the origin and insertion
points of the three ligaments (including SD) is compared with the numerically
determined length difference in Figure 10.3(a) - 10.3(c). Throughout elbow flexion,
two of three strands of AMCL always remain within the range of experimental data
(± SD). The third, however, exhibits a significant lower elongation. For the PMCL,
the band is initially compressed more in the model than in the experimental data.
However, starting from a flexion angle of approximately 60° the band length change
of the numerical model is within the range of the experimental values. In contrast,
the RCL shows a larger distance between origin and insertion points in the model.
Especially in the range from 100° flexion, only one portion is within the SD.

10.2.3 Ligament tautness

Figure 10.4(a) - Figure 10.4(c) show the area in which the different ligaments can
be considered taut with and without valgus or varus deviation. The darker bars
represent the experimental data from Regan et al. (1991), whereas the brighter bars
represent the numerical data for the anterior (blue), middle (red), and posterior
(yellow) parts. For the AMCL, all three portions of the ligament follow the trend
of a decreasing area of stiffness from valgus to varus. Furthermore - except for
the anterior part in neutral position, which is slightly outside the SD - all stiffness
ranges of the bands agree very well with the experimental data. The same is
true for the PMCL, which also shows good agreement between literature and
numerical data and reflects the trend of reduced tautness range from valgus to
varus. Especially in the case of valgus deviation, the RCL shows larger deviations
from the experimental data for the medial (no stiffness in the range between 0° and
30° flexion) and posterior (no stiffness in the range between 120° and 140° flexion)
ligament part. However, the anterior ligament part also shows slightly increased
stiffness range in the numerical model.

104



Chapter 10. Elbow model: validation 10.2. Results

(a) Elongation of AMCL (b) Elongation of PMCL

(c) Elongation of RCL

Figure 10.3: Comparison of ligament elongation for (a) the AMCL, (b) the PMCL,
and (c) the RCL ligament between AMS (dashed lines) and experimental data
(solid lines) according to Morrey and An (1985). All values were normalized to
the initial value at 0° elbow flexion (= full extension).
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(a) Tautness of AMCL (b) Tautness of PMCL

(c) Tautness of RCL

Figure 10.4: Comparison of the mean and SD of the experimental data gained by
Regan et al. (1991) and the AMS for the (a) AMCL, (b) PMCL, and the (c) RCL
ligament. The bars indicate the areas during the elbow flexion (whereby 0° flexion
represents full extension) in which die corresponding ligament is under tension or
taut. These ranges were compared without deviation (neutral) and with valgus
varus deviation.
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10.2.4 Elbow moment

Using the FDK, the change of the cubital angle can be determined for different
scenarios (failure of different ligaments) by applying a certain valgus and varus mo-
ment. The data obtained from the simulation are contrasted with the experimental
data from Morrey (2009) in Figure 10.5 (extension) and Figure 10.6 (flexion).
For the extension, the two calculated scenarios - Intact and the failure of the ulnar
collateral ligaments (UCL) (which corresponds AMCL and PMCL) - follow the
trend of the experimental values. A UCL cut has a stronger effect on the lack of
elbow stability in the experimental data than in the numerical one. Further, for
the flexion, the trend of decreasing elbow stability against valgus moments from
the intact case over the RCL cut to the UCL cut can be well represented by the
model. For the varus area, the data is within the range of experimental values,
whereby the stability of the model decreases from the intact case via UCL cut to
RCL cut and slightly increases in the study of Morrey (2009).
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Figure 10.5: Compared load-displacement curves of the experimental data gained
by Morrey (2009) (solid lines) and the AMS (dashed lines) for full extension.
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Figure 10.6: Compared load-displacement curves of the experimental data gained
by Morrey (2009) (solid lines) and the AMS (dashed lines) for 90° flexion.

10.2.5 Change of cubital angle/rotation axis during flexion

During flexion from 0° to 120°, the cubital angle decreases continuously according
to the experimental data from Van Roy et al. (2005). This reduction can also be
identified in the model - see Figure 10.7. With the exception of the case of a 90°
flexion, the values of the model remain within the SD of the data of Van Roy et al.
(2005).
Similar to the experimental data from Bottlang et al. (2000), the new elbow model
does not show a fixed flexion rotation axis for a performed flexion between 10° and
130° (see Figure 10.8). Rather, using the humerus bone as a reference system,
a tilt of the rotation axis in the medial-lateral direction of up to 4.3° (Bottlang
et al.: 5.7° ± 2.2°) and proximal-distal direction of up to 3.5° (Bottlang et al.:
2.6° ± 1.0°) can be identified.
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Figure 10.7: Comparison of the change in the cubital angle during elbow flexion of
experimental data gained by Van Roy et al. (2005) and the AMS model. Positive
cubital angle represents a rotation to the lateral side.

Figure 10.8: Visualization of the change in the rotation axis during elbow flexion
of the new elbow model. The individual red lines correspond to the position of a
rotation axis during flexion from 10° to 130°.
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10.3 Discussion

The aim of this study was to validate the developed detailed elbow model from
Chapter 9 by means of comparing the numerical gained quantities of the model
with the experimentally gathered data from literature. Therefore, the muscle
moment arms, the elongation of the different ligaments, the range in which the
ligaments can be considered taut, the elbow stability against varus and valgus
moments, and the change of the cubital angle/rotation axis during flexion were
investigated. Since the model and the different validation steps come with idiosyn-
cratic advantages and limitations, the validation process and then the model itself
will be examined more closely in the following.

10.3.1 Muscle moment arms

With respect to flexion/extension and pronation/supination, muscle moment arm
patterns of the elbow indicate a good alignment with data from the literature
and are within the range reported by Murray et al. (1995). However, deviations
from the experimental data can be observed for the m. brachioradialis whose
representatives show an approximately larger variation. Only one of the three
representatives of the muscle in the AMS is within the range of the literature
data for the flexion/extension movement. For supination/pronation, the trend of
a decreasing moment arm in the AMS can also be observed, but the sign changes
from supination to pronation, which is not reflected in the experimental data. With
respect to these deviations, however, it is important to note that the experimental
study of Murray et al. is based on only two cadaveric subjects with unspecified
anthropometric data.

10.3.2 Ligament elongation

Concerning the elongation of the ligaments, the progression of the ligaments imple-
mented in the AMS essentially corresponds to that of the experimental data from
Morrey and An (1985). However, a comparison of experimental and numerically
calculated data is problematic, since the literature does not specify exactly which
points were defined as origin and insertion points of the ligaments, from which
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the distance was measured. Furthermore, it is important to consider to what ex-
tent certain deviations are relevant for numerical simulations. For example, in the
range from 0° to about 40°, all three PMCL ligaments in the AMS deviate from
the literature data (see Figure 10.3(b)). However, since the PMCL band can only
be considered stiff above a much higher flexion angle and only from this point on
passive forces would enter the system, such a deviation can be neglected.

10.3.3 Ligament tautness

The change in ligament length as well as zero-load length, essentially determine
the range of stiffness and as a consequence determine when the ligaments apply
passive forces to the system through their stiffness. The tautness of the ligaments
determined by the elbow model is relatively consistent with the experimental data
of Regan et al. (1991). The model also reflects potential trends - such as a de-
creasing tautness range from valgus to neutral position to varus in the PMCL and
the AMCL ligament, respectively.
Any deviation from the experimental data can also be attributed to the fact that
no precise data (i.e. applied moment or cubital deflection of the elbow joint) was
found for varus/valgus deviation in the study from Regan et al. (1991) and there-
fore a change in the cubital elbow angle of ± 5° for varus/valgus was assumed.

10.3.4 Elbow moment

The implementation of the FDK approach in combination with the ligaments and
the additional stability provided by the articulation and the capsule modeled by
the torsion spring seems to be able to reflect the trend of the experimental data
well. However, it is worth mentioning that the data presented by Morrey is only a
typicalload-displacement curve and no exact measurement data is available. Fur-
thermore, the underlying study is based on unembalmed and fresh frozen cadaver
specimens. Studies, however, have shown that the freezing process can have a
strong impact on the biomechanical properties of cadaver specimens (Clavert et al.
2001, Giannini et al. 2008). Consequently, the experimental data cannot be con-
sidered as absolute. Further, the fact that at 90° flexion at varus deviation for the
intact case lower moments are necessary for the same cubital deflection as for the
RCL and UCL Cut seems questionable.
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10.3.5 Change of cubital angle/rotation axis during flexion

In the final validation step, the interaction of the FDK approach with the ligaments
and all muscles was examined. By dissolving the simplified hinge joint in the
elbow, the axis of rotation of the joint can change depending on the flexion angle.
As a result, this axis may tilt slightly in the medial-lateral and proximal-distal
directions, and thus the cubital angle may also change across flexion. Therefore,
consistent with findings by Van Roy et al. (2005), a respective decrease of the angle
is shown. Additionally, the corresponding tilt of the rotation axis agrees with the
experimental data of Bottlang et al. (2000).

10.3.6 The model

As discussed in Chapter 4, a major advantage of the hand model is the consistency
of the data set it is based on. Since not all parameters required for the elbow were
recorded in the data set from Havelková et al. (2020), various literature data had
to be used to create the elbow model. The muscle attachment points and strengths
were taken from Havelková et al. (2020), the attachment points of the ligaments
from Morrey and An (1985), and the stiffness and the zero-load length from Regan
et al. (1991). Thus, the resulting model can be described as ”Frankensteinian”, as
is often the case in the field of musculoskeletal simulation.
Since the underlying literature was limited to the AMCL, PMCL, and RCL lig-
aments, only these ligaments were implemented in the model while lateral ulnar
collateral ligament and the annular ligament were omitted; since, to the best of
my knowledge, there was no corresponding literature that included the necessary
biomechanical properties of these ligaments. This approach can also be justified
by the fact that, according to Morrey and An (1985), a lateral ulnar collateral lig-
ament was found in only half of the cadaver specimens examined, indicating that
this ligament need not necessarily be present. Furthermore, the annular ligament
is mainly responsible for the stability of the radial head during supination/prona-
tion movements (Alcid et al. 2004). However, since during the validation process
(and also in the later application of the elbow model in Chapter 11) only elbow
flexion in the neutral position of the hand was considered, the annular ligament
does not play a noteworthy role as far as elbow stability is concerned; especially
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since its contribution to elbow stability in the neutral position is represented by
the additionally implemented torsion spring.
Despite the limitations mentioned above, the developed model provides innova-
tive contributions, such as the implementation of the cubital angle, usage of the
passive forces of the ligaments combined with the FDK approach, softening the
flexion-rotation axis as a fixed hinge joint. These improvements are of high prac-
tical relevance in answering a number of clinical research questions, which will be
discussed in the following chapter.
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Chapter 11

Elbow model: clinical application
- stability analysis

11.1 Introduction

The elbow is the most or second most commonly dislocated joint (following the
shoulder) in children and adults, respectively (Litin and Nanda 2018). An elbow
trauma can cause injury to the bony, ligamentous, and muscular stabilizers of
the elbow joint, which interact in complex ways and are distinguished in primary
and secondary stabilizers. Hence, special examination maneuvers, like the milk-
ing maneuver, valgus stress test, or the chair push-up test (Hausman and Lang
2014) must be performed to diagnose a resulting elbow instability. The stability
of the joint is an important decision criterion for the subsequent treatment (e.g.
non-operative vs operative) (van Riet 2017). Clinical applicability of these tests is
often hindered due to pain or patient compliance. While some cases clearly fall in
the non-operative or operative treatment categories, treatment selection for many
cases is less clear due to the complex interaction of the stabilizers and the diverse
injury patterns. In these cases, the decision regarding non-operative/operative
care depends mostly on the subjective assessment of the medical expert.
Elbow stability is derived from a combination of muscular, ligamentous, and bony
structures. Depending on their contribution and mechanism, they are divided into
primary and secondary as well as static and dynamic stabilizers. In this context,
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secondary stabilizers adopt a decisive function in the context of injury of the pri-
mary stabilizers. There are mainly three primary static structures that stabilize
the elbow joint: the ulnohumeral articulation, the medial collateral ligament com-
plex and the lateral collateral ligament complex (see also Chapter 2).
The majority of joint stability is provided by the ulnohumeral anatomy (Karbach
and Elfar 2017). The anterior part of the medial collateral ligament complex
provides stability in mediolateral direction and against valgus moments, whereas
the posterior part is responsible for posteromedial rotatory elbow stability (Seiber
et al. 2009, Floris et al. 1998, Hwang et al. 2018). Facing external rotation and
varus moments, the lateral collateral ligament complex is the primary stabilizer
(Singh et al. 2020). The muscles that span the elbow and compress the joint are
secondary dynamic stabilizers (Ahmed and Mistry 2015, Safran and Baillargeon
2005). Other secondary, but static, stabilizers are the radial head and capsule of
the elbow (Morrey and An 1983, 2005). When considering elbow stability, the
influence of forearm rotation cannot be omitted, as it is of decisive importance for
valgus-varus laxity. The elbow exhibits a maximum laxity throughout the elbow
flexion during the position of the forearm in the neutral position (Safran et al.
2005).
As indicated above, the respective roles of individual primary and secondary sta-
bilizers has been investigated in numerous studies. However, to the best of my
knowledge, there exists no biomechanical analysis of how different combinations
of failures of these stabilizers influence each other in the presence of valgus/varus
moments and in which way this loss of stabilizing structures effects elbow stability.
Musculoskeletal simulation platforms, such as the AMS provide the ability to an-
alyze a variety of different injury patterns and thus can assist medical specialists
in a more objective assessment through a numerical analysis of elbow stability.
Therefore, the aim of this study is to use musculoskeletal simulation in order to
investigate the extent to which failure of different primary and secondary stabi-
lizers affects the elbow stability in neutral position against valgus/varus moments
from a biomechanical perspective and how these observations correspond to the
assessment from clinical practice.
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11.2 Materials and Methods

For the aim of this study the musculoskeletal simulation software AnyBody™
(AnyBody Technology A/S, Aalborg, Denmark, V.7.3.1) was used as a modeling
environment including the developed elbow model presented in Chapter 9 and
the detailed hand model presented in Chapter 4 with all its extrinsic hand muscles
originating at the elbow. Both legs and the left arm were omitted for the simulation
and the model was scaled using the default human model (50th percentile male
anthropometrics) with a height of 1.75 m (and a corresponding upper arm length
of 34.0 cm/forearm length of 26.9 cm) and 75 kg.
To investigate the stability of the elbow under the conditions of varus and valgus
moments, the elbow was subjected to a corresponding force at the ulnar end in the
neutral position of the hand. These moments were applied under 0°, 45° and 90°
flexion while the respective cubital angle was analyzed. The graphical interface of
the simulation is shown in Figure 11.1.
In close collaboration with experienced practicing physicians, various scenarios
of ligament injuries, muscle and bone structures damages that occur in every-
day clinical practice were identified. The resulting scenarios, which were investi-
gated in this study using musculoskeletal simulation models, are summarized in
Table 11.1.
For the realization of each scenario, the stiffness of the corresponding ligaments
or the maximum muscle forces of the extensor/flexor muscles were set to zero,
respectively. The fracture of the radial head was accomplished by adjusting the
torsion spring present in the elbow joint (see Section 9.2.3) according to the data
of Morrey (2009), in which the radial head was excised.

Data analysis
A total of 5.790 calculated models provide the basis for data analysis of this study.
For each flexion angle, ten different parameter studies (intact case + nine scenar-
ios according to Table 11.1) were performed; each with 193 simulation models,
whereby the valgus-varus moments for each parameter study varied between 6 Nm
in valgus and varus direction (± 0.0625 Nm between two simulations). For data

116



Chapter 11. Elbow model: stability analysis 11.2. Materials & Methods

Figure 11.1: Graphical interface of the AMS simulation regarding the elbow sta-
bility testing. In this illustration, the stability testing under 90° flexion and ap-
plication of a valgus force is shown (black arrow). The blue coordinate system is
the reference frame of the elbow joint on the humerus and the yellow coordinate
system is the corresponding frame on the ulna. The rotation of these coordinate
systems corresponds to the cubital angle (red marked area).

analysis, the stability contribution to low (2 Nm) and high (4 Nm) moments of
each scenario was calculated according to Frangiamore et al. (2018) for the three
investigated flexion angles (0°, 45°, 90°).
For the intact case, the cubital angle was determined for 2 Nm and 4 Nm (based
on the range of applied moments in the study of Morrey (2009)) and subsequently,
the moment required for the individual scenarios to cause the same change in the
cubital angle (Θscenario) was analyzed. With the collected data the determination
of the stability contribution to low (2 Nm) and high (4 Nm) (StabConlow and
StabConhigh) valgus and varus moments for the individual scenarios was deter-
mined according to the following formulas.
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Table 11.1: Overview of the different scenarios regarding elbow stability. On the
horizontal axis, all possible injuries of the ligamentous apparatus or the radial
head are displayed. Corresponding combinations were selected for the individual
scenarios (vertical axis).

lateral radial medial ligament medial ligament extensor flexor
ligament head failure failure muscles muscles

failure fracture (posterior part) (complete) failure failure

Scenario 1 X

Scenario 2 X X

Scenario 3 X X X

Scenario 4 X

Scenario 5 X

Scenario 6 X X

Scenario 7 X X X

Scenario 8 X X X

Scenario 9 X

StabConlow = 2.0 Nm - Θscenario Nm
2.0 Nm

(11.1)

StabConhigh = 4.0 Nm - Θscenario Nm
4.0 Nm

(11.2)

The data calculated in equations 11.1 to 11.2 were then used to evaluate the sta-
bility of the elbow joint under conditions of valgus and varus moments.
This objective evaluation based on musculoskeletal simulation models was com-

pared with the experience-based assessment of professional practicing specialists.
Therefore, a survey was conducted among a total of 19 physicians, who were asked
to evaluate the individual scenarios (in a randomized order) according to their
stability. The basis for the evaluation was the Mayo Elbow Performance Score
(MEPS) according to Broberg and Morrey (1987), which is commonly used among
professionals. In this context, stability is assessed in three sub-classes and assigned
a corresponding score (gross instability (0), moderate instability (5), stable (10)).
The total questionnaire of the survey can be found in Appendix E.
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11.3 Results

Musculoskeletal simulation

Figure 11.2 and 11.3 show the stability contribution of the respective scenarios to
varus and valgus moments (low and high) for the flexion angles of 0°, 45°, and 90°
degrees. The higher the contribution for the particular scenario, the more unstable
the elbow joint becomes when the respective injury occurs. An overview of which
scenario represents which specific injury can be found in Table 11.1.
In this context, it should be noted that the stability contribution can range up to
72.8% in individual cases (scenario 7 for 90° flexion). While certain injuries (such
as those occurring in scenario 5 and 6) affect elbow stability only at moments in
certain directions (valgus moment in this case), other injury patterns affect the
stability against valgus and varus moments, such as scenario 2, 3, and 7 under high
moments, as well as scenario 8 under low and high moments. Furthermore, there
are also injury patterns whose stability influence depends more on the respective
flexion angle (scenario 1) than those of others.
Considering the contribution to elbow stability across all three flexion angles for
varus and valgus moments, it can be observed that on average the respective
scenario contributes to the joint stability according to Table 11.2.
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Figure 11.2: Comparison of the change in elbow stability contribution regarding
low (2 Nm) valgus and varus moments of the different ligaments, muscles and bony
structures with respect to the particular scenarios.
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Figure 11.3: Comparison of the change in elbow stability contribution regarding
high (4 Nm) valgus and varus momtents of the different ligaments, muscles and
bony structures with respect to the particular scenarios.
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Survey among professionals

A total of 19 (3 female, 16 male) specialists participated in the survey. The aver-
age age of the participants was 39.8 (± 8.8 SD) years with an average professional
experience as a practicing surgeon of 12.2 (± 7.4 SD) years. Table 11.2 contains
the median and average MEPS score (± SD) of the respective scenarios in ranked
order from a MEPS score of 10 to 0. According to the median, the elbow stability
of the different scenarios can be evaluated as stable (intact, scenario 9), moderate
unstable (scenario 1, 2, 4, 5, 6, and 7) and grossly unstable (scenario 3 and 8).

Table 11.2: The MEPS score (± SD) of the investigated scenarios according to the
conducted survey among 19 physicians and average contribution of every scenario
according to the musculoskeletal simulations. The different scenarios are ranked
according to their MEPS score.

median average sim. average
MEPS score MEPS score (± SD) contribution [%]

Intact 10 10.0 0.0 –

Scenario 9 10 8.7 2.3 10.1

Scenario 4 5 6.8 3.0 1.3

Scenario 1 5 6.3 2.3 10.6

Scenario 2 5 5.0 2.9 20.7

Scenario 5 5 5.0 0.0 21.1

Scenario 7 5 3.2 2.5 22.4

Scenario 6 5 2.9 2.5 20.3

Scenario 3 0 2.1 2.5 20.7

Scenario 8 0 1.3 2.8 35.0

Considering the Fleiss kappa κ, which determines the inter-rater stability between
several raters (Fleiss 1971), the Fleiss kappa based on the survey is 0.39, which
reflects a fair agreement (κ < 0 poor, κ ∈ ]0.0, 0.2] slight, κ ∈ ]0.2, 0.4] fair,
κ ∈ ]0.4, 0.6] moderate, κ ∈ ]0.6, 0.8] substantial and κ ∈ ]0.8, 1.0] almost perfect
agreement).
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11.4 Discussion

The purpose of this study was to evaluate elbow stability to varus and valgus
moments based on the calculations of a musculoskeletal model. Therefore, the
deflection of the cubital angle under the effect of 2 Nm and 4 Nm valgus and varus
moments was considered and the biomechanical effects of different injury patterns
on elbow stability were determined. Different contribution behaviors to elbow sta-
bility are revealed depending on the failure of different stabilizers, which allows for
the derivation of appropriate treatment procedures. Based on the numerical out-
come, a comparison with the clinical experience of practicing physicians is made.
As far as the musculoskeletal model is concerned, the new elbow model could only
be used to evaluate elbow stability in the neutral position of the hand (see Chap-
ters 9 and 10), and it was not possible to perform a corresponding investigation for
supination/pronation. However, since according to Safran et al. (2005), the elbow
exhibits a maximum laxity throughout the elbow flexion during the position of the
forearm in the neutral position, the chosen approach is also the most relevant one.
Another limitation of the musculoskeletal simulation represents the fact that the
fracture of the radial head is only based on the adaptation of the torsion spring
implemented in the elbow model based on data from the study by Morrey (2009).
Furthermore, the outcomes based on the numerical simulation in this study are re-
stricted to expected varus and valgus loads as they might appear during activities
of daily living or sports. In these cases, muscles are capable of compensating some
of the loads and therefore protect the passive structures. However, the muscle
model used for the simulation does not take into account the passive structure of
the muscles that serve as stabilizers in the stability of the elbow joint (Singh et al.
2020). In order to be able to represent these passive structures, the muscle model
according to Hill would have to be considered (Hill 1938), but important param-
eters for the muscles of the upper extremity are still missing within the AMS. A
future stability study based on a muscle model according to Hill, could therefore
provide further insights.
Moreover, it is important to keep in mind that the AMS always assumes trained
movements when determining the individual muscle forces and optimizes them
accordingly (see Chapter 3). By changing the basic input parameters of the nu-

122



Chapter 11. Elbow model: stability analysis 11.4. Discussion

merical simulation (as it is the case in the simulation of the different scenarios),
the muscles are recruited in a different order. To ensure that the occurring change
in stability contribution is caused by the injuries specified in the respective sce-
nario and not by a change in muscle recruitment, the muscle activities must be
considered accordingly. If we consider the change in muscle activity of the up-
per extremity between the individual scenarios for one and the same muscle, a
maximum deviation of 4.9% (m. deltoideus) for 0° flexion, 7.0% (m. pectoralis
major) for 45° flexion, and 10.9% (m. brachialis) for 90° flexion can be deter-
mined. While the first two are less relevant for elbow stability in terms of the size
change and the muscle concerned, this is certainly the case for 90° flexion. The
m. brachialis shows very little to no activity in all cases except in scenario 8 under
a 4 Nm varus moment where the activity is 10.9%. The resulting stabilization of
the elbow joint by the m. brachialis may thus be the reason for the relatively low
stability contribution of scenario 8 in Figure 11.3(a).
The presented results of this study allow detailed observations of different luxation
patterns and their effects on elbow stability. The advantage of the elbow assess-
ment based on musculoskeletal simulation is the investigation of the influence of
different failure combinations of primary and secondary stabilizers. Nevertheless,
in the context of this study, the failure of individual stabilizers was simulated as
well. These outcomes can therefore be compared with the results of previous stud-
ies. According to Callaway et al. (1997), the failure of the posterior part of the
medial ligament (scenario 4) has no effect on the valgus stability; only in the case
of a section of the total medial ligament (scenario 5) a significant effect on valgus
stability can be observed. The entire MCL contributes approximately one-third in
extension and half in 90° flexion to elbow stability (Karbach and Elfar 2017). No
significant valgus instability is observed after resection of the radial head (scenario
9); this only occurs if the medial ligament is also damaged (scenario 8) (Karbach
and Elfar 2017). The simulation model accurately reproduced all these points.
Looking at the different combinations of the failures of the respective primary and
secondary stabilizers, it can be seen that the structures responsible for the stability
against varus moments show a slightly higher contribution to the elbow stability
against low occurring moments than high occurring moments; in the case of valgus
stability, however, this pattern is reversed. Furthermore, it is notable that certain
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injury patterns, for the most part, only affect stability to varus (scenario 1) and
valgus (scenario 5 and 6) moments, whereas others provide instability to all mo-
ments (scenario 7, 8 and 9).
While the comparison of the evaluation of elbow stability with that from the survey
yields many parallels, some differences must be noted. For example, scenario 8 is
the most unstable injury in both cases (average MEPS score 1.3; average stability
contribution 35.0%), and scenarios 1 (average MEPS score 6.3; average stability
contribution 10.6%), 4 (average MEPS score 6.8; average stability contribution
1.3%) and 9 (average MEPS score 8.7; average stability contribution 10.1%) the
most stable. Only scenario 3, which has an average MEPS score of 2.1, shows
an average stability contribution of 20.7%, which is comparable to scenarios 2, 5,
and 6. However, the survey conducted with only 19 practicing physicians is not
representative enough for a general statement. In addition, it is difficult to reduce
such a highly complex topic as the assessment of elbow stability to an ordinal scale
with only three values (gross instability (0), moderate instability (5), stable (10)).
This conclusion is also supported when considering the Fleiss kappa κ, which de-
termines the inter-rater stability between several raters (Fleiss 1971). The Fleiss
kappa based on the survey is 0.39, which reflects a fair agreement (κ < 0 poor,
κ ∈ ]0.0, 0.2] slight, κ ∈ ]0.2, 0.4] fair, κ ∈ ]0.4, 0.6] moderate, κ ∈ ]0.6, 0.8] substan-
tial and κ ∈ ]0.8, 1.0] almost perfect agreement). Accordingly, a conclusion can be
drawn that even among the surveyed physicians there was not always unanimous
agreement on how to assess elbow stability. An objective basis for evaluation,
as represented by the results from musculoskeletal simulations, can thus support
physicians in such assessments in the future. Especially since detailed and objec-
tive stability evaluations are possible from the observations of Figure 11.2 and 11.3.
From this stability analysis, appropriate rehabilitation interventions/exercises can
be derived for the respective injury.
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11.5 Conclusion

The study presented a numerical determination of elbow stability against varus
and valgus moments with regard to clinical injury patterns, as well as a comparison
of the numerical outcome with experience gained in clinical practice. The numeri-
cal predictions agree well with the assessments of the clinical specialists and differ
slightly only in individual cases. Thus, the results from musculoskeletal simula-
tion can make an important contribution to a more objective assessment of elbow
stability. In further steps, the model could be used to simulate specific injuries of
individual patients and to derive individualized rehabilitation interventions based
on the results.
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Conclusion

Due to demographic changes, the significance of musculoskeletal disorders has
steadily increased over the past decades and therefore the detailed understanding
of the musculoskeletal system of the human body and the forces acting within is
of increasing relevance. In vivo measurements that address the forces acting in the
human body are often only feasible at great expense and are usually associated
with ethical problems. For this reason, numerical models that allow calculation of
individual muscle forces or even joint reaction forces and can also be adapted to
specific patients have gained increasing relevance.
The aim of this thesis was to develop and validate a new musculoskeletal model of
the hand and elbow and subsequently apply it to answer initial clinical research
questions. A comparison between the hand model and prior literature, as well
as experimentally collected data showed no major inconsistencies between model
and corresponding comparison values (see Chapter 5 and 6). Results show that
the hand model provides stable output data compared to the input data (see
Chapter 7) and thus can be patient specifically adjusted without major concerns.
Furthermore, the results of the first clinical application (the simulation of the
perineal protection) demonstrated that the hand model developed in this thesis is
suited to assess the risk of potential musculoskeletal disorders regarding the upper
extremity. The next step in the further development of the hand model could be
the integration of all carpal bones as separate rigid bodies and their kinematic
relationship by means of implemented ligaments. As far as the elbow is concerned,
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the implemented ligament apparatus and FDK approach was able to realistically
represent the anatomical characteristics of the elbow from the literature data (see
Chapter 10). Thus, in a first clinical application, it was possible to investigate
different injuries of the primary and secondary stabilizers of the elbow joint for
their stability against valgus and varus moments and to compare them with the
clinical evaluation by practicing physicians (see Chapter 11). The results from
musculoskeletal simulation demonstrated to be an important contribution to a
more objective assessment of elbow stability.
Upon completion of this work, a validated elbow and hand model will thus be
available (whereby the latter is already in the process of being integrated into the
AnyBody simulation software), which represent anatomical features of the upper
extremity that have not yet been realized in musculoskeletal simulation. These
include:

• the implementation of the ligamentous apparatus at the elbow and the re-
sulting dependence of the cubital angle on the forces applied using the FDK
approach.

• modeling of the hand based on a consistent data set and representation of
all DOFs.

• patient-specific scaling of the hand.

• movement of the DIP joint as a function of the PIP joint.

• representation of special features of the hand by means of newly developed
classes (muscle on a muscle)

Therefore, in addition to the clinical applications presented in this underlying
work, the represented models can be helpful in answering numerous other research
questions in the future.
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Figure A.1: Progression of the moment arms for the wrist regarding the extensor
and flexor muscles during the extension/flexion phase. Negative angles represent
the extension of the wrist, and positives the flexion. Lines represent the simulated
results, whereas the shaded areas are the experimental results with SD from Loren
et al. (1996).



Figure A.2: Progression of the moment arms for the wrist regarding the extensor
and flexor muscles during the radial/ulnar abduction phase. Negative angles rep-
resent the radial, and positives the ulnar abduction. Lines represent the simulated
results, whereas the shaded areas are the experimental results with SD from Loren
et al. (1996).

(a) (b)

Figure A.3: Progression of the moment arms for the index finger regarding extrinsic
and intrinsic hand muscles during the flexion of the MCP joint. Lines represent
the simulated results, whereas the shaded areas highlight the experimental data
with SD from An et al. (1983).



(a) (b)

Figure A.4: Progression of the moment arms for the index finger regarding extrinsic
and intrinsic hand muscles during the adduction of the MCP joint. Lines represent
the simulated results, whereas the shaded areas highlight the experimental data
with SD from An et al. (1983).

(a) (b)

Figure A.5: Progression of the moment arms for the thumb regarding extensor and
flexor muscles during flexion around the CMC joint. Negative angles represent the
extension of the CMC joint, and positives the flexion. Lines represent the simulated
results, whereas the shaded areas highlight the experimental data with SD from
Smutz et al. (1998).



(a) (b)

Figure A.6: Progression of the moment arms for the thumb regarding extensor
and flexor muscles during abduction/adduction around the CMC. Negative angles
represent the adduction of the CMC joint, and positives the abduction. Lines rep-
resent the simulated results, whereas the shaded areas highlight the experimental
data with SD from from Smutz et al. (1998).

(a) (b)

Figure A.7: Progression of the moment arms for the thumb regarding extensor and
flexor muscles during flexion around the MCP joint. Negative angles represent the
extension of the MCP joint, and positives the flexion. Lines represent the simulated
results, whereas the shaded areas highlight the experimental data with SD from
Smutz et al. (1998).



(a) (b)

Figure A.8: Progression of the moment arms for the thumb regarding extensor
and flexor muscles during abduction/adduction around the MCP. Negative angles
represent the adduction of the MCP joint, and positives the abduction. Lines rep-
resent the simulated results, whereas the shaded areas highlight the experimental
data with SD from Smutz et al. (1998).

Figure A.9: Progression of the moment arms for the thumb regarding extensor and
flexor muscles during flexion around the DIP joint. Negative angles represent the
extension of the DIP joint, and positives the flexion. Lines represent the simulated
results, whereas the shaded areas highlight the experimental data with SD from
Smutz et al. (1998).
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Figure B.1: The location of all markers used for gaining the motion capture data.



Table B.1: EMG sensor and envelope of corresponding AnyBody muscles.

EMG signal AnyBody Muscles

Extensor digitorum Extensor_Digitorum_Finger2_1
Extensor_Digitorum_Finger3_1
Extensor_Digitorum_Finger4_1
Extensor_Digitorum_Finger5_1

Extensor carpi radialis Extensor_Carpi_Radialis_Brevis_1
Extensor_Carpi_Radialis_Longus_1
Supinator_humerus_part_2
Supinator_ulna_part_1

Flexor carpi radialis Flexor_Carpi_Radialis_1

Flexor carpi ulnaris Flexor_Carpi_Ulnaris_1
Flexor_Digitorum_Profundus_Finger5_1
Flexor_Digitorum_Superficialis_Finger5_1

First dorsal interosseus Lumbricales_I
Interossei_Dorsales_I_Finger2_1
Interossei_Dorsales_I_Finger1_2
Interossei_Dorsales_I_Finger1_1
Interossei_Dorsales_I_Finger2_2
Interossei_Dorsales_I_Finger2_3

Abductor digit minimi Abductor_Digiti_Minimi_1
Flexor_Digiti_Minimi_Brevis
Opponens_Digiti_Minimi_1
Opponens_Digiti_Minimi_2

Abductor pollicis brevis Abductor_Pollicis_Brevis_1
Abductor_Pollicis_Brevis_2
Abductor_Pollicis_Brevis_3
Abductor_Pollicis_Brevis_4
Abductor_Pollicis_Brevis_5
Flexor_Pollicis_Brevis_Caput_Superficiale_1
Flexor_Pollicis_Brevis_Caput_Superficiale_2
Flexor_Pollicis_Brevis_Caput_Profundum
Opponens_Pollicis_1
Opponens_Pollicis_2
Opponens_Pollicis_3
Opponens_Pollicis_4

Flexor pollicis brevis Flexor_Pollicis_Brevis_Caput_Profundum
Adductor_Pollicis_Caput_Obliquum_1
Adductor_Pollicis_Caput_Obliquum_2
Adductor_Pollicis_Caput_Obliquum_3
Opponens_Pollicis_1
Opponens_Pollicis_2
Opponens_Pollicis_3
Opponens_Pollicis_4

Flexor digitorum superficilialis Flexor_Digitorum_Superficialis_Finger2_1
Flexor_Digitorum_Superficialis_Finger3_1
Flexor_Digitorum_Superficialis_Finger4_1
Flexor_Digitorum_Superficialis_Finger5_1

Extensor carpi ulnari Extensor_Carpi_Ulnaris_1
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Figure B.2: All measured (blue) and simulated (dashed red) muscle activities of
task 1 (five times abduction of the fingers) from one test subject.
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Table C.1: The dimensions of insertion, origin area as well as the PCSA (height
x width of an approximated ellipse ±SD, respectively) for the extrinsic muscles
according to Havelková et al. (2020). All lengths given are in millimeters.

Name Origin Insertion PCSA

Flexor carpi ulnaris 19.2 (±2.28) x 14.6 (±3.38) 6.0 (±0.82) x 3.0 (±0.95) 18.0 (±2.95) x 7.0 (±1.95)

Flexor carpi radialis 19.2 (±2.28) x 14.6 (±3.38) 7.0 (±0.6) x 3.0 (±0.2) 17.0 (±2.35) x 9.0 (±1.6)

Flexor pollicis longus 84.0 (±8.01) x 17.0 (±3.8) 4.0 (±0.69) x 3.0 (±0.91) 22.0 (±1.8) x 11.0 (±1.05)

Flexor digitorum superficialis – 19.2 (±2.28) x 14.6 (±3.38)
3.0 (±0.2) x 2.0 (±0.3) 32,0 (9,7) x 20,5 (3,0)humeroulnar head

Flexor digitorum superficialis – 44.5 (±5.51) x 3.8 (±0.84)radial head

Flexor digitorum profundus 96.0 (±9.2) x 16.0 (±3.2) 3.0 (±0.82) x 4.1 (±0.5) 26.0 (±2.4) x 12.1 (±1.8)

Palmaris longus 19.2 (±2.28) x 14.6 (±3.38) 6.0 (±0.28) x 3.0 (±0.95) 6 (±1.26) x 4 (±0.8)

Extensor carpi radialis longus 46.67 (±1.15) x 8.5 (±1.29) 4.75 (±0.96) x 4.0 (±1.83) 19.25 (±4.11) x 11.5 (±1.91)

Extensor carpi radialis brevis 23.0 (±2.58) x 9.25 (±1.5) 4.88 (±0.85) x 2.0 (±0.82) 18.5 (±3.42) x 9.0 (±1.41)

Extensor carpi ulnaris 23.0 (±2.58) x 9.25 (±1.5) 3.38 (±0.48) x 3.25 (±0.96) 17.25 (±3.59) x 6.5 (±1.29)

Extensor digitorum 23.0 (±2.58) x 9.25 (±1.5)

proximal insertion:

27.25 (±4.11) x 13.0 (±0.71)2.55 (±0.58) x 1.88 (±0.63)
distal insertion:

4.0 (±0.71) x 2.5 (±0.5)

Extensor digiti minimi 23.0 (±2.58) x 9.25 (±1.5)

proximal insertion:

6.88 (±0.85) x 4.63 (±0.95)2.5 (±0.58) x 1.88 (±0.63)
distal insertion:

2.88 (±0.25) x 2.63 (±0.75)

Extensor indicis 72.75 (±8.58) x 5.7 (±1.7)

proximal insertion:

12.67 (±1.15) x 8.0 (±2.0)1.67 (±0.58) x 1.5 (±0.5)
distal insertion:

2.25 (±0.5) x 2.0 (±0.82)



Table C.2: The dimensions of insertion, origin area as well as the PCSA (height
x width of an approximated ellipse ±SD, respectively) for the intrinsic muscles
according to Havelková et al. (2020). All lengths given are in millimeters.

Name Origin Insertion PCSA

Abductor pollicis brevis 13.3 (±2.8) x 2.4 (±1.1) 8.8 (±1.3) x 2.2 (±0.2) 22.6 (±3.7) x 3.5 (±1.2)

Flexor pollicis brevis - 5.5 (±0.71) x 1.5 (±0.3)
8.5 (±2.65) x 2.5 (±0.58)

9.5 (±0.71) x 3.0 (±0.4)superficial head

Flexor pollicis brevis - 5.33 (±1.04) x 2.1 (±0.8) 7.5 (±1.32) x 3.0 (±0.4)deep head

Opponens pollicis 22.0 (±2.16) x 4.0 (±0.82) 39.0 (±1.1) x 18.0 (±1.1) 16.0 (±1.63) x 4.0 (±1.41)

Adductor pollicis - 12.0 (±3.16) x 4.2 (±1.3)
9.1 (±1.8) x 4.0 (±1.1)

12.5 (±2.52) x 3.6 (±1.3)oblique head

Adductor pollicis - 40.2 (±2.99) x 4.8 (±1.64) 18.8 (±2.41) x 3.5 (±1.29)transverse head

Flexor digiti minimi brevis 4.0 (±1.41) x 2.5 (±1.0) 4.0 (±2.0) x 2.33 (±0.58) 6.0 (±1.83) x 1.5 (±0.5)

Abductor digiti minimi 9.5 (±1.29) x 4.2 (±0.86) 9.1 (±1.63) x 3.0 (±1.1) 13.5 (±3.56) x 7.6 (±1.29)

Opponens digiti minimi 8.0 (±1.83) x 2.5 (±1.29) 13.3 (±1.92) x 3.0 (±0.9) 10.7 (±2.4) x 3.5 (±1.1)

Abductor pollicis longus 58.0 (±2.38) x 21.0 (±1.41) 4.67 (±0.58) x 2.67 (±1.15) 2.0 (±2.0) x 7.0 (±1.0)

Extensor pollicis longus 72.75 (±8.85) x 8.25 (±3.32) 2.5 (±0.71) x 1.33 (±0.58) 10.75 (±2.99) x 6.5 (±1.29)

Extensor pollicis brevis 27.0 (±1.83) x 5.5 (±1.91) 2.25 (±0.5) x 2.25 (±0.96) 8.0 (±2.0) x 4.3 (±0.58)

Lumbrical I 15.2 (±2.38) x 1.3 (±0.4) 2.2 (±0.6) x 2.4 (±0.54) 5.0 (±1.1) x 1.3 (±0.5)

Lumbrical II 14.6 (±2.2) x 1.9 (±0.5) 2.3 (±0.5) x 2.5 (±0.48) 5.0 (±1.0) x 2.3 (±0.56)

Lumbrical III 11.9 (±2.1) x 1.8 (±0.6) 2.4 (±0.48) x 2.3 (±0.48) 5.1 (±1.0) x 2.3 (±0.58)

Lumbrical IV 11.6 (±2.0) x 2.3 (±0.4) 2.2 (±0.36) x 2.3 (±0.3) 4.3 (±0.58) x 1.3 (±0.5)

Palmar interossei I 21.2 (±3.4) x 8.3 (±1.82) 2.3 (±0.6) x 2.4 (±0.53) 7.0 (±0.8) x 4.0 (±0.82)

Palmar interossei II 20.4 (±1.6) x 8.6 (±0.95) 2.2 (±0.4) x 2.6 (±0.7) 9.0 (±1.0) x 3.0 (±0.8)

Palmar interossei III 18.6 (±2.8) x 8.0 (±1.3) 2.0 (±0.4) x 2.5 (±0.56) 6.8 (±0.6) x 2.9 (±0.8)

Dorsal interossei I.1 33.0 (±2.94) x 10.1 (±1.83) 7.0 (±1.58) x 3.1 (±0.87) 19.0 (±1.83) x 10.0 (±0.8)

Dorsal interossei I.2 48.0 (±2.94) x 9.21 (±1.86)

Dorsal interossei II.1 40.0 (±3.81) x 6.0 (±1.7) 6.2 (±1.71) x 3.0 (±0.82) 16.1 (±1.82) x 9.0 (±1.1)

Dorsal interossei II.2 32.0 (±2.6) x 6.1 (±1.1)

Dorsal interossei III.1 36.1 (±2.8) x 6.5 (±1.1) 6.3 (±1.8) x 3.1 (±0.6) 15.8 (±1.6) x 9.1 (±1.7)

Dorsal interossei III.2 30.8 (±3.0) x 6.0 (±1.3)

Dorsal interossei IV.1 32.8 (±2.6) x 5.6 (±0.8) 5.8 (±0.3) x 3.0 (±0.4) 15.5 (±2.0) x 8.1 (±1.4)

Dorsal interossei IV.2 26.6 (±2.38) x 5.0 (±1.1)



Table C.3: Variation of muscle activities and joint reaction forces during the abduction
of all fingers.

Muscle activities
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Table C.4: of muscle activities and joint reaction forces during the flexion of the
thumb.
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Table C.5: Variation of muscle activities and joint reaction forces during the abduction
of the thumb.
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Appendix D

Supplementary material: Chapter
8

Table D.1: Maximal and mean forces (in brackets) in Newton acting on the re-
spective joint during BS-01 trial for the standing technique using a spring with
kzero/k.

BS-01 BS-01
kzero k kzero k

shoulder 622 1209 L3L4 2482 1729
(251) (926) total (2297) (1693)

T12L1 1942 1068 L3L4 605 431
total (1769) (1046) anteroposterior (573) (418)

T12L1 956 617 L3L4 158 146
anteroposterior (885) (604) mediolateral (131) (142)

T12L1 190 123 L4L5 2640 1889
mediolateral (118) (117) total (2448) (1848)

L1L2 2128 1339 L4L5 334 234
total (1955) (1315) anteroposterior (326) (225)

L1L2 835 632 L4L5 134 90
anteroposterior (778) (619) mediolateral (124) (88)

L1L2 167 32 L5Sac 2765 2033
mediolateral (108) (25) total (2565) (1991)

L2L3 2287 1561 L5Sac 605 431
total (2111) (1525) anteroposterior (573) (418)

L2L3 709 566 L5Sac 158 146
anteroposterior (658) (548) mediolateral (131) (142)

L2L3 164 58
mediolateral (125) (51)



Table D.2: Maximal (and mean forces) in Newton acting on the respective joint
during the BS-01-03 trials, the average acting force of these three trials and the
RD trial for the kneeling and standing technique. The results for the standing
technique were gained using zero stiffness of the spring between the elbow and the
thigh (kzero).

kneeling technique standing technique
BS-01 BS-02 BS-03 mean RD RD mean BS-01 BS-02 BS-03

thumb 23 26 22 24 28 26 13 20 7 12
(measured) (15) (18) (15) (16) (17) (14) (6) (9) (3) (7)

index finger 25 32 23 27 29 32 20 25 18 16
(measured) (10) (12) (7) (10) (15) (19) (8) (6) (9) (8)

middle finger 17 19 15 17 20 27 11 17 7 9
(measured) (7) (10) (7) (8) (13) (19) (4) (4) (3) (4)

wrist 356 322 363 347 500 692 244 256 243 233
(201) (200) (202) (201) (239) (291) (153) (128) (162) (168)

elbow 365 437 248 350 562 395 427 508 375 397
humero ulnar (183) (270) (144) (199) (263) (148) (183) (173) (146) (230)

elbow 690 743 604 679 744 585 1092 1363 883 1029
radio humeral (456) (477) (434) (456) (363) (337) (566) (541) (504) (653)

shoulder 504 528 423 485 731 941 507 622 439 460
(304) (374) (289) (322) (417) (609) (267) (251) (272) (278)

T12L1 1693 1899 1876 1823 2066 1907 2143 1942 2666 1822
total (1415) (1592) (1559) (1522) (1606) (1638) (1770) (1769) (1922) (1619)

T12L1 657 722 722 700 736 870 990 956 1117 896
anteroposterior (537) (599) (593) (576) (585) (780) (872) (885) (900) (830)

T12L1 92 154 119 122 198 235 191 190 232 150
mediolateral (51) (103) (70) (75) (72) (151) (100) (118) (107) (76)

L1L2 1753 1974 1958 1895 2170 2110 2352 2128 2891 2036
total (1439) (1656) (1607) (1567) (1697) (1840) (1962) (1955) (2127) (1804)

L1L2 502 539 537 526 656 755 893 835 1053 792
anteroposterior (405) (440) (443) (429) (477) (695) (778 ) (778) (822) (735)

L1L2 44 79 67 63 183 113 167 167 204 129
mediolateral (27) (60) (45) (44) (63) (60) (89) (108) (93) (66)

L2L3 1672 1926 1875 1824 2217 2185 2492 2287 3061 2129
total (1367) (1603) (1535) (1502) (1712) (1974) (2128) (2111) (2299) (1975)

L2L3 326 328 330 328 416 634 731 709 821 663
anteroposterior (252) (266) (271) (263) (325) (577) (659) (658) (688) (630)

L2L3 26 42 43 37 119 76 158 164 175 136
mediolateral (11) (27) (23) (20) (59) (29) (104) (125) (93) (95)

L3L4 1730 1970 1919 1873 2331 2348 2676 2482 3252 2294
total (1397) (1630) (1562) (1530) (1757) (2121) (2307) (2297) (2477) (2146)

L3L4 366 404 406 392 426 635 671 605 770 637
anteroposterior (297) (329) (329) (318) (321) (519) (570) (573) (600) (537)

L3L4 75 86 70 77 88 191 170 158 182 170
mediolateral (44) (51) (39) (45) (36) (171) (128) (131) (118) (135)

L4L5 1771 1997 1950 1906 2392 2485 2818 2640 3386 2428
total (1431) (1662) (1595) (1563) (1801) (2240) (2449) (2448) (2611) (2289)

L4L5 243 263 262 256 348 423 407 334 492 394
anteroposterior (207) (213) (223) (214) (255) (308) (330) (326) (354) (309)

L4L5 57 69 57 61 65 131 131 134 139 120
mediolateral (39) (47) (37) (41) (34) (107) (177) (124) (111) (117)

L5Sac 1886 2105 2050 2014 2474 2611 2917 2765 3439 2548
total (1526) (1771) (1693) (1663) (1887) (2360) (25589) (2565) (2705) (2406)

L5Sac 366 404 406 392 426 635 671 605 770 637
anteroposterior (297) (329) (329) (318) (321) (519) (570) (573) (600) (537)

L5Sac 75 86 70 77 88 191 170 158 182 170
mediolateral (44) (51) (39) (45) (36) (171) (128) (131) (118) (135)



Appendix E

Supplementary material: Chapter
11

In the following, the survey questionnaire concerning the elbow stability from
Chapter 11 is listed. Starting with question 4, the questions were asked in ran-
domized order.

Elbow stability
It takes about 5-10 minutes to complete the survey.

1. Gender: � female � male � divers

2. Age (in years):

3. How many years have you been a practicing surgeon?
� <5 � 5 - 10 � 10 - 15 � 15 - 20 � 20 - 25 � > 25

4. How do you assess the stability of an elbow with the following symp-
toms1?

• no injury of the ligaments

• no fractures

MEPS: � 0 � 5 � 10
1according to MEPS (0 = severe instability; 5 = moderate instability ; 10 = stable) by Broberg

and Morrey (1987)



5. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the lateral ulnar collateral ligament

MEPS: � 0 � 5 � 10

6. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the lateral ulnar collateral ligament

• fracture of the radial head

MEPS: � 0 � 5 � 10

7. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the lateral ulnar collateral ligament

• fracture of the radial head

• tear/damage of the radial muscle group (extensors)

MEPS: � 0 � 5 � 10

8. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the posterior part of the medial ulnar collateral ligament

MEPS: � 0 � 5 � 10

9. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the complete medial ulnar collateral ligament

MEPS: � 0 � 5 � 10

1according to MEPS (0 = severe instability; 5 = moderate instability ; 10 = stable) by Broberg
and Morrey (1987)



10. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the complete medial ulnar collateral ligament

• tear/damage of the medial muscle group (flexors)

MEPS: � 0 � 5 � 10

11. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the lateral ulnar collateral ligament

• fracture of the radial head

• rupture of the posterior part of the medial ulnar collateral ligament

MEPS: � 0 � 5 � 10

12. How do you assess the stability of an elbow with the following symp-
toms1?

• rupture of the lateral ulnar collateral ligament

• fracture of the radial head

• rupture of the complete medial ulnar collateral ligament

MEPS: � 0 � 5 � 10

13. How do you assess the stability of an elbow with the following symp-
toms1?

• fracture of the radial head

MEPS: � 0 � 5 � 10

1according to MEPS (0 = severe instability; 5 = moderate instability ; 10 = stable) by Broberg
and Morrey (1987)



—————————————————————————
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