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Abstract

Mandibular defects, for example resulting from tumour resections,

significantly impair the quality of life of patients and often require

complex surgical procedures. However, autologous bone graft, the

gold standard for regenerating these defects, is often associated with

complications and prolonged healing processes. Electrical stimulation

is a promising alternative method for improving bone healing, but so

far it has mainly been used in other anatomical areas, such as the hip.

At present, there are no clinically established mandibular electrostimu-

lation implant designs. This dissertation is therefore dedicated to the

development of such electrostimulating implants for the regeneration

of mandibular defects. These implants aim to provide optimal electric

field strengths of 5 to 70 V/m to the defect area. The objective of this

thesis is to examine the electric field distribution around the implant

and to draw conclusions for the application of the method in oral and

maxillofacial surgery. To this end, a detailed, macroscopic 3D model

of a minipig mandible with a critical-size bone defect, surrounding

soft tissue and an implanted bipolar stimulation implant is created.

Furthermore, the dielectric properties of mandibular bone of minipigs

are modelled based on own measurements and two different scenar-

ios are distinguished. These scenarios either consider a correction

of the measurement data at low frequencies or neglect them. The

minipig model is then analysed numerically using the finite element

method. The investigation focusses on quantifying the under-, over-

and benefically stimulated volume in the defect region in order to eval-

uate the success of the electrical stimulation. The electrode length and

the stimulation potential are numerically optimised at a stimulation

frequency of f = 20 Hz to ensure a maximum region of beneficially

stimulated tissue. A further aim of this work is to analyse the influ-
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ence of uncertain model parameters on the simulation results using

uncertainty quantification. The dielectric properties of the biological

tissues and the parameters of the electrode-tissue interface are taken

into account. In addition to the minipig model, two simulation models

of human mandibles are analysed in order to gain valuable insights

into important parameters and aspects of electrical stimulation in this

field of application. This doctoral thesis thus contributes to the devel-

opment of advanced implant designs and the optimisation of electrical

stimulation in oral and maxillofacial surgery.



Zusammenfassung

Unterkieferdefekte, die beispielsweise aus Tumorresektionen resul-

tieren, beeinträchtigen die Lebensqualität der Betroffenen erhe-

blich und erfordern oft komplexe chirurgische Eingriffe. Der Gold-

standard zur Regeneration dieser Defekte, autologe Knochentrans-

plantate, gehen jedoch häufig mit Komplikationen und langwieri-

gen Heilungsprozessen einher. Elektrostimulation ist eine vielver-

sprechende alternative Methode zur Verbesserung der Knochenheilung,

die bisher jedoch hauptsächlich in anderen anatomischen Bereichen,

wie der Hüfte, angewendet wird. Bisher gibt es für den Unterkiefer

keine klinisch etablierten Implantatdesigns mit elektrischer Stimula-

tion. Diese Dissertation widmet sich daher der Entwicklung solcher

elektrostimulierender Implantate zur Regeneration von Unterkiefer-

defekten. Diese Implantate sollen den defekten Knochen dabei mit

optimalen elektrischen Feldstärken zwischen 5 und 70 V/m versorgen.

Ziel der Arbeit ist es, die elektrische Feldverteilung in der Umgebung

des Implatats zu analysieren und daraus Schlüsse für die Anwendung

der Methode in der Mund-, Kiefer- und Gesichtschirurgie zu ziehen.

Hierfür wird zunächst ein detailliertes, makroskopisches 3D-Modell

eines Schweineunterkiefers mit einem Knochendefekt kritischer Größe,

umgebendem Weichteilgewebe und einem implantierten bipolaren

Stimulationsimplantat erstellt. Die dielektrischen Eigenschaften von

Unterkieferknochen von Minischweinen werden basierend auf Mes-

sungen modelliert und es werden zwei verschiedene Szenarien unter-

schieden. Diese Szenarien berücksichtigen entweder eine Korrektur

der Messdaten bei niedrigen Frequenzen oder vernachlässigen diese.

Das Minischwein-Modell wird mittels der Finite-Elemente-Methode

numerisch analysiert. Die Untersuchung konzentriert sich darauf, das

unter-, über- und nutzbringend stimulierte Volumen in der Defekt-
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region zu quantifizieren, um den Erfolg der Elektrostimulation zu

bewerten. Dabei werden die Elektrodenlänge und das Stimulationspo-

tential bei einer Stimulationsfrequenz von f = 20 Hz numerisch opti-

miert, um einen maximalen Bereich mit nutzbringenden Feldstärken

zu versorgen. Ein weiteres Ziel dieser Arbeit besteht in der Analyse des

Einflusses von unsicheren Modellparametern auf die Simulationsergeb-

nisse durch die numerische Quantifizierung von Unsicherheiten (Uncer-
tainty Quantification). Hierbei werden die dielektrischen Eigenschaften

der biologischen Gewebe, sowie die Parameter der Elektrode-Gewebe-

Grenzfläche berücksichtigt. Zusätzlich zum Minischwein-Modell wer-

den zwei Simulationsmodelle von menschlichen Unterkiefern unter-

sucht, um wertvolle Erkenntnisse über wichtige Parameter und Aspekte

der Elektrostimulation in diesem Anwendungsbereich zu gewinnen.

Damit trägt die vorliegende Doktorarbeit zur Entwicklung fortschritt-

licher Implantatdesigns und zur Optimierung der Elektrostimulation in

der Mund-, Kiefer-, und Gesichtschirurgie bei.



Acknowledgement

The research presented in this thesis was conducted within the SFB

1270 “Electrically Active Implants” – ELAINE and was funded by

the Deutsche Forschungsgemeinschaft (DFG, German Research Foun-

dation) – SFB 1270/2 - 299150580, as well as a scholarship by

the state graduate funding (Landesgraduiertenförderung) of the state

Mecklenburg-Western Pomerania.

Many people have accompanied me during my journey towards

finishing this thesis. I would like to express my sincere gratitude to the

following supporters:

• Prof. Dr. rer. nat. Ursula van Rienen for supervising my work. I am

grateful for her guidance, support, and encouragement throughout

the journey of this doctoral thesis. Her mentorship provided the

critical push needed to complete this work. I appreciate the nur-

turing and supportive environment she provided, which enabled

me to delve into this fascinating research with confidence;

• Prof. Dr. med. Dr. med. dent. Peer Kämmerer and Prof. Dr.

Martina Gerken for serving as the second examiners;

• Dr. med. Dr. med. dent. Michael Dau from the Department of Oral

and Maxillofacial Plastic Surgery of the University Medical Centre

Rostock for hours of productive discussions, always being available

in case of questions, and providing easy access to information and

valuable contacts to other people;

• my colleagues in the group of Theoretical Electrical Engineering,

especially Andrea Andree, Franziska Reimann, Christian Schmidt,

Christian Bahls, Julius Zimmermann, Nils Arbeiter, Henning Bathel,

vii



viii

and Jan Philipp Payonk for fruitful discussions and emotional

support;

• my family from whom I know that my biggest fans are among

them;

• Sen.-Prof. Dr.-Ing. Dirk Timmermann and his team for extensive

discussions on the technical realisation of the proposed stimulation

unit;

• all “ELAINEs” for all collaborative efforts and the nice research

atmosphere;

• Andrea Moser for being my wonderful, motivating mentor and for

keeping me going in the face of all challenges;

• again my friends and family for their emotional support and their

patience.

• Furthermore, I acknowledge the use of Gram-

marly https://www.grammarly.com/ and DeepL Write

https://www.deepl.com/write to improve the quality of

the writing in parts of this manuscript.

https://www.grammarly.com/
https://www.deepl.com/write


Contents

1 Introduction 1

1.1 Background: electrostimulation and its role in addressing critical-size

mandibular defects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research focus and rationale of the study . . . . . . . . . . . . . . . . . . 3

1.3 New contributions to the field of electrical bone stimulation . . . . . . . 5

1.4 Research aim and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Structure of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 Characteristics of bone and electrical bone stimulation 8

2.1 Anatomy of the mandible bone . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Critical-size mandibular bone defects and state of the art of their treatment 11

2.3 Bioelectricity and electrical stimulation of bone . . . . . . . . . . . . . . 12

2.3.1 Bioelectricity of bone . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3.2 Electrical stimulation of bone . . . . . . . . . . . . . . . . . . . . 14

2.3.3 In vivo and clinical application of electrical stimulation of bone . 18

2.3.4 Open challenges in electrical stimulation of bone and numerical

simulation of electrostimulating implants . . . . . . . . . . . . . 20

3 Theoretical basics 22

3.1 Electromagnetic field theory . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Finite element method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.1 Domain discretisation . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.2 Selection of basis functions . . . . . . . . . . . . . . . . . . . . . 27

3.2.3 Formulation and solution of the system of equations . . . . . . . 28

4 Dielectric properties and numerical simulation of bioelectric problems

including model uncertainties 30

4.1 Dielectric properties of biological tissues . . . . . . . . . . . . . . . . . . 30

4.1.1 Ambiguities in the Gabriel data and their correction . . . . . . . . 31

ix



Contents x

4.1.2 Literature review: reliable studies reporting the dielectric prop-

erties of bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 Modelling workflow for the generation of the minipig mandible simula-

tion model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4.2.1 Anatomical and technical modelling of the electrically stimulated

mandible . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4.2.2 Physical modelling of the electrically stimulated mandible . . . . 41

4.2.3 Setup of the boundary value problem . . . . . . . . . . . . . . . . 47

4.2.4 Finite element simulation and discretisation . . . . . . . . . . . . 50

4.3 Uncertainty quantification . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3.1 Stochastic problem definition . . . . . . . . . . . . . . . . . . . . 52

4.3.2 Variance-based sensitivity analysis . . . . . . . . . . . . . . . . . 54

4.3.3 Uncertainty quantification methods . . . . . . . . . . . . . . . . . 55

4.3.4 Software used for the uncertainty quantification studies . . . . . 58

5 Results and discussion 60

5.1 Measurement and analysis of the dielectric properties of minipig mandibu-

lar bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.1.1 Validating and fitting of the impedance data of minipig mandibu-

lar bone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.1.2 Dielectric properties of minipig mandibular bone resulting from

the fitting procedure . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Optimisation of the implant parameters . . . . . . . . . . . . . . . . . . 67

5.2.1 Optimised electric field distribution in the minipig mandible model 68

5.2.2 Comparison of the optimised electric field distribution in both

scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.2.3 Comparison of optimisation results with previous findings . . . . 75

5.2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.3 Uncertainty quantification and sensitivity analysis of an electrically stim-

ulated minipig mandible . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

5.3.1 Specification of the probabilistic minipig model . . . . . . . . . . 80

5.3.2 Global sensitivity analysis using Sobol’ indices . . . . . . . . . . . 83

5.3.3 Quantification of uncertainties in the model outputs of the elec-

trically stimulated minipig mandible . . . . . . . . . . . . . . . . 92

5.3.4 Conclusion of the uncertainty quantification analyses . . . . . . . 100



Contents xi

5.4 In vivo validation of the optimised electrostimulating implant . . . . . . 101

5.5 Preliminary simulation of human mandible models . . . . . . . . . . . . 104

5.5.1 Comparative simulation of separate electrostimulating electrodes

and fixation screws . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.5.2 Preliminary investigation of electrostimulating fixation screws at

a mandibular reconstruction plate . . . . . . . . . . . . . . . . . 109

5.5.3 Conclusion on the preliminary human mandible models . . . . . 114

6 Conclusion and outlook 116

6.1 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

6.2 Limitations of the studies . . . . . . . . . . . . . . . . . . . . . . . . . . 119

6.3 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6.4 Contributions to knowledge in the field of electrostimulating bone implants122

A Fit results and fit statistics for the dielectric properties of minipig bone 124

B Impact of the stimulation amplitude on the Sobol’ indices 129

Bibliography 133



Contents xii

Nomenclature

AC alternating current

BICGSTAB biconjugate gradient stabilised method

CAD computer-aided design

COMSOL COMSOL Multiphysics®

CPE constant phase element

CT computer tomography

DC direct current

EIS electrochemical impedance spectroscopy

EQS electroquasistatic

ETI electrode-tissue interface

FEM finite element method

GMRES generalised minimal residual method

GPC generalised polynomial chaos

LCP liquid crystal polymer

MC Monte Carlo

MRI magnetic resonance imaging

NURBS non-uniform rational B-splines

PC polynomial chaos

PCE polynomial chaos expansion

PDF probability density function

QS quasi-stationary current problem

ROI region of interest

SGP stress-generated potential

SOR successive over-relaxation

STD standard deviation

STL stereolithography

UQ uncertainty quantification

VBSA variance-based sensitivity analysis

VCM volume conductor model



Chapter 1

Introduction

The objective of this thesis is to develop innovative electrostimulative endoprostheses
that aid in the regeneration of large bone defects in the lower jaw (mandible), focusing
on modelling and numerical simulation of the problem in an animal model. In this
regard, a 3D finite element simulation model of the mandible of a minipig equipped
with an electrostimulating implant is being developed and the implant parameters
are being optimised for the most beneficial stimulation. This study contributes to
current research as electrical stimulation in maxillofacial application areas, such as
the mandible, is relatively new and simulation models for optimising stimulation
parameters are not yet available. This works provides optimised stimulation parameters
and further evaluates the impact of uncertain input parameters using uncertainty
quantification (UQ). Additionally, I will determine the dielectric tissue properties of the
mandibular bone in minipigs, which are not yet available in the literature. Furthermore,
I will present numerical models of electrically stimulated human mandibles, providing
a basis for further studies. These models demonstrate the potential for further research
in the field of electrical stimulation of bone. Some background information on the
electrical stimulation of bone and its potential application in maxillofacial surgery will
be given in the next section.

1.1 Background: electrostimulation and its role in
addressing critical-size mandibular defects

Bone, a living organ, undergoes a constant process of dynamic transformation known
as bone remodelling. Electrical stimuli, resulting from mechanical stresses during daily
activities, naturally regulate this process. The advantageous effects of electrical stimu-
lation with regards to bone regeneration have been well known since the 1950s [1].
For several decades, electrostimulating procedures have been utilised in orthopaedics
to treat different types of bone defects, with the intention of precisely imitating the
natural functional stress through low-frequency electric fields. This has led to the
development of innovative implants that use electrical stimulation to accelerate bone
regeneration, a rapidly growing area of research. In recent years, extensive research has
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Introduction 2

been conducted in the development of electrically stimulating implants for various ap-
plications, including bone fractures or non-unions [2–5]. Kraus established empirically
that sinusoidal stimulation at a frequency of 20 Hz, with an electric field range between
5 and 70 V/m, resulted in improved bone growth [6]. There are electrostimulating
therapeutic devices available commercially for application in the limbs that are based
on the associated Kraus-Lechner method [7]. However, similar devices suitable for
application at facial bone defects, including the lower jaw (mandible) (Fig. 1.1 (a)),
are currently unavailable. Therefore, the research presented in this thesis is motivated
by the need to improve treatment outcomes for patients dealing with significant bone
defects, known as critical-size defects, in the mandible. These defects often arise due
to trauma or surgical procedures such as tumour resections, leading to significant
functional and aesthetic impairments in patients. The clinical significance of large
mandibular bone defects is substantial. In Germany alone, over 3400 surgeries for total
or partial resection of the mandible were conducted in 2019 [8]. The conventional

(a) (b)

Figure 1.1: (a) The location of the human mandible inside the skull is highlighted in red. The
figure was partly generated using Servier Medical Art, provided by Servier, licensed
under a CC-BY 4.0 license [9]. (b) Examplary mandible model with a large defect
and a titanium reconstruction plate.

methods for healing these defects include titanium reconstruction plates (Fig. 1.1
(b)) in combination with bone grafts [10]. Bone grafts are materials used to replace
or repair missing or damaged bone. They can be obtained from the patient’s own
bone (autologous bone grafts), from other donors, or through the use of artificial
bone replacement materials. Regrettably, the conventional approach is associated with
prolonged healing time and an increased risk of patient mortality when using the gold
standard of autologous bone grafting, which requires a second surgery to graft the

https://creativecommons.org/licenses/by/4.0/


Introduction 3

bone material. The incorporation of electrostimulating implants displays potential in
enhancing these outcomes.

Electrical stimulation devices for the treatment of major bone defects in the lower
jaw are a comparatively new area of research. To date, only Kim et al. have carried
out animal experiments [11–13], though without prior numerical optimisation of im-
plant parameters. Moreover, they employed different stimulation parameters than the
Kraus-Lechner method, utilising bi-phasic electrical current pulses. Bipolar stimulation
electrodes adhering the stimulation parameters established by Kraus [6] have under-
gone substantial in vitro investigation [14–22] as well as numerical analysis [18,23,24].
However, these electrodes have yet to be employed in a large animal model in an in
vivo setting. This gap will be addressed in the research presented in this thesis, which
examines a numerical model of the bipolar electrostimulating electrodes in a minipig
mandible as detailed in the research focus presented in the next section.

1.2 Research focus and rationale of the study

The research focus of this work is the development and numerical investigation of
electrostimulating implants for large defects in the mandible. The regarded electros-
timulating setup utilises direct contact stimulation and a bipolar, rod-shaped electrode
design as has been used in in vitro studies before [14–22]. As the functionality of
the electrostimulating system for the mandible first needs to be verified in an animal
model, this thesis focuses on developing a detailed numerical model of an electrically
stimulated minipig lower jaw. The derived optimal stimulation parameters will be used
in subsequent in vivo trials. However, I will also address human models to draw first
general conclusions on how electrically stimulating implants can be realised in patients.

Numerical modelling is an essential tool in the design process of the aforemen-
tioned electrostimulating devices. These models aid in the optimisation of implant
parameters, ensuring the previously mentioned beneficial electric field threshold. Most
existing stimulation devices are applied empirically or have been developed under
rough estimates [6, 25, 26]. However, the actual field distribution within the tissue
is unknown and cannot be measured easily. Numerical modelling and simulation, as
employed in this work, facilitate the determination of the electric fields and currents
in the tissue, thus allowing the design of reliable stimulation devices. Inappropriate
electrical stimulation could either have no effect at all or harm the tissue by causing
cell death. Therefore, suitable stimulation parameters play a crucial role in electrically
stimulating implants. This study aims to optimise these parameters to maximise the
effect of beneficial stimulation and hence ensure good healing results. The numerical
studies therefore allow to gain important insights prior to in vivo validation experiments
and subsequently contribute to significantly reducing the number of necessary animal
experiments.
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For a reliable simulation of the electric field distribution, the dielectric properties
of the tissues involved are of utmost importance. Therefore, a further focus of this
thesis is on accurately modelling the dielectric properties of the biological tissues
involved. Unfortunately, the existing literature lacks any dielectric tissue properties
of mandibular bone. Consequently, the dielectric properties of the mandibular bone
of minipigs will be determined using electrochemical impedance spectroscopy (EIS).
The commonly used tissue database by Gabriel et al. [27–29] has recently undergone
reanalysis, indicating ambiguity in interpreting the dielectric tissue properties at low
frequencies [30]. To address this issue, numerical simulations of electrostimulating
implants for bone regeneration considering the different interpretations are carried out
in this thesis.

As the dielectric properties of biological tissues further vary greatly, uncertainty
quantification (UQ) studies are conducted to determine the most influential model
parameters and input quantities with respect to the uncertainty of the output quantities.
This enables identification of which parameters need to be carefully determined for
future studies and which can be disregarded in favour of a simplified numerical model.

Systematic research into suitable stimulation parameters is still a very active area
of research, e.g., in the SFB 1270 ELAINE.1 Whereas colleagues in the field of cellular
biology concentrate on examining appropriate stimulation parameters in vitro or ex
vivo, this thesis will rely on the stimulation parameters used in commercially available
devices found in the literature to establish an electrostimulation implant design. These
devices are based on the Kraus-Lechner method [6, 7] (ref. Chapter 2.3.3). The
Kraus-Lechner method [6, 7] has been successfully applied in surgical practise in
combination with an approved stimulation device that is available on the market.
However, the inherently inductive stimulation approach of the Kraus-Lechner method
involved a complicated coil setup. Consequently, this setup requires a high level of
patient compliance and is not feasible for the application on the jaw. Therefore, in this
study, the electrostimulating implant is driven by a small stimulator unit located at the
stimulation site itself instead of the coil, with the aim of achieving the same stimulation
effect. Thus, the same parameters are used as in the Kraus-Lechner approach but with a
different field source. The neglect of the magnetic field is justified based on theoretical
considerations (Sec. 3.1). Accordingly, electroquasistatics (EQS) and quasi-stationary
current problems (QSs) are used as approximations in the numerical model. This
research aims to establish the initial design of innovative electrostimulative implants for
the mandible. Therefore, this study simplifies the numerical model by only considering
the entire mandible bone structure at the whole bone scale, and at the meso-scale,
distinguishing between cortical and cancellous bone. Furthermore, it should be noted
that the simulation of the stimulating unit and cables is not part of this work.

1The collaborative research centre SFB 1270 ELAINE (https://www.elaine.uni-rostock.de/en/) on
electrically active implants focuses on improving patient-specific therapies through the development
and advancement of innovative electrostimulating implants for bone, cartilage, and deep brain
stimulation.

https://www.elaine.uni-rostock.de/en/
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The significance of the research presented here will be outlined in the following
section.

1.3 New contributions to the field of electrical bone
stimulation

This dissertation focuses on the use of numerical simulations to model electrostimulating
implants for the regeneration of mandibular defects and to determine the resulting
electric field distribution. These simulations will be used to optimise the design and
the parameters of electrostimulating implants. The outcomes of this proof-of-concept
investigation have the potential to lead to significant progress in the field of bone
regeneration and bring renewed optimism to a large number of patients struggling with
severe jaw defects. Furthermore, the inherent scalability of the developed electrostimu-
lation concept could form the basis for extending its benefits to a significantly larger
patient population suffering from smaller bone defects, a common issue encountered
in dental implantations that require bone augmentation. It is estimated that around
10.7 million dental implant procedures are performed annually worldwide [31], and
one in four implants necessitates bone grafting [32,33]. These cases with smaller bone
defects could benefit from improved bone regeneration with electrical stimulation in
the long term. Accelerating bone growth in patients with impaired defect healing in
the jaw could substantially improve their physical and psychological condition and may
also reduce the burden on the health care system for such treatments.

Large animal models, such as the minipig, have not yet been studied regarding
electrical stimulation in the lower jaw. Additionally, there is currently no numerical
minipig model available for large bone defects in the lower jaw. Therefore, this research
contributes a 3D computer-aided design (CAD) model of a minipig mandible which will
also be useful to other researchers studying, for example, the biomechanical properties
of large bone defects. Furthermore, the numerical model will provide optimised implant
parameters for innovative electrically stimulating jaw implants that will allow for or
promote bone healing. Currently, there are no numerical or even experimental studies
on electrical stimulation of large bone defects in human mandibles available. By also
considering simplified simulation models of human mandibles, this study will contribute
valuable insights for the future development and optimisation of electrostimulating
implants for the mandible.

By modelling different scenarios depending on the specific assumptions about the
dielectric properties of the tissues, as well as determining the most influential input
quantities via uncertainty quantification (UQ), I will contribute important learnings
about which quantities should be characterised particularly carefully, both numerically
(by adequate models) and experimentally (by accurate measurements).
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The research aim guiding the studies, as well as the objectives set to achieve this
aim, will be specified in the next section.

1.4 Research aim and objectives

The aim of this work is to develop novel electrostimulative endoprostheses for bone
regeneration of the lower jaw (mandible), with a focus on modelling and numerical
simulation of the problem. To achieve this aim, the following research objectives are
addressed in this thesis:

1. Determine the dielectric tissue properties of minipig mandibular bone.

2. Assess the effect of modelling the dielectric tissue properties with and without a
correction for electrode effects.

3. Create a 3D finite element model of a minipig mandible with a bipolar electrostim-
ulating implant.

4. Optimise the electric field distribution with respect to the applied stimulation
parameters, i.e. electrode length and stimulation voltage, to ensure a maximum
volume of beneficially stimulated tissue.

5. Identify the input parameters with the most significant influence and the magni-
tude of their impact on the simulation results in uncertainty quantification (UQ)
studies.

6. Explore potential applications of electrostimulating mandibular implants in hu-
mans using simplified human mandible models.

The structure of this thesis will be outlined in the following section.

1.5 Structure of the thesis

This thesis is structured into six chapters. Chapter 1 has provided an introduction to the
general research focus and a general overview of the aims and objectives of this thesis.
Chapter 2 explores the characteristics of bone as a bioelectric tissue and introduces
critical-size defects in the mandibular bone and their current treatment. The selection
of the minipig as the model considered in this thesis is explained and further details
on electrical stimulation of bone as a therapeutic method are presented, as well as
current areas of application and current challenges. In Chapter 3, the theoretical basics
of electromagnetic field theory and the finite element method (FEM) as the method
of choice for simulating the electrically stimulated minipig mandible are introduced.
Further methods necessary for the simulation are described in Chapter 4. This Chapter
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presents a literature review on the dielectric properties of biological tissues, with partic-
ular emphasis on bone, which are of paramount importance for modelling. Moreover, a
detailed workflow for creating the numerical model is provided, starting from computer
tomography (CT) data, modelling the geometry, defining the physics, setting up the
boundary value problem, and solving it with the commercial finite element software
COMSOL Multiphysics® (COMSOL). The method of uncertainty quantification (UQ)
is presented as a tool to assess the influence of uncertain input parameters on the
simulation results. In Chapter 5, the results of this thesis are presented. This includes
reporting the measured dielectric properties of minipig mandibular bone used as input
parameters in the numerical model. Additionally, the implant parameters, specifically
the electrode length and stimulation potential, are optimised and compared to the
simulation results of previous studies. The impact of uncertain tissue properties and
electrode-tissue interface parameters is also determined and discussed. Chapter 5 also
includes a brief summary of the results obtained from applying the established elec-
trostimulating system in vivo. Furthermore, preliminary simulation models of human
mandibles are introduced and the simulated electric field distribution is examined.
The final Chapter 6 features a summary of the thesis as well as an outlook on future
research in this area.

Some of the work presented in this thesis has been previously published [34–38].
Therefore, certain sections of this thesis include reformulated material from these
publications. Any chapters or sections that contain a substantial amount of material
from these works will be clearly identified at the beginning of the respective section.



Chapter 2

Characteristics of bone and electrical
bone stimulation

In this chapter, I will introduce the structure of bone, with a focus on the mandible
(lower jaw). Furthermore, I will discuss critical-size bone defects, the existing therapeu-
tic methods, and the open challenges associated with their treatment. Additionally, I
will discuss electrical stimulation as an effective means of improving the treatment of
critical-size bone defects in the mandible.

With the exception of a small percentage of water (approximately 10 %), bone is
composed of a mineralised organic matrix. This matrix is comprised of both organic
(25 % by weight) and inorganic (65 % by weight) phases [39]. The organic phase
primarily consists of type I collagen, which plays a vital role in the tensile strength
of bone. Minor contributions arise from matrix proteins that assist in mineralisation
and bone formation, along with cytokines and growth factors that participate in the
differentiation, activation, growth, and turnover of bone cells [40]. The inorganic
phase is composed of calcium phosphate, specifically carbonated hydroxyapatite.

Cancellous bone

Trabeculae

Osteon

Cortical bone

Periosteum Haversian canal

Osteocyte
Lamellae

Figure 2.1: Schematic structure of bone. The figure was partly generated using Servier Medical
Art, provided by Servier [41], licensed under CC-BY 4.0.
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Currey [42] defined four hierarchy levels present in bone: the nano-scale level is
composed of type I collagen fibrils that contain carbonated hydroxyapatite nanocrystals.
Secondly, the micro-scale comprises all structures visible under the microscope (≈µm),
such as individual mineralised collagen fibres formed by multiple collagen fibrils.
Multiple mineralised collagen fibre bundles constitute the so-called lamellae [43] (Fig.
2.1). The lamellae are densely packed with pores that contain osteocytes, i.e. bone
cells. The arrangement of the lamellae differs between the two bone types of cortical
and cancellous bone. For cortical bone, the lamellae are closely interconnected and
arranged concentrically to form osteons. Within the centre of each osteon is a vascular
channel called the Haversian canal, which is characterised by electrically conductive
soft tissue such as blood, lymph, and nerve fibres [44]. In contrast, the lamellae of
cancellous bone are arranged parallel to each other. Together with the osteocytes and
mineralised bone matrix, these structures make up the trabeculae. The void between
the trabeculae is filled with bone marrow [45]. The third hierarchy level identified by
Currey [42] is the meso-scale, which investigates the distinctive structure of cancellous
and cortical bone. The fourth and largest hierarchy level, encompassing the whole
bone, is the macro-scale. Only the macro- and meso-scale are regarded in this thesis
and a brief description of the specific anatomic structure under study, the mandible,
will follow in the next section.

2.1 Anatomy of the mandible bone

(a)

Alveolar
process

Body
Mandibular
angle

Ramus

(b)

Figure 2.2: (a) Location of the human mandible inside the skull. The mandible is highlighted
in red (adapted from Servier Medical Art [9], provided by Servier, licensed under
CC-BY 4.0). (b) Primary components of the mandible (adapted from [46], licensed
under CC-BY 4.0. Access for free at https://openstax.org/books/biology-2e).

The mandible, also known as the lower jaw, is the only moveable bone of the
skull (Fig. 2.2 (a)). It is essential for mastication and facilitates speech articulation
in humans. Therefore, any restrictions to its function can considerably reduce the

https://creativecommons.org/licenses/by/4.0/deed.de
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quality of life of a patient. The mandible comprises a body, the mandibular angle, and
the ramus (Fig. 2.2 (b)). The upper boundary of the mandible includes the alveolar
process, which is the site where the teeth are embedded [46]. This thesis focusses on
the posterior mandible due to its frequent involvement in surgical procedures such as
tumour resection.

(a) (b) (c)

Figure 2.3: Anatomy of the minipig mandible. (a) Location of the mandible inside the skull.
Shown is a 3D rendering of a minipig skull (adapted from [47], licensed under
CC-BY 4.0). The mandible is highlighted in red and the intended defect region is
marked with dashed lines. (b) Minipig mandible with defect, allowing the view on
the medullary canal (dotted lines) containing cancellous bone. Note that the bone
marrow has been removed in the depicted bone model. (c) Enlarged view of the
cancellous bone inside the medullary canal.

Before applying new therapeutic devices clinically, they typically undergo in vitro and
then in vivo animal testing to assess their functionality and safety. Therefore, this study
aims to investigate the mandible of a minipig (Fig. 2.3 (a)), which is a suitable and
common large animal model for subsequent in vivo validation studies. These validation
studies were conducted in 2021 and their findings have been submitted for review [48].
Lessons learned from the in vivo experiments will be addressed in Sec. 5.4. Minipigs
are employed as a large animal model for long-term studies in dental and maxillofacial
research [47] due to their similarity with the human mandible regarding their shape,
size, and anatomy [49]. Additionally, it has been observed that the bone regeneration
rate in both the minipig and the human mandible is similar [49,50].

The mandible displays a complex structure in both humans and minipigs. It is an
irregular bone consisting of cancellous bone that is covered with a thin, compact layer of
cortical bone (Fig. 2.3 (b)). Cancellous bone is composed of trabeculae and comprises
a three-dimensional functional microstructure. This microstructure illustrates that
bone grows most strongly in regions of high mechanical stress. Cancellous bone is less
dense than cortical bone and possesses a porous, sponge-like structure. It encompasses
the medullary cavity (Fig. 2.3 (c)) that is filled with bone marrow [51]. It is worth

https://creativecommons.org/licenses/by/4.0/deed.de
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emphasising that the morphology of the mandible differs depending on the location:
at the posterior joint region, it is fully cortical, but increases in thickness towards
the middle, revealing a space filled with cancellous bone and bone marrow on the
inside. This region then decreases in width again towards the anterior part of the
mandible. Possible defects in these bony structures and their typical clinical treatment
are introduced in the next section.

2.2 Critical-size mandibular bone defects and state of
the art of their treatment

Bone defects in humans can be caused by various factors, including traumatic injury,
diseases like osteoporosis or arthritis, tumour resection, and extensive infection [52].
In general, bone is inherently able to repair itself and heal spontaneously. However,
in some cases, the defects may be larger than a critical size. In this situation, external
therapeutic measures must be taken to allow the bone to heal [10]. These defects are
known as critical-size defects. The actual dimensions of this critical size depend on
various factors like the anatomic location, species, age, and the surrounding tissue [10].
For the minipig mandible, Ma et al. state that a critical-size defect with preserved
periosteum is 6 cm in width [53]. Without preservation of the periosteum, the critical
size is 2 cm [53], see Fig. 2.4 (a). In maxillofacial surgery, critical-size defects

(a) (b)

Figure 2.4: (a) Deliberately created defect of critical size in the mandible of a minipig for use
in animal experiments. (b) Standard treatment of large bone defects in a human
patient with a titanium mesh (Figure (b) reproduced from [54], licensed under CC
BY-NC 3.0).

occur mainly after partial resection of the mandible due to tumours and are of great
clinical relevance, with more than 3100 surgeries per year in Germany alone as of
2019 [55]. The treatment of critical-size defects presents significant challenges due
to high complication rates and the frequent requirement for revision surgery [56].
Additionally, according to Nauth et al. [56], there is no consensus on the ideal surgical
treatment for critical-size bone defects. Conventionally, these defects are treated with

https://creativecommons.org/licenses/by-nc/3.0/
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titanium mesh trays (Fig. 2.4 (b)) or osteosynthesis plates (Fig. 1.1 (b)) that are
secured to the remaining bone with screws. These plates are used either alone or in
combination with bone graft substitutes. However, relying solely on reconstruction
plates often leads to complications, with complication rates as high as 48 % [57],
requiring revision surgery. These complications include fracture of the plate or mesh
tray, loosening of the fixation screws, or dehiscence [58–61]. The most widely accepted
practice for treating critical-size defects is through the use of autologous bone grafts,
which are acquired from the bone of the patient such as the fibula or iliac crest [10,62].
This treatment method has advantages such as the abundance of osteoconductive,
osteoinductive, and osteogenetic factors [63]. This treatment can be supported using
growth factors [10]. However, the surgery required to harvest the bone graft is
associated with high complication rates and morbidity [10]. To avoid subjecting the
patient to additional risks associated with a second surgery, this study aims to use
electrical stimulation as an alternative treatment approach to achieve faster bone
healing and improved fixation of bone and implant. This can further enhance the
desired therapy outcome of achieving long-term stability, restored functionality, and
aesthetics. In the following sections, I will outline the general principles of electrical
stimulation in bone regeneration and then focus specifically on electrical stimulation of
the mandible.

2.3 Bioelectricity and electrical stimulation of bone

Endogenous electric fields hold an essential role in every cell of the human body. They
are involved in action potentials of nerve and muscle fibres and play a crucial role in cell
processes such as proliferation, differentiation, and migration [64]. Artificial electrical
stimulation has a wide range of applications in imitating these naturally occurring
electrical signals, such as neural stimulation like deep brain stimulation (DBS) [65] or
cochlear implants [66], wound healing [6], cartilage tissue engineering [67–69], and
supporting cancer treatment [70]. The following section will outline the fundamental
principles of bioelectricity and stimulation of bone.

2.3.1 Bioelectricity of bone

Iwao Yasuda (1909–1983) is widely regarded as a pioneering figure in the field of bone
bioelectricity and electrical stimulation of bone. In 1953, he established a clear link
between mechanical stress and stimulated bone growth [1]. Moreover, Yasuda also
revealed the interrelationship between mechanical stress in bone and the electricity
generated by it [1]. By measuring the electric potentials on the surface of a bent
long bone, he discovered that the compressed (concave) part of the bone became
electronegative, whereas the tensed (convex) areas were electropositive (Fig. 2.5 (a)).
He concluded that mechanically induced electrical stimuli promote bone regeneration
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and, therefore, artificial electrical stimuli could increase bone formation. In the study
of Yasuda, experimental confirmation was also found for this hypothesis. In an in
vivo test, a current of 1µA was applied to the femoral bone of rabbits over a period
of three weeks. Yasuda discovered that new bone was produced, specifically at the
negative electrode, while distinctly less bone formed at the positive electrode (Fig. 2.5
(b)). These findings confirmed his hypothesis that electric signals are the fundamental
stimuli that promote bone growth [1].

Force

+ +++++

------

Tension
Bone resorption

Compression
Bone growth

(a)

.

(b)

Figure 2.5: (a) When a long bone is subjected to mechanical stress, it results in the formation of
electric potentials. Compression causes electronegative potentials on the concave
side of the bone, while tension yields electropositive potentials on the convex
side. Increased bone growth is associated with the concave region, whereas
increased bone resorption occurs in the convex region. (b) The application of
electrical stimulation to the femoral bone of a rabbit results in increased bone
growth (grey areas), especially at the cathode (-). At the anode (+), there is
significantly less bone formation. Figure (b) has been reproduced with permission
from Wolters Kluwer Health Inc. (Iwao Yasuda, The Classic. Fundamental Aspects
of Fracture Treatment, Clinical Orthopaedics and Related Research, Vol. 124, p.
5-8, https://journals.lww.com/c-orthopaedicpractice/pages/default.aspx) [1]).

Since the pioneering research of Yasuda, these bioelectrical interrelationships have
been studied extensively. The electric signals observed in bone are generally caused by
stress-induced electrical polarisation. These intrinsic electric fields are believed to form
the basis for bone remodelling. Stress-generated potentials (SGPs) originating from the
piezoelectric properties of bone [71–74] or streaming potentials [75–78] are discussed
extensively in the literature. However, the precise mechanisms behind the piezoelectric
effect and streaming potentials in bone are not yet fully understood.

The direct piezoelectric effect refers to a change in electrical polarisation and thus
the occurrence of an electrical voltage in solids when they are elastically deformed,
i.e. strained. The indirect piezoelectric effect occurs when an applied electric field
leads to mechanical deformation of the solid [79]. Piezoelectricity occurs only in
materials of crystal classes that lack a centre for inversion symmetry, and possess a
polar axis in the crystal. In 1957, Fukada and Yasuda observed both the direct and
the indirect piezoelectric effect in dry bovine cortical bone [71]. They concluded from

https://journals.lww.com/c-orthopaedicpractice/pages/default.aspx
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their experiments that the piezoelectric effect is most pronounced when a shearing
force is applied to the collagen fibres, causing them to slip past each other [71,80]. In
general, the precise nature of the piezoelectric effect in bone has been challenging to
characterise. The piezoelectric coefficients of bone and collagen have been reported
to vary significantly depending on the measuring method and sample condition [71,
73,81–86]. Wieland et al. [87] examined the inverse piezoelectric effect in trabecular
bovine bone, observing field-dependent strain generated through external electrical
stimulation. This strain was large enough to be perceptible for bone cells and may
suggest the contribution of the inverse piezoelectric effect to bone remodelling while
receiving electrical stimulation [87]. Although there are still uncertainties, there
is a consensus that the piezoelectric effect is present in bone. To account for the
microstructure of bone, Starkebaum and Korostoff [88] measured SGPs in human and
bovine cortical bone samples with microelectrodes. This way, they were able to measure
signals down to the osteon level. The researchers determined relatively large fields
of approximately 10 to 30 V/m in proximity to the Haversian canals [88]. The field
strengths mentioned are comparable in magnitude to those of therapeutically applied
electric fields [6], as they are also utilised in this thesis.

In the 1960s, observation on wet bone indicated that the SGPs in bone were
not solely related to the piezoelectric effect [89]. Instead, the so-called streaming
potentials play a significant role in the electro-mechanical potentials measured in wet
bone [85,90]. The streaming potential is an electrokinetic effect that occurs as the result
of the flow of extracellular bone fluid. In bone, the liquid located in the inter-cellular
spaces contains ions. The application of mechanical stress causes a flow of these ions,
creating an electric potential between two points alongside the ion stream [85]. The
ratio of the piezoelectric effect and streaming potential depends on the hydration of
the material, since water molecules enhance the symmetry of the collagen molecule,
thus reducing the piezoelectric effect [85]. This finding implies that the streaming
potential is the dominant mechanism under in vivo conditions [85]. In current research,
the challenge of understanding the bidirectional electromechanical coupling involved
in bone remodelling remains [91]. However, it is established that electric fields in
bone, generated by piezoelectricity and streaming potentials, initiate these biological
processes. Irrespective of the true source of the electric fields that occur naturally in
bone, artificial electric fields are utilised for therapeutic purposes. The following section
introduces the various methods of application.

2.3.2 Electrical stimulation of bone

Following the pioneering research of Yasuda which was presented in the previous
section, a number of technologies have been developed with the aim of accelerating
bone growth through electrical stimulation [2–5, 92]. The fundamental concept be-
hind these approaches is to imitate the electric signals that naturally arise in bones
due to SGPs through electrical stimulation. [93]. However, the complex processes
involved in bone remodelling and electrically induced bone regeneration are still not
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fully understood [94,95]. There are differences in the mechanisms of action of elec-
trical stimulation for bone regeneration across various stimulation modalities [96].
Essentially, electrical stimulation increases the production of mRNA from DNA. This, in
turn, promotes the expression of growth factors [97] which enhance bone healing by
promoting cell proliferation [98,99] and differentiation [96,100–102]. Furthermore,
electrical stimulation encourages bone marrow mesenchymal stem cells to migrate
towards the defect site [103]. Electrical stimulation facilitates osteogenesis through
various other mechanisms. These mechanisms include the upregulation of intracellular
calcium levels [104] and changing the local micro-environment in terms of improved
blood circulation and increased pH levels [105]. These changes improve callus forma-
tion, mineralisation, and vascularisation at the stimulated defect site, resulting in better
treatment outcomes. More specifically, the healing time is reduced or – in cases where
the bone would not heal without further treatment – any healing at all is achieved [96].
Biophysical theories have been developed to explain certain aspects of the interaction
between electric fields and cells. However, this work specifically examines the macro-
and meso-scale, with no consideration for cell-scale processes. Interested readers are
referred to works such as [106,107].

Generally, there are three methods for the application of electrical stimuli. These
stimulation modalities comprise direct contact stimulation, capacitive coupling, and
inductive coupling. The latter two are non-invasive, whereas direct contact stimulation
requires the electrodes to be placed directly at the defect site in an invasive surgery
[108]. The stimulation modalities differ in terms of their practicable duration of
stimulation and comfort for the patient. Therefore, the question of which stimulation
setup with which stimulation parameters is optimal for bone defect regeneration
depends on the specific case and is still controversially discussed [109]. This study
will examine direct contact stimulation, with the other two stimulation methods being
briefly described.

Direct contact stimulation

Direct contact stimulation1 is the preferred method for electrostimulation of the implant
developed in this thesis. It is an invasive stimulation method that uses surgically
implanted electrodes to directly apply the electric field or current to the tissue to be
stimulated. Generally, the cathode (negative electrode) is positioned at the defect side,
whereas the anode (positive electrode) is preferably placed in the soft tissue [111]
(Fig. 2.6 (left)). This arrangement is meant to prevent bone resorption at the anode.
In practice however, anatomical conditions such as the thickness of soft tissue often
necessitate the anode also being placed in the bone [111]. Currents ranging from five to

1Note that in the literature this stimulation modality is usually referred to as “direct current stimulation”
because direct current (DC, i.e. continuous current) signals are mainly used for stimulation. However,
also alternating currents (AC) may be applied with direct electrode-tissue contact. Therefore, I use
the more general term “direct contact stimulation” here. I will add the terms DC or AC to clarify
which signal form was used in cited studies.
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Figure 2.6: Schematic illustrating the stimulation modalities used in an animal model, including
(left) direct contact electrical stimulation (DCES), whereby one or both stimulation
electrodes are surgically implanted into the defect area, (middle) inductively
coupled electrical stimulation (IC), where an external induction coil generates
a magnetic field that induces an electromagnetic field in the defect region, and
(right) capacitively coupled electrical stimulation (CC), where opposite stimulation
electrodes are placed on the skin. The main text contains a detailed description of
the three stimulation methods. The figures have been adapted from [110] and are
licensed under CC BY 4.0.

one hundred microamperes are typically applied [111], with corresponding potentials
below 1.5 V to prevent electrolysis [111]. However, these values may differ among
the various specific applications. Friedenberg et al. [25] observed a dose-response
behaviour of the osteogenesis induced by DC direct contact stimulation. They stimulated
femoral shafts of rabbits and found that currents within the range of 5–20µA promoted
the formation of new bone, while currents above 20µA resulted in cell necrosis [25].

In general, the applied potentials in direct contact stimulation may be constant or
varying in time, typically with low frequencies below 3 kHz [111]. Although sinusoidal
signals with varying frequencies are not commonly employed in direct contact stim-
ulation, they possess the advantage of reducing electrode corrosion. Corrosion can
cause the electrode material to wear out quickly and allow the deposition of ions into
the tissue, which may be harmful [112,113]. In AC stimulation, faradic products do
not accumulate at the electrode-tissue interface because the electrochemical processes
continuously undergo reversal [109, 114]. Bipolar electrodes with directly coupled
alternating electric fields have been utilised extensively in in vitro experiments in Ro-
stock [16–19]. Recent investigations within the SFB 1270 ELAINE also continue to
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explore the potential of these electrodes [20–22]. Consequently, I will employ such
bipolar electrodes with directly coupled alternating electric fields in this thesis.

Direct contact stimulation has the particular advantage of stimulating directly at
the defect site. Furthermore, patient compliance is high as the stimulation device
can be incorporated directly into the bone implant without the need for external
primary coils or electrodes, unlike in the inductively or capacitively coupled method.
Hence, the direct contact approach enables reliable therapy over an extended period of
time. Some authors point out that there are risks associated with invasive treatment
methods, such as infections, tissue irritation, inflammation, electrode breakage, and
complications associated with a second surgery to remove the electrodes after healing
[115,116]. However, direct contact applications have shown the highest success rates
in large animal models [110] and clinical studies [109] as compared to capacitively
and inductively coupled applications. Additionally, leaving the implant in the body is
planned for the specific application developed in this work, avoiding the need for a
second surgery.

Capacitive coupling

Capacitive coupling is usually a non-invasive stimulation method that involves the use
of opposing electrodes on the skin surface [117,118] (Fig. 2.6 (right)). One of the key
benefits of the capacitive stimulation setup is the highly uniform electric field generated
between both electrodes. However, due to the significant amount of soft tissue that
the potential drops across, the power requirements are much greater in comparison to
direct contact stimulation. This holds particularly true for large animal models [110].
Moreover, drawbacks encompass skin irritation and non-compliance of the patient,
which impede successful therapy control [119]. Lastly, only a few clinical studies have
presented evidence of the beneficial effects of CC stimulation to date [120,121].

Inductive coupling

Electric fields in bone can further be induced through inductive, i.e. electromagnetic
coupling. Inductive stimulation involves placing one or two coils close to the defect
site, which generate a time-varying or pulsed electromagnetic field (Fig. 2.6 (middle))
[3,111]. For the purposes of this thesis, bone defects in the mandible would require the
external coil to be positioned around the head. Hence the inductive approach would be
accompanied by impaired patient comfort and is further not feasible for long-term in
vivo experiments. Therefore, inductive coupling was not considered in this thesis.
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2.3.3 In vivo and clinical application of electrical stimulation of
bone

The advantageous effect of electrical stimulation on bone regeneration has been demon-
strated in numerous in vitro and in vivo studies [13, 21, 67, 100, 114, 122–126]. In
clinical practice, electrical stimulation has been used for bone healing for several
decades, dating back to at least the 1980s. Examples include the Magnetodyn® tech-
nology [7,127] and the Biomet® Bone Healing System (Zimmer Biomet, Indiana, IN,
United States). Over 15 FDA-approved devices are available as of 2016, listed in [128].
In the following section, the Kraus-Lechner method will be briefly introduced. This
technique forms the foundation of the aforementioned Magnetodyn® technology, as
well as serving as the basis for the field thresholds examined in this thesis.

Electrical stimulation with the Kraus-Lechner method

The stimulation parameters utilised in studies on electrical stimulation of bone are
largely used empirically or phenomenologically. This is due to the complex physiological
processes involved in bone remodelling which are not yet fully understood, as previously
indicated. For instance, empirical evidence shows that low-frequency stimulation with
sinusoidal electromagnetic fields between 5 and 70 V/m at frequencies of f = 20 Hz
leads to improved healing results in clinical practice [6]. This approach is called the
Kraus-Lechner method [7], and has been widely used in orthopaedics [4, 129, 130].
According to this approach, electric field strengths exceeding 70 V/m may result in
tissue damage due to overstimulation, whereas field strengths lower than 5 V/m do
not facilitate bone regeneration. Accordingly, this field threshold will be employed to
optimise the electric field distribution in this work.

The method introduced by Kraus and Lechner [6] has been further developed and
specialised. The “bipolar induction screw system” (BISS) was introduced by Mittelmeier
et al. [4] and has since become an established practise, particularly for patients with
loosened hip endoprostheses or femoral head necrosis. It is noteworthy that the
Kraus-Lechner approach originally is an inductive approach. However, as previously
mentioned, the primary objective in this work is to ensure optimal patient comfort,
and thus, inductive stimulation is not a viable option. Still, as the electric field has the
most advantageous effect on bone regeneration, it is assumed that the field threshold
proposed by Kraus and the bipolar stimulation electrode introduced by Mittelmeier et
al. may be employed for a direct contact stimulation setup like in this study.

The low-frequency approach followed by Kraus and Lechner is particularly supported
by the fact that physiological processes in the body take place at low frequencies in
the range of 1–20 Hz [131]. For instance, naturally occurring locomotive or chewing
forces in humans are typically around 2 Hz [42]. These forces affect the different cells
that are involved in bone modelling and remodelling. The hypothesis is that bone
cells may respond specifically to stimuli of such physiological frequencies through
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the mechano-electrical coupling. This is further supported by research conducted
by McLeod et al., who found that extremely low-frequency sinusoidal electric fields
ranging from 15 to 30 Hz were most effective in promoting bone regeneration and
preventing bone loss [132, 133]. Comparable frequencies of 20–30 Hz are involved
in muscle contraction while standing still, suggesting that postural muscle activity
plays a role in bone remodelling [133]. The stimulation frequency of 20 Hz is further
supported by recent in vitro studies. Cell experiments applying an AC sinusoidal signal
(f = 20 Hz) on human osteoblasts revealed a voltage-dependent enhancement in cell
differentiation [18]. Using the BISS system, electromagnetic fields in combination with
additional alternating electric fields at 20 Hz and 700 mV potential difference applied
between the screw electrodes demonstrated a favourable effect on the viability and
differentiation of bone cells [16].

Application of electrical bone stimulation to the lower jaw in vivo and clinically

Only a few studies have considered the in vivo or clinical application of electrical
stimulation in the mandible. Furthermore, only a few studies analysed this topic
in silico. In vivo and clinical research regarding mandibles that were electrically
stimulated showed a rise in bone growth and fracture resistance in comparison to the
control group, as outlined in several studies [12, 134–137]. However, most studies
indicate that electrical stimulation only initially outperforms the classically treated
group [136,138]. For instance, Masureik and Eriksson used DC currents of 10 and 20µA
for healing of human jaw fractures for 10-14 days, employing platinum electrodes
[138]. Although they were unable to determine a statistically reliable conclusion,
their preliminary clinical study yielded some interesting implications: direct contact
stimulation accelerated fracture healing right at the start of treatment. Nevertheless,
the difference in fracture mobility between the treated and control group was small
after a longer period of six weeks [138]. Note that this study from 1977 is to date the
only available clinical study on application of electrical stimulation on the jaw.

Shandler et al. [135] treated relatively small bone defects of 6–8 mm in dog
mandibles with an intermittent current (f = 0.7 Hz) for three to five weeks. Af-
ter three, four, and five weeks, the results showed that the stimulated side had superior
healing outcomes compared to the control side. This is in contrast to the study by
Masureik and Eriksson [138], where electrical stimulation only initially outperformed
the classically treated group. Hakim et al. [137] conducted a study where they com-
bined mandibular distraction osteogenesis in goats with the continuous application
of direct current electrical stimulation (10µA). The findings showed an increase in
bone growth and fracture resistance when compared with the control group. Zengo et
al. [134] also studied the effects of direct current stimulation (3–5µA) in the mandible
of beagles, where the electrodes were placed in intact bone without any defects. The
study determined that new bone formed particularly around the cathode. On the other
hand, increased bone resorption was observed at the anode. Additionally, platinum-
iridium electrodes yielded higher rates of bone formation when compared to stainless
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steel electrodes. The researchers attributed this finding to faradaic reactions that – in
case of stainless steel electrodes – would “compete to some extent with any osteogenic
response” [134]. Marino et al. [136] applied direct current stimulation (10µA for
two hours per day) to osteotomies (7 mm × 2 mm) in the mandibles of rabbits. The
acceleration of healing was observed compared to the control group only when the
stimulation was applied for four days after surgery, but not when it was applied for the
entire investigated healing period of eight days [136].

Electrical stimulation for the treatment of critical-size mandibular bone defects is a
relatively new concept, only carried out by Kim et al. thus far [11–13]. They examined
the application of electrical stimulation in combination with growth factors to large
bone defects in the mandible of rabbits, which served as a small animal model [12].
Two parallel gold electrodes were utilised with charge-balanced biphasic current pulses
(20µA amplitude, 100µs pulse length, and a frequency of 100 Hz for 7 days). The
researchers observed increased bone formation in the electrically stimulated animals.
A few years later, the group of Kim conducted a similar experiment using the same
stimulation parameters. However, this time, they used a liquid crystal polymer (LCP)
outer box which is suitable for remaining in the body after regeneration [13]. Again,
enhanced bone growth was observed in the electrically treated animals. Further, Kim et
al. provided a numerical simulation depicting the space derivative of the electric field
in the utilised stimulation setup. However, their study lacks details on the numerical
analysis and the stimulation parameters were not numerically optimised.

To the best of my knowledge, there have not been any clinical studies investigating
the electrical stimulation of large mandibular bone defects. The only study that has
examined electrical stimulation in relation to bone defects in a human mandible
was carried out by Kamegai et al. [139], who transplanted electrically stimulated
periosteum from the tibia into a mandibular defect. Moreover, large animal models, like
the minipig, have not yet been investigated for electrical stimulation of the mandible.
Therefore, the objective of this thesis research is to fill this research gap by developing
reliable electrostimulating implants for proof-of-concept studies in minipigs as a large
animal model. The finite element simulation studies carried out are a crucial first step
in preparing for in vivo experiments with minipigs, which may eventually ease the
translation of this technology into clinical applications.

2.3.4 Open challenges in electrical stimulation of bone and
numerical simulation of electrostimulating implants

Despite the abundance of commercially available electrostimulation devices [128],
nevertheless widespread use among clinicians has not been established because clini-
cal outcomes have been equivocal and therefore their efficacy cannot be confidently
relied upon [110,121]. Studies have shown that electrical stimulation is only clearly
recommendable for certain orthopaedic indications [128] such as osteotomies and
fractures [115]. Furthermore, specific limitations of previous clinical studies include
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the heterogeneity of the devices and stimulation protocols used [110] and often the
reported stimulation parameters are inconsistent and incomplete [110,140]. Further-
more, a thorough analysis of the optimal stimulation parameters for the in vivo and
clinical application of electrical stimulation is yet to be conducted [140]. While electros-
timulating devices have been in use for many years in clinical settings, these limitations
remain to be resolved. They need to be overcome to enable future evidence-based treat-
ments, rather than continuing to rely on consensus-based approaches. This numerical
study aims to develop more reliable electrostimulation devices by identifying optimal
stimulation parameters. Combined with well-controlled randomised clinical trials, this
will enable the evidence-based development of electrical stimulation implants in the
future.

When developing electrostimulating implants for bone regeneration, numerical
simulation is a useful tool in the design process as it allows possible stimulation setups
to be tested and unfeasible designs to be eliminated at an early stage. Electrostimulating
implants for a hip revision system have been developed and numerically optimised in
previous literature [23,141–143]. Additionally, dental implants which are electrically
stimulating have been designed and examined in vivo [144] and in silico [145,146].
It is worth noting that other groups have not considered large bone voids such as
critical-size defects in the mandible in their numerical studies. In previous studies that
formed the foundation of this thesis and that I will discuss in Sec. 5.5, preliminary
numerical models of electrically stimulated human mandibles were presented [35,36].
Considering electrostimulating fixation screws, different combinations of activated
electrodes and fixation plate designs have been analysed regarding their feasibility
for electrostimulation of the human mandible [35]. Using the finite element method,
the electric field distribution for multiple implant designs was computed, and it was
found that the insulation of the electrodes is a significant factor affecting stimulation
impact and power consumption [35]. In another numerical study, different designs
of stimulation electrodes were tested in a very simple (i.e. only considering cortical
bone in a uniform background material) and preliminary numerical model of a human
mandible [36]. The study compared two sites of stimulation: utilising either two
fixation screws or one separate electrode for stimulation. The data indicates that
additional research is essential to optimise the electrode location and stimulation
voltage when using separate stimulation electrodes [36]. Therefore, this dissertation
will focus on analysing the effects of different implant and model parameters and
subsequently optimising the electric field distribution.



Chapter 3

Theoretical basics

This chapter presents the theoretical foundations necessary for the simulation of the
electric field distribution of the electrostimulation implant developed in this thesis.
It includes a brief description of the underlying electromagnetic field theory and
applicable simplifications that are relevant to the specific stimulation frequency and
material properties being considered in this thesis. Furthermore, the finite element
method (FEM) is briefly introduced as the method of choice for the numerical simulation
of the electric field distribution resulting from the electrostimulating implant.

3.1 Electromagnetic field theory

Maxwell’s equations [147] describe the spatial and temporal evolution of macroscopic
electromagnetic fields, forming the basis for determining the electric field distribution
of the bioelectric problem presented here. Maxwell’s equations in differential form can
be stated as follows:

∇ × E(r, t) = −∂B(r, t)
∂t

, (3.1)

∇ × H(r, t) = J(r, t) + ∂D(r, t)
∂t

, (3.2)

∇ · D(r, t) = ρ(r, t), (3.3)
∇ · B(r, t) = 0, (3.4)

with the electric field strength E, the electric displacement field D, the magnetic flux
density B, the magnetic field strength H, the current density J, and the charge density ρ.
Assuming that there are no impressed currents and no current of free electric charges,
the current density reads

J(r, t) = JL(r, t) = σ(r, t)E(r, t), (3.5)

where σ(r, t) represents the electrical conductivity.

22
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The relationship between the electric displacement field D and the electric field E in
a medium is described by the constitutive equation

D(r, t) = ε(r, t)E(r, t) = ε0εr(r, t)E(r, t), (3.6)

with the vacuum permittivity ε0 and the relative permittivity εr(r, t). The dielectric
material properties εr(r, t) and σ(r, t) are typically tensor quantities and may depend
on both time and the field itself. However, in this thesis, I consider the studied material
properties as both linear isotropic and time-invariant.

The electroquasistatic (EQS) approximation of Maxwell’s equations has been utilised
in this study. I will give only a very condensed overview of the subject, whereas the
relevant literature, including [148–151], offers more detailed insights into the topic.
The EQS approximation is based on two assumptions: the neglect of propagation effects
and the neglect of inductive effects. These assumptions will be further elaborated in
the following.

Neglect of propagation effects
In this dissertation, a device for electrostimulation is designed that provides sinusoidal
stimulation at a frequency of f = 20 Hz. At such low frequencies, the electromagnetic
fields can be described as slowly varying [149,152]. More specifically, the wavelength
of the fields corresponding to the given frequency is significantly greater than the
typical dimension L of the object being modelled, which is approximately 0.1 m in
this thesis. Consequently, the upper frequency limit for inhomogeneous matter can be
expressed as [151]

ωq = 1
L

√
εmaxµ

, (3.7)

where εmax is the maximum permittivity in the system under consideration. µ is the
permeability which can be assumed to be constant as µ = µrµ0, with the vacuum
permeability µ0 and the relative permeability µr. For most biological tissues and related
materials, µr ≈ 1 applies. Thus, for the angular frequency ω = 2πf , wave propagation
effects can be disregarded when ω ≪ ωq.

Neglect of inductive effects
Furthermore, to disregard magnetic induction or eddy currents, i.e. −∂B(r, t)/∂t ≈ 0,
the following condition must be fulfilled

ω ≪ ω2
q

εmax

σmax
, (3.8)

where σmax is the maximum conductivity in the system under consideration.

A general criterion for utilising the EQS approximation, which unifies the conditions
of negligible wave propagation and magnetic induction, in time-harmonic applications
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is given by

|kL| ≪ 1 with k = ω

√︄
µε
(︃

1 − j
σ

ωε

)︃
, (3.9)

[152,153] where k is the wave number.

As a consequence of neglecting magnetic induction, Eq. (3.1) becomes

∇ × E(r, t) = 0. (3.10)

An implication of Eq. (3.10) is that the EQS electric field is a conservative vector field,
meaning it is non-rotational. As a result, a scalar potential φ(r, t) can be defined, such
that

E(r, t) = −∇φ(r, t). (3.11)

For time-varying fields in general and for harmonic time-dependence (i.e. sinusoidal
variation with time) in particular, the method of variable separation can be utilised.
Subsequently, it is possible to solve for the Fourier transforms of the electromagnetic
fields using the following ansatz:

E(r, t) = Re(E(r)ejωt), H(r, t) = Re(H(r)ejωt). (3.12)

E(r) = E(r)ejϕ is the complex amplitude or phasor with the phase angle ϕ and the
imaginary unit j.
Inserting the phasor formulation into Maxwell’s equations and considering Eq. (3.10)
results in:

∇ × E(r) = 0, (3.13)
∇ × H(r) = J(r, ω) + jωD(r), (3.14)

∇ · D(r) = ρ(r), (3.15)
∇ · B(r) = 0. (3.16)

Equations (3.13) and (3.15) are known as the fundamental EQS equations because E
can be uniquely determined using only them.

Starting from Ampere-Maxwell’s law (Eq. (3.14)), taking the divergence of both
sides, and utilising Eq. (3.11) and the constitutive relations Eqs. (3.5) and (3.6), the
complex Laplace equation is obtained, which resembles the EQS approximation of
Maxwell’s equations

∇ ·
(︂
[σ(r, ω) + jωε0εr(r, ω)]∇φ(r)

)︂
= 0. (3.17)
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This elliptic partial differential equation is solved to obtain the complex electric potential
φ(r). Further information on the derivation of Eq. (3.17) can be retraced in publications
such as [148,152,153].

The expression σ(r, ω) + jωε0εr(r, ω) = σ∗ = σ′ + jσ′′ in Eq. (3.17) refers to the
complex conductivity σ∗, with the real (conductive) part σ′ = σ and the imaginary
(capacitive) part σ′′ = ωε0εr. In case of

ωε0εr/σ ≪ 1, (3.18)

further simplifications are possible and capacitive effects can be neglected by disregard-
ing the displacement current density JD(r, t) = ∂D(r, t)/∂t ≈ 0. As a result, Eq. (3.17)
can be simplified to a quasi-stationary current problem (QS)

∇ · (σ(r, ω)∇φ(r)) = 0. (3.19)

Note that in this instance, the electric potential φ(r) is real-valued. Nevertheless,
consideration of the electrode-tissue interface (Sec. 4.2.2) again results in a complex-
valued electric potential φ(r).

In a homogeneous domain, the electric potential resulting from a space charge
distribution is given by

φ(r) = 1
4πε0

∫︂∫︂∫︂
V

ρ(r′)
|r − r′|

dV ′, (3.20)

with integration over all charges in the space V [154]. Equation (3.20) implies that
with increasing distance |r − r′| from the field source the electric potential and hence
the electric field strength decreases. This allows for simplification of the model by
neglecting details in the geometry outside the region of interest (ROI), as demonstrated
in Sec. 4.2.1.

3.2 Finite element method

With the increased computing power in recent decades, computer-aided computational
methods have become commonplace in engineering and the natural sciences. Partial
differential equations and ordinary differential equations can describe the majority of
physical phenomena. Nevertheless, when presented with highly complex geometries
and boundary conditions, such as those found in biological tissues, an exact analyti-
cal solution is often not possible, necessitating the use of an approximate numerical
solution. Moreover, numerical simulations hold great significance in research areas
where experimental data are unavailable or difficult to obtain. The finite element
method (FEM) is a numerical technique for the approximate solution of partial differ-
ential equations. This approach involves subdividing the computational region into a
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finite number of smaller parts, called elements. Generally, in FEM the partial differential
equations of the model problem are transformed into a system of linear ordinary equa-
tions that can be solved numerically. This method facilitates the analysis of complex
geometries, such as the electrically stimulated minipig mandible considered in this the-
sis, and provides an approximate solution for the resulting field distribution. Moreover,
FEM permits a resource-efficient design optimisation of the electrostimulating implant,
which is also under examination.

The general steps to be considered in the FEM are:

• discretise the model geometry, i.e. divide it into smaller sub-domains;

• approximate the solution through expansion into a set of basis functions;

• apply the weighted residual method, i.e. minimise the residual in variational sense
and choosing appropriate weighing functions;

• solve the resulting set of equations for the unknowns.

These steps are further elaborated in the subsequent sections. However, as this
work involves the use of a well-established commercial FEM software rather than the
development of numerical methods, I will only give a very brief overview of the concept
of FEM. Additional information on FEM in general and in electromagnetics can be
found in textbooks such as [155–157].

3.2.1 Domain discretisation

The fundamental concept of FEM is to decompose the problem domain to be analysed
into smaller subdomains of simple geometry and finite size [159], the so-called elements.
On these finite elements, the equations introduced in Sec. 3.1 are solved approximately.
The choice of the shape of the elements depends on the dimension, the specific problem,
and other factors. For instance, in simulations of structural mechanics, rectangular
(2D) or hexahedral (3D) elements are frequently employed (Fig. 3.1). There are
approaches in biomedical FEM modelling, particularly in the field of neuroscience,
where the hexahedral finite element mesh is generated directly from the cubic voxel
magnetic resonance imaging (MRI) data [160]. This approach requires high-resolution
image data for accurate modelling [161]. In contrast, when modelling and simulating
biological structures that are not solely based on MRI or CT data, such as in this thesis,
tetrahedral elements are usually utilised due to their ability to discretise highly irregular
geometries effectively. As a result, they lead to accurate approximations of the true
solution, particularly when selecting higher order or curved elements. The elements
contain a number of points, the so-called nodes. The number of nodes depends on the
type and the order of the element. For instance, first-order (linear) Lagrange elements
have one node located at each corner of the element (Fig. 3.1 (a)). Second-order
(quadratic) Lagrange elements contain additional nodes at the midpoints of the edges,
sides, or the centre of the element, depending on the specific element type, see Fig. 3.1
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Figure 3.1: Examples of (a) linear and (b) quadratic Lagrange elements. The edges of higher
order elements might be curved to better represent the geometry as indicated in
(b). The figure is redrawn with permission from [158].

(b). By allowing for a more precise approximation of curved geometries, they offer a
greater degree of accuracy. A further improvement in approximation of the solution
is possible by employing curved mesh elements, i.e. elements capable of resolving the
curved model boundary better than straight elements. When utilising the same order
for both the geometry representation and the solution representation, e.g., second order
as in this study, the elements are referred to as isoparametric.

3.2.2 Selection of basis functions

In a second step of the FEM analysis, the approximate solution φ̃(r) of the unknown
electric potential, which is considered in this work, is described piecewise on each of
the elements with the help of basis functions ψi(r):

φ(r) ≈ φ̃(r) =
n∑︂

i=1
fiψi(r). (3.21)

The basis functions ψi(r) are low-order polynomials that approximate the unknown
solution within an element. fi represent the unknown coefficients, while n is the
number of nodes in the element. The value of the unknown function at each location
within the element is related to the corresponding value fi at the nodes by means of
the polynomial basis functions ψi(r). The basis functions are defined at each node of
the element. They are non-zero only within the elements that are connected to the
corresponding node, and they vanish outside of these elements [157]. The order of the
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basis functions represents a compromise between the precision of the calculations and
the required computing and memory resources. When using curved elements like in
this study, higher-order basis functions are necessary. In this work, the objective is to
compute the scalar electric potential φ(r) and therefore quadratic nodal Lagrange basis
functions on tetrahedral elements have been used. Other physical quantities, such as
the electric field norm, are calculated from this potential in a post-processing step.

3.2.3 Formulation and solution of the system of equations

After the discretisation, the system of equations that is to be solved must be formulated.
In this work, the Galerkin method is chosen, which belongs to the family of weighted
residual methods [159] and the minimum of the residual in a variational sense is
determined. The weighing functions wj are used to set the weighted average of
the residual to zero. In the Galerkin method, these functions are identical to the
basis functions (wj(r) = ψj(r)). It should be noted that within the framework of
the Galerkin method the determined minimum value denotes the physically exact
solution corresponding to the state of minimum energy. The matrix representation of
the resulting linear system of equations is as follows

Af = 0, (3.22)

with the N ×N matrix A which is complex-symmetric in the case of the full EQS case
(Eq. (3.17)), with N being the total number of nodes. f is the unknown N × 1 vector
containing the fi (here corresponding the degrees of freedom of the electric potential
φ(r)). Before solving the system of equations appropriate boundary conditions must
be defined. For example, Dirichlet boundary conditions may be used to specify the
function values at the boundary of the domain Ω, whilst Neumann boundary conditions
may specify the derivative of the function [159]. Further details on the particular
boundary conditions employed in this study are available in Sec. 4.2.3.

The resulting set of equations is solved numerically using either direct or iterative
methods. Direct methods include decomposition methods, such as LU decomposition,
which transforms the system matrix into a triangular form [149]. The use of direct
solvers is typically a very robust approach that can handle even highly ill-conditioned
problems. However, they can be associated with high memory consumption and
increased computational time when the number of unknowns is very large, e.g., in the
order of a few million as in the model in this thesis. For this reason, direct methods are
not used in this work. Iterative methods, on the other hand, start with an estimate of the
solution to the unknowns. The solution is then gradually approached until a specified
solution tolerance is met. The main advantage of iterative solvers is their memory
consumption, which is significantly lower than that of direct solvers for problems of
the same size. In addition, FEM yields sparse system matrices (i.e. most of the matrix
elements are zero), which makes iterative solvers further suitable. More information
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on solution methods and algorithms can be found in textbooks such as [149,157,162].
The specific solvers used in this thesis are introduced in Sec. 4.2.4.

In the subsequent chapter, the methods for setting up a bioelectric model will
be presented. It is imperative to accurately model the dielectric properties of bone
and adjacent tissues to achieve maximal regenerative effects while creating electrical
stimulation devices. Therefore, the following section introduces the dielectric properties
of biological tissues used in modelling mandible electrical stimulation in the minipig.



Chapter 4

Dielectric properties and numerical
simulation of bioelectric problems
including model uncertainties

The accurate and dependable modelling and simulation of the electric field distribution
in a bioelectric model are of significant importance in the development of electrostimu-
lating implants. The following chapter introduces the dielectric properties of biological
tissues and bone in particular, which are essential for ensuring accurate simulations of
the electric field distribution in the minipig mandible model. I will begin by providing
an overview of the characteristics of the dielectric properties of biological tissues and
their modelling in the literature. Current research indicates the requirement for cor-
rective measures concerning the commonly-used tissue database. Consequently, the
implications of this finding for the modelling of the dielectric properties of bone in
this thesis will be explained. Furthermore, I will give an overview of the current state
of knowledge on the dielectric properties of bone found in the literature, illustrating
the wide range of the values for conductivity and relative permittivity. The modelling
workflow used to create the simulation model of the electrically stimulated minipig
mandible will also be outlined, building upon the aforementioned overview. This
workflow involves several steps, whereby the dielectric tissue properties are considered
essential for setting up a reliable model. Lastly, I will present the basic principles of
uncertainty quantification (UQ) as a tool to evaluate the influence of variations in the
input quantities such as the dielectric tissue properties, which, as mentioned above,
have been shown to vary widely.

4.1 Dielectric properties of biological tissues

The dielectric properties describe the response of a material to an applied electric field.
The conductivity σ and the permittivity ε relate to the conduction and polarisation
currents, respectively, induced by an electric field that acts on free and bound charges.
Biological tissues possess a complex structure, leading to multiple relaxation times and
causing the behaviour of their dielectric properties to be highly frequency-dependent. In
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an idealised view, the permittivity of tissue subjected to an alternating current stimulus
decreases in three major steps with increasing frequency. These steps are referred to
as the alpha, beta, and gamma dispersion [163] and are illustrated in Fig. 4.1. The
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Figure 4.1: Schematic representation of the alpha, beta, and gamma dispersion in biological
tissues based on [164]. Note that the actual location and extent of the dispersions
depends on the specific tissue.

alpha dispersion occurs in the low-frequency regime (mHz–kHz) and is caused, e.g., by
ion-counterion diffusion effects at the cell surface [165,166]. Nonetheless, the origin
of the alpha dispersion is still not fully understood and remains subject of ongoing
research and debate [167]. For a detailed discussion see also [30]. The beta dispersion
is present in the kHz–100 MHz regime and is predominantly caused by the capacitive
charging of cell membranes [166,168]. The gamma dispersion (100 MHz–100 GHz)
arises due to dipolar reorientation effects in polar media such as water [166]. The
precise location of the steps depends on the specific tissue. Other dispersions, such
as the delta dispersion in the lower GHz range, may also occur [27,166]. In the case
of bone, the dielectric properties derived from experimental data and the number
and location of the dispersions differ significantly. After a brief and critical review of
the widely-used database of Gabriel et al. for modelling the dielectric properties of
biological tissues, examples are given in Sec. 4.1.2.

4.1.1 Ambiguities in the Gabriel data and their correction

Many studies on modelling and simulation of electrically stimulated bone [23, 143,
145, 169–178] have employed the literature values of Gabriel et al. [29, 179] (in
the following referred to as the “Gabriel data”) for the dielectric properties of bone.
However, it should be noted that the Gabriel data for the dielectric properties of bone
at low frequencies have not been directly measured but have been derived from a
parametric model. The Cole-Cole model [180] is frequently used to describe dielectric
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materials that exhibit different relaxation times over a wide frequency range. Gabriel
et al. utilised a four-pole Cole-Cole dispersion model by fitting it to experimental
data gathered from numerous studies, including ovine, bovine, and human bone
samples. For a comprehensive review of the dielectric properties in biological tissues
and their modelling, the publications by Gabriel et al. [27–29] provide the reader
with useful insights. Recently, Zimmermann and van Rienen [30] have suggested
that there may be some ambiguity in the dielectric properties of tissues as measured
and modelled in the widely-used Gabriel database. The authors debate whether the
assumed Cole-Cole model with four dispersions correctly describes the sole tissue
behaviour or whether the data actually also include contributions from the electrode-
tissue interface (ETI), especially at lower frequencies [30]. Effects at the ETI such as
electrode polarisation often either mask or are erroneously interpreted as the alpha
dispersion [165]. Zimmermann and van Rienen suggest omitting the lower-frequency
dispersions and utilising an equivalent circuit model to account for the ETI [30]. This
correction reduces the relative permittivity – which is for some tissues, including bone,
in the order of 106 and higher in the studies of Gabriel and others [29,181] – by several
orders of magnitude and leads to an almost frequency independent conductivity in the
low frequency range [30]. Furthermore, electrode polarisation is present at frequencies
up to 10 kHz and beyond [166]. Multiple studies that corrected their data for electrode
polarisation provide evidence for the suggested correction, demonstrating that at low
frequencies (< approximately 10 kHz) the impedance of biological tissues is mainly
resistive [30,182,183]. Similarly, studies investigating the dielectric properties of bone
in particular have found that the conductivity remains constant at low frequencies
[184–186].

The outlined ambiguity in the interpretation of the dielectric tissue properties at low
frequencies has two consequences for this thesis. Firstly, it is crucial to demand that
electrode processes are taken into account when considering the dielectric properties
of biological tissues from the literature. In the following section, I will therefore
examine the relevant literature on the dielectric properties of bone and address this
issue. Secondly, it is important to consider the two possible interpretations suggested
by Zimmermann and van Rienen. Accordingly, I will present the specific choices for
modelling the dielectric tissue properties in two case scenarios in my numerical model
in Sec. 4.2.2.

4.1.2 Literature review: reliable studies reporting the dielectric
properties of bone

Studies have shown that the DC conductivity of bone is roughly proportional to the
conductivity of the surrounding fluid, indicating that the conductivity is primarily
influenced by the fluid-filled canals within the bone [187]. Nevertheless, given the
complex structure and anisotropy of bone, its dielectric properties also rely heavily on
various other factors. These factors include species [27,188], age [189–192], the spe-
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cific anatomical location [193], and health conditions such as osteoporosis [194,195].
Furthermore, the measured dielectric properties depend on the experimental conditions,
such as in vivo or ex vivo measurements [196], temperature [197–199], measurement
setup [188], and condition of the samples [188, 200]. This work aims to create a
numerical model that closely reflects reality. For this purpose, an extensive review
of the available literature on the measurements of the dielectric properties of bone
has been carried out. The objective of this review was to identify reliably measured
dielectric properties of bone and obtain a comprehensive overview of the range of
these properties. The literature research involved examining studies from 1964 to 2021
that considered near-in-vivo physiological conditions during the measurements. Conse-
quently, measurements were required to be performed at or close to body temperature
(T ≈ 37 ◦C) using fresh or in vivo samples. It is expected that utilising in vivo or freshly
excised bone yields more accurate conductivities owing to the presence of vascular
tissue and fluids in the bone pores [201]. Several studies were excluded due to their use
of ex vivo, previously frozen, or long-stored samples or their operation at room tempera-
ture (e.g., [181,193,198,202–210]). Due to the low-frequency application considered

Study bone type species frequency range samples T [◦C]

Tang et al. [201] cort. & canc. human 1 Hz–4 MHz fresh 36.5 ◦C

Smith and Foster [211] cort. rat 1 kHz–13 MHz fresh 37 ◦C

Balmer et al. (2016) [184] canc. ovine <1 kHz in vivo BT

Balmer et al. (2018) [185] cort. & canc. bovine 1 kHz–13 MHz fresh BT

Kosterich et al. [187] cort. rat 10 Hz–100 MHz fresh 37 ◦C

Table 4.1: Experimental studies on measuring the conductivity of bone tissue that fit the scope
of this work. BT: body temperature. Note that only the studies of Kosterich et
al. [187] and Smith and Foster [211] also reported the relative permittivity (for
cortical bone). No acceptable study reporting the relative permittivity for cancellous
bone was found.

in this work, only studies considering measuring frequencies ≤ 10 kHz were included.
Moreover, differences in results between studies may also be due to electrode polarisa-
tion effects at low frequencies which are not easy to compensate for [212]. Therefore, I
require the studies to adequately correct for electrode polarisation at low frequencies.
Thus, only five out of the original pool of forty-one studies met the aforementioned
criteria (refer to Table 4.1). All of these studies employed measures to correct for the
ETI in a two-electrode setup (Kosterich et al. [187], Smith and Foster [211], Balmer
et al. (2016) [184], Balmer et al. (2018) [185]) or four-electrode setup (Tang et
al. [201]). The dielectric properties from the aforementioned studies are displayed in
Figs. 4.2 and 4.3. In addition, the Gabriel data [179,213] are included for comparison
purposes. It is noteworthy that Gabriel et al. measured the dielectric properties of
bone within the frequency range of 1 MHz–20 GHz. The Gabriel data below 1 MHz are
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Figure 4.2: Electrical conductivity σ of (a) cortical and (b) cancellous bone according to
literature that fits the scope of this work (Kosterich et al. [187], Smith and Foster
[211], Balmer et al. [184, 185], Tang et al. [201]) and the widely-used Gabriel
data [29] for comparison. Note the large discrepancies between the conductivity
values reported in different studies. Note that in (b) additionally the data of Saha
and Williams [207] and De Mercato and Garcia-Sánchez [205] are shown, which
serve as the basis for the parametric Gabriel model at low frequencies. However,
they do not meet the requirements formulated in this thesis. The vertical dotted
line denotes f = 20 Hz.

based on fitting the measured values from other studies [187,204,205,207,211] to the
parametric four-pole Cole-Cole model.

No suitable data regarding the relative permittivity of cancellous bone was found
in the literature. Instead, Fig. 4.3 (b) depicts the experimental data of De Mercato
and Garcia-Sánchez [205] and Saha and Williams [207], which serve as the basis
for the Gabriel model at lower frequencies. It should be noted that the latter studies
typically have limitations such as measurement at room temperature, no consideration
of electrode polarisation, or use of frozen samples. Experimental error bars are included
if provided in the original study.1

Generally, it can be observed that the absolute values of the measured conductivities
vary widely in the literature (see Fig. 4.2). Specifically, for cortical bone, the values of
the electrical conductivity at frequencies below 1 kHz range from 0.0038 S/m (Tang et
al. [201]) to 0.013 S/m (Kosterich et al. [187]). Notably, the Gabriel data show even
significantly higher values of 0.02 S/m [29]. For cancellous bone, electrical conductivity
values at low frequencies span between 0.013 S/m (Tang et al. [201]) and 0.11 S/m
(Balmer et al., 2016 [184]). The Gabriel data fall within this range with 0.08 S/m [29].
These large differences in conductivity may be due to different anatomical origins of

1Note that for Kosterich et al. [187] standard errors were given, while the bars for Tang et al. [201]
and Balmer et al. [184,185] display the minimum and maximum range of values obtained.
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the samples or different experimental conditions such as the treatment of the sample,
or the choice of immersion fluid [201]. Specifically, a small level of saline on the
sample surface may enable a shunting effect that leads to the measurement of higher
conductivities [201]. Furthermore, the values given for cancellous bone by Tang et
al. [201] are from measurements on trilayered skull bone. This type of bone sample
contains both cortical and cancellous bone, which results in much lower conductivities
compared to values obtained by other authors for completely cancellous bone. Even
within the measured values of the same study there can be large variations in the
measured data. For example, cancellous samples with a range of bone densities were
measured by Balmer et al.. They found significant correlation between bone density
and the measured conductivity [184, 185]. Additionally, Fig. 4.2 demonstrates a
conductivity that remains almost constant below frequencies of 10 kHz in studies that
account for ETI effects. In the Gabriel data, on the other hand, there is a slight decrease
in conductivity that is most pronounced for cancellous bone, see Fig. 4.2 (b).
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Figure 4.3: Relative permittivity εr of (a) cortical and (b) cancellous bone according to litera-
ture that fits the scope of this work (Kosterich et al. [187], Smith and Foster [211]).
Note that the data of De Mercato and Garcia-Sánchez [205] (measured at room
temperature) and Saha and Williams [207] (frozen samples, T = 27 ◦C) do not
fully meet the requirements set for usable data. The vertical dotted line denotes
f = 20 Hz.

Concerning the relative permittivity of cortical bone, according to the accepted litera-
ture, values ranging in the thousands have been reported at frequencies of f = 100 Hz
and f = 1 kHz by Kosterich et al. [187]) and Smith and Foster [211] (Fig. 4.3 (a)).
The Gabriel data indicate slightly higher values, with a relative permittivity of 25100 at
a frequency of 20 Hz. The relative permittivity of cancellous bone (shown in Fig. 4.3
(b)) obtained from ambiguous sources is several orders of magnitude higher in the low-
frequency regime, with values of εr(f = 100 Hz) = 7 · 105 (Saha and Williams [207])
and εr(f = 20 Hz) = 4 · 106 (Gabriel et al. [29]). It is unclear whether the observed
high relative permittivities are realistic or if they may be a result of an improper mea-
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surement setup or uncorrected electrode processes [30]. This pronounced lack of
dependable data for cancellous bone and the unavailability of mandibular or minipig
bone in any of the reviewed or selected studies motivated a separate measurement.
Therefore, the dielectric properties of the mandibular bone of minipigs were measured
within the scope of the SFB 1270 ELAINE. Even though these measurements were not
ideal due to the use of ex vivo and frozen samples,2 they allow a general assessment of
the dielectric properties of minipig mandibular bone. The measurement and analysis is
described in Sec. 5.1.

4.2 Modelling workflow for the generation of the
minipig mandible simulation model

Parts of this chapter and the corresponding results presented in Sec. 5.2 are based on my
publication “Establishment of a numerical model to design an electrostimulating system
for a porcine mandibular critical-size defect ” [34], which appeared in Applied Sciences.3

Substantial changes with regard to the publication are addressed in the corresponding
sections.

segmentation of 
CT data

Materialise Mimics®

create and further 
process 3D CAD model

Materialise 3-matic® COMSOL Multiphysics®

• assemble geometry + electrodes;
• define parameters;
• assign dielectric properties;
• generate FEM mesh;
• run FEM simulations including
  optimisation;
• analysis of results and  
  postprocessing

|E| (V/m)

Figure 4.4: Schematic process and involved software for generating a numerical model of
the electrically stimulated minipig mandible based on computer tomography (CT)
data. The involved steps include segmentation of the CT data (left), modelling the
3D computer-aided design (CAD) model of the mandible and surrounding tissues
(middle), assembling the tissue model and the electrodes, and setting up the finite
element method (FEM) model (right).

To perform a numerical analysis of the electric field distribution stimulated by an
electrostimulating implant in an irregular geometric structure such as the lower jaw, a

2Regrettably, an improved measurement setup was not available during the completion of this thesis.
3Ursula van Rienen, Peer W. Kämmerer, Rainer Bader, and I conceptualised this study. I carried out the

modelling, all simulations and the data analysis, prepared the visualisation of the data and wrote the
initial draft of the manuscript. Ursula van Rienen, Peer W. Kämmerer, and Rainer Bader supervised
the project, acquired the funding, provided methodological guidance, and provided all resources.
The data for the published study is available online https://purl.uni-rostock.de/rosdok/id00002450.

https://purl.uni-rostock.de/rosdok/id00002450


Dielectric properties and numerical simulation of bioelectric problems including
model uncertainties 37

three-dimensional model of the relevant anatomical region is required. Furthermore, it
is necessary to specify the dielectric properties of bone and the surrounding tissues in
the considered anatomical region along with appropriate boundary conditions. This
enables the simulation of the electric field distribution and the derivation of stimulation
parameters required for optimal stimulation success. The steps required to establish a
bioelectric numerical model of electrically stimulated biological tissues [106,214] are
outlined below. These steps comprise:

• setting up the anatomical and technical model, i.e. segmenting computer to-
mography (CT) data and subsequently conducting computer-aided design (CAD)
modelling based on the segmentation (Fig. 4.4 (left, middle)). Additionally,
modelling of the electrodes and reconstruction plates and screws (if applicable) is
undertaken;

• setting up the physical model by assigning the dielectric properties to the anatom-
ical and technical models while also modelling the ETI through an equivalent
circuit model (Fig. 4.4 (right));

• setting up the corresponding boundary value problem by defining the required
equations for simulating the electric field distribution;

• solving the boundary value problem numerically.

The general steps outlined here are described more comprehensively and specifically
with reference to the minipig mandible model in the following sections.

4.2.1 Anatomical and technical modelling of the electrically
stimulated mandible

The geometrical model that is subject to the finite element studies was built up from
the results of two modelling steps: firstly the anatomical modelling, i.e. creating the
model of the defective minipig mandible and its surrounding tissue; secondly, the
technical modelling, where technical components like the electrostimulating implant or
osteosynthesis plates and screws are created.

Anatomical modelling of the minipig mandible with surrounding tissues

The anatomical modelling of the minipig mandible was based on CT data of a 17-month-
old male Göttingen minipig, as shown in Fig. 4.5 (a) and (b). The CT data consisted of
442 slices, each with 512 × 512 pixels and a pixel spacing of approximately 0.39 mm.
The slice thickness was 1 mm and the spacing between the slices was 0.5 mm. By
assigning certain thresholds of grey values to the respective biological tissues (namely
cortical bone, teeth, and soft tissue – see Fig. 4.5 (c)), the data was segmented to
create an initial rough anatomical model (Fig. 4.5 (d)). The image processing software
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Materialise Mimics® version 19 was utilised for this purpose. One component of the

Figure 4.5: Workflow for creating the 3D model of a minipig mandible. The process starts
with computer tomography (CT) data (b) of a minipig (a). The CT data are then
segmented (c), assigning various grey values to different tissues (mandible bone:
yellow, teeth: blue, soft tissue: violet, remaining bone: green). Subsequently, a
preliminary model of the soft tissue domain (d) and the mandible (not visible) is
obtained, which is then further processed and smoothed. The upper part of the
head and details of the head are removed. The smoothed mandible still contains
teeth (e), which are removed in a further step (f). The preliminary anatomical CAD
model is shown in (g), with the mandible bone surrounded by a simplified soft
tissue domain and an additional outer layer representing the skin. (h) presents the
final 3D model, which includes the anatomical model supplemented by a generic
cancellous bone domain and the critical-size defect (highlighted in red), along with
the technical model, i.e. the bipolar electrostimulating implant.

anatomical model comprises the mandible bone from which the teeth (Fig. 4.5 (e))
were subtracted. This was done to avoid unnecessarily small details in the geometry,
which could lead to problems during the simulation, e.g., due to singularities. This
simplification is valid since the field amplitude can easily be estimated to be well below
the stimulation threshold in the neighbourhood of the teeth (compare Eq. (3.20)).
The resulting coarse anatomical model (stereolithography (STL) file) was imported
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into the CAD software Materialise 3-matic® version 11 (Materialise, Leuven, Belgium.
https://www.materialise.com) to be further processed. The modifications included
manually filling larger holes in the geometry object resulting from subtraction of the
teeth, wrapping (i.e. automatically filling smaller holes and creating a “watertight”
model), smoothing of the surface, and removing other geometric artefacts such as
spikes, double or intersecting triangles, and sharp triangles (Fig. 4.5 (f)). The latter
modifications were executed automatically using the Fix Wizard of Materialise 3-matic®.
Furthermore, the surface underwent manual local smoothing to remove additional
unwanted and unrealistic geometric features such as small bumps and unevenness of
the surface. Finally, the number of triangles describing the STL object was reduced,
while preserving the mesh quality.

The tissue domain representing the mucosa was created analogously: first, the
coarse STL file resulting after segmentation (Fig. 4.5 (d)) was imported into Materialise
3-matic® and the ears and the upper part of the minipig head were removed to reduce
unnecessary computational costs in the later simulations. Notably, the electric fields in
this case can also be considered negligible with respect to the stimulation threshold.
Next, the wrapping, smoothing, and repairing process was carried out analogously to
the bone geometry. As the skin could not be reliably identified on the CT images, an
outer shell of uniform thickness was modelled instead. To generate the skin domain,
the hollow function of Materialise 3-matic® was used to create a shell with a uniform
thickness of 2.28 mm equivalent to the skin thickness of the back of a six-months-old
minipig [215]. The mucosa and skin objects were uniformly remeshed with a desired
edge length of 3 mm. Subsequently, the bone geometry was imported and all domains,
including bone, soft tissue, and skin, were merged into a final model object by creating
a non-manifold assembly, see Fig. 4.5 (g).

As mentioned previously (cf. Sec. 2.1), the regarded bone region comprises two
layers: the outer cortical bone and the cancellous bone in its interior. The cancellous
bone was not modelled based on segmentation due to the limited resolution of the CT
scan. Instead, I modelled it as a generically shaped object (see Figure 4.5 (h)) directly in
the geometry pre-processor of the simulation software COMSOL Multiphysics® version
6.0 (COMSOL AB, Göttingen, Germany. https://www.comsol.com), briefly COMSOL
from hereon. Additionally, the cancellous bone layer was disregarded in bone areas
far away from the so-called ROI. The ROI is defined as the volume inside the defect
domain, highlighted in red in Fig. 4.5 (h).

As defined previously (cf. Sec. 2.2), a critical-size defect in minipig mandibles
measures at least 2 cm [53]. Based on this and the planned in vivo studies, the defect is
designed to be approximately 35 mm in width, 20 mm in height, and 15 mm in depth.4

However, due to the irregular geometry of the mandible, only the width of 35 mm can
be considered a fixed value. In surgical practise and in the simulation model, the height
of the defect ranges from approximately 17.3 mm (at the anterior) to 21.1 mm (at the
posterior). The actual depth of the defect in the simulation model is about 4 mm (at

4The specifications for the critical size defect have been provided by colleagues in oral and maxillofacial
surgery.

https://www.materialise.com
https://www.comsol.com
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the upper posterior) and 21.45 mm (at the upper anterior). The critical-size defect in
the angular region of the mandible was modelled in COMSOL by subtracting a cuboid
from the cortical bone geometry. In the in vivo experiment, the defect is supposed to be
filled with granulated autologous bone from the corresponding defect region. Finally,
so-called virtual operations were employed to simplify the topological structure of the
geometry by creating composite domains and composite faces. This allows for an easier
and more regular generation of the finite element mesh.

Technical modelling of the implant and the mesh tray

The proposed electrostimulating implant to be used in animal studies consists of a
cylindrical implant equipped with bipolar stimulation electrodes. The design of the
bipolar cylindrical electrode is inspired by the electrode setups commonly employed in
in vitro investigations conducted in Rostock [14–22], see Fig. 4.6 (a). The suggested

(a)

50 mm
4 mm

hel

electrode   1 electrode   2 
insulator 

(b)

Figure 4.6: (a) Bipolar electrostimulating electrodes for in vitro applications which inspired
the electrode design in this thesis. The top figure was adapted from [18] (licensed
under (CC BY 4.0)). (b) Top: electrode design considered in the numerical model
in this thesis. electrode 1: posterior electrode, electrode 2: anterior electrode. hel
is the electrode length to be optimised. Bottom: electrostimulating implant used
in the in vivo experiments. Note that for the in vivo experiments, the insulator
could only be manufactured in a bulky manner and had to be extended to the
cable-leading end of the implant to ensure watertightness. Figure (b) is adapted
from my own publication [38].

rod-shaped electrodes are suitable for the irregularly shaped mandible, which is typically
narrower at the front and broader at the back.5 Further advantages of this design are

5Other electrode designs, such as three-sided or plate-capacitor-like models, were also simulated but
are outside the scope of this work. Instead, the latter are part of ongoing research conducted in the
second funding period of the SFB 1270 ELAINE

https://creativecommons.org/licenses/by/4.0/
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its comparatively simple fabrication and good comparability with in vitro experiments.
Moreover, the implant is complemented by a titanium cage (also referred to as mesh
tray) that keeps the granulated bone material in place. Further, the mesh tray ensures
mechanical stability. This is particularly crucial during the in vivo experiments as it
prevents fracture or other damage to the implant caused by chewing or rubbing of
the cheeks.6 Nevertheless, the technical model only includes the electrostimulating
implant, with no geometric modelling of the mesh tray, to decrease the size of the FEM
problem. Instead, a floating potential boundary condition (see Chapter 4.2.3) is used
to simulate the stabilising Ti6Al4V mesh tray that surrounds the defect domain. The
parametrised implant geometry is shown in Fig. 4.6 (b): two electrodes of length hel

(electrode 2) and hel −5 mm (electrode 1) are separated by an insulator of 55 mm−2hel

length. The electrode length hel is a fundamental parameter influencing the electric
field distribution and hence the regeneration success. Therefore, in addition to the
stimulation amplitude, this parameter is optimised to achieve the most favourable
electric field distribution (see Sec. 5.2).

In the current study, the technical modelling of the implant design and positioning
was performed directly in the geometry module of COMSOL. The initial electrode de-
sign, as published in [34], with a pin-shaped posterior end proved to be too complicated
to manufacture and was therefore replaced by an extension of the basic cylindrical
electrode shape with a diameter of 4 mm and positioned approximately in the centre of
the defect region. Furthermore, to account for the limited space in the posterior portion
of the mandible, the posterior electrode was reduced by 5 mm resulting in an implant
with a total length of 50 mm in this thesis. These modifications were suggested by
colleagues from the cranio-maxillofacial surgery department to facilitate manufacturing
and improve manageability during surgery [216,217].

4.2.2 Physical modelling of the electrically stimulated mandible

The physical modelling step involves assigning the tissue and material properties
to the anatomical and technical model. In this study, it is necessary to assign the
dielectric tissue and material properties, i.e. the electrical conductivity σ and the
relative permittivity εr, to the respective model domains in order to simulate the
electric field distribution resulting from the electric stimulation of the mandible. The
tissues considered in this study (see Fig. 4.7) are

• cortical bone representing the outer structure of the mandible;

• cancellous bone inside the mandible and filling the defect;

• mucosa surrounding the bone domains;

• skin surrounding the mucosa domain.

6Note that rubbing of the cheeks against objects or other minipigs is a natural behaviour exhibited by
minipigs.
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Figure 4.7: CAD model of a defective minipig mandible and its surrounding tissues, equipped
with an electrostimulating implant. The critical-size defect (region of interest) is
highlighted in red. The figure is adapted from my own publication [38].

The dielectric properties of these biological tissues are frequency-dependent and for
mucosa and skin their values at the stimulation frequency of f = 20 Hz were calculated
via the website of the IT’IS7 database [218] that is based on the Gabriel data [27–29,
179]. As there are no reliable measurement data on the dielectric properties of mucosa
in the low-frequency region [219], using the data of perpendicular muscle is suggested
by IT’IS [218] as it resembles similar properties as the mucosa surrounding the jaw
bone. This recommendation was applied in this work.

Part of the work presented here has been previously published [34]. The Gabriel
data [29] were used for determining the dielectric properties of bone during the
publication of that manuscript. During further work on this dissertation project, I
initiated measurements to obtain own data on the dielectric properties of cancellous
and cortical minipig mandibular bone. These measurements are described in Sec. 5.1.
However, there may be some ambiguities in interpreting the data at low frequencies,
as discussed earlier (cf. Sec. 4.1.1), which could require correction. Therefore, two
important aspects have been enhanced in comparison to the published version of [34]:
firstly, the incorporation of our own measurement data for minipig bone; secondly, the
implementation of the correction of Zimmermann and van Rienen [30]. This correction
and an associated case distinction are detailed in the following section.

7Foundation for Research on Information Technologies in Society (IT’IS) https://itis.swiss/virtual-
population/tissue-properties/database/dielectric-properties/

https://itis.swiss/virtual-population/tissue-properties/database/dielectric-properties/
https://itis.swiss/virtual-population/tissue-properties/database/dielectric-properties/
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Definition of two scenarios for the dielectric tissue properties

Zimmermann and van Rienen [30] suggest that there are two possible interpretations
for the Gabriel data on the dielectric properties of biological tissues at low frequencies
(cf. Sec. 4.1.1). Either intrinsic tissue properties alone can be attributed to the
data, or additional electrode effects may be present in the data. In their research,
Zimmermann and van Rienen exclusively apply their correction to the Gabriel data.
However, bone is not considered in their study because Gabriel et al. did not directly
measure the dielectric properties of bone at low frequencies. Nonetheless, other authors
[181,210,220,221] carried out experimental studies on bone that did not account for
ETI contributions and as a result, exhibit a significant decrease in conductivity towards
lower frequencies. Using such uncorrected data as input in numerical simulations
could significantly affect the simulation results. Therefore, I will address this ambiguity
by considering two scenarios using either corrected or uncorrected tissue data in my
numerical model. This approach will facilitate an evaluation of the influence of these
two different model choices, which either rely on the data obtained from the literature
and experiments as they are or correcting them for possible electrode effects. Therefore,
this thesis outlines the two conductivity scenarios as follows:

EQSGa: scenario EQSGa regards frequency-dependent low-frequency dielectric proper-
ties. Specifically, it employs uncorrected Gabriel data stemming from a 4-Cole-Cole
model for mucosa (i.e. perpendicular muscle) and dry skin at f = 20 Hz. For cortical
and cancellous bone, uncorrected experimental values from the analysis of own EIS
data of minipig mandible bone at f = 40 Hz were used,8 assuming that the data contain
only tissue properties and no electrode effects.

QSZi: scenario QSZi involves a low-frequency correction following the recommendations
of Zimmermann and van Rienen [30]. Accordingly, the experimental minipig EIS data
for cortical and cancellous bone were corrected for electrode polarisation effects by
fitting the experimental data to a 2-Cole-Cole model and subtracting the constant phase
element (CPE) contribution. The CPE will be introduced in the following subsection.
Additionally, Gabriel data for mucosa (i.e. perpendicular muscle) that had been cor-
rected for electrode polarisation as described by Zimmermann and van Rienen [30]
were used. The data for skin are the same as for EQSGa, as no electrode polarisation
was observed for this tissue type in the study by Zimmermann and van Rienen [30].

The dielectric tissue properties assigned in each scenario are summarised in Table
4.2. The process for determining the dielectric properties of cortical and cancellous
bone is described in Sec. 5.1.1. Applying the correction proposed by Zimmermann
and van Rienen [30], the capacitive part ωε0εr of the complex conductivity of the
tissues in QSZi is less than 1 % of the magnitude of the conductive part σ and thus
negligible (Table 4.3). As a result, a quasi-stationary current problem (QS) (Eq. (3.19))

8Due to the limitations of the instrument used, the minimum frequency measured was 40 Hz and not
20 Hz as suggested by the Kraus-Lechner method (Sec. 2.3.3). However, no significant differences
are expected at these frequencies.
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EQSGa QSZi

Tissue σ [S/m] εr [1] σ [S/m] εr [1]

Cortical bone (own meas.) 0.017 3.27 · 106 0.027 94560

Cancellous bone (own meas.) 0.05 1.26 · 107 0.10 341000

Mucosa (perpendicular muscle) [179] 0.207 2.43 · 107 0.363 18900

Skin [179] 2 · 10−4 1140 2 · 10−4 1140

Table 4.2: Dielectric properties (electrical conductivity σ and relative permittivity εr) of the
biological tissues utilised in the numerical simulations at f = 20 Hz.

can be considered in this particular case. For scenario EQSGa, the capacitive part of
the complex conductivity is in the same order of magnitude as the conductive part
for cortical bone, cancellous bone, and mucosa, and therefore cannot be disregarded.
Consequently, the full EQS equation (3.17) needs to be considered in this case. Scenario
QSZi is considered more realistic because it corrects the measurement data for electrode
polarisation that is to be expected at low frequencies as they are regarded here. This
correction ensures that only the intrinsic tissue properties are reflected in the derived
dielectric properties. An overview of the differences between the two scenarios is given
in Fig. 4.8.

ωε0εr/σ

Tissue EQSGa QSZi

Cortical bone 0.2162 0.0039

Cancellous bone 0.2821 0.0038

Mucosa (perpendicular muscle) 0.1303 5.8 · 10−5

Skin 0.0063 0.0063

Table 4.3: Ratio of the capacitive part (ωε0εr) to the conductive part (σ) of the complex
conductivity based on the different sets of dielectric tissue properties (Table 4.2) that
were regarded in the scenarios EQSGa and QSZi. At ω = 2πf = 2π20 Hz, only the
QSZi scenario satisfies the condition ωε0εr/σ ≪ 1 for all tissues, i.e. the capacitive
part is definitely much smaller than the conductive part of the complex conductivity.
This allows for a quasi-stationary current problem (QS) instead of the full EQS
equation to be solved in scenario QSZi. For scenario EQSGa, this condition is only
clearly satisfied for skin, while for the other tissues ωε and σ are of the same order
of magnitude and thus this scenario requires the solution of the EQS equation Eq.
(3.17).

The electrostimulating implant is constructed from biocompatible materials com-
monly used in orthopaedics and maxillofacial surgery. The electrodes are composed
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Figure 4.8: Summary of the differences between the two scenarios EQSGa and QSZi considered
in this work, comparing the interpretation of the raw electrochemical impedance
spectroscopy (EIS) data, application of a correction of EIS data for electrode
processes, the interpretation of the derived dielectric properties (σ, εr), the applied
approximation of Maxwell’s equations justified by the ωε0εr/σ ratio (see main text
and in Table 4.3), and an evaluation of the credibility of the dielectric properties.
Note that no correction for electrode processes was necessary for skin because no
electrode polarisation was observed by Zimmermann and van Rienen [30]. QSZi is
considered more realistic because it corrects the tissue data for possible electrode
effects.

of the titanium alloy Ti6Al4V, while the insulator is made from PEEK (polyether ether
ketone). There is a significant contrast in the material properties involved. The conduc-
tivity of metal alloys such as Ti6Al4V typically falls within the range of 106 S/m [222],
whereas biological tissues ussually have conductivities around 10−1 S/m [29], and
insulators such as PEEK display a conductivity of 10−12 S/m [223]. Therefore, the
domains of the electrodes and the insulator were excluded from the simulation and
were regarded as terminal and electric insulation boundary conditions instead. This
avoids numerical complications arising from a highly ill-conditioned matrix [224].

In addition to the dielectric properties of the biological tissue, electrochemical
processes at the electrode-tissue interface must also be considered in the numerical
model as they influence the voltage response of the tissue. The upcoming section
outlines the modelling of these processes.

Modelling of the electrode–tissue interface

In the numerical model, the electrochemical processes at the electrode-tissue inter-
face (ETI) between the electrostimulating implant and the conductive tissue must
be taken into account since a significant part of the applied potential drops across
this interface layer. These processes include the capacitive charging of the electrical



Dielectric properties and numerical simulation of bioelectric problems including
model uncertainties 46

double layer (non-Faradaic processes) as well as the transfer of charges through the
interface (Faradaic processes), which determine the ratio of flowing current and the
associated voltage drop. Faradaic reactions are usually irreversible and thus alter the
chemical composition of the electrode, resulting in corrosion or other degradation of
the interface. The electrical double layer is caused by the redistribution of ions in
the surrounding electrolyte as they interact with the charged electrode surface. Its
pseudocapacitive behaviour is empirically modelled using the so-called constant phase
element (CPE) [225]. This implies that a constant phase difference between voltage
and current exists, but generally with a larger value than the −90◦ that would apply to
a pure capacitance. The CPE is described by the equation

ZCPE = K
(︃
j
ω

ω0

)︃−β

, (4.1)

where K represents the ratio of the voltage and current amplitudes, j is the imaginary
unit, ω the angular frequency ω = 2πf , and ω0 = 1s−1 a normalisation frequency to
account for proper units of Ω for ZCPE. The parameter β = 0 ...1 reflects the frequency
dependence of the CPE and how much it deviates from a pure capacitance (β = 1).
β = 0 would resemble an ideal resistor. The constant phase is equal to −(90 · β)◦.

The ETI is modelled by an equivalent circuit model that is commonly used to model
simple systems: a parallel connection of the impedance of a constant phase element
ZCPE and a charge transfer resistance RCT [225,226], see Figure 4.9. It is worth noting
that RCT is nonlinear in general, but it can be modelled by an ohmic resistance for small
voltage drops [186]. When comparing the values of RCT and ZCPE, it is evident that
within the considered frequency range RCT has almost no influence, since RCT ≫ ZCPE

and thus most of the current flows via ZCPE. Therefore, only ZCPE was considered for
fitting the experimental bone data in the equivalent circuit for the ETI, (see Sec. 4.2.3).9

The impedance of the tissue ZTissue is defined by its dielectric properties σ and εr (see
Sec. 5.1.1) and the geometric dimensions of the tissue domains.

Thus, each of the two ETIs of the bipolar electrode is described by an impedance
ZETI,i (i = 1, 2), with

1
ZETI,i

= 1
ZCPE,i

+ 1
RCT,i

(4.2)

=
(︄
Ameas

Ael,i
K
(︃
j
ω

ω0

)︃−β
)︄−1

+
(︄
Ameas

Ael,i
RCT

)︄−1

. (4.3)

In Eq. (4.3), the contributions to the impedance have been scaled with respect to the
surface area of the measuring electrode used in electrochemical impedance spectroscopy
(EIS) measurements from the literature with Ameas = 314 mm2 [227] and the surface

9Note that RCT was still included in the simulation studies for completeness. However, it would have
had almost no effect on the results if I had left it out.
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Figure 4.9: Equivalent circuit model for the electrode-tissue interface (ETI). The ETI at each
electrode is described by an impedance ZETI which includes a constant phase
element ZCPE and a charge transfer resistance RCT in parallel. The tissue properties
are described by the impedance Ztissue, which depends on the dielectric tissue
properties and the geometric dimensions of the model domains. The figure is
adapted from my own publication [34] (CC BY 4.0 license).

area of the stimulation electrode Ael,i used in the simulations.10 The value of Ael,i is
dependent on the electrode length and has been calculated directly in COMSOL by
surface integration. The parameters β, K, RCT used to model the ETI were derived from
EIS measurements of polished titanium specimens [227]. As the interface behaviour
primarily depends on the surface structure rather than the material itself, it is safe to
assume that the values measured for titanium also give a good approximation for the
titanium alloy Ti6Al4V employed here. The values from Lange et al. [227] are β = 0.95,
K = (Y0[1/F ])−β Ω = (38.95 · 10−6)−0.95 Ω = 15453 Ω, RCT = 137.7 kΩ. Note that in
EIS measurements, it is more common to use the capacitance parameter Y0 instead of
the parameter K, which was utilised by Richardot and McAdams [225].

4.2.3 Setup of the boundary value problem

In Sec. 3.1, the requirements for the EQS approximation were introduced. These
requirements are met for both scenarios considered in this work, see Fig. 4.10. Con-
sequently, the equation to be solved for scenario EQSGa is given by Eq. (3.17). For
scenario QSZi, it was also demonstrated that the conditions for a QS are fulfilled (see
Sec. 4.2.2), hence Eq. (3.19) can be regarded.

The boundary conditions applied in this model are summarised in Fig. 4.11. At
the electrode surfaces, Dirichlet boundary conditions are applied, with the stimulation
potential to be optimised φstim ̸= 0 at the surface of the anterior electrode and with

10During the work on this thesis, I had no opportunity to experimentally characterise the electrochemical
properties of the minipig stimulation electrodes. Hence, the literature data from Lange et al. [227]
was used.

https://creativecommons.org/licenses/by/4.0/
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Figure 4.10: Valid regime for the electroquasistatic (EQS) approximation (highlighted in beige
for scenario EQSGa and in blue/beige for QSZi). The characteristic length of
the modelled object is denoted by L and ranges from 10−3 to 2 · 10−1 m in this
study. The stimulation frequency considered in this work is f = 20 Hz (dashed
horizontal line), and for the biological tissues investigated εr,max = 2.43 · 107 and
σmax = 0.207 S/m (EQSGa) and εr,max = 3.41 · 105 and σmax = 0.363 S/m (QSZi)
applies. fq indicates the limit for negligible wave propagation, fq

2εmax/σmax is
the indicator for negligible magnetic induction, and |kL| combines both effects
(cf. Sec. 3.1). For |kL| ≪ 1, the EQS approximation is valid. For the tissues,
stimulation frequency, and model size regarded here, this is clearly the case
(see bold dashed line “this study”). EQS would also be applicable for higher
stimulation frequencies up to about 1 kHz. Please note that, for practical reasons,
this figure uses the frequency f , instead of the angular frequency ω (ω = 2πf).

ground potential at the surface of the posterior electrode:

φ(r) = φstim at electrode 1 (anterior electrode), (4.4)
φ(r) = 0 at electrode 2 (posterior electrode). (4.5)

Homogeneous Neumann boundary conditions are assigned to the surfaces of the skin
and insulator domains,

n · J = 0, (4.6)

where n denotes an outward oriented vector normal to the boundary.

In surgical practice, a titanium mesh tray serves as an additional stabilisation of the
bone, but it also has an impact on the resulting electric field distribution. To simplify
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the model and decrease the computation time, the mesh tray has not been explicitly
modelled; instead it has been regarded as a floating potential boundary condition at
the lateral and lower border of the defect region (see Fig. 4.11). The floating potential
boundary condition employs an unknown for the constant potential φ0 on the boundary
of the mesh tray ΓM , which is determined by the solver. This boundary condition
implies that the tangential electric field is zero and the electric field is perpendicular to
the boundary [228] ∫︂

ΓM

σ
∂

∂nM

φ(r) dS = I0 = 0 , φ(r) = φ0 . (4.7)

The value of the resulting potential depends on the integral source current I0. In this
study, I0 is considered to be zero, indicating that no net current is flowing through the
surface, and the boundary is acting as an unconnected perfect conductor. This is a valid
approximation because the conductivity of the mesh tray is several orders of magnitude
greater than that of the surrounding tissue. Comparative simulations that I performed
on a simplified model setup (not shown) demonstrated that the relative difference in
the electric field norm in comparison to a fully modelled mesh tray is less than 3 % but
the reduction in CPU time is 45 %.

Figure 4.11: Boundary conditions applied in the simulation model: Dirichlet boundary con-
ditions were assigned to the surfaces of both electrodes (black), homogeneous
Neumann boundary conditions were assigned to the surface of the skin (blue),
and a floating potential boundary condition was assigned to the surface enclosing
the defect region (red).

Considering the mentioned boundary conditions, Eqs. (3.17) resp. (3.19) are solved
for the complex electric potential φ(r). Using this value, the complex amplitude of the
electric field strength E = −∇φ can be derived. Finally, the electric field norm |E| that
is used to rate the stimulation impact is computed.
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4.2.4 Finite element simulation and discretisation

The commercial finite element software COMSOL Multiphysics® (COMSOL) version
6.0 was used for modelling and simulation in this thesis. The software presents
a variety of benefits, including a user-friendly intuitive graphical interface, built-in
powerful and very flexible meshing algorithms, a variety of implemented boundary
conditions, a large selection of good solvers and decent post-processing and visualisation
capabilities. Furthermore, the Optimisation module and the Design module allow for
direct manipulation of the geometry inside the software. I utilised the Electric Currents
and Electrical Circuit interfaces within the ACDC module to solve the EQS approximation
of Maxwell’s equations (Eq. (3.17)) and the QS (Eq. (3.19)). The ETI was modelled
via an Electrical Circuit interface at each electrode. The equivalent circuit illustrated in
Fig. 4.9 comprised a ground node and an impedance ZETI,1 (Eq. (4.3)) at the posterior
electrode, as well as a ground node, an impedance ZEDL,2, and a voltage source φstim at
the anterior electrode. The Electrical circuit interface solves Kirchhoff’s circuit laws to
determine the voltages and currents at each circuit element. These laws relate to the
conservation of electrical charges and energy in electrical circuits and can be derived
from Maxwell’s equations. In particular, Kirchhoff’s current law states that the sum of
the currents entering a junction is equal to the sum of the currents leaving it. Kirchhoff’s
voltage law indicates that the sum of voltages in a closed loop in a circuit is zero [229].

The electrical circuit and the terminal boundary condition are linked through an
External-I-Terminal, which applies a voltage relative to ground to the circuit node,
i.e. the surface of the electrodes. To optimise the stimulation parameters, the Optimisa-
tion module of COMSOL was used. Further details on this optimisation will be provided
in Sec. 5.2.

Quadratic Lagrange elements were used on a tetrahedral mesh to approximate the
dependent variable in the model – in this case, the electric potential φ. The meshing
algorithm in COMSOL first meshes all surfaces of the modelled object. This mesh is
then used to initiate the tetrahedral volume mesh. For intersecting elements, their
dimensions are adjusted to maintain isotropy, with similar edge lengths and angles
to the greatest extent possible. This is achieved while ensuring moderate transitions
between smaller and larger elements. On the basis of a mesh convergence study I
ensured that the electric energy Wel in the entire computational domain only marginally
changed by less than 0.008 % upon further refining the mesh compared to the finest
mesh resolution employed (Fig. 4.12). Moreover, I ensured that the mesh quality is high
(close to 1), especially in the region of interest (ROI). The applied finite element mesh
consisted of approximately 1.07 million tetrahedral elements resulting in approximately
1.47 million degrees of freedom solved for (Fig. 4.13).

The large numerical problem considered with more than one million degrees of
freedom makes the use of direct solvers impractical due to high memory consumption
and long computation times (see Sec. 3.2.3). Therefore, iterative solvers were used
in this work. The EQS problem (Eq. (3.17)) results in a complex-symmetric system
matrix. Consequently, the computations for scenario EQSGa were carried out using the
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Figure 4.12: Relative error in the electric energy Wel in dependence on the number of degrees
of freedom solved for. The relative error of each mesh realisation i is computed
with respect to the finest mesh resolution with maximum degrees of freedom.

(a) (b)

Figure 4.13: Finite element mesh and mesh quality (quality measure: skewness) for the
electrically stimulated minipig model. (a) Volume mesh and (b) mesh in a slice
through the defect region. Note that the implant is not shown as it was excluded
from the computational domain.

biconjugate gradient stabilised method (BiCGSTAB), which is suitable for solving such
problems and is thus implemented as the default solver in COMSOL. A relative toler-
ance of tol = 1 · 10−3 and a factor of ρ = 400 in the error estimation of COMSOL were
utilised. For scenario QSZi, the generalised minimal residual method (GMRES) [230],
another iterative solver, was utilised. GMRES was chosen because it is a memory
efficient and fast solver for large numerical models. It has also a more regular conver-
gence behaviour than BiCGSTAB and proved to be 16 % faster than BiCGSTAB in test
simulations. However, no such speedup was observed in the models with EQSGa, hence
the default BiCGSTAB solver was used. Again, a relative tolerance of tol = 1 · 10−3 and
a factor of ρ = 400 in the error estimate of COMSOL were used. In the implementation
within COMSOL, the solvers in both scenarios are accelerated by the algebraic multi-
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grid method. Furthermore, the successive over-relaxation (SOR) method is used as
presmoother and backward SOR (SORU) as a postsmoother.

The computations were performed on a Windows workstation with 24 × 3.00 GHz
CPU and 256 GB RAM. The simulation time for one run was approximately 81 s on the
chosen mesh for EQSGa and 67 s for QSZi. To achieve the desired optimality tolerance
in the optimisation study, 50 (EQSGa) and 51 (QSZi) simulation runs were required.

4.3 Uncertainty quantification

Parts of this section were taken from the manuscript “Addressing model uncertainties in
finite element simulation of electrically stimulated implants for critical-size mandibular
defects”, which appeared in IEEE Transactions on Biomedical Engineering [38].11

In computational modelling, deterministic models are typically utilised whereby fixed
input values are employed. However, in most realistically modelled applications a
stochastic system must be employed instead of a deterministic system. This is due to
input properties being subject to individual variation, intrinsic variability, measurement
errors, or insufficient measurement accuracy. Further sources of uncertainty may arise
from a lack of data or knowledge on specific parameters. These uncertainties can affect,
for example, material properties, the geometry, or boundary conditions in the simulation
model. The uncertainties of input parameters are propagated through the numerical
model and can therefore have a significant impact on the simulation output. The aim
of uncertainty quantification (UQ) studies is therefore to quantify the uncertainties in
the model output given the variations in the input data. Statistical moments, such as
the mean or variance, are employed to describe the formerly unknown distribution
ρY of the model output. Further goals of UQ studies are to understand the impact of
parameters and to rank their importance [231]. By doing so, parameters with negligible
influence on the output variance can be disregarded in further UQ studies, simplifying
the numerical model.

4.3.1 Stochastic problem definition

When statistical variations of the parameters occur within a model, those parameters
should be described with a probability distribution, rather than a fixed, deterministic
value (see Fig. 4.14). This enables quantification of the uncertainty propagation
through the model. Probability distributions for uncertain parameters are derived from
measurements, parameter estimations, or expert judgements and are described using

11I conceptualised the study, carried out all simulations and the data analysis, prepared the figures, and
wrote the first draft of the manuscript. Ursula van Rienen initiated and supervised the project and
provided methodological guidance. Ursula van Rienen and Peer W. Kämmerer acquired the funding
and provided all resources.
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Fixed input parameters

Random variables

Figure 4.14: Principle of uncertainty quantification (UQ) applied to a deterministic model.
(a) In a traditional deterministic model, fixed input parameters are considered,
resulting in a distinct model output. (b) In a UQ analysis, uncertain inputs are
introduced as random variables, and their probability distribution is fed into the
model. As a result, the original deterministic problem then becomes a stochastic
problem and the output is characterised by a range of possible values.

probability density functions (PDFs). Examples of uncertain parameters in bioelectric
modelling are the electrical conductivity σ, the relative permittivity εr, or the parameters
of the electrode-tissue interface (ETI).

I consider a model M with both deterministic and uncertain input parameters

Y = M(W,X), (4.8)

with L deterministic (i.e. fixed) input parameters W = [W1,W2, ...,WL] and M uncer-
tain input parameters that are collected in a random vector X = [X1, X2, ..., XM ]. The
model produces the output Y with an unknown probability density function ρY . In the
probabilistic setting [232,233], the uncertain parameters Xi can be described by PDFs
ρXi

. In the multivariate case with several uncertain input parameters, these parameters
are described by a joint PDF ρX. Assuming independent uncertain parameters, the
joint probability density function is the product of the univariate probability density
functions ρXi

ρX =
M∏︂

i=1
ρXi

. (4.9)

Important stochastic measures that can be derived from a UQ study are the mean and
the variance of the model output Y . For a random variable Y with output space Ωy, the
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mean value is defined as

µY = E[Y ] =
∫︂

ΩY

yρY (y) dy, (4.10)

where y is a random realisation of Y and ρY is the (formerly unknown) probability
density function of the model output [234]. The mean value corresponds to the
expected value of the model output.

The variance V[Y ] is defined as

V[Y ] = STD2
Y =

∫︂
ΩY

(y − E[Y ])2ρY (y) dy (4.11)

and is a measure of the dispersion of Y around the mean [234]. STD is the standard
deviation, a metric that has the same unit as the random variable.

The input parameters that have the greatest impact on the output variance can
be identified through sensitivity analysis. In the following section, a variance-based
sensitivity analysis (VBSA) method [235,236] is described in more detail.

4.3.2 Variance-based sensitivity analysis

Conducting a sensitivity analysis enables the determination of how variance in the
input variables manifests in the output of a model. Furthermore, it facilitates the
identification of which input parameters have the most significant impact on the
variance of the quantities of interest. The Sobol’ indices [235] are frequently employed
to characterise the sensitivity of a model. They can be used to quantitatively determine
which parameters contribute more to the total variation of the outputs and, in contrary,
which parameters are less influential. They decompose the total variance of a quantity
of interest into sums of contributions of the different input parameters. The Sobol’
indices originally stem from the so-called Sobol’ decomposition that is used to estimate
the sensitivity of a model to different variables or groups of variables. For a detailed
explanation of the Sobol’ decomposition, readers are directed to the original works of
Ilya Meyerovich Sobol’ [235,237,238]. The primary concept is to express the model
output as an expansion into summands of increasing dimensions [237]. This way, the
total variance of a model with M independent input parameters can also be expressed
as a decomposition into sums of partial variances. The global sensitivity indices or
Sobol’ indices are defined as the ratios of the partial variances Di1...is to the total variance
D

Si1...is = Di1...is

D
, with 1 ≤ i1 < ... < is ≤ M. (4.12)

Hence, each Sobol’ index Si1...is denotes how much of the total variance is due to the
uncertainties in the input parameter set {i1...is}. The Sobol’ indices are non-negative
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and for M independent input parameters their sum is equal to one [239]:

M∑︂
s=1

M∑︂
i1<...<is

Si1...is =
M∑︂

i=1
Si +

∑︂
1≤i<j≤M

Sij + ...+ S12...M = 1. (4.13)

The Sobol’ indices are defined at various orders, with first order Sobol’ indices Si

quantifying the direct effect that a single parameter Xi alone has on the model variance.
In this context, a small Si implies that there will be only slight changes in the model
output due to variations in the parameter Xi, whilst larger values indicate a more
significant impact on the output variance. The sum of the first order Sobol’ indices
cannot exceed one and only equates to one if there are no interactions among the
parameters [239]. An interaction in the field of statistics means that the effect of
one input parameter on the output variable depends on the value of another input
parameter [240].

When there are interactions present in the model, the total Sobol’ indices STi
are

important. They characterise the sensitivity stemming from interactions between a given
parameter Xi and all combinations of the other parameters from the complementary
set Xci, as well as first order effects [241]:

STi
= Si + Si,ci = 1 − Sci. (4.14)

Sci is to the sum of all Si1...is not containing the index i. The sum of Eq. (4.14)
across all input parameters i cannot be less than one but generally sums to more than
one, as it contains each first order effect once and each interaction term multiple
times. It only equals one in the absence of interactions [239]. Greater first order
Sobol’ indices indicate stronger individual parameter effects, whereas greater total
Sobol’ indices suggest stronger overall parameter influence, including interactions. The
differences between first order and total Sobol’ indices emphasise the significance of
parameter interactions in influencing the output. The subsequent sections will describe
the calculation of the above statistical measures using UQ methods.

4.3.3 Uncertainty quantification methods

Numerous methods for UQ exist, differing in accuracy and efficiency based on the
number of uncertain parameters and mathematical problems being considered. The
most frequently used approaches are the Monte Carlo (MC) method and the polynomial
chaos (PC) method. The MC method involves repeated deterministic evaluations of the
model, taking into account the statistical properties of the random variables. Statistical
information such as the mean and variance can then be calculated from the resulting
set of solutions. One benefit of using the MC method is its independence from the
number of uncertain parameters [234]. However, a considerable disadvantage of this
approach is its slow convergence rate O(K−1/2), with K being the number of model
runs [234]. Hence, it takes a large number of model evaluations for the solution statistic
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to converge. Thus, the MC method can be very computationally expensive. This is not
acceptable for complex 3D FEM models that require increased computational cost even
for single runs, as is the case in this study.

In contrast, a highly efficient and now one of the most widely used methods is
the PC method [233, 234, 242]. This approach utilises orthogonal polynomial basis
functions to approximate the problem in terms of a so-called surrogate model. This
surrogate model allows to derive approximations for statistical measures such as mean,
variance, and sensitivity indices analytically and very efficiently [236]. The convergence
of the PC method is much faster than the convergence of the MC method [243] under
certain assumptions on the smoothness of the output functions. Practically speaking,
this means that fewer model runs of the FEM model are necessary with the PC method
compared to the MC method, resulting in significantly reduced computational costs.
However, it should be noted that the PC technique outperforms the MC method only for
a moderate number of uncertain parameters of up to M ≈ 20 [243]. As the numerical
model studied in this thesis possesses a maximum of M = 7 uncertain parameters, the
PC method has been adopted to estimate the uncertainties. Further explanation of the
theoretical framework of the generalised polynomial chaos approach is provided in the
subsequent section.

Generalised polynomial chaos expansion

The approach of describing a statistical process with a functional approximation using
polynomials was first described by Wiener [244]. Wiener used exclusively Hermite
polynomials to depict a Gaussian process. The so-called polynomial chaos expansions
(PCEs) for estimating uncertainties have been further extended to other polynomials
and hence other input distributions by Xiu and Karniadakis [233]. The generalised
polynomial chaos (gPC) method considers particular polynomials that correspond to
the specific distribution of the random variables. Here, I provide a short introduction to

Distribution PDF fX Polynomial Support range

Normal 1√
2π
e

−x2
2 Hermite [−∞,∞]

Uniform 1
2 Legendre [−1, 1]

Table 4.4: Selected distribution, probability density function (PDF), and corresponding orthog-
onal polynomials in this study. Adapted from [245].

the theory of the gPC technique. For a more detailed description, please refer to the
original work by Xiu and Karniadakis [233,234]. Revisiting the model M introduced in
Chapter 4.3.1, there exists a polynomial orthogonal basis for M based on assumptions
about the input distributions ρXi

. The specific assumptions and conditions required for
the described relations here can be reviewed in great detail in [233,246]. Following
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the formulation of Xiu [234], the model M is approximated by a PCE

Y = M(W,X) ≈ M̂(W,X) =
N∑︂

i=0
ci(W)Φi(X),withN = Np − 1, (4.15)

with orthogonal polynomials Φi(X) and a priori unknown coefficients ci(W). The
expansion coefficients ci(W) are to be determined and depend only on the deterministic
inputs W. The expansion is truncated after Np terms. Here, i = (i1, ..., iM) ∈ NM

0 is a
multi-index with |i| = i1 + ... + iM . In the multivariate case with M uncertain input
variables, the tensor product of the univariate gPC polynomials forms the M -variate
gPC polynomial basis functions:

Φi(X) = ϕi1(X1) · · ·ϕiM
(XM), 0 ≤ |i| ≤ N, (4.16)

In the gPC method, the polynomials are orthogonal with respect to the joint probability
density function ρX, ensuring efficient computation. Different polynomials are chosen
for different input distributions. Table 4.4 summarises the distributions employed for
modelling uncertain input parameters, the corresponding probability density functions,
and the corresponding polynomials in this study.

The number of expansion factors Np depends on the number of uncertain inputs M
and the order p of the PCE [243]

Np =
(︄
M + p

p

)︄
. (4.17)

Using a higher order p of PC basis functions improves the accuracy of the approximation
but also requires more computations.

In the UQ toolbox used in this study (Uncertainpy [247], see Sec. 4.3.4), the
orthogonal polynomials are generated by the three-term discretised Stieltjes recursion
[247–250]. To determine the polynomial coefficients, the point collocation method is
employed. This method will be briefly introduced in the following section. For further
information, please refer to Xiu [234].

Estimation of the polynomial chaos expansion coefficients

To determine the expansion coefficients ci of the polynomial expansion (Eq. (4.15)), the
point collocation method is used. It is a robust method that is generally recommended
for use with the applied UQ toolbox Uncertainpy [247] and is therefore also used in
this study. The point collocation method enforces the polynomial approximation to be
equal to the model at the collocation nodes. Uncertainpy employs the recommendation
of Hosder et al. [251] and uses 2(Np + 1) collocation nodes. Np is the number of
expansion factors, see Eq. (4.17). Note that the number of collocation nodes equals
the number of simulation runs as the model is computed at each collocation node.
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Hammersley sampling [252] is used to sample the collocation nodes from the joint
probability density function ρX. Regression methods are necessary to solve the resulting
set of linear equations for the polynomial coefficients ci. Tikhonov regularisation [253]
is the method utilised by Uncertainpy for this purpose.

After determining the expansion coefficients, the statistical measures can be an-
alytically derived in a post-processing step [236]. Additionally, the PC method can
efficiently estimate both the first order and total Sobol’ indices [236,243,247].

The mean corresponds to

E[M] ≈ E[M̂] = c0. (4.18)

The variance is calculated by

V[M] ≈ V[M̂] =
N∑︂

i=1
γic

2
i , (4.19)

where γi = E[Φ2
i (Y )] is a normalisation factor [234].

Furthermore, also the Sobol’ indices are directly derived from the PCE coefficients
[236, 243]. The 5th and 95th percentiles, and hence the 90 % prediction interval,
are estimated by applying the MC method to the surrogate model M̂. This involves
calculating a large number of MC samples based on the surrogate model. In contrast to
performing the MC method for UQ on the numerical model itself, the MC sampling of
the surrogate model is not computationally demanding.

4.3.4 Software used for the uncertainty quantification studies

Research in the field of computational bioelectric engineering has explored the use
of UQ in a range of areas, including electrostimulating hip revision systems [174],
cartilage tissue engineering [254,255], deep brain stimulation [256–259], and cochlear
implants [260]. The utilisation of UQ has gained significant attention in recent years
due to the improved computational power and subsequent advancements in the field.
Various commercial and open-source software options are available for engineers to
conveniently apply UQ tools [247,261,262] to their specific problems without requiring
an in-depth understanding of the mathematical theory behind it [233,242,244,263] or
dealing with the computational implementation challenges. Most of these toolboxes are
well-established within their field of application. Therefore, it is highly recommended
[264] to utilise pre-existing toolboxes.

For the UQ studies in this work, a modified version12 of the open source Python
toolbox Uncertainpy (version 1.2.3) [247] was used to compute the statistical measures
and perform sensitivity analysis based on Sobol’ indices. Originally designed for

12https://github.com/j-zimmermann/uncertainpy/tree/1.2.0.1

https://github.com/j-zimmermann/uncertainpy/tree/1.2.0.1
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computational neuroscience, Uncertainpy is also broadly applicable to other areas of
study. For instance, it has been used to characterise uncertainties in the numerical
modelling of electrically stimulated cells [254,255,265] or deep brain stimulation in a
rodent model [256]. Uncertainpy uses global, non-intrusive methods and is based on
Chaospy [250,266], an established open source Python toolkit with UQ functionalities,
in particular PCE and advanced MC methods.

To enable the application of UQ in this study, a programming interface between
the finite element software COMSOL and the Python UQ toolbox Uncertainpy has to
be established. COMSOL is interconnected to MATLAB® via LiveLink™for MATLAB® .
The communication between Uncertainpy and COMSOL is set up by establishing a
Python-MATLAB API (Application Programming Interface). This is achieved via the
MATLAB Engine API for Python. With this Python package, MATLAB® can be called as
a computational engine.



Chapter 5

Results and discussion

In the following, the derivation of the dielectric tissue properties of minipig mandibular
bone derived from electrochemical impedance spectroscopy (EIS) measurements is
described. These quantities are then further used for the numerical simulation and
optimisation of the electric field distribution in the computational model of an electri-
cally stimulated minipig mandible. Expanding on this, the optimised field distributions
for the two distinct scenarios considered within this dissertation will be presented.
Uncertainty quantification (UQ) studies investigating the influence of uncertain input
parameters on the model results are subsequently provided. Finally, preliminary sim-
ulation results of electrically stimulated human mandible models give an outlook on
possible clinical applications of electrostimulating systems for the regeneration of facial
bone defects.

5.1 Measurement and analysis of the dielectric
properties of minipig mandibular bone

As an alternative to the widely-used Gabriel data, own measurements of the dielec-
tric properties of minipig mandible bone have been performed.1 The bone samples
originated from two animals and they were stored in a freezer at −20 ◦C for a week
for organisational reasons. Prior to impedance spectroscopy measurements they were
placed in an incubator with T = 37 ◦C to allow for measurements at approximately
body temperature. Due to experimental limitations, direct measurements inside the
incubator were not feasible at that time. Sample preparation and EIS measurements fol-
low the procedure described in [181]. The measurements were taken in the frequency
range of f = 40 Hz–5 MHz. Due to the limitations of the used measurement device, the
minimum frequency measured was 40 Hz and not 20 Hz as suggested in the employed

1I initiated the measurements, coordinated the sample transfer, and analysed the measurement data.
I thank Dr. rer. nat. Wenzuo Wei from ELAINE project A05 for performing the measurements
and providing the raw data. In addition, I thank Dr. vet. Mohamed Elhensheri and Daniel Wolter
(Department of Oral and Maxillofacial Surgery, University Medical Centre Rostock) for providing and
preparing the bone specimens.
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Kraus-Lechner method (refer to Sec. 2.3.3). Nonetheless, no significant differences are
anticipated at these frequencies. The validation and further analysis of the derived data
is described in the next section.

5.1.1 Validating and fitting of the impedance data of minipig
mandibular bone

The dielectric properties of cortical and cancellous bone were determined through EIS
measurements on the mandibular bone of minipigs in the frequency range of 40 Hz–
5 MHz. Prior to deriving these properties from the measured impedance data, the
measurement data were checked for compliance with the Kramers-Kronig relationships,
which connect the real and imaginary components of the impedance, to ensure validity
of the experimental data [168]. It was accomplished by means of a so-called Lin-KK
test [267] that is implemented in ImpedanceFitter [268]. In this test, the EIS data are
fitted to an equivalent circuit model consisting of an ohmic resistor that is in series with
several RC elements. Further, a capacitance (for the electrode-tissue interface (ETI))
and an inductance (for lead inductances) can be regarded additionally if necessary.
For further information on the method see [267] or [30]. Only data adhering to the
Kramers-Kronig relations were considered for the further analysis described in Sec.
5.1.2. In some instances, the Lin-KK test indicated that the data were valid within
a limited frequency range only. In these cases, the data underwent fitting after a
subsequent second Lin-KK test, which proved their validity in the determined restricted
frequency range. The described testing procedure resulted in 32 valid data sets for
cancellous bone and five data sets for cortical bone. Measuring the dielectric properties
of cortical bone posed several challenges. The cortical bone samples taken from the
posterior part of the mandible had an uneven surface, making it more difficult to
obtain accurate measurements. Furthermore, a buildup of liquids potentially rendered
a significant portion of this data unusable.

The raw measurement data of the minipig bone deduced from two-electrode mea-
surements may include electrode effects. For instance, the straight line in the Nyquist
plot depicted in Fig. 5.1 could indicate the presence of a constant phase element (CPE)
impedance that models the ETI effects. However, these electrode effects cannot be
unambigiously defined and quantified reliably without further measurements that
are beyond the scope of this thesis. Nonetheless, it is possible to correct the data to
some extent by considering the pseudocapacitive double layer at the ETI as a CPE and
subtracting it from the total impedance. Therefore, the valid data sets were fitted to
an equivalent circuit comprising a two Cole-Cole (2CC) model in series with a CPE
following the aforementioned recommendations by Zimmermann and van Rienen [30].
Using this approach, the measuring data are described by the impedance

Z = Z2CC + ZCPE = 1
jε∗

r,2CCωc0
+K

(︃
j
ω

ω0

)︃−β

, (5.1)
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with the complex relative permittivity ε∗ and the cell constant c0 = ε0A/t that can be
calculated based on the area of the EIS electrode A and the sample thickness t. For the
2CC model, the complex relative permittivity corresponds to

ε∗
r,2CC = εr − jσ

ωε0
= ε∞ +

2∑︂
i=1

∆εi

1 + (jωτi)ai
− jσDC

ωε0
, (5.2)

where ε∞ is the high-frequency limit of the permittivity, ∆εi is the magnitude of the ith
dispersion, τi is the mean relaxation time of the ith dispersion, the parameter ai ∈ [0, 1]
characterises the broadening of the dispersion, and σDC is the static conductivity of the
tissue [30]. ε∞, ∆εi, τi, ai, σDC, K, and β are regarded as fit parameters.

A charge transfer resistance was not included in the fitted equivalent circuit as it
had no discernible impact on the fit result, and furthermore, displayed high fitting
uncertainties during test analyses. As the measured impedance values varied greatly
with frequency, a weighting algorithm was used to improve the fit. The fitting param-
eters are given in the Appendix A. The validity testing of the experimental data and
the fitting of equivalent circuit models to them was carried out using the open source
Python package ImpedanceFitter version 2.0.3 [268].

The hypothesis that the experimental data can be fitted by a 2CC model, as motivated
by Zimmermann and van Rienen [30], is further supported by the fact that two
dispersions were clearly visible in most of the Nyquist plots of the samples (Fig. 5.1).
The fit results and the fit statistics are provided in Tables A.1 to A.4 in the Appendix.
The derived dielectric properties are presented in the next section.

(a) (b)

Figure 5.1: Exemplary Nyquist (imaginary and real part of the impedance Z) plots for minipig
bone samples. (a) cortical bone, (b) cancellous bone. Shown are the experimental
data (Data) and the 2CC fit (Best Fit). The covered frequency range is 40 Hz–5 MHz.
High frequencies are on the left, low frequencies on the right of the plot. The
straight line that is particularly evident in (a) indicates the presence of electrode
polarisation, which is modelled by a constant phase element (CPE) impedance.



Results and discussion 63

5.1.2 Dielectric properties of minipig mandibular bone resulting
from the fitting procedure

The dielectric properties resulting from the 2CC fits after correction for the CPE are
shown in Figs. 5.2 and 5.3 in comparison with the original measurement data and the
literature values introduced in Sec. 4.1.2. Upon analysing the 2CC results, the electrical
conductivity is almost frequency-independent at low frequencies (Fig. 5.2). This is in
contrast to the uncorrected experimental minipig conductivity data, where there is a
pronounced decrease in conductivity with decreasing frequency. In comparison to the
literature data, the determined conductivities of minipig cortical bone are slightly higher,
which could be due to a variety of possible factors, as introduced in Sec. 4.1.2. However,
the cancellous bone conductivity is comparable to the data of Balmer et al. and the
Gabriel data. The properties of cancellous bone are particularly crucial for this thesis as
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Figure 5.2: Electrical conductivity σ of (a) cortical and (b) cancellous bone according to own
measurement data (Minipig exp.) and comparison with literature data (Kosterich et
al. [187], Smith and Foster [211], Balmer et al. [184,185], Tang et al. [201], Gabriel
et al. [29], Saha and Williams [207], and De Mercato and Garcia-Sánchez [205]).
The experimental standard deviations are indicated in grey. In addition to the
experimental raw data (Minipig exp.), the data corrected for electrode polarisation
are given (Minipig 2CC).

the defect area is filled with this tissue. For cancellous bone, the determined conductivity
is very similar to the data obtained by Balmer et al. at 1 kHz and 10 kHz [184, 185]
(Fig. 5.2 (b)). This applies to both the corrected and uncorrected minipig data.
However, it is apparent that the uncorrected data for cancellous bone conductivity
decreases at frequencies below 10 kHz. Consequently, notable discrepancies can be
observed in comparison to the Balmer data and the corrected experimental data at
lower frequencies. Therefore, the uncorrected conductivity of minipig mandibular bone
at the lowest measurement frequency (40 Hz) is even lower (σ = 0.05 S/m) than the
ambiguous Gabriel data (σ = 0.08 S/m).
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Figure 5.3: Relative permittivity εr of (a) cortical and (b) cancellous bone according to own
measurement data (Minipig exp.) and comparison with literature data (Kosterich
et al. [187], Smith and Foster [211], Gabriel et al. [29], Saha and Williams [207],
and De Mercato and Garcia-Sánchez [205]). The experimental standard deviations
are indicated in grey. In addition to the experimental raw data (Minipig exp.), the
data corrected for electrode polarisation are given (Minipig 2CC).

The corrected fits of the relative permittivity of cancellous bone have characteristic
dispersions in the range of about 160 Hz–2.3 kHz and 12 kHz–1.7 MHz. These ranges
align with the ranges of the alpha and beta dispersion, which were introduced in Sec.
4.1 [166]. The experimentally obtained uncorrected relative permittivity of cancellous
bone in this study is strikingly high at low frequencies (Fig. 5.3 (b)). To some extent it
exceeds that of Gabriel by several orders of magnitude and exceeds 107 below 100 Hz.
Thus, the condition (3.18) is not fulfilled in this case and the full EQS equation (3.17)
has to be considered (see Sec. 4.2.2). For the relative permittivity of cortical bone, the
situation is similar. Still, the values of εr are approximately one order of magnitude
lower than those of cancellous bone. The agreement between the measured data
(both uncorrected and corrected) and the data by Kosterich et al. [187] and Smith and
Foster [211] is satisfactory down to frequencies of approximately 30 kHz. At lower
frequencies, even the corrected data exceed the literature data by one to two orders of
magnitude.

The mean values of the dielectric properties of cortical and cancellous minipig
mandibular bone at a frequency of f = 40 Hz are summarised in Table 5.1. Following
correction, the conductivity of cortical bone is 1.6 times higher than the uncorrected
data, and for cancellous bone it is twice as high. Conversely, the corrected relative
permittivity values for cortical and cancellous bone are 34.6 and 37.0 times lower, re-
spectively. The values obtained from the uncorrected measurement data (Minipig exp.),
as well as the data corrected for electrode polarisation (Minipig 2CC), are subsequently
implemented in the simulations of the scenarios EQSGa and QSZi, respectively. Refer to
Table 4.2 for more information.
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Minipig exp. Minipig 2CC

Tissue/Material σ [S/m] εr [1] σ [S/m] εr [1]

Cortical bone 0.017 3.27 · 106 0.027 94560

Cancellous bone 0.05 1.26 · 107 0.10 341000

Table 5.1: Dielectric properties (electrical conductivity σ and relative permittivity εr) derived
from EIS measurements of cortical and cancellous minipig mandibular bone at
f = 40 Hz. Given are values for uncorrected data (Minipig exp.) and data corrected
for electrode polarisation (Minipig 2CC). These correspond to scenarios EQSGa and
QSZi, respectively.

5.1.3 Discussion

The comparison between the dielectric properties of bone determined experimentally in
this work and those reported in the literature revealed significant disparities, particularly
for the cortical bone samples. However, the experimental outcomes of this work and the
literature showed a good agreement for cancellous bone. Further research is necessary
to determine whether the observed discrepancies between our measurements and the
literature data stem from inherent tissue variations of the particular tissues in question
(Kosterich et al. [187] and Smith and Foster [211] utilised cortical rat femur) or are
instead caused by deficiencies in our available experimental methods. It is feasible that
one of the two (or more) dispersions observable in the Nyquist plots (ref. Sec. 5.1.1)
could be an artefact caused by the handling of the sample or the measurement device
itself. For instance, air pockets present in the samples could be a probable cause of
the issue. Additionally, in some samples, both highly insulating phases (teeth) and
conductive phases (cancellous bone) were present, potentially resulting in two or more
dispersions. Furthermore, there were technical issues resulting in small jumps in the
data (Fig. 5.1) that made several of the datasets unusable, especially when these jumps
occurred in the middle of the frequency spectrum. In some instances, a portion of
the dispersions may be resolved even with the jumps, albeit at the risk of distorting
the resulting dielectric properties. In light of these limitations, future studies require
an improved measurement setup and sample preparation. Additionally, models that
incorporate only a single Cole-Cole dispersion should be considered.

I have considered the measurements of Balmer et al. [184,185], Smith and Foster
[211], Kosterich et al. [187], and Tang et al. [201] to be reliable. However, they
did not include jaw or minipig bone samples. Therefore, our own research makes
a crucial contribution to determining the precise dielectric properties of the minipig
model, enhancing its validity. However, the data obtained from the EIS measurements
on mandibular bone of minipigs did not meet the standards I set for the research
quality in my preceding literature review (cf. Sec. 4.1.2). Although I was successful
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in obtaining measurements from the desired anatomical region and species at body
temperature, the samples collected were not fresh as required for reliable studies. In
contrast, the minipig experiments necessitated the utilisation of initially frozen, thawed,
and reheated samples (at a temperature of roughly T = 37 ◦C) in a measuring system
that consisted of three electrodes.2 Therefore, to improve the measurement procedure
in the future, it is imperative to carefully organise and coordinate the procedures.

Acquiring bone samples from minipigs poses further significant challenges. Ethical
considerations make it unfeasible to obtain these animals solely for bone tissue extrac-
tion. Therefore, samples must be obtained opportunistically during other experiments
when suitable animals are available for bone extraction. A measurement procedure
that is as seamless as possible would then have to be established, including:

• sample extraction a few minutes post mortem;

• avoid exposure of the samples to air and prevent them from drying out, e.g., by
covering them with gauze soaked in physiological saline [269];

• cutting the samples into slices immediately after sample extraction; using low
cutting speed [181] to avoid thermal damage such as denaturation of proteins
and keep the tissues wet with physiological saline during cutting;

• ensuring thorough documentation by taking photographs of all samples, docu-
menting the anatomical origin and the dimensions (i.e. thickness) of every sample,
and documenting the orientation of the samples towards the bone axis;

• immediately transport the samples to the measurement lab; transport the cut
samples in 40 ◦C Ringer’s solution with bicarbonate buffer (oxygen saturated)
[270];

• immediately perform EIS measurements under controlled conditions directly inside
an incubator at T = 37 ◦C and with relatively high humidity [201,269];

• measure each sample multiple times and average to reduce measurement errors;

• finish each EIS measurement as quickly as possible to minimise moisture loss or
the effect of the humidity of the environment [181];

• conduct a calibrating cell measurement, i.e. a measurement with a standard so-
lution, shortly before or after the actual measurement with a specimen because
electrode impedance changes with time and use [203].

To sum up, further research is necessary to address the hurdles associated with mea-
suring the dielectric properties of bone and to identify potential factors causing dis-
crepancies in the measured values. In vivo measurements, as employed by Balmer et
al. [184], are a desirable approach, but they are very challenging to perform and involve
additional ethical concerns. The uncertainty of the obtained dielectric properties can

2The measurement setup consisted of two electrodes for measuring and one guard electrode to reduce
stray capacitance. Further details can be found in [181].



Results and discussion 67

be addressed with uncertainty quantification (UQ) studies. These will be discussed
in detail in Sec. 5.3. However, before that, the optimisation of the electrostimulation
implant with deterministic input parameters will be presented in the next section.

5.2 Optimisation of the implant parameters

The stimulation parameters, namely the electrode length hel and the stimulation voltage
φstim must be optimised to attain the most effective electric stimulation within the bone
defect as the region of interest (ROI). To this end, a goal function was defined with
respect to the volume of stimulated tissue in the ROI. Based on the findings of Kraus
[6], certain areas in the defective volume can be characterised as either beneficially
stimulated, overstimulated, or understimulated, depending on the electric field norm
|E|. Specifically, the term “beneficially stimulated” refers to 5 V/m ≤ |E| ≤ 70 V/m,
whereas overstimulation would correspond to |E| > 70 V/m, and understimulation
would imply |E| < 5 V/m [6]. Therefore, the volumes of beneficially, under-, and
overstimulated tissue correspond to

Vbene : 5 V/m ≤|E| ≤ 70 V/m, (5.3)
Vunder : |E| < 5 V/m, (5.4)
Vover : |E| > 70 V/m. (5.5)

These stimulated volumes are determined by volume integration in COMSOL.

To optimise the stimulation parameters for the most beneficial electric field distribu-
tion, the goal defined in this study is to maximise the volume of beneficially stimulated
tissue in the ROI while minimising the volumes of under- and overstimulated tissue.
Maximising the volume of beneficially stimulated tissue (Vbene) is equivalent to minimis-
ing the volume where no beneficial stimulation is present (V bene), i.e. understimulation
or overstimulation occurs:

Vbene ⇒ max ⇔ V bene ⇒ min, (5.6)
Vunder ⇒ min, (5.7)
Vover ⇒ min. (5.8)

Accordingly, the regarded goal functions are

fbene = sbeneV bene, (5.9)
funder = sunderVunder, (5.10)
fover = soverVover, (5.11)

and their sum is to be minimised in order to achieve the best possible stimulation effect.
The goal functions are scaled with scaling factors sbene = sunder = 4 · 10−5, sover =
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2 · 10−4 so that they are in the order of magnitude of one.3 This ensures the stability
of the optimisation methods of COMSOL. Overstimulation is detrimental as it may
cause tissue damage and therefore should be avoided in particular. Consequently, goal
function Eq. (5.11) is weighed by a five times larger factor.

The optimisation studies were based on two control variables – the electrode length
hel and the stimulation amplitude φstim. These variables were optimised through the
use of the Optimization module in COMSOL, with the Nelder-Mead-Simplex algorithm
[271,272] being employed for this purpose. An optimality tolerance of 0.001 was set
to represent the relative accuracy in the final values of the scaled control variables. The
derivative-free Nelder-Mead-Simplex algorithm explores the design space around the
current iterate by evaluating the goal function. Transformations are applied on the
point of the simplex with the poorest goal function value. If no further improvement of
the goal function is achieved with relative increments of the scaled control variables
greater or equal to the tolerance, the optimisation iteration is terminated. In this thesis,
the stimulation amplitude was optimised between the lower and upper bounds of the
control variable φstim = 0.2 ...4 V with an initial value of φstim = 0.2 V.4 I defined a
scaling factor of 2 V to ensure that this control variable is in the order of magnitude
of 1, enabling the optimisation algorithm to function properly. Initial values, scales
and bounds of the control variables are summarised in Table 5.2. In the same way, a
lower bound of 10 mm and an upper bound of 27 mm were specified for hel, with an
initial value of 20 mm and a scaling factor of 10 mm. These optimisation settings have
been employed in both considered model scenarios (see Sec. 4.2.2). The results of the
optimisation are explained in detail in the following section.

Control variable Initial value Scale Lower bound Upper bound

hel 20 mm 10 mm 10 mm 27 mm

φstim 0.2 V 2 V 0.2 V 4 V

Table 5.2: Initial values, scaling factors, and bounds of the control variables hel and φstim for
optimising the electric field distribution in scenarios EQSGa and QSZi.

5.2.1 Optimised electric field distribution in the minipig mandible
model

Analysing the volume of stimulated tissue shows that the optimal electrode config-
uration for maximising the volume of beneficially stimulated tissue and minimising
overstimulation in the defect domain differs significantly for the two scenarios con-
sidered. Specifically, in scenario EQSGa, the determined optimised configuration is

3Initially, the volumes of stimulated tissue are in the order of 10−6 m3, so scaling is necessary.
4All voltages and currents are presented as zero to peak values in this thesis.
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|E| [V/m]

Figure 5.4: Simulated electric field norm |E| in a slice through the electrically stimulated
minipig mandible for the optimised scenario EQSGa (hel = 25.714 mm and φstim =
0.41 V). The scale is bounded for field strengths between 5 and 70 V/m and
the arrow length of the electric field lines is normalised. Refer to the inset for
visualisation of the beneficially stimulated region in the plane. The defect material
is omitted in the inset for better visualisation. At a distance of about 10 mm from
the electrode, the electric field norm has dropped below 3 V/m. The distance
between the electrode surface and the upper edge of the defect is approximately
12 mm, the width of the defect is 35 mm. Adapted from [38].

|E| [V/m]

(a)

|E| [V/m]

(b)

Figure 5.5: Volumes with beneficially (a) and overstimulated (b) tissue around the electrostim-
ulating implant in EQSGa. Note the different scale for the overstimulated region.
Maximum field amplitudes of over 500 V/m are reached at the electrode-insulator
interface. To ensure better visualisation, the defect material has been omitted.

hel = 25.7 mm and φstim = 0.41 V. For scenario QSZi, a similar electrode length
hel = 25.9 mm but a 50 % larger stimulation amplitude of φstim = 0.60 V was found to
be optimal (Table 5.3). The optimised electrode configuration resulted in a terminal
current of 0.9 mA for EQSGa and a value that is almost twice as large (Iterm = 1.7 mA)
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for QSZi. The impedance of the system is also noticeably different with 455 Ω for
EQSGa and 354 Ω for QSZi. These significant differences are a result of the distinct
sets of dielectric tissue properties used in the two scenarios.5 Scenario QSZi includes a
correction of the tissue data for electrode effects and therefore results in substantially
higher conductivities compared to EQSGa (Table 4.2).6 These higher conductivities lead
to the observed the higher current and smaller impedance in QSZi.

Scenario hel [mm] φstim [V] Iterm [mA] |Z| [Ω]

EQSGa 25.7 0.41 0.9 455

QSZi 25.9 0.60 1.7 354

Table 5.3: Optimised electrode configuration in terms of the electrode length hel [mm] and
the stimulation voltage φstim. Additionally, the corresponding terminal current Iterm
flowing through the system and the impedance |Z| of the system in scenarios EQSGa
and QSZi are provided.

Figure 5.4 displays the simulated electric field norm |E| and the electric field lines
in a vertical slice of the mandible bone through the defect region (defect width 35 mm)
and electrodes (electrode diameter 4 mm) for the optimised scenario EQSGa. The
situation is very similar in scenario QSZi, therefore it is not shown here. Note that the
colour legend only extends from 5–70 V/m to highlight the thresholds for beneficial
bone stimulation. The electric field extends all around the electrodes, where it reaches
the desired values between 5 and 70 V/m. Still, it also decreases rapidly with increasing
distance from the electrodes because the conductivity of the tissue is comparatively
high.

The determined beneficial stimulation volume has a dumbbell shape surrounding
the electrodes, as depicted in Fig. 5.5 (a). The extension of this shape is restricted
by the floating potential boundary condition around the defect boundary, resembling
a metal, i.e. highly conducting, stabilisation mesh tray. At the posterior part of the
mandible, the beneficial stimulation volume reaches at least 4 mm into the tissue. As
the field is not limited by the mesh tray at its open sides in longitudinal direction of
the defect, here, the beneficial stimulation volume extends further into the soft tissue.
Additionally, it is generally observable that the volume of beneficially stimulated tissue
evolves asymmetrically around the stimulation electrodes such that it is significantly
greater in the anterior region of the defect. This is attributed to the abundance of
the less conductive cortical bone next to the cancellous bone domain. However, at a
distance of about 10 mm from the electrode, the electric field norm has dropped below
3 V/m. The distance between the electrode surface and the upper edge of the defect is

5I would like to emphasise that QSZi is not an approximation of EQSGa, as the two scenarios are based
on the different sets of dielectric tissue properties mentioned above.

6Note that specifically the corrected tissue data in scenario QSZi make the QS approximation of
Maxwell’s equation possible, see Sec. 4.2.2, page 42.
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approximately 12 mm. The region with overstimulation (|E| > 70 V/m) is limited to a
small area (<1 mm) directly around the electrodes and is located mainly towards the
sides of the mesh tray Fig. 5.5 (b).

As previously stated, both scenarios, i.e. EQSGa and QSZi, yield relatively similar
results in terms of the optimised electric field distribution. However, there will be an
examination of the minor distinctions in the next section.

5.2.2 Comparison of the optimised electric field distribution in both
scenarios

Overall, the optimised configurations for both scenarios, namely EQSGa and QSZi,
generate highly comparable proportions of under-, beneficially and overstimulated
tissue in the defect region, as shown in Table 5.4. In each scenario, roughly half of
the defect volume is beneficially stimulated, while slightly more than 50 % of the
volume is understimulated. In terms of total numbers, the volume of beneficially
stimulated tissue is only 0.4 mm3 greater in QSZi compared to EQSGa. The amount of
overstimulated tissue is small at 2.12 % (EQSGa) and 2.07 % (QSZi). As a result, the
volume of overstimulated tissue in the defect region is only 3.0 mm3 greater in EQSGa
than in QSZi. Figure 5.6 illustrates the volume of beneficially stimulated tissue for
the optimised configuration of both scenarios. It underlines the very similar extent of
beneficially stimulated tissue in both scenarios. The same applies to the overstimulated
volume (as shown in Fig. 5.7) and the understimulated volume (not depicted).

Scen. Vunder [mm3] Vbene [mm3] Vover [mm3] Vunder [%] Vbene [%] Vover [%]

EQSGa 2787.9 2603.0 116.9 50.62 47.26 2.12

QSZi 2790.5 2603.4 113.9 50.66 47.27 2.07

Table 5.4: Volume of under- (Vunder), beneficially (Vbene), and overstimulated (Vover) tissue in
the defect region for the considered scenarios EQSGa and QSZi in mm3 and in % of
the total defect volume.

For the analysis of the deterministic, optimised electrode configuration for EQSGa
and QSZi, the electric field norm |E| is plotted along three lines perpendicular to the
electrode surface as a function of the distance to the upper electrode surface (Fig.
5.8). Since there are only minor differences in the course of the field strength in both
scenarios, only the result for QSZi is shown in Fig. 5.8 (a).

In Fig. 5.8 (b) it can be seen that the course of the electric field norm |E| is only
slightly different for the two scenarios. Only for the middle line, |E| is noticeably higher
for QSZi (max. 5 V/m) than for EQSGa. The value of |E| is higher in the left portion of
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EQSGa

QSZi

Figure 5.6: Visualisation of the volume of beneficially stimulated tissue (5 V/m ≤ |E| ≤
70 V/m) for both optimised scenarios. Top left: EQSGa, bottom left: QSZi. In-
set on the right: superimposed plot of both scenarios. Note that the extent of
the beneficial volume differs only slightly (see inset). For QSZi, the beneficially
stimulated volume in the defect region is 0.4 mm3 greater than in EQSGa.

the defect region for both scenarios, but it attenuates more quickly and to lower field
strengths on the right portion of the defect region (Figure 5.8 (b)). In the middle line,
the overall field strengths is lowest due to the dumbbell-shaped distribution of the field
around the bipolar stimulation electrodes.

Furthermore, it is interesting to note the impact of the irregular model geometry on
the field strength (Fig. 5.8 (a)). For the part below the electrode (∆x < 0), the location
of the mesh tray (i.e. floating potential boundary condition) is particularly noticeable:
from left to right (i.e. from the posterior to the anterior part of the defect), the distance
from the electrode to the mesh tray is smaller, and the field diminishes accordingly at
smaller distances from the electrode. The field strength at the lower electrode surface
(negative ∆x values) is higher at the right (anterior) electrode (approximately 75 V/m
EQSGa, 78 V/m QSZi) than at the left (posterior) electrode surface (approximately
49 V/m EQSGa, 51 V/m QSZi). The middle cut line displays even lower field strengths
(24 V/m EQSGa, 28 V/m QSZi) attributed to the dumbbell-shaped field distribution
around the bipolar electrodes. However, the differences for the upper electrode surface
(positive ∆x values) are less pronounced. When comparing the electric field norm for
both scenarios in the immediate vicinity of the electrode (as illustrated in Fig. 5.8 (b)),
significant disparities only emerge for the middle cut line. Specifically, the field norm for
QSZi exceeds that of EQSGa by approximately 8 V/m at the electrode surface. However,
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EQSGa

QSZi

Figure 5.7: Visualisation of the volume of overstimulated tissue (|E| > 70 V/m) for both
optimised scenarios. Note that the extent of the beneficial volume differs only
slightly (see inset). For EQSGa, the overstimulated volume in the defect region is
3.0 mm3 greater than in QSZi.

this disparity fades with increasing distance from the electrode. At ∆x = 5.5 mm, the
outcomes for both scenarios are indistinguishable.

Because the same properties are used to model the cancellous bone above the
upper edge of the defect as in the defect region, and due to the irregular shape of
the cancellous part and its increasing height towards the left, different ∆x values are
observed for the side above the electrodes where the field strength approaches zero
(see Fig. 5.8 (a)). In this instance, a steep increase in field strength is observable as a
consequence of the material boundary towards the less conductive cortical bone. An
anticipated, albeit small, rise in field strength at the boundary of cancellous and cortical
bone is only observable for the right electrode at a distance of approximately 12 mm.
However, for the left electrode, the field has already decreased significantly due to the
greater distance between the material boundary and the electrode. Therefore, the field
change cannot be identified in the chosen representation.

I will now examine the distribution of the electric field throughout the whole 3D
minipig model. As expected, the electric field strength decreases rapidly as the distance
from the electrodes increases in the defect region (Fig. 5.9). Analysis of the maximum
and minimum electric field magnitudes in the other model domains, i.e. spongiosa
(cancellous bone domain), cortical bone, mucosa, and skin, reveals that the level of
considerable electric field strength in the tissue domains of the mucosa and the skin
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Figure 5.8: Electric field norm |E| simulated along three lines perpendicular to the electrode
surface. The inset in (a) displays the position of these lines in the left (posterior),
middle, and right (anterior) portion of the defect. (a) Exemplary plot for QSZi
regarding a broad range of distances to the electrode surface. (b) Comparative
plot of the electric field strength curve for both considered scenarios (EQSGa
straight line, QSZi dashed line). The course of |E| differs only slightly for both
scenarios. The dotted lines indicate the region of beneficially stimulated tissue
(5 V/m ≤ |E| ≤ 70 V/m).

EQSGa

Domain |E|max [V/m] |E|min [V/m] Vbene [mm3] Vover [mm3]

Defect 534 0.0123 2603 117

Spongiosa 167 0.005 509 0.1

Cortical bone 486 0.0022 1895 20

Mucosa 49 3.8 · 10−4 44 0

Skin 1 0.0016 0 0

Table 5.5: Maximum (|E|max) and minimum (|E|min) values of the electric field norm |E| and
volumes of beneficially stimulated (Vbene) and overstimulated (Vover) tissue in the
different model domains for scenario EQSGa. The maximum values are usually
located next to the electrode (defect, cortical bone, spongiosa) or next to mesh tray
(mucosa). The maximum and minimum values for scenario QSZi were in the same
order of magnitude and are not given here for the sake of brevity.

is insignificant (Table 5.5). In both the spongiosa domain (509 mm3) and the cortical
bone domain (1895 mm3), there is substantial stimulation at beneficial field strengths.
The volume of overstimulated tissue in these domains, however, is not significant. It is
important to note that no field ranges exist to determine potential harmful or beneficial
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Figure 5.9: Norm of the electric field strength |E| in (a), (b) the cortical bone and (c) the
whole minipig model. Note the logarithmic scale in (b) and (c) as the electric field
strength decreases rapidly with increasing distance from the electrodes.

field values in tissues other than bone. Whether a specific stimulation signal has
negative effects on the tissue also depends on the electrode material, the signal form,
and the frequency [273]. No literature thresholds were discovered for this particular
situation in this dissertation. Consequently, the 5–70 V/m threshold defined for bone
was also employed for the other tissues. Based on this assumption, it can be deduced
that there will be only little harm to adjacent tissues with the optimised electrode
configuration in EQSGa (Table 5.5) and QSZi (not shown due to very similar results).
Nonetheless, the actual nature of any potential effects of this particular stimulation
design on the surrounding soft tissue can only be revealed through in vivo trials [273].

5.2.3 Comparison of optimisation results with previous findings

The optimisation results stemming from the two conductivity scenarios studied in
this thesis (EQSGa and QSZi) will also be compared to two additional cases. The first
case compares to the optimisation results from my paper, Raben et al. [34], which
used a preliminary version of the numerical minipig model. The model did not utilise
own bone measurement data but only employed uncorrected Gabriel data [29] for the
dielectric tissue properties and had a slightly different electrode design, incorporating
a 1 cm long fixation pin with 1 mm diameter at the end of the posterior electrode.
Secondly, the outcomes of using the optimised electrode parameters from Raben et
al. [34], along with tissue properties utilised in scenario QSZi of this thesis will be
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Case hel [mm] φstim [V] Vunder [%] Vbene [%] Vover [%]

EQSGa 25.7 0.41 50.62 47.26 2.12

QSZi 25.9 0.60 50.66 47.27 2.07

Raben et al. [34] 25.0 0.52 48.75 48.96 2.29

Raben et al.|QSZi 25.0 0.52 53.89 44.79 1.32

Table 5.6: Optimised electrode configuration (electrode length hel and the stimulation voltage
φstim) and corresponding percentage of under-, beneficially, and overstimulated
volumes in the defect region for different optimised model cases, including the
scenarios considered in this thesis (EQSGa and QSZi). Note that the model in Raben
et al. [34] differed from the model regarded in this thesis by employing a slightly
different electrode design. All models significantly differ from each other by using
different sets of dielectric tissue properties.

presented (referred to as “Raben et al.|QSZi”).7 This enables the evaluation of the
effects of the previously uncorrected tissue properties applied in [34].

Table 5.6 displays the percentages of under-, beneficially, and overstimulated volume
in the defect region for each of the four cases. In general, the results indicate similar
proportions of stimulated tissue across all four compared scenarios. Approximately
one half of the defect volume is understimulated, while slightly less than one half is
beneficially stimulated. The volume of overstimulated tissue falls within the range
of 1.3–2.3 % with the least amount of overstimulation observed in Raben et al.|QSZi.
However, here also the percentage of beneficially stimulated tissue was 2.5 percentage
points lower than in the models established in this thesis. Therefore, it is possible
that the volume of beneficially stimulated tissue during in vivo application was slightly
smaller than anticipated in [34]. Still, the differences in stimulated volumes are too
small to significantly impact the overall successful outcome of the in vivo animal studies.

5.2.4 Discussion

From the volume plot of the beneficially and overstimulated volumes (Fig. 5.5), it is
evident that the fixation mesh has a significant impact. When the distance between the
implant and the fixation mesh is small, the electric field reaches critically high values.
This is because the equipotential mesh tray with the applied floating potential boundary
condition can be considered as an additional electrode. For practical applications,
it is therefore advisable to ensure that the fixation mesh is kept at an appropriate
distance from the electrode. Additionally, it must be ensured that the fixation mesh is

7I would like to remind the reader that scenarios EQSGa and QSZi are based on different sets of dielectric
properties, either including a correction for electrode processes (QSZi) or not (EQSGa). The respective
sets of dielectric properties in turn allow either for applying the EQS or QS approximation, see Table
4.3.
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sufficiently stable so that it does not deform when the animals perform their normal
activities, such as chewing and rubbing their cheeks. Otherwise, the deformed mesh
tray could result in increased and harmful electric field strengths or even a shorted
electrode. Deformed mesh trays were observed during the in vivo animal study [48],
which could have contributed to the suboptimal bone growth results in the defect region
(see Sec. 5.4). Evidently, the titanium mesh selected by the oral and maxillofacial
surgeons was insufficiently robust. Consequently, future studies will give specific focus
to the development of mechanically stable electrostimulating implants and improved
implant designs. For instance, other researchers have employed LCP, a biomaterial
that possesses a mechanical strength comparable to that of bone, to stabilise their
electrostimulation system in a small animal model (rabbit) [13]. I am contributing to a
similar approach currently being advanced in the SFB 1270 ELAINE, with a particular
focus on the development of reliably stable, load-bearing implants based on the titanium
alloy Ti6Al4V.

By specifying strict weighting of the objective function for overstimulation, in the
optimised setting only 2.1 % of the tissue receives potentially harmful field strengths
greater than 70 V/m. It is favourable that the simulated volume of overstimulated tissue
is generally much smaller than the volume of beneficially stimulated tissue. Otherwise,
the related tissue damage would undo the healing impact of the electric stimulation in
certain regions of the defect. However, it was observed that the desired field threshold
between 5 and 70 V/m is not only achieved in the bone, but also in the soft tissue.
The consequences of this need to be carefully studied in the in vivo experiments as the
impact of such fields on soft tissue is not exactly known.

Forcing the optimisation to avoid overstimulation further resulted in a relatively
low optimal stimulation amplitude of about φstim,opt = 0.41 V (EQSGa) and φstim,opt =
0.60 V (QSZi). This is also favourable in terms of ensuring a long battery life for the
animal experiments. Additionally, Liboff et al. [196] observed significant electrolysis
at stimulation potentials exceeding 1 V. Hence, it is advisable to refrain from utilising
voltages as high as this in the proposed electrostimulating devices. As per [274]
(reproduced in [275]), AC electric currents with peak values greater than 0.71 mA
in the frequency range of 15 to 100 Hz are perceivable by humans. Therefore, the
computed currents of 0.9 mA (EQSGa) and 1.7 mA (QSZi), which flow between the
electrode and the tissue, may be physically perceivable. Nevertheless, the values of
the electric currents obtained in this thesis are considerably lower than the muscular
response threshold (5 mA [274]). As a result, the electric currents in the optimised
stimulation setup can be considered suitable for long-term stimulation. However, only
in vivo experiments can reveal the actual impact.

With regard to possible heat generation, the implant can be considered as safe: The
phenomenon of heat production by an electric current passing through a resistance
is known as Joule heating or resistive heating. The heat dissipation resulting from
electrical stimulation could affect bone healing. Previous research indicated that a
modest increase in temperature (hyperthermia) can facilitate bone formation [276,
277]. Conversely, temperatures exceeding 47 ◦C were associated with increased bone
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resorption in rabbits [278]. In preliminary studies beyond the scope of this work, I
numerically estimated the time-dependent temperature increase and heat generation
near the electrostimulating implant. The model was simplistic in the sense that the
uncorrected tissue properties of Gabriel et al. [29] were used and no ETI was considered.
The frequency-transient studies indicate that electrical stimulation with φstim = 1.2 V at
f = 20 Hz for 50 minutes causes a temperature increase of merely 0.1 K in the initial
temperature of 37 ◦C. Therefore, it is unlikely that severe tissue heating will occur,
particularly since the applied stimulation voltage also was considerably higher than in
this study.

It could be argued that given the achieved optimal outcome with approximately
50 % beneficially stimulated tissue in the defect region, further improvements are
required, leading to the exploration of alternative electrode designs. I am actively
contributing to this ongoing exploration of alternative electrode designs within the
SFB 1270 ELAINE. Such an iterative refinement process, which in this work included
several design modifications of the bipolar electrodes, of the design in consultation
with collaborating colleagues is a crucial step in the development of an optimised
electrostimulating implant. Nonetheless, the original rationale behind employing the
bipolar electrode design was to ensure comparability with in vitro setups. Additionally,
the clinical effectiveness of the bipolar electrode design for avascular necrosis of the
femoral head has been demonstrated [279].8

To this end, it is further crucial to emphasise the need for interdisciplinary dis-
cussions on the findings with colleagues involved in developing the stimulation unit
and conducting in vivo trials. In this regard, it is important to not only focus on the
maximum volume of beneficially stimulated tissue but also to be aware of the associated
power consumption of the implant. This is particularly important because batteries will
be used for power supply in the experiments. These batteries have a limited lifespan
that varies based on their capacity and the power required to drive the stimulation
signal. Therefore, it may be necessary to strike a balance between optimal stimulation
volume and energy usage. The stimulator that will drive the stimulation signal in the in
vivo experiments, STELLA Bone [280,281], is powered by a CR2450 button cell with a
nominal capacity of Q = 620 mAh. With Q = 1/

√
2It, such a battery could enable 974

hours (EQSGa) or 516 hours (QSZi) of stimulation. In vivo, the electrical stimulation is
intended to be applied thrice a day for 45 minutes over a period of three to six weeks,
equivalent to a total of 47 to 95 hours of treatment. Based on these numbers, it is
evident that the selected battery can reliably meet the required energy demand, while
also accounting for a safety margin.

Furthermore, the impedance of the system under consideration is a crucial parameter
for its technical implementation. In this study, the impedance of the system falls within
the range of 350–450 Ω (Table 5.3). For scenario QSZi with corrected tissue properties,
the impedance of the system is markedly low due to the higher tissue conductivities
(Table 4.2). Therefore, a higher current is needed to achieve the desired optimal region

8It should be noted that in this particular application of the so-called ASNIS III s-series™ screw, the
electrical stimulation is achieved inductively.
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of beneficially stimulated tissue. Driving such high currents could create technical
challenges in the development of the stimulator required to power the electrostimulating
implant, as experimental studies by colleagues on a very simplified stimulation setup
for dimensioning the stimulator suggested impedances in the order of 2 kΩ [280]. As
a result, the output stage of the stimulation unit may not be capable of driving the
much higher current. Furthermore, the lower impedance necessitates a greater battery
capacity. Therefore, future research needs to address these limitations by performing
accurate experimental impedance characterisation in a setup that simulates real-world
conditions, i.e. using the stimulation electrodes and surrounding tissues that would be
present in an in vivo situation.
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5.3 Uncertainty quantification and sensitivity analysis of
an electrically stimulated minipig mandible

Parts of this section have been published in the manuscript “Addressing model uncertainties
in finite element simulation of electrically stimulated implants for critical-size mandibular
defects”, which appeared in IEEE Transactions on Biomedical Engineering [38].9

In the previous chapters, the electric stimulation system for bone regeneration in a
critical-size defect of a minipig mandible was introduced and optimised. Nevertheless,
both the lack of reliable measurement data and the intrinsic variations in the dielectric
properties of biological tissues, as discussed in previous chapters, can significantly affect
the reliability of the simulated electric field distribution. In addition, the parameters
of the electrode-tissue interface are subject to considerable variability. To assess how
uncertainties in the input data affect the predictions of the model, uncertainty quan-
tification (UQ) methods described in Sec. 4.3 are utilised. For the sake of brevity, the
UQ studies will only consider the influence of uncertain dielectric tissue properties and
parameters of the electrode-tissue interface (ETI). The impact of variations in technical
parameters like electrode length or stimulation amplitude will not be directly addressed
in the UQ studies described here. However, a brief overview of how different values of
these parameters impact the stimulated volumes is given in the context of parameter
studies.

The present study employs the generalised polynomial chaos (gPC) method to
evaluate the impact of uncertain dielectric properties on the simulated electrically
stimulated volumes and further output quantities. This is achieved by computing the
Sobol’ sensitivity indices and other relevant statistical measures. The following section
describes the above analysis in detail.

5.3.1 Specification of the probabilistic minipig model

Regarding the dielectric tissue properties in particular, sources of uncertainty include
measurement uncertainties, biological variability over time, variations in conductivity
across different bone regions due to the anatomical structure, and physiological condi-
tions, as introduced in Chapter 4.1. For the minipig model, uncertain dielectric tissue
properties were considered for cortical and cancellous bone, mucosa, and skin, as well
as uncertain ETI parameters RCT, Y0, and β. The UQ studies were conducted for both
scenarios outlined in Sec. 4.2.2, page 42, with different sets of uncertain parameters
being examined for each scenario. This was necessary because relative permittivities

9Ursula van Rienen, Peer W. Kämmerer, and I conceptualised the study. I carried out all simulations
and the data analysis, wrote the initial draft of the manuscript and prepared the visualisation of the
data. Ursula van Rienen initiated and supervised the project and provided methodological guidance.
Ursula van Rienen and Peer W. Kämmerer acquired the funding and provided all resources.



Results and discussion 81

were only modelled in EQSGa. The electrode length and stimulation voltage in each
scenario were chosen according to the optimised values as given in Table 5.3.

In order to quantify the impact of uncertainties in the dielectric tissue properties
on the computed output quantities, it is necessary to define reasonable probability
distributions for the uncertain parameters. I conducted extensive literature research
on how to statistically model the dielectric properties of biological tissues. However,
there appears to be no consensus on the specific type of distribution to be used in
modelling these tissues. Due to the limited amount of data available, UQ studies that
involve material or tissue properties often assume normal [255,260,282] or uniform
distributions [174,254,257–259,283–285]. The latter is used particularly often as it
represents a “worst-case scenario” [174,257,258] with all parameter values having the
same probability. Nevertheless, a bell-shaped distribution would naturally be expected
for biological materials [286]. Some studies use beta distributions, but often without
a detailed explanation of this choice in general or of the choice of the distribution
parameters [256,286].

Ideally, the distribution type and its parameters should be derived from experimental
data. This ensures trustworthy analyses as the distribution characteristics heavily
influence the UQ results. Following the statistical analysis of own measurement data
of cancellous minipig mandibular bone, the dielectric tissue properties were modelled
with normal distributions. The Shapiro-Wilk test [287] was used to prove that these
measurement data can be described by normal distributions.10 This test is particularly
appropriate for small sample sizes with n < 50, as in the present investigation (n = 32
for cancellous bone).11 To describe the normal distributions for the dielectric properties
of bone, I chose the mean values from the experiment (Table 5.1). The mean values
for the dielectric properties of mucosa and skin were retrieved from Gabriel et al. [29],
taking into account the correction for electrode polarisation where appropriate (scenario
QSZi). The standard deviations (STDs) for all tissue conductivities were selected so
that STD/mean = 25 %. This is similar to [187], where STD/mean = 20 %. I assumed
uniform distributions for the relative permittivities as a worst-case scenario, with a
variation of ±50 % around the mean value. This resulted in a relative input uncertainty
of STD/mean ≈ 28.9 %.12

In preliminary UQ studies for QSZi, the parameters σskin, σmuc, and RCT were found
to have almost no effect on the simulation results: the sum of their Sobol’ indices
was generally less than 0.0005 for all analysed output quantities (refer to Fig. 5.14
and 5.15). As a result, these input parameters were excluded from the UQ studies for
EQSGa. Instead, the influence of the relative permittivities εr,cort, εr,muc, and εr,canc was
investigated in EQSGa.

10I thank Dr. Piotr Putek for providing the statistical analysis.
11Unfortunately, statistical conclusions could not be drawn from the data for cortical bone due to its very

small sample size (n = 5). Nevertheless, the dielectric properties of cortical bone were also assumed
to be normally distributed.

12Note that in case of the uniform distribution STD = (U − L)/
√

12, with U and L the upper and lower
bounds of the distribution, respectively.
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The parameters of the electrode-tissue interface (β, Y0, and RCT ) were modelled us-
ing uniform distributions in order to account for a worst-case scenario due to unknown
variations: during extensive literature research, I found that the reported parameter
values differ significantly depending on the particular electrode material and surface
properties (for Y0 and n [227, 288–291]; for RCT [227, 288, 292, 293]). No detailed
characterisation of the electrochemical and surface properties of the used electrodes is
currently available, so I assumed uniform distributions with a variation of ±50 % for
Y0 and RCT. This decision is justified to cover a wide range of values due to possible
changes of the electrode during the stimulation period, such as corrosion or deposition
of calcium phosphate [24]. For β, I assumed that variations may reach as low as 0.7, as
reported by Tamilselvi et al. [288] following apatite deposition. This can be compared
to the deposition of calcium phosphate observed at similar electrodes during in vitro
experiments [24]. The uncertain parameters assumed in each scenario, along with
their corresponding distributions, are presented in Tables 5.7 (QSZi) and 5.8 (EQSGa).
The remaining deterministic parameters were set to their nominal values as stated in
Table 4.2.

Tissue Distribution Explanation

σcanc N (0.1003, 0.0251) S/m Own measurements; assumed STD/mean = 25 %

σcort N (0.0267, 0.0067) S/m Own measurements; assumed STD/mean = 25 %

σskin N (2.0, 0.5) · 10−4 S/m [29,30]; assumed STD/mean = 25 %

σmuc N (0.363, 0.091) S/m [30]; assumed STD/mean = 25 %

RCT U (138.0, 39.8) kΩ [227]; assumed ±50 % variation

Y0 U (19.5, 58.4)µF [227]; assumed ±50 % variation

β U (0.7, 1) [288]

Table 5.7: Assumed distributions for the electric conductivities and the electrode-tissue interface
(ETI) parameters in scenario QSZi. The normal distribution is denoted by N and
the uniform distribution is denoted by U . The simulations were carried out for the
optimised electrode configuration with hel = 25.9 mm and φstim = 0.60 V.

In this study, the default settings of Uncertainpy [247] were used: fourth order
polynomials (Hermite polynomials for the normally distributed input parameters and
Legendre polynomials for input parameters following a uniform distribution, see Sec.
4.3.3) were used and the point collocation method with 2(Np + 1) collocation nodes
was applied. This corresponds to 662 model runs in the case of M = 7 uncertain
parameters. I considered 104 PCE-MC samples for sampling the surrogate model M̂
and determining the 5th and 95th percentiles and the 90 % prediction interval. The
subsequent section presents the results obtained from the UQ analysis.
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Tissue Distribution Explanation

σcanc N (0.0498, 0.0125) S/m Own measurements; assumed STD/mean = 25 %

σcort N (0.0168, 0.0042) S/m Own measurements; assumed STD/mean = 25 %

εr,canc U (6.3, 18.9) · 106 Own measurements; assumed ±50 % variation

εr,cort U (1.6, 4.9) · 106 Own measurements; assumed ±50 % variation

εr,muc U (12.2, 36.5) · 106 [29]; ±50 % variation

Y0 U (19.5, 58.4)µF [227]; assumed ±50 % variation

β U (0.7, 1) [288]

Table 5.8: Assumed distributions for the dielectric properties and the electrode-tissue interface
(ETI) parameters in scenario EQSGa. The normal distribution is denoted by N and
the uniform distribution is denoted by U . The simulations were carried out for the
optimised electrode configuration with hel = 25.7 mm and φstim = 0.41 V.

5.3.2 Global sensitivity analysis using Sobol’ indices

In this research, a global sensitivity analysis was carried out using Sobol’ indices
to evaluate the influence of different input parameters on the output functions, as
explained in Chapter 5.3. The considered output quantities are the volumes of under-,
beneficially, and overstimulated tissue in the defect region (Vunder, Vbene, Vover, as defined
in Sec. 5.2) for both considered scenarios EQSGa and QSZi. Additionally, the terminal
current Iterm and the norm of the electric field |E(P1)| at an exemplary point P1 in
the defect region at a distance of 3.5 mm from the electrode surface were taken into
account. The position of P1 within the defect region is depicted in Fig. 5.11. For
a comprehensive overview of the impact of the parameters on the output, also the
standard deviation (STD) as well and the 5th and 95th percentile were computed.

When examining the first order Sobol’ indices, I found that the input parameters
exhibit different levels of influence on the output variables. The study demonstrates that
in both conductivity scenarios the CPE parameter β is the most influential parameter
for all considered output quantities, contributing about half of the output variance (see
Fig. 5.10 and Fig. 5.11 in which the statistical metrics are presented exemplarily for
scenario EQSGa). The capacitance parameter Y0 is an additional influential quantity,
accounting for ca. 21–28 % of the total variance. The impact of the conductivity
of cancellous bone σcanc is comparatively smaller, with first order sensitivity indices
typically in the range of 0.5–0.12. The precise contributions vary depending on the
different output quantities and the scenario considered. For instance, for Iterm in EQSGa,
the contribution of σcanc with Sσcanc = 0.26 is even larger than that of Y0 (SY0 = 0.22).
Additionally, in QSZi σcanc has a similarly large impact on the electric field norm as Y0
(Sσcanc = 0.22 and SY0 = 0.23, see Fig. 5.15 (d)). From their small Sobol’ indices it is
evident that the parameters εr,cort, εr,muc, εr,canc, and σcort (EQSGa) as well as σcort, σmuc,
σskin, and RCT (QSZi) have a negligible impact on all considered output quantities. As



Results and discussion 84

a result, these parameters could be assigned constant values to simplify the model
in future studies. A more detailed comparison of the uncertainties in both examined
scenarios will be presented in the subsequent section. Presently, I will concentrate on
the situation in scenario EQSGa.
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Figure 5.10: Statistical metrics (mean, standard deviation (STD), 5th (P5) and 95th percentile
(P95)) and Sobol’ indices (First order and total Sobol’ indices) for the (a) under-
stimulated, (b) beneficially stimulated, and (c) overstimulated tissue in the defect
region in scenario EQSGa. The dominant impact of the parameters β and Y0 is
evident. σcanc has a observable impact, while σcort and the relative permittivities
εr are negligible. Especially for the beneficially stimulated volume, the sum of the
total Sobol’ indices is significantly greater than one, suggesting interaction effects.

A distinct difference between the first order and total Sobol’ index of a parameter
indicates interactions between this parameter and the other parameters. Another
indicator of the presence of interactions is that the sum of the first order Sobol’ indices
is significantly less than one. Simultaneously, the sum of the total Sobol’ indices is
significantly greater than one. As illustrated in Fig. 5.10, the difference between the
first order and total Sobol’ indices for the parameters β, Y0, and σcanc is particularly
significant in relation to Vbene. This implies that these parameters have a notable impact
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on this output quantity due to both direct and interaction effects. It also suggests that
the interactions between β, Y0, σcanc and the other input parameters play a vital role
in determining the output variability. However, it should be noted that the overall
uncertainty in Vbene is relatively low, with STD/mean ≈ 5.7 %, indicating that the actual
variations resulting from parameter interactions are not expected to be very pronounced.
The interactions are mostly evident for Vbene as specific combinations of parameter
values may cause the set field threshold of 5 V/m ≤ |E| ≤ 70 V/m to be surpassed either
upwards or downwards, resulting in a variation in the volume of beneficial stimulation.
For Vunder and Iterm, only minor interaction effects are apparent, with

∑︁
i STi

≈ 1.06.
The interaction effects for Vover and |E(P1)| are negligible.
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Figure 5.11: Statistical metrics (mean, standard deviation (STD), 5th (P5) and 95th percentile
(P95)) and Sobol’ indices (First order and total Sobol’ indices) for the (a) terminal
current Iterm and (b) the electric field norm |E(P1)| in point P1 in EQSGa. The
dominant contribution of the parameters β and Y0 is evident. σcanc has an
observable impact, while σcort and the relative permittivities εr are negligible. For
Iterm, the sum of the total Sobol’ indices is slightly greater than one, implying the
possibility of interaction effects. In (b), the location of the point P1 is indicated.
Statistical metrics and Sobol’ indices for the other displayed points were very
similar to that of P1, so they are not shown separately.

The UQ studies in this thesis were carried out for scenarios EQSGa and QSZi. The fol-
lowing section will examine the similarities and differences concerning the uncertainties
in both of these scenarios.
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Impact of the conductivity scenario on the statistical metrics and the Sobol’
indices

Both scenarios defined in this thesis considered different sets of uncertain input param-
eters and different total parameter ranges, e.g., for the cancellous bone conductivity
σcanc (Sec. 5.3.1). As a result, a direct comparison between the two scenarios is neither
feasible nor intended. Instead, the individual outcomes of both scenarios aim to provide
insight into the impacts of uncertain input quantities.

95th percentile 
mean
5th percentile

95th percentile 
mean
5th percentile

(a) EQSGa

95th percentile 
mean
5th percentile

95th percentile 
mean
5th percentile

(b) QSZi

Figure 5.12: Exemplary visualisation of the beneficially stimulated tissue (5 V/m ≤ |E| ≤
70 V/m) in the probabilistic model in (a) EQSGa and (b) QSZi. Shown are the
95th percentile, the mean, and the 5th percentile. Figure adapted from [38].

In Fig. 5.12 and Fig. 5.13 the 95th percentile, mean, and 5th percentile of the bene-
ficially and overstimulated volume are illustrated for both of the optimised scenarios.
The aforementioned dumbbell-shaped electric field distribution is again evident, and
the asymmetry in the beneficial electric field distribution is even more pronounced than
in the deterministic models. The 5th percentile of the beneficially stimulated volume
resembles a relatively narrow region around the electrode, penetrating approximately
4–5 mm into the defect tissue in both scenarios. For the mean value in scenario QSZi,
the beneficially stimulated volume reaches ca. 5–10 mm into the defect tissue. For the
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(a) EQSGa
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mean
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(b) QSZi

Figure 5.13: Exemplary visualisation of the overstimulated tissue (|E| > 70 V/m) in the prob-
abilistic model in (a) EQSGa and (b) QSZi. Shown are the 95th percentile, the
mean, and the 5th percentile. Figure adapted from [38].

95th percentile this amounts to roughly 5.5–12 mm, which corresponds to the entire
height of the defect region at the anterior side of the defect. The values for scenario
EQSGa are slightly smaller. The 5th percentile and the mean of the overstimulated
volume cover only parts of the electrodes and are mainly located to the sides of the
mesh tray in both scenarios. However, the 95th percentile indicates that almost the
complete surface area of the electrodes is overstimulated. The overstimulated volume
extends to around 0.3 mm (top and bottom of the electrodes) and 1 mm (sides of
the electrodes) into the tissue. Table 5.9 presents the mean values of the stimulated
volumes, the current, and |E(P1)| in both scenarios. The beneficially stimulated volume
and |E(P1)| are similar across both scenarios, with slightly larger values in scenario
QSZi. The larger beneficially stimulated volume resulting from QSZi is desirable as this
scenario takes into account electrode processes and is thought to be closer to reality,
see Sec. 4.2.2. However, this scenario may result in considerably more overstimulation,
specifically 57 % more than in EQSGa. In addition, the current in QSZi is more than
double of the value of EQSGa, resulting in an increased demand for electrical energy.
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In comparison to the deterministic results (Tables 5.3 and 5.4), the mean values of
the stimulated volumes obtained from the UQ results in both scenarios demonstrate
a minor increase in Vbene and Vover and a corresponding decrease in Vunder, as stated
in Table 5.10. The total volume of overstimulated tissue in the probabilistic models
is roughly two (EQSGa) and three times (QSZi) larger than in the deterministic case.
Nonetheless, the corresponding increase in overstimulation as a percentage of the total
defect volume may remain tolerable, with an increase of 2.1 % for EQSGa and 4.5 % for
QSZi. Additionally, there are notable differences observed in the terminal current Iterm.
Specifically, in the probabilistic case, the mean of Iterm is 21 % (EQSGa) and 36 % (QSZi)
greater, indicating higher energy demands.

Mean [%]

Output quantity EQSGa QSZi EQSGa QSZi

Vunder 2600 mm3 2428 mm3 47.2 % 44.1 %

Vbene 2676 mm3 2718 mm3 48.6 % 49.3 %

Vover 231 mm3 362 mm3 4.2 % 6.6 %

Iterm 1.09 mA 2.31 mA – –

|E(P1)| 10.05 V/m 11.61 V/m – –

Table 5.9: Mean values of the uncertain volumes of under- (Vunder), beneficially (Vbene), and
overstimulated (Vover) tissue in the defect region, Iterm, and |E(P1)| for the consid-
ered scenarios EQSGa and QSZi. The stimulated volumes are given in mm3 and as a
percentage of the entire defect volume. The uncertain input parameters regarded in
the different scenarios are provided in Tables 5.7 and 5.8.

EQSGa QSZi

Output quantity ∆ ∆ [%] ∆ ∆ [%]

Vunder -187.9 mm3 -3.4 % -362.5 mm3 -6.6 %

Vbene 73.0 mm3 1.3 % 114.6 mm3 2.1 %

Vover 114.1 mm3 2.1 % 248.1 mm3 4.5 %

Iterm 0.19 A 21 % 0.61 A 36 %

Table 5.10: Difference ∆ = XUQ −Xdet with respect to the deterministic models (see Table 5.4)
for the volume of under- (Vunder), beneficially (Vbene), and overstimulated (Vover)
tissue in the defect region and the current Iterm. Note that the difference in volume
is given in mm3 and in % of the total defect volume.

In addition to the larger volume of overstimulated tissue in QSZi, also the standard
deviation and 95th percentile are significantly higher (Fig. 5.14 (e) and (f)). In terms
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(f) Vover (QSZi)

Figure 5.14: Comparison of the statistical metrics (mean, standard deviation (STD), 5th (P5)
and 95th percentile (P95)) and Sobol’ indices (first order and total Sobol’ indices)
for the (a), (b) understimulated, (c), (d), beneficially stimulated, and (e), (f)
overstimulated tissue in the defect region in scenario EQSGa ((a), (c), (e)) and
scenario QSZi ((b), (d), (f)). Figure adapted from [38].

of the beneficially stimulated tissue, both scenarios yield similar outcomes with QSZi
having somewhat larger mean and 95th percentile values (Fig. 5.14 (c), (d)). Similar



Results and discussion 90

findings with more significant differences are obtained for the understimulated volume
(Fig. 5.14 (a), (b)). A noteworthy finding is that the range of stimulated volumes,
i.e. the difference between the 5th and the 95th percentile, is greater for QSZi than for
EQSGa (Figs. 5.14 and 5.15).
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(c) |E(P1)| (EQSGa)
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(d) |E(P1)| (QSZi)

Figure 5.15: Comparison of the statistical metrics (mean, standard deviation (STD), 5th (P5)
and 95th percentile (P95)) and Sobol’ indices (first order and total Sobol’ indices)
for (a), (b) the terminal current Iterm and (c), (d) the electric field norm |E(P1)|
in point P1 in EQSGa ((a), (c)) and QSZi ((b), (d)). Figure adapted from [38].

In both scenarios analysed, the overall importance of the various input parameters
is similar with β, Y0, and σcanc being the most influential parameters as per the Sobol’
indices, see Fig. 5.14 and Fig. 5.15. For the majority of output quantities, there are
only minor differences in the absolute numbers. Comparing the Sobol’ indices in both
scenarios, the most significant differences are apparent for the output quantities Iterm

and |E|. Additionally, for σcanc there are significant differences between the Sobol’
indices of the scenarios for all output quantities.

For the input parameter β, the behaviour in both scenarios is largely comparable.
The most striking differences are in the output quantity Iterm: β has a significantly
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greater influence on Iterm in QSZi. On the other hand, the Sobol’ indices for σcanc are
over twice as high in EQSGa when compared to QSZi, with an accordingly smaller
impact of β and Y0. However, considering the standard deviations in both scenarios and
multiplying them by the Sobol’ indices, the resulting value is approximately 0.073 mA
in both cases. This indicates that the total impact of σcanc in both examined scenarios is
in fact comparable and that Sobol’ indices should always be analysed with reference to
the standard deviation.

For the beneficially stimulated tissue as an output quantity, the difference between
the total Sobol’ index and the first order Sobol’ index is greater in QSZi than in EQSGa
for all regarded uncertain input parameters. This implies more pronounced interactions
in QSZi than in EQSGa.

Discussion

The findings of this sensitivity analysis, i.e. the high sensitivity with respect to the
CPE parameters β and Y0, highlight the importance of a careful characterisation of the
electrode material. Otherwise, even relatively small variations in the input parameters
could lead to large variations in the volume of stimulated tissue, as suggested by the
results of this global sensitivity analysis. Furthermore, the considerable sensitivities
of Iterm with respect to σcanc (EQSGa) and of the electric field norm with respect to
σcanc (QSZi) indicate that it is essential to accurately measure the conductivity of the
bone or bone replacement material in the defect volume. This is required to model
the electrostimulating setup precisely, enabling cooperation partners to design the
electrostimulating circuitry appropriately. The aforementioned aspect is particularly
crucial since the stimulator, along with its electronics, requires designing for a specific
impedance range [280]. As a result, it can only deliver a limited amount of current.

Compared to the deterministic studies, the mean values of the stimulated volumes
from the UQ studies show only slight differences. Considering the uncertainties assumed
in this work, the overall stimulation success is not compromised in the probabilistic
setting. However, due to substantial differences in the current, the stimulator should
be designed to accommodate a wider range of currents with the ability to make
adjustments if necessary. Alternatively, a precise experimental characterisation of the
relevant input parameters is required to reduce these uncertainties.

Caution should be exercised when comparing both scenarios, as they were es-
tablished at different levels of stimulation amplitude and considered distinct sets of
uncertain input parameters. Nevertheless, the sum of the Sobol’ indices of the input
quantities considered in both scenarios (β, Y0, σcanc, σcort) is greater than 98.3 % of
the sum of all Sobol’ indices for all output quantities in both scenarios. Therefore,
the comparative findings are easily appreciable. Additionally, both scenarios represent
similar levels of under-, beneficially, and overstimulated tissue. Consequently, based
on the previous comparison of the scenarios, it can be concluded that in QSZi, which
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may be closer to the actual conditions, even more attention must be paid to the careful
characterisation of the tissue and electrode properties.

Due to the novelty of the numerical simulation of electrically stimulating lower
jaw bone implants, there are only a few studies in the literature that allow a limited
comparison. Other researchers investigating UQ studies of electrically active implants
in various applications often examine dissimilar output quantities [256,286,294] and
different electrode and model geometries [255, 283]. However, there is evidence
that supports some of the findings obtained in this thesis: for instance, Schmidt et
al. evaluated the uncertainty in the conductivities of head tissues for the application
in transcranial stimulation [258]. The determined Sobol’ indices for the sensitivity
of the stimulation amplitudes revealed the presence of interactions between the skin
and skull conductivity. In another study, Schmidt et al. [283] performed a sensitivity
analysis for an electrostimulating hip revision system and determined the Sobol’ indices
for two tissue conductivities for the optimally stimulated region. They noted that
parameter interactions were negligible in this case. However, their study did not
consider ETI parameters, which are significant according to the findings of this thesis
and may prove crucial in the assessment of interactions. Indeed, uncertainties in the
ETI parameters were investigated in a further study by the same author [294] focusing
on deep brain stimulation: their findings suggest that the investigated output quantities
were minimally impacted by variations in the ETI parameters, which differs from the
outcome of this study. However, their study referred to the voltage response and the
volume of tissue activated as output quantities. These quantities substantially differ
from the output quantities addressed in this thesis and thus provide an explanation for
the discrepancy.

After determining the input parameters with the greatest impact through sensitivity
analysis, I will proceed to quantify the magnitude of the resulting uncertainties in the
following section.

5.3.3 Quantification of uncertainties in the model outputs of the
electrically stimulated minipig mandible

The relative standard deviation STDr = STD
µ

is used to quantify the uncertainties in
the considered model outputs in both scenarios. Again, I consider the optimised
configuration of each scenario here, as summarised earlier in Table 5.3.

From Table 5.11 it is evident that the volume of beneficially stimulated tissue
Vbene is only marginally affected by uncertain model parameters, with uncertainties of
5.69 % (EQSGa) and 7.00 % (QSZi). The most significant uncertainties in the optimised
electrode configuration are present in the volume of overstimulated tissue Vover with
uncertainties of 52.18 % (EQSGa) and 65.81 % (QSZi). There are slightly smaller, yet
significant uncertainties ranging from 22–32 % present in the terminal current Iterm
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STDr [%]

Output quantity EQSGa QSZi

Vunder 10.04 16.06

Vbene 5.69 7.00

Vover 52.18 65.81

Iterm 25.48 31.78

|E(P1)| 22.10 32.33

Table 5.11: Uncertainty in terms of the relative standard deviation STDr = STD/µ in the
output quantities Vunder, Vbene, Vover, Iterm, and |E(P1)| for the optimised electrode
configurations in the scenarios EQSGa and QSZi. The uncertain input parameters
regarded in the different scenarios are provided in Tables 5.7 and 5.8.

and the electric field norm |E(P1)|. The output quantities of interest generally exhibited
higher uncertainties in QSZi. This was due to the different parameter distributions used
in both scenarios, as previously mentioned.

Impact of the stimulation amplitude on the model uncertainties

To assess the effect of different stimulation amplitudes, e.g., due to technical tolerances
of the stimulation unit, UQ was also performed for stimulation voltages that are
20 % lower than the initial, optimised values of both scenarios. Moreover, in order
to investigate the effect of even higher stimulation amplitudes, as used in in vitro
experiments in the SFB 1270 ELAINE [19,20], voltages of up to 1 V (EQSGa) and 1.5 V
(QSZi) were applied.

Fig. 5.16 illustrates that the resulting uncertainty varies considerably over a wide
range of stimulation voltages for the different output quantities considered. For instance,
in Fig. 5.16 (b) it can be seen that with increasing stimulation amplitude, both the
STD and the 90 % prediction interval as well as the uncertainty in terms of STD/mean
decrease for beneficially stimulated tissue. In contrast, these quantities show an
increase for the under- and overstimulated volume (refer to Fig. 5.16 (a) and (c)). The
uncertainty for the beneficially stimulated volume is comparatively low, with STD/mean
ranging between 8.2 % and 1.3 %. The volume of overstimulated tissue increases as the
stimulation voltage rises, leading to greater overstimulation. Additionally, both the STD
and the 90 % prediction interval experience substantial increases, whereas STD/mean
decreases (see Fig. 5.16 (c)). The uncertainty for this output quantity is very high, with
values of up to 70.2 % (QSZi) and 57.6 % (EQSGa), which decrease to still considerable
uncertainties at higher stimulation voltages (30.8 % in QSZi and 25.0 % in EQSGa). The
level of uncertainty in QSZi generally exceeds that of EQSGa by more than 20 percentage
points.
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(a) Vunder (b) Vbene

(c) Vover

Figure 5.16: Stimulated volumes ((a) understimulated Vunder, (b) beneficially stimulated Vbene,
(c) overstimulated Vover) in the defect region for different stimulation voltages in
scenarios EQSGa and QSZi and the corresponding uncertainty of the quantity of
interest in terms of STD/mean. The error bars indicate the standard deviation
(STD). The coloured area corresponds to the 90 % prediction interval (line pattern
for EQSGa, no line pattern for QSZi). The optimal stimulation voltages of each
scenario are indicated with a bold frame. Note the different scales in (a), (b), and
(c).

In Figure 5.16 (a) it is evident that the uncertainty of the understimulated volume
has moderate values that range between 9.1 % and 27.9 %. The STD and the 90 %
prediction interval increase only slightly with increasing stimulation voltage, while
STD/mean increases linearly and significantly. At 1.5 V for QSZi it reaches 27.9 %. The
uncertainty in EQSGa is approximately five percentage points lower than in QSZi. The
90 % prediction interval and standard deviations for QSZi are marginally wider than
those for EQSGa.
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Figure 5.17: (a) Terminal current Iterm and (b) norm of the electric field strength in point P1
(|E(P1)|) for different stimulation voltages in EQSGa and QSZi and the correspond-
ing uncertainty of the quantity of interest in terms of STD/mean. The error bars
indicate the standard deviation (STD). The coloured area corresponds to the 90 %
prediction interval (line pattern for EQSGa, no line pattern for QSZi). The optimal
stimulation voltages of each scenario are indicated with a bold frame.

As expected, both Iterm and |E(P1)| increase linearly as the voltage increases (see
Fig. 5.17). Additionally, the STDs and the 90 % prediction interval also exhibt higher
values with increasing stimulation voltage, with notably greater values observed in
QSZi. In both scenarios, the relative uncertainty STD/mean remains constant because
the current and electric field norm are linearly dependent on the stimulation voltage.

The stimulation amplitude also shows an interesting effect on the sensitivity of
the beneficially stimulated tissue, where further input parameters such as σcort and
σmuc seem to become more influential with respect to the uncertainty of the output
quantities with increasing stimulation amplitude, as indicated by significantly increased
Sobol’ indices. However, when interpreting these results in the context of the drastically
decreasing STD shown in Fig. 5.16 (b), no significant variations in the output are ex-
pected (see Appendix B). The impact of the stimulation amplitude on the Sobol’ indices
is negligible in both over- and understimulated tissue, with only a slight difference of a
few percentage points.

Quantified impact of individual parameter variations

The previously described UQ studies enable the estimation of the effect of a set of
uncertain input parameters on the model output. To evaluate how the variation in
a single parameter affects the volume of stimulated tissue, parametric studies with
a variation of only one parameter at a time were performed for both scenarios. The
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parameters investigated were those with the most significant impact on the output
variance, i.e. β, Y0, and σcanc. Additionally, the stimulation voltage and the electrode
length hel were varied parametrically. The parameter values for β and Y0 encompass
the range selected in the UQ studies (Tables 5.7 and 5.8). The chosen range for σcanc is
mean ± 3 STD. Only one parameter was varied during each parametric study, whereas
all others remained set to their initial values (see Table 4.2).
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Figure 5.18: Impact of parametric variation of the most significant (with respect to the output
uncertainty) input parameters on the beneficially, under-, and overstimulated
volumes in the defect region. (a) β, (b) Y0, (c) σcanc. Solid lines: EQSGa; dashed
lines: QSZi. Stimulated volumes are given in mm3 (left y-axis) and in % of the
whole defect volume (right y-axis). The optimised parameter values are marked
with enlarged symbols.

Fig. 5.18 (a) demonstrates that with increasing β, there is a similar decrease in the
volume of beneficially stimulated tissue for both scenarios. Within the regarded range
of β ∈ (0.7, 1), the volume of beneficially stimulated tissue decreases by approximately
six percentage points of the total defect volume. At the same time, the understimulated
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volume increases while the overstimulated volume decreases with increasing β. These
observations can be accounted for by the enhanced CPE impedance resulting from a
larger β and, consequently, an increased ETI impedance (as described in Eqs. (4.1)
and (4.3)). For β = 0.7 , the over- and understimulated volumes attained in QSZi
are notably greater and less than those reached in EQSGa, respectively. Conversely,
for β = 1 , both scenarios produce similar stimulated volumes. This observation can
be explained by the higher stimulation voltage applied in QSZi compared to EQSGa.
As β approaches 0.95 – the configuration for which both scenarios were optimised
– the curves of stimulated volumes approach each other. If β was reduced by 0.05
in the vicinity of the initial value of 0.95, it would only lead to underestimation of
the beneficial and overstimulated volume by about 2–3 % of the total defect volume.
However, a drastically reduced β = 0.7 alone could lead to an overstimulated volume
that is significantly increased by ten percentage points of the total defect volume for
QSZi.

Extended usage of electrostimulating electrodes may lead to the formation of calcium
phosphate deposits on the electrode surface [24]. During the analysis of the corrosion
behaviour of Ti6Al4V in a simulated body fluid (SBF) solution, which contains calcium
ions and phosphate ions, Tamilselvi et al. observed a decline in β from an initial value
of 0.85 to 0.7 after a span of 15 days [288]. A comparable reduction in β can be
anticipated for the electrodes considered in this thesis. This particularly applies to the
fact that calcium phosphate deposition has been observed in vitro on similar stimulation
electrodes [24]. Consequently, it can be inferred that a noticeable rise in overstimulated
tissue of around ten percentage points may arise if β reduces from 0.95 to 0.7 when
considering QSZi (Fig. 5.18 (a)). In this case it would be necessary to reduce the
stimulation amplitude.

Varying the capacitance parameter Y0 alone leads to an increase in the overstimu-
lated and beneficially stimulated volume, while the understimulated volume decreases
(Fig. 5.18 (b)). There are only minor differences between the two scenarios. Through-
out the optimisation and UQ studies, the capacitance parameter Y0 of a polished
titanium specimen was utilised. A rougher electrode surface would result in a multiple
of the assumed parameter value [227], which exceeds even the range considered in
the parameter studies. Therefore, a simulation with the parameter values β = 0.64 ,
Y0 = 271µF, RCT = 2.65 kΩ from [227] for a vacuum plasma sprayed titanium surface
was considered as an extreme example for comparison purposes for the optimised QSZi
case. The test simulation revealed that 50 % of the tissue in the defect region was
beneficially stimulated, while 19 % was overstimulated, and 31 % was understimulated.
The overstimulation, which is significantly higher in comparison to the maximum 2.3 %
with polished titanium (Table 5.6), is the most noteworthy outcome. The significant
degree of overstimulation would require reoptimisation of the stimulation parameters.

The absence of a proper electrode characterisation during the simulation studies
for this thesis constitutes a significant source of uncertainty that I addressed through
the utilisation of UQ. However, the variation in input parameters may be too extensive
to be practically managed with UQ, as stated above. Therefore, future studies should
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address this issue by accurately characterising the electrochemical properties of the
electrode material or by defining additional case scenarios for the development of
electrostimulating implant designs. To the best of my knowledge, there have been
no studies carried out to investigate how the ETI parameters of electrostimulating
bone implants change over time. In this context, it would be highly desirable to carry
out investigations, ideally through the direct monitoring of electrostimulation in vivo
using impedance spectroscopy methods, to gain further insight. However, it remains
uncertain as to whether such a setup could be technically realised. Nevertheless, these
technical aspects merit further discussion with experts for future research.

Recent studies suggest that the electrical properties of bone, e.g., increasing bone re-
sistance, can be used as an indicator for bone fracture healing [295,296]. Consequently,
it can be assumed that the electrical conductivity in the defect area decreases during
bone regeneration. In this study, smaller σcanc lead to an increase in both beneficially
and overstimulated tissue (Fig. 5.18 (c)). In EQSGa, the increases in Vbene and Vover are
comparable, whereas in QSZi the overstimulation increases significantly more than the
beneficial stimulation, reaching up to 13 % of the defect volume for σcanc = 0.025 S/m.
Therefore, it may be advisable to decrease the amplitude of stimulation during the
physical treatment to prevent tissue damage. Revisiting the range of cancellous bone
conductivity values found in the literature (Fig. 5.2), and considering that Balmer et
al. [185] measured conductivity values down to 0.03 S/m, this situation seems realistic
and the change of the stimulation effect during the entire treatment duration should
be taken into account. In the case of in vivo experiments, this duration could last
from three to six weeks. I conclude that an appropriate modification of the stimula-
tion parameters is imperative to ensure proper stimulation during the entire therapy.
More precisely, decreasing the conductivity in the defect region indicated that, for
the same amplitude of the signal driving the stimulation, a higher percentage of the
defect region could be stimulated beneficially. This implies that a lower stimulation
potential would be sufficient to achieve the same volume of beneficially stimulated
tissue. However, there was also a significant increase in overstimulation observed
in this situation. Therefore, the optimal stimulation unit should employ closed-loop
stimulation using real-time biosignal processing [297,298], which can monitor changes
in tissue impedance and can prevent harmful tissue overstimulation by adjusting the
stimulation signal accordingly. As the flowing current decreases during the healing
progress, the power consumption is also reduced. This could potentially extend the
lifespan of the battery of the stimulator.

Fig. 5.19 (a) shows that varying the electrode length hel over a wide range has the
most profound effect on the stimulated volumes. Increasing hel from 10 mm to around
24 mm leads to a linear increase of Vbene from approximately 10 % to about 45 % of
the defect volume. Conversely, Vunder declines from about 90 % to about 52 %. For
even larger electrode lengths, the increase in Vbene and the decrease in Vunder become
less pronounced and are even slightly reversed for hel > 26 mm. This is due to the
less distinct but continuous increase in Vover, which also extends beyond hel > 26 mm.
However, the percentage of overstimulated tissue is relatively small, with a maximum
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Figure 5.19: Impact of parametric variation of (a) the electrode length hel and (b) the stimula-
tion voltage on the beneficially, under-, and overstimulated volume in the defect
region. Solid lines: EQSGa; dashed lines: QSZi. Stimulated volumes are given
in mm3 (left y-axis) and in % of the whole defect volume (right y-axis). The
optimised parameter values are indicated with enlarged symbols.

of 2.3 % at hel = 26.7 mm. Both scenarios produce almost identical outcomes. The
findings that minor adjustments to the electrode length can result in significant changes
to the stimulated volume are consistent with those of Su et al. [23]. The authors
conducted analogous parameter studies on a bipolar stimulation screw and observed
substantial effects of screw length on the stimulated volume [23].

Fig. 5.19 (b) illustrates that a similar trend as for the electrode length can be
observed for the stimulation voltage φstim. Initially, Vbene increases and then remains
relatively stable within the 0.8–1.7 V range for both scenarios. At the same time, Vover

continuously rises with increasing stimulation voltage, increasing the likelihood of tissue
damage. For instance, using higher stimulation voltages, such as φstim = 1.2 V and
φstim = 1.7 V, would result in a four-fold and ten-fold increase in overstimulated volume,
respectively, when compared to the optimised stimulation voltage of φstim = 0.6 V in
QSZi. However, the amount of beneficially stimulated volume would only rise by
approximately 8.1 % and 5.8 %, respectively, in these cases. It is concluded that
monitoring the stimulation voltage cautiously and maintaining it at a low level is
necessary to prevent tissue damage during application.

It is worth noting that Vunder is considerably larger whereas Vover is smaller in QSZi
compared to EQSGa. As a consequence, the more realistic13 QSZi leads to reduced risk of
tissue damage which may result from unintentionally increased stimulation potentials,
such as those arising from technical errors.

13QSZi includes a correction of electrode processes and is therefore closer to reality than EQSGa, see Sec.
4.2.2.
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Parameter Vunder Vbene Vover

β ↗ ↘ ↘
Y0 ↘ ↗ ↗
σcanc ↗ ↘ ↘
hel ↘↘ ↗↗ ↗
φstim ↘ ↗→ ↗

Table 5.12: Trend of under- (Vunder), beneficially (Vbene), and overstimulated (Vover) volumes
with increasing individual parameter values for β, Y0, σcanc, hel, and φstim. Two
arrows indicate a more pronounced increase or decrease.

Table 5.12 shows that the overall tendency of the stimulated volumes with individu-
ally varied input parameters is comparable for both examined scenarios. Increasing β
or σcanc causes an increase in Vunder and a decrease in Vbene and Vover. Conversely, the
opposite effect is noticeable for Y0, hel, and φstim.

Further simulations (not shown) that varied the relative permittivity of cancellous
bone εr,canc within a large range from 3 · 105 to 2 · 107 (EQSGa) indicated only a minute
reduction in beneficially stimulated tissue (2.1 %), an increase in understimulated
tissue (3.3 %), and a decrease in overstimulated tissue (1.2 %). This finding supports
the UQ result of the negligible impact of the relative permittivity.

5.3.4 Conclusion of the uncertainty quantification analyses

The UQ studies presented here revealed that the parameters of the ETI, β and Y0, as
well as the conductivity of cancellous bone, σcanc, are the most influential quantities
with respect to the output variance. Accordingly, these quantities should be measured
accurately to ensure reliable simulation results. As the sensitivity in beneficially stimu-
lated volume is affected by changes in the stimulation voltage, future studies should
directly consider the stimulation voltage as an uncertain input variable to draw further
conclusions on its significance. This also applies to the electrode length, which in
parameter studies has shown to influence the stimulation outcome significantly.

The UQ results indicate higher portions of overstimulated tissue and higher currents
than the deterministic studies. Further, the highest relative uncertainty resulted for the
overstimulated volume. These characteristics were especially pronounced for the more
realistic scenario QSZi, where the beneficial field strength reaches further into the tissue
than in EQSGa. While the latter aspect is desirable, the aforementioned overstimulation
and increased energy demand due to higher currents may pose risk of tissue damage
and further practical challenges. Therefore, as stated above, a careful characterisation
of the dielectric tissue properties and the ETI is crucial to reduce these uncertainties
and enable reliable modelling.
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In this work, the stimulation parameters were optimised using deterministic input
parameters and the UQ studies were then performed separately as a first step towards
a reliable implant design. However, robust optimisation [299], where uncertainties
are incorporated directly into optimisation procedure, is desirable in future studies.
This can further ensure optimal performance of the electrostimulating implant across a
range of possible scenarios or uncertainties.

The electrode design established within the framework of this thesis was applied in
in vivo experiments with minipigs. The subsequent section will provide a brief overview
of the findings obtained from these experiments.

5.4 In vivo validation of the optimised
electrostimulating implant

In this thesis, an electrostimulation implant was developed for direct contact electrical
stimulation to enhance early bone growth and healing of critical-size mandibular
defects. To investigate its feasibility, in vivo studies were performed in minipigs. The
results of this study are yet unpublished but are submitted for review [48].14 The study
examined six adult Aachener minipigs with critical-size mandibular defects. Twelve
implants were placed, with six being electrostimulating and six serving as the control
group. The electrostimulation protocol consisted of three 45-minute sessions per day
using a sinusoidal stimulation voltage with a frequency of 20 Hz and a peak value of
0.5 V. The stimulation implant used had an electrode length of 25 mm (refer to Fig.
5.20). These stimulation parameters are based on the numerical optimisation studies
described in my previous publication [34].

After three weeks, the animals that received electrical stimulation exhibited a
significantly greater amount of newly formed bone in the middle of the defect (region
S2, Fig. 5.20) and in the residual cortical bone at the posterior end of the implant
(region S3, Fig. 5.20), particularly within a distance of ca. 1.5–2 mm around the
implant, compared to the control group (Table 5.13). In the middle of the defect
(S2), there was also better vascularisation and improved immune response observed
compared to the control group. Thus, the regenerative potential of the numerically
optimised electrode configuration could be validated in specific regions of the defect
in vivo. In particular, these results suggest that an existing osseous environment can
significantly enhance bone regeneration around the electrostimulation implant [48].
However, no statistically significant difference could be observed for new bone growth,
vascularisation, and immune response in the region of the interface between the
residual cancellous bone and the anterior part of the defect (region S1, Fig. 5.20),
i.e. in the absence of viable osseous cells or scaffolds near the implant [48]. Therefore,

14I contributed to the electrode design and stimulation parameters used in the in vivo study, revised
parts of the manuscript, and provided input on potential explanations for the observed limitations.
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S1 S2 S3

(a) (b)

Figure 5.20: (a) Electrostimulating implant and stimulator used in the in vivo experiments with
minipigs and regarded regions for bone growth assessment. S1: interface between
the residual cancellous bone and the anterior part of the defect; S2: middle of
the defect; S3: residual cortical bone. Note that for the in vivo experiments, the
insulator could only be manufactured in a bulky manner and had to be extended
to the cable-leading end of the implant to ensure watertightness. (b) Visualisation
of the electrostimulating implant placed in the minipig mandible.

New bone formation [%] p

Region ESTIM Control

S1 28.2 ± 4.4 27.5 ± 9.3 0.817

S2 27.8 ± 9.7 20.2 ± 8.7 0.055

S2 (1.5 mm) 42.7 ± 5.5 31.2 ± 4.8 0.012

S3 45.4 ± 4.3 28.8 ± 3.3 < 0.001

Table 5.13: New bone formation in specific regions (S1, S2, S3, see Fig. 5.20) of the defect
obtained in in vivo experiments with minipigs in the stimulated (ESTIM, n =6) and
control group (n =6) within a region of interest of 3 mm around the electrode [48].
Mean and standard deviation as well as the p-value are given. Region S2 did
not show significantly (p ≤ 0.05) enhanced new bone formation in the whole
considered region, but only in a subregion at a radial distance of 1.5 mm around
the electrode.

the use of electrical stimulation alone to promote regeneration in critical-size bone
defects was assessed to be limited [48]. The identified limitations highlight the need
for an improved surgical approach that incorporates the conventional “triad of tissue
engineering” [300] consisting of cells, biomaterials, and biochemical factors [48].
The combination of tissue engineering and electrical stimulation, particularly the
use of electrical stimulation on tissue-engineered scaffolds loaded with mesenchymal
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stem cells, may be a promising approach for future research [48]. In some animals,
deformation of the titanium mesh used to surround the defect was observed, suggesting
that it was not stable enough. Future studies should therefore employ load-bearing
and biomechanically optimised implant designs to improve this aspect. Despite the
observed limitations, the described in vivo study lays the foundation for future research
towards the clinical application of electrically stimulating implants for the regeneration
of large mandibular bone defects.

The numerical studies focused on in this thesis indicated a different set of optimised
electrode parameters compared to those used in the in vivo experiments and published in
my previous publication [34] (Table 5.6, see also Sec. 5.2.3). This was due to the newly
gained information on the dielectric tissue properties of the minipig mandible and their
low-frequency correction [30]. In particular, the application of a higher stimulation
amplitude, such as that resulting from the optimisation in this work including the
correction of the dielectric tissue properties (QSZi) may have improved the in vivo
results. In addition, alternative electrode designs with opposing electrodes, somewhat
similar to [13], could improve the percentage of beneficially stimulated tissue in future
studies.

The UQ studies conducted in this thesis (refer to Sec. 5.3.2) highlighted the
significant impact of the ETI parameters and the electrical conductivity in the defect
region on the uncertainty in the volume of stimulated tissue. The small sample size
considered in the in vivo study and the intrinsic variability in tissue properties between
individual animals may therefore have resulted in further limitations. In addition,
variations in body temperature can cause changes in electrical conductivity [198].
Given these uncertain and variable tissue and material properties, different optimal
stimulation parameters may have been optimal, highlighting the need for careful
characterisation of tissue properties and robust optimisation in future studies.

So far, modelling and simulation have been conducted for the numerical model of
an electrically stimulated minipig mandible. Subsequently, preliminary simulations of
similar electrostimulating devices for human mandible models will be presented in the
following section.
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5.5 Preliminary simulation of human mandible models

Parts of this chapter were taken from the publication “Preliminary Numerical Study on
Electrical Stimulation at Alloplastic Reconstruction Plates of the Mandible”, which appeared
in Scientific Computing in Electrical Engineering [36].15 Reproduced with permission from
Springer Nature.

In this thesis, the minipig model has been studied extensively to ensure proper trans-
fer of the electrode design into in vivo trials. Nevertheless, the initial motivation
for developing electrostimulating implants for mandibular bone defects were human
models. Thus, several human models were established and studied in preliminary
studies prior to the minipig studies. Therefore, the following section presents two
numerical investigations of the human mandible which further support the application
of electrostimulating jaw implants.

5.5.1 Comparative simulation of separate electrostimulating
electrodes and fixation screws

The initial rationale behind using electrostimulative implants for mandibular bone
defects originated from patients receiving tumour therapy and consequent resection
of significant amounts of the mandibular bone. Based on the CT data of a patient
who underwent a comparable therapy and received bone substitute material and
titanium reconstruction plates [59], a 3D numerical model was established to examine
electrostimulation implants in this area of application for the first time.

Modelling and simulation of the electrostimulated human jaw model

Based on sectional images from CT data of a patient with a critical-size defect of the
mandible, caused by cancer, the slices were segmented using Materialise Mimics®

version 19 (http://www.materialise.com). Subsequently, a CAD model was created
for use in a bioelectric simulation model. Figure 5.21 displays exemplary CT slices
of the full data set consisting of 302 slices, each with 512 × 512 voxels of dimension
0.327 mm × 0.327 mm × 0.4 mm.

Individual grey values were utilised for each tissue or material. Segmentation in-
volved defining grey scale ranges for each substance, including air, soft tissue, bone, and

15Ursula van Rienen and Peer W. Kämmerer initiated the study. Together with Ulf Zimmermann, they
conceptualised the study and prepared the initial draft of the manuscript. Ursula van Rienen provided
methodological guidance. Ulf Zimmermann carried out the initial modelling and first simulations. I
significantly improved the segmentation, the modelling of the geometry, and the finite element mesh
and substantially revised major parts of the manuscript. I provided improved figures and performed
additional simulation studies yielding further results. Ursula van Rienen and Peer W. Kämmerer
supervised the project, acquired the funding, and provided all resources.

http://www.materialise.com
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Figure 5.21: Slices from a computer tomography (CT) scan of a patient with a critical-size
defect of the mandible. Reproduced from [36] with permission from Springer
Nature.

metal used for the reconstruction plates and fixation screws. This produces an intermedi-
ate, coarsely segmented model. Figure 5.22 (a) shows the 3D model after segmentation.
This model was subsequently reduced by removing artefacts and parts that are out-
side of the region of interest. Thus, nearly all bones, the ears and other small items
were removed to minimise the model size. Of all bone tissue, only the jaw bone was
kept. As a further step, unwanted geometric features, such as spikes, self-intersections,
and small components and holes, where removed from the resulting STL object using
the software GEOMAGIC Studio 12 (3D Systems, https://www.geomagic.com). After
further smoothing, the polygon surface was converted into a non-uniform rational
B-splines (NURBS) surface, allowing for an easy import into the simulation software.

Finally, Fig. 5.22 (b) illustrates the anatomical 3D CAD model for which the so-called
volume conductor model (VCM) [106] has been established. Note that ultimately the
VCM, and thus the problem size, was further reduced so that only the mandible bone in
a soft tissue background was modelled. This is sufficient to cover the region of interest,
i.e. the volume where the field has not yet decayed to an irrelevant level. This VCM
served as a representative model for the subsequent studies.

COMSOL Multiphysics® (COMSOL, https://www.comsol.com/, version 5.2a) was
used to set up the physical VCM from the anatomical CAD model. The electrical
conductivity values were obtained from [29] and are 7.4 · 105 S/m for titanium (Ti
beta-21S), 0.7 S/m for soft tissue, and 0.02 S/m for bone (cortical bone). Sources were
defined based on the implanted titanium prosthesis and screws as highlighted in Fig.
5.22 (b). According to the method of Kraus [6], an alternating voltage with a frequency

https://www.geomagic.com
https://www.comsol.com/
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(a) (b)

Figure 5.22: (a) 3D data after segmentation. This preliminary model differentiates between
highly conductive titanium (red), conductive soft tissue (blue), and resistive bone
(yellow). (b) Computer-aided design (CAD) model. The metallic implant and
the fixation screws are shown in blue. The two screws that are defined as field
sources (model 1) as well as the embedded stimulation electrode (model 2) are
highlighted. Note that only the relevant part of the bone (the mandible) is kept
for the simulation model. Reproduced from [36] with permission from Springer
Nature.

of f = 20 Hz was applied to generate electric fields ranging from 5 to 70 V/m (see Sec.
2.3.3).

A quasi-stationary current problem (QS) (Eq. (3.19)) was solved. The boundary
conditions were set to Dirichlet boundary conditions with φ = ±0.2 V at the field-
inducing screws, to φ = 0.4 V at the central electrode, and to ground potential at the
outer posterior boundaries of the bone where the metallic implant would be directly
adjacent to the mandible. A Neumann boundary condition was applied to the outer
shell of the soft tissue to represent the non-conductive air. The Stationary Current
Solver of COMSOL was used to solve this boundary value problem. Based on a mesh
convergence study, the preliminary models used approximately 320000 (screws) and
535000 (electrode) tetrahedral mesh elements with an average quality of 0.6 (a value
of 1 would refer to equilateral mesh elements). This will be further improved in future
works. The resulting problem with 430000 (screws) and 715000 (electrode) degrees of
freedom was solved using the conjugate gradient solver with a relative tolerance of tol =
1 · 10−3 and a factor of ρ = 400 in the error estimate of COMSOL to ensure the desired
tolerance even for ill-conditioned problems. A Windows workstation with 24×3.00 GHz
CPU and 256 GB RAM was used. The computation time for each simulation run for the
two models discussed was approximately two minutes, allowing for extensive further
parameter and optimisation studies to be carried out in a reasonable time in the future.
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Results and discussion

In this preliminary study, two different stimulation sites are compared. Firstly, in model
1, the stimulation site is located within two screws or nails that are already involved
in the implant (see highlight in Fig. 5.22 (b)). Details such as cables are neglected in
the simplified models described here. The assigned voltage at the selected screws is
φ1 = −0.2 V and φ2 = +0.2 V.

(a) (b)

(c)

Figure 5.23: (a) Model 1: surface plot of the electric field norm on the mandible in the case
of two screws as the stimulation site. (b) Model 2: surface plot of the electric
field norm on the mandible for a central stimulation site that incorporates an
implanted electrode. The inset shows the inner surface of the mandible. (c)
Histogram displaying the percentage of understimulated bone (|E| < 5 V/m),
beneficially stimulated bone (5 V/m ≤ |E| ≤ 70 V/m), and overstimulated bone
(|E| > 70 V/m). Reproduced from [36] with permission from Springer Nature.

Fig. 5.23 (a) displays a surface plot of the electric field norm on the mandible
surface. It clearly shows that electric field strengths of 70 V/m and more are reached
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in the vicinity of the screws, which could lead to an unwanted overstimulation of the
adjacent soft tissue. Therefore, a detailed parameter study should be performed in
future work to determine if lower stimulation voltages would be applicable for this
setup to stay below the 70 V/m limit.

In a second case, model 2, instead of using the screws as a stimulation site, a
stimulation electrode was deliberately inserted into the bone. Specifically, a cylinder
with a diameter of 2 mm and a height of 5 mm was utilised, as illustrated in Fig. 5.22
(b). The stimulation voltage was φ = 0.4 V. Figure 5.23 (b) similarly displays a surface
plot of the electric field norm |E| on the mandible. In this case, the maximum field
strength at the frontal surface remained below 35 V/m. However, Fig. 5.22 (b) reveals
a significant area on the inner surface of the mandible where overstimulation with
more than 70 V/m occurs.

To compare both stimulation sites, the percentage of beneficially stimulated bone
is a good indicator. The histogram in Fig. 5.23 (c) illustrates that the beneficially
stimulated percentage of bone volume in the case with two stimulating screws (model
1) is more than twice the percentage of the electrode case (model 2). In addition, the
screw configuration results in a slightly smaller unwanted overstimulated volume than
the electrode case. However, it should be noted that this finding has some limitations.
The smaller volume of beneficially stimulated tissue in model 2 was mainly due to the
fact that only one electrode was modelled, in contrast to the two stimulating screws
used in model 1. Furthermore, the significant overstimulation observed at the bone
surface in model 2 (Fig. 5.23 (b)) might have resulted from the proximity of the
electrode to the bone surface. Shifting the electrode towards the centre of the bone
could have decreased the overstimulated region. Therefore, further studies should
focus on the optimisation of the electrode position and stimulation voltage to ensure
optimal stimulation in the defective region with electric field strengths between 5 and
70 V/m [174]. In any case, room for further improvement is expected in both models,
as this was only a preliminary study of initial design ideas and a systematic parameter
and optimisation study is pending. The optimisation will aim on the stimulation of
the individual defective region. From that a region of interest will be defined. Similar
to [143], the number and placement of electrodes will be optimised to achieve the
highest percentage of optimally stimulated bone in the specified region of interest.
This preliminary study demonstrated that stimulation within mandibular defects can
provide electric field strengths in the appropriate range to have a positive influence
on the intrinsic activation of bone healing properties. These findings are essential for
further research involving electrostimulative implants. The long-term vision is to have
electrostimulation implants as an adjunct to patient-specific treatment planning.

The establishment of the numerical minipig model that was the main focus of this
thesis was motivated by this preliminary study. The VCM of the preliminary human
model was improved in the minipig model by differentiating between cortical and can-
cellous bone and soft tissue, by considering a low-frequency correction of the dielectric
tissue properties (scenario QSZi), and by increasing the mesh resolution. Furthermore,
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the electrode-tissue interface (ETI) was regarded in the minipig model and propagation
of parametric uncertainties was addressed through uncertainty quantification (UQ).

5.5.2 Preliminary investigation of electrostimulating fixation screws
at a mandibular reconstruction plate

Figures and parts of the text were taken from the publication “Numerical design studies
on a novel electrostimulative osteosynthesis system for the mandible” that appeared as a
conference proceeding in Current Directions in Biomedical Engineering [35].16

The aim of this study was to investigate different combinations of activated electrode
and plate designs with focus on the insulation of the fixation screws and the fitting
of the reconstruction plate regarding their influence on the electric field strength and
the resulting stimulation impact in the stimulation region. The results suggest that
the electrode insulation renders a crucial parameter, which influences substantially the
stimulation impact and its power consumption.

Computational model

In order to access the electric field distribution in the defective bone area, a volume
conductor model of an electrically stimulated mandible based on computer tomography
(CT) images of a defective lower jaw and a preliminary bone reconstruction system has
been generated. The stimulation impact, which depends on the dielectric properties
of the modelled tissue types, the electrode configuration, and stimulation protocol, is
determined by computing the electric field strength in the stimulated region using the
finite element method.

The CAD model of the mandible was created based on CT images of the mandible of
an 18-year-old girl. Registration and segmentation of CT scans were performed using
Materialise Mimics®. The resulting surface mesh was further smoothed and processed
to a non-uniform rational B-splines (NURBS) surface using GEOMAGIC Studio®. An
inner layer of 2.5 mm thickness representing cortical bone was added to the surface
model, which was then imported into the simulation software COMSOL Multiphysics®

(COMSOL) (COMSOL, https://www.comsol.com/, version 5.2a) and combined with the
suggested reconstruction system consisting of a titanium reconstruction plate equipped
with six electrostimulative fixation screws, each encapsulated by an insulating shell.
16Ursula van Rienen, Christian Schmidt, and I conceptionalised this study. Karthik Sridhar provided the

3D model of the cortical bone geometry. I created the numerical model with a layered bone structure
comprising cortical and cancellous bone, a defective region of interest, and the electrostimulating
reconstruction system, and created the visualisation of the model geometry. Christian Schmidt and
I and carried out the simulations. Christian Schmidt wrote the code for the model analysis and
prepared the result plots. I created the initial draft of the manuscript and did the formal analysis.
Ursula van Rienen and Christian Schmidt provided methodological guidance. Ursula van Rienen and
Peer W. Kämmerer supervised the project, acquired the funding, and provided all resources.

https://www.comsol.com/


Results and discussion 110

Figure 5.24: CAD model of the mandible with the region of interest highlighted in red (left)
and four possible stimulation designs: insulated (a), insulated & fitting (b), non-
insulated (c), and non-insulated & fitting (d). Figure reproduced from [35]
(licensed under CC BY-NC-ND 4.0).

To investigate the effect of the screws’ insulation and reconstruction-plate-fitting on
the stimulation impact, four different schematic designs have been created (Fig. 5.24).
Different lengths of the insulator (only inside the plate (“non-insulated”) or reaching
into the bone) were considered as well as two different plate designs: firstly, a patient-
specific plate closely fitted to the bone (Fig. 5.24 (b),(d)) and, secondly, a generic
curved plate, which is not contiguously connected with the bone (Fig. 5.24 (a),(c)).
The fixation screws are modelled by cylinders embedded into the reconstruction plate.
The model is surrounded by a bounding box filled with soft tissue, resulting in a
five-compartment volume conductor model with its isotropic dielectric properties
determined from Gabriel et al. [29] (see Table 5.14).

Finite element simulation

To model the stimulation impact for stimulation signals used in clinical practice [6],
sinusoidal voltages with f = 20 Hz are applied to the stimulation electrodes. Consider-
ing the applied frequency and the dielectric properties of biological tissue, inductive
processes can be neglected in the computation of the electric field strength and the

https://creativecommons.org/licenses/by-nc-nd/4.0/
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Material σ [S/m] εr

Cortical bone 0.02 25100

Cancellous bone 0.078902 4020200

Soft tissue (blood) 0.7 5260

Titanium (Ti6Al4V) 5.6 · 105 1

Insulator 1 · 10−6 1

Table 5.14: Dielectric properties (electrical conductivity σ and relative permittivity εr) at 20 Hz
of the modelled materials. For cortical bone, cancellous bone and soft tissue, the
properties are taken from [28].

electroquasistatic (EQS) approximation Eq. (3.17) derived from Maxwell’s equations
can be applied [148].

Stimulation at the active electrodes is modelled by using Dirichlet boundary condi-
tions with a non-zero value at the corresponding fixation screws and a zero value at the
exterior boundary of the soft tissue domain, representing ground. The finite element
model comprised approximately 1 million tetrahedral mesh cells. The field equation Eq.
(3.17) was solved for quadratic basis functions using biconjugate gradient stabilised
method and a geometric multigrid preconditioner with a relative tolerance of 1 · 10−6.
It was ensured that further mesh refinement would only change the electric field norm
in the region of interest by less than 0.2 %.

In order to investigate the influence of different numbers and combinations of active
stimulation electrodes, the stimulated volumes in the stimulation region, the required
stimulation amplitudes, and the total power consumption for all combinations between
one and six active electrodes were determined. The stimulation amplitude for each
combination was scaled to a value which provided an average electric field norm of
37.5 V/m in the region of interest (Fig. 5.24), which is the mean of the values of the
electric field norm considered as beneficial during the electrical stimulation of bone [6].

Results

Comparing the four plate designs, a deviation in the electric field norm and region of
beneficial stimulation between the models with completely insulated and those with
non-insulated fixation screws is noticeable (Fig. 5.25). While the highest field strengths
occur in the insulating material, the overall shape of the beneficial stimulation regions
is similar. In contrast, increased stimulation in unwanted regions, such as the soft
tissue, is noticeable for the non-insulated, non-fitting stimulation system, which results
from the direct contact of the electrodes with the soft tissue and its relatively large
conductivity compared to bone tissue (Table 5.14). In this case, the high conductivity
of the soft tissue leads to a lower electrode impedance. This effect is also visible in a
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Figure 5.25: Electric field norm distribution (top) and region of beneficial stimulation between
5 V/m and 70 V/m (bottom) for a 6-electrode configuration and an applied stimu-
lation amplitude to obtain an average value of 37.5 V/m in the region of interest.
Figure reproduced from [35] (licensed under CC BY-NC-ND 4.0).

substantial increase of the total power consumption for the non-insulated, non-fitting
model (Fig. 5.26 (a)). In both non-insulated models substantially lower stimulation
amplitudes were required to reach the desired field average compared to the models
with completely insulated fixation screws. Further, in both insulated models high field
strengths with more than 70 V/m occur at the electrode tips that reach into the bone,
while comparably less overstimulation at the electrode tips is noticeable in the non-
insulated models. For all designs, the required stimulation amplitude and the resulting
total power consumption to achieve a mean field strength of 37.5 V/m in the region of
interest decreases with the number of active electrodes. The non-insulated model shows
a remarkably high power consumption due to the direct contact between the stimulation
electrodes and the highly conductive soft tissue. Overall, the lowest power consumption
is required in the non-insulated, fitting stimulation system with no direct contact
between the stimulation electrodes and the soft tissue. As we are rather interested
in the most beneficial number of active electrodes than in their position, the depicted
volume ratio represents the percentage of over-, beneficially, and under-stimulated
bone tissue in the region of interest averaged over all stimulation configurations for a
specific number of active electrodes. It turns out that the more electrodes are active, the
more tissue is stimulated beneficially due to the more regular electric field distribution
(Fig. 5.26 (b)). It should be noted that the highest overstimulation occurs for the
non-insulated designs, which is a direct effect of the contiguous connection between
the stimulation electrodes and the bone tissue.

Discussion and conclusion

As one might expect, prosthesis designs without insulating coating and with only a
small number of active stimulation electrodes show large regions of overstimulated
tissue with |E| > 70 V/m (Fig. 5.26 (b)), which is associated with an increased risk of

https://creativecommons.org/licenses/by-nc-nd/4.0/
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(a) (b)

Figure 5.26: (a) Stimulation amplitudes (top) and corresponding required power (bottom) for
applying an average electric field norm of 37.5 V/m in the region of interest for the
different model geometries. (b) Average volume ratios in the region of interest for
under-stimulation (|E| < 5 V/m), beneficial stimulation (5 V/m ≤ |E| ≤ 70 V/m)
and over-stimulation (|E| > 70 V/m) in dependence of the number of active
electrodes for the different model geometries. Figure reproduced from [35]
(licensed under CC BY-NC-ND 4.0).

tissue damage. Especially for the non-insulating, non-fitting design, severe damage
might result due to direct contact between the stimulation electrodes and the highly
conductive soft tissue, which might facilitate harmful electrode-tissue reactions. There-
fore, future studies should focus on how to avoid overstimulation when considering
fixation screws without a complete insulating coating. As the total required power
limits the lifetime of an implanted battery when applying direct electric stimulation,
stimulation systems with low power requirement will be preferable. Considering this,
the model with only partially insulated fixation screws and non-fitting reconstruction
plate renders an inferior design because of its high power consumption and tendency
to overstimulation. Thus, in this context, a stimulation system with a higher number
of active electrodes is preferential due to its corresponding small power consumption
while providing a large region of beneficially stimulated tissue (Fig. 5.26 (a) and (b)).
The latter is a result of the more uniform field distribution in the stimulation region. In
this study, some simplifications like assigning the dielectric properties of blood to soft
tissue and generally assuming isotropic and homogeneous tissue properties within each
model compartment are applied. In addition, only one single insulator design with a
constant thickness was considered, while the variations in these parameters may as
well influence the resulting field distribution. In future studies, the geometrical model
will be further refined and especially the impact of the specific tissue properties that
may vary from patient to patient and within each compartment will be investigated
employing Uncertainty Quantification methods [174].

https://creativecommons.org/licenses/by-nc-nd/4.0/
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This preliminary work draws conclusions on how the direct contact between bone
and implant as well as different insulator configurations influence the electric field
distribution in the stimulation region. Our findings show that prior to in vivo experi-
mental studies and clinical trials it is necessary to evaluate the feasibility of different
designs of electrostimulation systems to achieve optimal stimulation results while min-
imising the risk of harmful side effects. Thus, for future mandibular electrostimulation
systems we suggest that particular attention should be paid to the insulation of the
electrostimulation device against the soft tissue to avoid tissue damage and high power
consumption.

5.5.3 Conclusion on the preliminary human mandible models

The preliminary human models presented here were employed at the onset of the
research on electrostimulating implants for the lower jaw. The initial idea of using
electrical stimulation to treat patients with large jaw defects originated in the medical
field. Before developing a detailed and optimised minipig simulation model, the simpli-
fied human models allowed for an initial assessment of the electric field distribution
around electrostimulating implants in the lower jaw. Consequently, the human models
shown here were limited in scope, and did not account for correction of dielectric tissue
properties nor the electrode-tissue interface (ETI). The animal model was chosen as
a priority in this research, as it is only appropriate to thoroughly optimise the human
model once the animal model has been successfully used as a proof of principle in in
vivo studies.

The first valuable implications of the preliminary simulation studies with the human
mandible models were twofold. Firstly, I conclude that the electrode configuration in
terms of shape, number and location of the electrodes is of utmost importance to ensure
favourable electric field strength and distribution, as well as to avoid possibly harmful
overstimulation. Secondly, the findings indicate the need to give careful consideration
to the design of electrode insulation, as a disadvantageous selection may lead to high
power usage, resulting in reduced battery life or increased overstimulation of bone
tissue. In this context, it is particularly important to avoid direct contact between the
electrode and the highly conductive soft tissue. The bipolar electrode setup employed
in the focus of this research was still very simple to allow compatibility with in vitro
experiments and easy fabrication. In future studies, the implications of the findings
could be realised by insulating the portions of the bipolar electrode that are outside the
region of interest and in direct contact with healthy bone or soft tissue. However, further
numerical investigations on the particular effects of such choices are still pending. Still,
future research appears to indicate a shift towards alternative implant designs featuring
a design topologically reminiscent of a plate capacitor. These recommendations will be
discussed in subsequent sections.

The ETI alters only the amplitude of the electric field and the phase shift but not the
field distribution. It can be estimated from the minipig models that the ETI decreases
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the field amplitude by approximately 51 % (EQSGa) and 67 % (QSZi), corresponding
to only one half or one third of the field norm without the ETI, respectively. Thus, to
overcome the ETI and achieve a sufficiently large stimulation range, the stimulation
amplitude would need to be increased by a factor of two or three. A similar behaviour
and corresponding need for increased stimulation voltages can be expected for the
human models.

Simulations of the actual species, specifically the minipig in this study, are crucial as
findings cannot be directly transferred from one species to another due to variations in
dielectric properties, as previously highlighted (see Sec. 4.1.2). To establish dependable
human models in future research, the difficulties of obtaining trustworthy data on the
dielectric properties of human mandibular bone are comparable to those discussed in
Sec. 5.1.3. These include a challenging measuring procedure owing to organisational
issues, as well as significant ethical concerns associated with obtaining access to such
bone samples. Using less reliable data, such as samples that are not freshly obtained or
that are collected from a different anatomical site, could be a viable compromise for
numerically simulating and designing an initial configuration of the electrostimulating
system. This will ensure that the system can deliver electrical signals within a specific
range. But ultimately, only closed-loop stimulation can address this issue. This will be
discussed among other aspects in the following conclusion to the research conducted in
this thesis.



Chapter 6

Conclusion and outlook

The key findings of the studies outlined in this thesis will be summarised in the
following sections. Additionally, I will point out the limitations of the present study
that need to be addressed in future research, provide recommendations for this future
research, and highlight the contributions to the current state of knowledge in the field
of electrostimulating bone implants that this work constitutes.

6.1 Research objectives

Large bone defects in the mandible pose a significant challenge in maxillofacial surgery.
The risks and disadvantages that are associated with conventional treatments call for
alternative approaches. Electrical bone stimulation represents a viable alternative
or adjunct for improving therapeutic outcomes. While electrical stimulation devices
are already used in clinical practice to enhance regeneration in various anatomical
regions, such devices are not yet available for the mandible. To achieve therapeutic
success, it is crucial to ensure that stimulation is applied at a therapeutically effective
threshold. In this context, the parameters of an electrostimulation implant need to
be chosen carefully. Numerical simulations allow the electric field distribution around
the electrostimulation implant to be determined and the stimulation parameters to be
optimised accordingly. In this way, it is also possible to gain a better understanding of
the effects of modifications to the setup. Furthermore, it is possible to draw conclusions
on the effects of uncertain material properties, for example during bone healing.
Therefore, it can be deduced which aspects are essential for a reliable stimulation. As
a result, this research focused on the development of innovative electrostimulative
implants for critical-size defects in the mandible. Six main objectives were established
to ensure the achievement of the goal of this research:

1. Determine the dielectric tissue properties of minipig mandibular bone.

2. Asses the effect of modelling the dielectric tissue properties with and without a
correction for electrode effects.
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3. Create a 3D finite element model of a minipig mandible with a bipolar electrostim-
ulating implant.

4. Optimise the electric field distribution with respect to the applied stimulation
parameters, i.e. electrode length and stimulation voltage, to ensure a maximum
volume of beneficially stimulated tissue.

5. Identify the input parameters with the most significant influence and the magni-
tude of their impact on the simulation results in uncertainty quantification (UQ)
studies.

6. Explore potential applications of electrostimulating mandibular implants in hu-
mans using simplified human mandible models.

The first objective was addressed in Sec. 5.1 and was a prerequisite for all subsequent
research objectives. Additionally, this research objective was closely linked to objective
2, which referred to two possible interpretations of low-frequency electrochemical
impedance spectroscopy (EIS) data, as described in Sec. 4.2.2. This allowed me to
determine how the different conductivity scenarios, with or without a low-frequency
correction for the electrode processes, affected the simulation and optimisation results.
I was able to determine the dielectric tissue properties of the actual species and
the specific anatomical location considered in this thesis: the mandibular bone of
the minipig. The data obtained for low frequencies, as relevant to this work, differed
significantly in both considered scenarios. The conductivity was significantly higher, and
relative permittivities were lower after correction for electrode effects. For cancellous
bone, the experimentally obtained and corrected data agreed relatively well with
the literature, whereas there were more significant discrepancies in terms of higher
conductivity obtained for cortical bone. The uncorrected experimental data exhibited
a substantial difference by exceeding the literature data for the relative permittivities
by several orders of magnitude. This highlights the significance of carrying out such
corrective measures. Nonetheless, the obtained measurement data did not meet all of
the quality criteria I had previously set, and therefore the measurements need to be
improved in future studies. The limitations will be discussed further in Sec. 6.2. The
significant variability in values found within the literature indicates that a universal
approach to the dielectric properties of bone is unfeasible. Consequently, accounting for
the substantial variations caused by factors such as natural variability, sample condition,
and measurement aspects is crucial when carrying out numerical simulations. This can
be achieved through either uncertainty quantification (UQ) or case distinctions. The
second research objective was further closely connected to objectives 1, 4, and 5, as
will be illustrated below.

The third research objective, addressed in Sec. 4.2, focussed on presenting the
modelling workflow for the development of an electrically stimulated minipig mandible
model. As a result, a 3D model of a minipig mandible with a critical-size defect,
surrounding soft tissue, and a bipolar electrostimulating implant with variable electrode
length was created. This finite element model formed the foundation for extensive
numerical studies necessary to address the remaining objectives. The fourth objective
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involved the optimisation of the electrostimulating implant for the best possible electric
field distribution within the defect region, as described in Sec. 5.2. This objective was
closely related to the second objective mentioned above, which comprised determining
how the different conductivity scenarios affected the simulation and optimisation results.
Ultimately, the optimised stimulation parameters hel = 25.7 mm and φstim,opt = 0.41 V
for scenario EQSGa (uncorrected) and hel = 25.9 mm and φstim,opt = 0.60 V for scenario
QSZi (corrected) allowed for a beneficial electrical stimulation of roughly one half
of the defect volume with only very small regions of overstimulated tissue. Despite
the higher voltages and currents resulting from scenario QSZi, I found that the power
consumption in both scenarios could be safely delivered throughout the entire treatment
time. Moreover, the optimised stimulation voltages have the advantage of being below
the level of electrolysis. The corresponding currents may be perceptible, but are
substantially lower than currents that would pose a serious risk to the patient.

The fifth objective was to analyse the impact of uncertain input parameters on the
model output through the use of uncertainty quantification (UQ). The parameters
of the electrode-tissue interface (ETI), β, and Y0, as well as the conductivity in the
defect region, σcanc, were identified as the most influential input properties with respect
to the uncertainty of the output quantities. It could be concluded that uncertainties
in the assumed properties of the model may lead to undesired tissue damage due to
overstimulation and should be countered by a careful experimental characterisation
of the electrode and tissue properties. The volume of overstimulated tissue was the
quantity most impacted by the uncertain factors, with over 52 % relative uncertainty.
This, alongside the increase in overstimulated volume with increasing stimulation
potential, showed the essential need to closely monitor the stimulation potential to
avoid tissue harm. With respect to the second research objective in this regard, larger
variances in the stimulated volumes and more pronounced parameter interactions were
found in scenario QSZi. This, together with the higher mean value of overstimulated
tissue, makes thorough parameter characterisation particularly important in this more
realistic1 scenario.

Concerning research objective 6, Sec. 5.5 contained the numerical outcomes of
simplified numerical models of electrically stimulated human mandibles. These models
and their implications formed the basis for the subsequent simulations of the minipig
model. The findings from the human models demonstrated the need to carefully
investigate the design of electrodes and the insulating parts of the implant. Every new
electrode design should be thoroughly investigated numerically using a model that
reflects experimental reality as closely as possible. This is crucial for the development
of safe and efficient electrical stimulation devices. In light of these requirements, it
is imperative to also acknowledge the limitations that inevitably accompanied this
research. Therefore, in the following section, I will examine the limitations of this study
and identify challenges that may affect the validity and generalisability of the research
findings.

1QSZi includes a correction of electrode processes and is therefore closer to reality than EQSGa, see Sec.
4.2.2.
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6.2 Limitations of the studies

One of the most significant obstacles faced by researchers in the field of bioelectric
modelling is the general lack of reliable data on the dielectric properties of biological
tissues, and the difficulty in obtaining such data through measurements. I have reduced
and quantified these uncertainties to ensure that the simulation model produces reliable
results: I conducted thorough literature research to procure reliable data, gathered my
own measurement data on the mandibular bone of minipigs, and utilised UQ to account
for remaining parameter variations. The simulation studies conducted here contribute
to explaining the implications of design choices for the electrostimulating implant.
However, without precise input data the results can only be viewed as guideline values
that are valid within a certain range as determined via case distinctions and UQ.

Another limitation that restricts the reliability of the results presented here concerns
the electric field threshold defined for beneficial stimulation of bone. Specifically, the
field threshold of 5–70 V/m defined by Kraus [6] was used in this work. As noted in
Sec. 6.3, it is feasible that alternative thresholds could lead to better healing results in
practical application. Obviously, the stimulation parameters to achieve these thresholds
would be different and would need to be optimised accordingly. However, due to
the lack of data, currently the 5–70 V/m threshold is the only available option that is
supported by clinical evidence for the selected stimulation protocol.

A further limitation is that the same dielectric properties were assumed for the defect
region and the remaining cancellous bone domain within the cortical bone. In reality,
the dielectric properties of both domains can be different. Initially, it was planned that
the cancellous bone material taken from another part of the body will be moulded to fit
into the defect and equipped with growth factors. Therefore, the measured dielectric
properties of structurally intact bone were regarded here. However, it was only at a
later stage of this research that it became clear that the defect would be filled with
granulated bone. Therefore, to enhance the reliability of the model in future studies, it
is recommended to measure the dielectric properties of granulated bone.

In this study, the ETI parameters of polished titanium in buffered 0.9 % NaCl solution
(pH 7.8) [227] were used. EIS measurements on Ti and Ti6Al4V specimens yielded
similar results (not published [301]) for both materials. However, it is known that
the ETI parameters are highly dependent on the surface properties of the material
under consideration, e.g., roughness [227]. For instance, for a vacuum-plasma sprayed
specimen, the capacitance parameter Y0 increases by a factor of about seven and β
decreases by one third, compared to polished titanium [227]. Therefore, it is preferable
to measure the specific electrode used in this study and obtain the corresponding
ETI parameters via electrochemical impedance spectroscopy. As this work intends to
establish a simulation model for the electrostimulated mandible in general, this task is
deferred to future research. The revised parameters could then be easily incorporated
into the established model and provide more reliable results. Recommendations for
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addressing this, as well as additional challenges, will be presented in the following
section.

6.3 Recommendations

In order to improve the reliability of future simulation studies, it is essential to charac-
terise both the dielectric tissue properties as well as the parameters of the ETI through
accurate measurements. These measurements should attempt to replicate the real
scenario of the electrostimulation implant in use as closely as possible to ensure de-
pendable analyses. Further measurements of the dielectric properties of bone in the
low-frequency range are necessary to unambigiously describe this tissue. At present, it
remains unclear whether the increase in permittivity at low frequencies as modelled
by Gabriel et al. is due to an actual alpha dispersion or simply an artefact of the ETI.
However, collecting experimental data to clarify this issue proves challenging because
the dielectric properties of truly fresh bone are difficult to measure. In this context, a
measurement infrastructure that allows measurements to be made under near in vivo
conditions is crucial. This infrastructure should include the availability of minipigs,
the ability to extract their mandibular bone, and transport it as quickly as possible
in a tempered physiological solution to the laboratory for further sample preparation
and measurement, as detailed in Sec. 5.1.3. Similar improvements are required to
characterise the ETI in future EIS measurements. To achieve this, the original minipig
electrodes should be measured in a solution that closely mimics the physiological envi-
ronment in the mandible. In order to enhance comparability and progress towards a
Digital Twin [265], in vivo EIS measurements are a long-term goal. Regular impedance
measurements during the healing process, which causes changes in tissue properties,
could then ensure the determination of a consistently favourable stimulation signal.
The acquired data can then be fed into the numerical model, and subsequently, the
stimulation amplitude can be adjusted in a feedback-controlled manner. This process
should include measuring and monitoring the tissue impedance directly through the
implanted stimulation electrodes, as suggested by Engel et al. for electrodes similar
to the bipolar ones examined in this thesis [302]. Such closed-loop stimulation sys-
tems utilise a feedback-control system through real-time biosignal processing. They
have thus far mainly been developed for neural and deep brain stimulation applica-
tions [297,298] and are presently under further development within the stimulation
platform STELLA [281]. Additionally, it is essential to establish a workflow that ensures
controlled and monitored electrostimulation through simulation, following the example
of Zimmermann and van Rienen [24], while adjusting the stimulation parameters
accordingly.

The optimisations and according recommendations have been made based on
the hypothesis that the field threshold of 5–70 V/m, which was derived from the
stimulation parameters applied in an empirical clinical study of Kraus [6], promotes
bone regeneration. Kraus treated necrosis of the femoral head and large defects in
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the tibial bone with his stimulation setup [6]. Transferring the stimulation parameters
to critical-size defects in the mandible appeared plausible but necessitated further
experimental validation through in vivo experiments. The recently conducted animal
experiments [48] have raised doubts regarding the suitability of the field threshold
proposed by Kraus [6]. This prompts the need to consider alternative thresholds
or target values for future use. The aim of future studies should therefore be to
establish reliable target values and optimal parameter thresholds through in vitro
and ex vivo investigations. To date, most in vitro stimulation parameters are used
empirically without further justification, rather than being systematically optimised.
Electrostimulation systems vary significantly between research groups, highlighting the
need for more systematic investigation and optimisation of stimulation parameters, such
as signal shape, frequency and amplitude in future research. Furthermore, bioreactors
[303–305] have potential for studying the interaction between electric fields and
biological tissue ex vivo. However, translating ex vivo results to in vivo conditions is
challenging. Nevertheless, this approach is nowadays regarded as necessary to reduce
or eliminate ethically questionable animal experiments.

Given the limited portion of tissue that is effectively stimulated by the established
bipolar electrode design, another future goal is to further develop the electrode design to
ensure a more homogeneous field distribution and increase the amount of beneficially
stimulated tissue. I am involved in research in the SFB 1270 ELAINE on such an
electrode design featuring opposing plate-shaped electrodes. In addition, a proper
stabilisation of the electrode system is essential to prevent failure of the stimulation
system due to significant mechanical stress, e.g., during chewing. The bipolar implant
design regarded in this thesis is not load-bearing and the titanium mesh with 0.1 mm
thickness chosen in practical surgery proved to be insufficiently stable. During the in vivo
validation experiment with minipigs, a major problem was deformation of the titanium
mesh and electrodes due to extensive chewing and rubbing by the animals [48]. To
mitigate such complications, the foreseen opposite electrode design will be integrated
into a load-bearing outer cage structure to hold the electrodes and bone graft material
in place [306]. A similar design with opposing electrodes attached to a stabilising outer
cage has been successfully used in animal studies by Kim et al. [11–13]. However, their
study did not consider biomechanical optimisation of the cage design, optimisation of
the electric field distribution, or incorporation of patient-specific implants, which are
integral aspects of our planned research. Load-bearing implant designs may further
allow for the investigation of defect cases with total discontinuities, as is typically seen
in clinical cases. Therefore, biomechanical analyses of customised construction plates,
as presented by, e.g., Narra et. al. [307], could be combined with the electrostimulating
setup and electrical optimisation.

As bone has a hierarchical structure, future research should further incorporate
multi-scale approaches to enhance the accuracy of the simulation model. It could be
argued that such approaches may not significantly affect this specific application, given
the presence of granulated bone in the region of interest. However, the impact of
the small bone fragments might render effects that are decisive at the micro-scale. I
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therefore recommend that future studies should include microscopic details, as already
quite simple studies in 2D showed notably increased electric field strengths when
considering the bone micro-scale as compared to the macro-scale [308]. Thus, multi-
scale models of electrical bone stimulation should be established. These models would
facilitate the integration of information from micro-scale simulations into the macro-
scale model via appropriate scale-bridging techniques as presented, for instance, by
Chopard et al. [309].

Following the presented recommendations for future research, the next section
will summarise how the research presented in this thesis and my related publications
enhance existing knowledge.

6.4 Contributions to knowledge in the field of
electrostimulating bone implants

The preliminary human simulation models presented in this thesis showed that electrical
stimulation of bone defects in the mandible can provide appropriate electric field
strengths that can have a positive effect on bone regeneration [36]. Furthermore,
valuable insights were gained into the importance of ensuring proper insulation of the
electrodes and avoiding direct contact with soft tissues in order to avoid overstimulation
and excessive energy consumption [35]. These studies have provided the basis for the
further development and in-depth analysis of electrostimulating systems to address the
research gap on electrostimulating implants for mandibular bone defects.

I also contributed to the field of bioelectric modelling by providing previously un-
available data on the dielectric properties of minipig mandibular bone. By comparing
different scenarios, I learned that correction of dielectric tissue properties for electrode
effects has a large impact on the optimal electrode configuration, as a 50 % higher stim-
ulation amplitude was obtained in the corrected case. Additionally, I have shown that
incorporating corrected or uncorrected tissue data significantly affects the variability of
the model output, as demonstrated in the UQ studies [38]. This is of great importance
for future in vivo application and ultimately in the clinic, where a stimulation unit will
control and monitor the stimulation signal. With regard to the design of the circuitry,
it is important to know the extent of such variations at an early stage of the design
process.

The electrostimulating system for the minipig mandible with bipolar stimulation
electrodes that was established and optimised in this thesis has significantly contributed
to the advancement of future therapies for bone defects in the jaw. The simulation
results published in [34] led to a recommendation for the stimulation parameters to
be used in the in vivo experiments [48] that followed this study. The numerical study
combined with the in vivo experiments provided proof of concept that it is possible to
enhance bone regeneration with an electrically active implant in a critical-size defect.
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As such, this study helped to fill the research gap in application of electrical stimulation
to large mandibular bone defects in a large animal model. The findings also establish a
foundation for the future application of electrostimulation therapy for treating large
bone defects. The successful demonstration of the concept in treating critical-size
mandibular defects enables the application of the same technique to smaller bone
defects, which arise more commonly in standard dental surgeries.



Appendix A

Fit results and fit statistics for the
dielectric properties of minipig bone

The electrochemical impedance spectroscopy (EIS) data from the mandibular bone
of two minipigs were analysed using the Python package ImpedanceFitter version
2.0.3 [268] as described in Sec. 5.1. The valid frequency range of the data sets that
passed the Lin-KK test, as well as the results of the subsequent parameter estimation
are given for each animal in Tables A.1 and A.2. For the parameter estimation, the
experimental data were fitted to a Cole-Cole model with two dispersions (2CC) in series
with a CPE. A total of 32 data sets for cancellous bone and five data sets for cortical
bone were analysed. The data sets 15–20 for animal 1 correspond to cortical bone
(Table A.1), while all other data sets refer to cancellous bone. The goodness of the fit is
estimated using the reduced chi-square error χ2

ν . χ2
ν and the errors of the parameter

estimation for both animals are given in Tables A.3 and A.4.
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Appendix B

Impact of the stimulation amplitude on
the Sobol’ indices
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Figure B.1: Mean values of the volume of beneficially stimulated tissue (5 V/m ≤ |E| ≤ 70 V/m)
inside the defect region and Sobol’ indices (first order Sobol’ indices S1 (solid lines)
and total Sobol’ indices ST (dashed lines)) as a function of the stimulation voltage
for (a) EQSGa and (b) QSZi. Further, the 90 % prediction interval is highlighted
in color, while the error bars represent the standard deviation. The optimised
configuration is highlighted in grey. Figure adapted from [38].

For both scenarios, EQSGa and QSZi, the Sobol’ indices (as seen in Figs. B.1 and B.2)
exhibit the same overall trend with respect to stimulation voltage. However, the 90 %
prediction interval is consistently greater for QSZi, and the curves for the stimulated
volumes show less steep increases and decreases. As the stimulation voltage increases,
a notable decrease in the volume of understimulated tissue is observed (Fig. B.2 (c),
(d)), while the volume of overstimulated tissue increases significantly with amplified
stimulation amplitude (Fig. B.2 (a), (b)). The volume of beneficially stimulated tissue
marginally increases and appears to approach a plateau (Fig. B.1).

The extent of the 90 % prediction interval remains relatively constant for the un-
derstimulated volume, approximately 830 mm3 in scenario EQSGa and 1260 mm3 in

129
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scenario QSZi. However, for the beneficially stimulated volume, the 90 % prediction
interval decreases from an already relatively narrow value of 590 mm3 (EQSGa) and
665 mm3 (QSZi)) to approximately a quarter of their initial value (111 mm3 (EQSGa)
and 119 mm3 (QSZi)). For overstimulated tissue, the 90 % prediction interval increases
significantly from 236 mm3 to 875 mm3 (EQSGa), and from 630 mm3 to 1261 mm3

(QSZi).

The narrow 90 % prediction interval of the beneficially stimulated volume suggests
it is a robust quantity. Therefore, a large portion of the defective tissue is likely to
receive beneficial stimulation across a wide range of stimulation amplitudes, given
the assumed uncertainties. However, the results for the overstimulated tissue in the
defect region imply that both the 90 % prediction interval as well as the increase in
overstimulated volume are much greater, which is an important observation. Therefore,
careful monitoring of the applied stimulation voltage is crucial to prevent potential
tissue damage resulting from overstimulation.

For the beneficially stimulated tissue, the Sobol’ indices exhibit an interesting
behaviour with increasing stimulation amplitude (Fig. B.1). The most significant
changes can be observed for the input quantities that are already highly influential at
the optimised configuration, such as β, Y0, and σcanc. For instance, the impact of the
input parameters β and Y0 is significantly reduced and falls below 0.1 at φstim =0.7 V in
EQSGa. Meanwhile, in QSZi, this reduction takes place at a higher stimulation amplitude
of approximately φstim = 1 V. Furthermore, the total Sobol’ indices of β and Y0 initially
increase as the stimulation voltage increases, attain a maximum, and then decrease
drastically.

In EQSGa and QSZi, S1,σcanc initially experiences a slight decrease and is relatively
insignificant up to stimulation voltages of approximately 0.6 V and 1 V, respectively.
However, it subsequently increases to 0.42 for 1 V in EQSGa (0.36 at 1.5 V in QSZi).
Additionally, in both scenarios the total Sobol’ index for σcanc is relatively large and
demonstrates an increasing tendency with values up to 0.55 (EQSGa) and 0.68 (QSZi)
for an increasing stimulation voltage. The findings suggest an increase in interaction
effects at higher stimulation amplitudes. This is evidenced by the decrease in the sum of
first order indices and the increase in the sum of total order Sobol’ indices (not shown).
The sum of the total Sobol’ indices increases until 0.7 V (EQSGa) and 1.15 V (QSZi) and
then decreases.

The influence of σcort increases with increasing stimulation amplitude from approxi-
mately 0.5 V on. Nevertheless, solely in EQSGa does σcort become a significant quantity
with respect to the uncertainty of the output quantities at higher stimulation amplitudes
and reaches values of up to S1,σcort = 0.28 at φstim = 1 V (EQSGa). In QSZi, the total
Sobol’ index of σcort increases to values of up to 0.12, while the first order Sobol’ index
remains below 0.002. Hence, in QSZi some impact of uncertain cortical bone con-
ductivity could be expected due to interactions with other input parameters, while in
EQSGa the individual effect of σcort on the volume of beneficially stimulated bone could
also be substantial. It is worth noting that the total Sobol’ index for σmuc also gains
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significance at high voltages in QSZi, reaching ST,σmuc = 0.21 at 1.5 V. However, when
interpreting these findings in conjunction with the significantly decreasing standard
deviation (Fig. 5.16), it is necessary to approach the observed significance of σcort and
σmuc with caution: the STD/mean ratios for these instances are below 2 % for these
cases (where φstim = 0.8 V, 1.2 V, 1.5 V), and therefore no significant variations in the
output are anticipated.
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Figure B.2: Mean values of the volume of (a), (b) overstimulated tissue (|E| > 70 V/m) and
(c), (d) understimulated tissue (|E| < 5 V/m) inside the defect region as well as
Sobol’ indices (first order Sobol’ indices S1 (solid lines) and total Sobol’ indices
ST (dashed lines)) as a function of the stimulation voltage for (a), (c) EQSGa and
(b), (d) QSZi. Further, the 90 % prediction interval is highlighted in color, while
the error bars represent the standard deviation. The optimised configuration is
highlighted in grey. Figure adapted from [38].

The stimulation amplitude has little impact on the Sobol’ indices for both over- and
understimulated tissue, as depicted in Fig. B.2, with only a few percentage points of
difference observed. The first order Sobol’ indices for β and σcanc for the overstimulated
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tissue experience a slight decrease as the stimulation voltage increases. The decrease
is more pronounced for σcanc in QSZi. Here, the effect of σcanc is also greater than in
EQSGa. The Sobol’ indices for Y0 show a slight increase. The sum of the total Sobol’
indices for the over- and understimulated volumes in both scenarios remains relatively
constant, with variations less than 0.06 (not shown).

Note that the Sobol’ indices for the electric field norm |E(P1)| and the terminal
current Iterm remain constant for different stimulation voltages in the same scenario,
due to the linearity of the underlying numerical problem. As a result, they are not
shown here. However, this linearity does not apply to the computation of the stimulated
volumes, which are evaluated using integrals. Therefore, their Sobol’ indices vary for
different stimulation voltages.
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