
Biomechanical Modeling of
Soft Tissue and Facial Expressions
for Craniofacial Surgery Planning

Dissertation von
Evgeny Gladilin

eingereicht am
Fachbereich Mathematik und Informatik

der Freien Universität Berlin

im Oktober 2002



Betreuer: Prof. Dr. Dr. h.c. Peter Deuflhard
Konrad-Zuse-Zentrum für Informationstechnik Berlin (ZIB)
Takustr. 7
14195 Berlin

Gutachter: Prof. Dr. Dr. h.c. Peter Deuflhard
Prof. Dr. Markus Gross

Datum der Disputation: 11.06.2003



Acknowledgments

First, I would like to thank Peter Deuflhard for inviting me to Zuse-Institute-
Berlin (ZIB) to participate on the computer assisted surgery (CAS) project that
has been originated with his vision of the realistic modeling of the human face on
the basis of consistent numerical methods. I am indebted to him for his guidance
of my work and for giving me the freedom to go my own, often only intuitively
approachable ways to achieve research goals.

Such multi-disciplinary work would be unimaginable without the cooperation
with many people directly or indirectly contributing and supporting it. I thank
my colleague within the CAS-project, Stefan Zachow, for providing geometri-
cal models of human anatomy, which essentially helped this work to become an
application-oriented effort. I thank Martin Seebass for discussions around the top-
ics of geometrical modeling and visualization. I am grateful to Hans-Christian
Hege for his personal engagement and many-sided support of this fascinating
project from its very beginning on. My thanks go to my colleagues from Sci-
entific Computing Department of ZIB and Free University of Berlin: Bodo Erd-
mann, Jens Lang, Rainer Roitzsch and Rolf Krause for their assistance and many
practical advices w.r.t. the structural mechanics modeling and the finite element
programming, especially at the beginning of this work. I would like to express
my great thanks to Martin Weiser for many helpful discussions across the field of
numerical analysis. Finally, I thank my family and my friends for supporting me
throughout the last three years.

Tomographic data used in this work were kindly provided by our clinical
partners, Hans-Florian Zeilhofer and Robert Sader from the clinic for cranio-
maxillofacial surgery, Technical University Munich (Klinik und Poliklinik für
MKG-Chirurgie der TU München, Klinikum rechts der Isar).





Contents

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Problem Description . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2 State of the Art 7
2.1 Deformable Modeling . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 Non-physical Modeling . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 Physical Modeling . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 Background Knowledge 16
3.1 Facial Tissue. Structure and Properties . . . . . . . . . . . . . . . 16
3.2 Basics of Continuum Mechanics . . . . . . . . . . . . . . . . . . 24
3.3 Finite Element Method . . . . . . . . . . . . . . . . . . . . . . . 34

4 Geometrical Modeling 51
4.1 Image Segmentation . . . . . . . . . . . . . . . . . . . . . . . . 51
4.2 Mesh Generation . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3 Mesh Quality Control . . . . . . . . . . . . . . . . . . . . . . . . 55
4.4 Derivation of Boundary Conditions . . . . . . . . . . . . . . . . . 58

5 Numerical Model 60
5.1 Simplified Numerical Model of Facial Tissue . . . . . . . . . . . 60
5.2 Sensitivity Analysis and Parameter Estimation . . . . . . . . . . . 61
5.3 Details of Implementation . . . . . . . . . . . . . . . . . . . . . 65

6 Static Soft Tissue Prediction 69
6.1 Experiments with Artificial Objects . . . . . . . . . . . . . . . . 69
6.2 Soft Tissue Prediction in the CAS Planning . . . . . . . . . . . . 76

i



7 Individual Facial Expressions 92
7.1 Facial Animation . . . . . . . . . . . . . . . . . . . . . . . . . . 93
7.2 Anatomy and Physiology of Muscles . . . . . . . . . . . . . . . . 95
7.3 Biomechanical Models of Contracting Muscles . . . . . . . . . . 98
7.4 Virtual Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
7.5 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . 103

Conclusion 121

Appendices 124

A Notation 125

B Fundamental Solution of Linear Elasticity 128

ii


