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Preface

Dear Participant:
On behalf of the Scientific Committee and the Local Organizing Committee, we welcome you to
Stanford University in Palo Alto and the San Francisco Bay Area of California. In the 120 years
since its founding, Stanford University has been home to 26 Nobel Laureates, 16 of whom are
still alive. Palo Alto is also home to a number of Silicon Valley high-tech companies including
Hewlett-Packard, founded by two Stanford graduates in a one-car garage in Palo Alto, and
Facebook, the biggest social network worldwide.
We are delighted to assemble here about a hundred participants from universities and research
centers from 15 countries including five keynote speakers, 30 invited speakers and more than
30 poster presentations. We hope that the symposium will give you scientific impetus, new
ideas for future directions for research in the different areas of biomechanics and mechanobiology, and also some cultural impressions and new friends.
Computational modeling of biomechanics and mechanobiology at different length scales is
one of the most exciting and challenging problems of mechanics in the 21st century, requiring
expertise in different areas such as biomedical engineering, biophysics and chemistry, mechanical and civil engineering, applied mathematics, physiology and materials science. Mechanical
modeling and computational simulations promise to provide new insight into complex multiscale and multiphysics phenomena of living tissues; the quantitative analysis of biomechanical
processes on the molecular, cellular, tissue, and organ levels might enable reliable predictions
of the progression of various types of disease. This may allow us, within the next decade or
two, to perform real time, patient-specific simulations to guide the design of optimal treatment
strategies. To meet these tremendous expectations, research in computational biomechanics
must be highly multidisciplinary. Hence, our aim of this IUTAM symposium is to bring together young researchers and the world’s leading scientists working in the field and to stimulate the study of challenging new topics in the computational modeling of biomechanics and
mechanobiology. Our aim is also to encourage critical discussion and identify important trends
and directions in computational biomechanics.
We thank you all for coming and we hope you have a pleasant stay in the Bay Area. It is our
personal wish and hope that all participants will enjoy the scientific program and the atmosphere of this magic place in and around Stanford, and that lively discussion will make the
symposium a big success.
For the Scientific Committee and
the Local Organizing Committee

	
  

Ellen Kuhl
Chairman

	
  
Gerhard A. Holzapfel
Chairman
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Technical Program · Overview

Monday, August 29th, 2011
Morning Session 01 - Keynote Lecture
09:00 - 09:15

Ellen Kuhl and Gerhard Holzapfel
Opening Remarks

09:15 - 10:00

Larry Taber
Modeling Morphodynamics

10:00 - 10:30

Page 11

Coffee Break
Morning Session 02 - The Cardiovascular System

10:30 - 11:00
11:00 - 11:30
11:30 - 12:00
12:00 - 12:30

12:30 - 02:00

Jessica Shih-Coogan
Coronary and Cerebral Arterial Remodeling

Page 11

Jeffrey Holmes
Multiscale Modeling of Infarct Healing

Page 12

Michael Sacks
Constitutive Models for Native and Engineered Valvular Tissues

Page 12

Paul Watton
Patient Specific Modeling of Cerebral Aneurysm Evolution

Page 14

Lunch
Afternoon Session 01 - Cells and Viruses I

02:00 - 02:30
02:30 - 03:00
03:00 - 03:30

03:30 - 04:00

William Klug
Martensitic Phase Transitions in Viral Shells

Page 15

Patrick Onck
A Coarse-Grained Model for the Nuclear Pore Complex

Page 16

Ellen Kuhl
Computational Optogenetics - Turning Force into Function

Page 16

Coffee Break
Afternoon Session 02 - Soft Tissues

04:00 - 04:30
04:30 - 05:00
05:00 - 05:30
05:30 - 06:00

Ellen Arruda
Native and Tissue-Engineered Anterior Cruciate Ligaments

Page 17

Edoardo Mazza
Experimental Characterization of Soft Human Tissue

Page 18

Peter Pinsky
Collagen-Proteoglycan Structural Interactions in the Corneal Stroma

Page 19

Wolfgang Wall
Bridging Scales in Respiratory Biomechanics

Page 19
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Tuesday, August 30th, 2011
Morning Session 01 - Keynote Lecture
09:15 - 10:00

10:00 - 10:30

Peter Hunter
The Physiome Project

Page 21

Coffee Break
Morning Session 02 - Growth and Remodeling

10:30 - 11:00
11:00 - 11:30
11:30 - 12:00
12:00 - 12:30

12:30 - 02:00

Stephen Cowin
Mixture Theory-Based Poroelasticity for Interstitial Growth

Page 21

Jay Humphrey
Modeling Arterial Growth and Remodeling

Page 22

David Vorp
Mechanical Properties and Microstructure of ATAA

Page 23

Ralph Müller
Local Bone Formation and Resorption

Page 24

Lunch
Afternoon Session 01 - Keynote Lecture

02:00 - 02:45

Kit Parker
In Vitro Models of Vascular and Axonal Traumatic Brain Injury

Page 25

Afternoon Session 02 - Soft Tissues and Muscle
03:00 - 03:30
03:30 - 04:00
04:00 - 04:30

04:30 - 06:30

Gerhard Holzapfel
Collagen Fiber Orientations and Active Tone in Arteries

Page 25

Markus Böl
Coupled Finite Element Modeling of Smooth

Page 26

Jonas Stalhand
Modeling of Smooth Muscle Activation

Page 27

Poster Session - Coffee and Snacks

Page 41

Said Ahzi, Adrian Buganza Tepole, Xi Cheng, Nele Famaey,
Emilie Holland, Jordan Kelleher, Georges Limbert, Youjun Liu,
Krishnagoud Manda, Miguel Martinez, Lucia Mirabella, Corey
Murphey, Saeil Murtada, Orit Peleg, Estefania Pena, Steven
Petsche, Jean-Pierre Rabbah, Manuel Rausch, Eva Reina-Romo,
Yves Remond, Tim Ricken, Oliver Röhrle, Barbara Röhrnbauer,
Siva Shankar Rudraraju, Pablo Saez, Jose Sanz-Herrera, Mohammad Reza Shariatmadari, Tyler O’Brien Shultz, Alok Sutradhar, Michael J. Unterberger, Julien Vignollet, Hannah Weisbecker,
Jonathan Wong, Goran Zagar, Christopher Zarins, Alexander
Zoellner
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Wednesday, August 31st, 2011
Morning Session 01 - Keynote Lecture
09:15 - 10:00

10:00 - 10:30

Ajit Yoganathan
Patient-Specific Surgical Planning for the Fontan Procedure

Page 29

Coffee Break
Morning Session 02 - Excitation Contraction

10:30 - 11:00
11:00 - 11:30
11:30 - 12:00
12:00 - 12:30

12:30 - 02:00

Davide Ambrosi
Electromechanical Coupling in Cardiac Dynamics

Page 29

Marko Vendelin
Incorporating Cooperativity into Huxley-Type Cross-Bridge Models

Page 30

Serdar Göktepe
Kinematic Approaches to Electromechanics of the Heart

Page 31

Michael Sheetz
Cellular Mechanosensing: Stretching Again and Again

Page 32

Lunch
Excursion and Wine Tasting

05:30 - 06:00

Thomas Fogarty
From Balloon Catheters to Winemaking

Page 88

Banquet, Fogarty’s Winery
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Thursday, September 1st, 2011
Morning Session 01 - Keynote Lecture
09:15 - 10:00

10:00 - 10:30

Peter Fratzl
Managing Loads by Hierarchical Structure

Page 33

Coffee Break
Morning Session 02 - Porous Media

10:30 - 11:00
11:00 - 11:30
11:30 - 12:00
12:00 - 12:30

12:30 - 02:00

Gerard Ateshian
Solute Transport in Hydrated Biological Tissues

Page 33

Wolfgang Ehlers
Tumor Therapies of Multiphasic Brain Tissue

Page 35

Jaques Huyghe
Multiscale Modeling of Intervertebral Disc Tearing

Page 36

Yiannis Ventikos
Multicompartmental Poroelasticity for Perfused Tissue

Page 37

Lunch
Afternoon Session 01 - Cells and Viruses II

02:00 - 02:30
02:30 - 03:00
03:00 - 03:30
03:30 - 04:00
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Krishna Garikipati
Hierarchical Models of Caner Cell Motility and Locomotion

Page 38

Mohammad Mofrad
Cellular Mechanobiology: From Focal Adhesions to Nuclear Pores

Page 39

Robert McMeeking
The Mechanics of the Cytoskeleton and Cell Adhesion

Page 40

Ellen Kuhl and Gerhard Holzapfel
Closing Remarks
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Modeling Morphodynamics
Larry A. Taber
Washington University, St. Louis, MO
Computational modeling of morphogenesis, the creation of biological form, during embryonic development can be extremely challenging. Complications include the following: (1) Embryos undergo dramatic changes in size and shape during development, making these problems highly nonlinear. (2) Nature often creates similar shapes through widely different means.
(3) Intermediate morphologies can vary considerably, but congenital defects are relatively rare.
This suggests that that redundant mechanisms are involved, making model validation difficult. (4) Morphogenesis is regulated by both hard-wired genetic activity and chemomechanical
feedback.
This talk deals with the mechanics of heart and brain development. Although the molecular
and genetic aspects of development are becoming clear, the physical mechanisms that actually
create these organs remain poorly understood. To illustrate the integration of theory and experiment, three problems will be discussed: (1) head fold formation, which initiates the formation
of the early heart and brain; (2) cardiac looping, as the initially straight heart tube deforms into
a curved tube to lay out the basic plan of the mature heart; and (3) formation of the primary
subdivisions of the primitive brain tube (forebrain, midbrain, and hindbrain).
For each problem, we use optical coherence tomography (OCT) to acquire 3D images of chick
embryos under control and perturbed conditions. Morphogenesis is perturbed mechanically
using microdissection and chemically using drugs that alter cytoskeletal activity. For each condition, morphogenetic strains, tissue stresses, and mechanical properties are measured. Next, a
finite element model is used to determine the specific combination of morphogenetic processes
(e.g., differential growth and cytoskeletal contraction) that can create the observed changes in
normal embryos. Finally, the proposed mechanism is tested by simulating various mechanical
and chemical perturbations and comparing numerical predictions with experimental data.
This approach has led to new insights into the forces that drive heart and brain development.
In addition, our results show that widely disparate tissues in the embryo respond similarly to
perturbations in mechanical loads, suggesting a general principle for the role of mechanical
feedback in regulating morphogenesis.

Hemodynamic Alterations Associated with Coronary and Cerebral Arterial Remodeling Following Aortic Coarctation
C. Alberto Figueroa1 · Jessica S. Coogan1 · Jay D. Humphrey2
1 Stanford
2 Yale

University, Stanford, CA
University, New Haven, CT

It is well known that hypertension induces progressive histological changes in the vasculature
such as neointimal and medial thickening and stiffening. Recent studies report such changes
11
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in coronary and cerebral arteries in pig models following surgically-introduced thoracic coarctations. In this work, we characterize the hemodynamic alterations associated with arterial
remodeling due to hypertension following a surgically-introduced thoracic coarctation in a
human patient-specific model of the upper body vasculature. We describe changes in flow,
pressure, wall shear stress and strain waves over the cardiac cycle for different parts of the
vasculature such as the thoracic arch, the coronary tree, and the head and neck vessels for various stages of vascular remodeling, namely, pre-coarctation, acute post-coarctation, short-term
remodeling (i.e., 3-4 weeks), and long-term remodeling (i.e., 4-6 months).

Multiscale Modeling of Infarct Healing: Interactions Between Mechanical Environment, Scar Mechanics, and LV Function
Jeffrey W. Holmes
University of Virginia, Charlottesville, VA
The mechanics of healing myocardial infarcts are a critical determinant of left ventricular function. We recently showed that infarcts healing under different mechanical environments develop different collagen fiber structures and mechanical properties. We developed an agentbased model to evaluate the mechanisms by which mechanical environment directs collagen
deposition and remodeling by cardiac fibroblasts and better understand how to direct the
evolving structure towards a desired target. Next, we used finite-element models of the infarcted left ventricle (LV) to examine what scar properties would optimize LV pump function.
Model results and preliminary experiments suggest that altering scar mechanics can significantly improve LV function following a large infarction, opening important new possibilities
for post-infarction therapy. We are now combining models at these two scales (cellular and
organ) to understand the interaction between the effects of mechanical environment on scar
structure and the effects of scar structure on regional and global mechanics, and to design
novel therapies to direct scar remodeling.

Advanced Constitutive Models for Native and Engineered Valvular Tissues
Michael S. Sacks · Chad Eckert · Antonio D’Amore
University of Pittsburgh, Pittsburgh, PA
In the quest for improved computational simulations of native and engineered valvular tissues,
the core requirement of accurate, robust, and informative constitutive models continues to form
the basis for computational simulations. In the structural approach, each model parameter has
physiological/functional significance, and allows for separate investigation of the contribution
of each individual tissue component to the tissue’s mechanical behavior. It is hoped that it
will provide the ability to elucidate changes as a result of pathological processes. A common
approach, introduced by Lanir, assumes the tissue-level response is related to the collective
contribution of individual fiber ensembles. The term fiber ensemble refers to a collection of
12
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fibers sharing a common orientation. This modeling technique treats the fibrillar ECM components by homogenizing the fiber ensemble response. It is assumed that a representative volume
element (RVE) can be identified that is large enough to represent the processes associated with
the microstructure of the material in some average sense, yet small compared to the characteristic length scale of the microstructure. Within the RVE, the following assumptions are made:
1. The tissue can be idealized as a network of non-interacting fibers of varying types and structures, all embedded within a compliant ground matrix.
2. The net tissue response is the sum of the individual fibers responses.
3. Contributions from non-load bearing constituents are combined with the ground matrix.
4. Collagen fibers are intrinsically undulated (also called crimped) and gradually straighten
with increased stretch. Once a fiber has been stretched to a straightened state, it will transmit
load and will be considered linear elastic.
However, while successful in simulating bulk tissue behavior, fiber-fiber and fiber-matrix interactions are ignored. Moreover, the more subtle aspects of tissue microstructure and cell-fiber
interactions are ignored. We present two approaches to address these modeling shortcomings
for our native and engineered heart valve tissue applications. In the first, we continue with the
meso-scale continuum level approach used previously to account for fiber-matrix interactions
for a distributed population of fiber ensembles. In this application, we focus on accreting extracellular matrix forming on the leaflet scaffold. For these scaffolds, our previous modeling
work (Engelmayr and Sacks, 2008) found that ECM of increasing stiffness had a non-linear effect on the overall composite stiffness which did not follow a traditional rule of mixtures. We
thus propose a structurally based interaction term built on the straightening and shearing of
scaffold fibers within the scaffold-ECM co mposite construct. The total strain energy of the
composite can be separated into ECM, scaffold, and interaction terms. The ECM phase can be
modeled as a transversely isotropic material, whereas the scaffold follows models for used for
tissues as continuous ensembles of discrete fibers. To simulate the interactions, we decompose
the fiber deformation gradient tensor into axial extension and shearing deformations. To obtain
the extensional responses, we utilize equi-biaxial strain experiments (where no fiber rotation
occurs) and scaffold specimens impregnated with a polymeric gel of varying moduli that simulate accreting ECM. Next, we developed a shearing interaction term using an invariant that
describes the rotation of a single fiber with respect to the matrix, and extended this expression
for a continuous distribution of fiber ensembles. The resulting expression was able to accurately simulate the fiber-matrix extensional and shearing behaviors accurately, and provid ed
insight into the physical quality of the forming ECM. We also demonstrate how this approach
can be applied to native valvular tissues and chemically processed prosthetic valve leaflets.
In the second approach, we utilize a more direct method automatically collect micro-architectural data (fibers intersections, connectivity, and orientation) from SEM images of scaffolds or native tissues to recreate statistically equivalent mechanical models. More importantly, an appropriate representative volume element (RVE) size was selected to fully capture both the critical
micro-scale architectural information, as well as reproducing the larger-scale directional long
fiber behavior. This approach produced material models by specifying fiber network topology to allow for the bulk mechanical response to be determined at the meso and micro scale
via FEM simulations. Current FEM results revealed the capacity of the approach to directly
simulate bulk mechanical behavior from the cell to the fiber to the tissue. In both approaches
13
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we show how interactions between the fiber and the cells occur and related to global level
responses, where bulk material properties are fundament al to understanding native and engineered valve function.
Engelmayr, G. C., JR. & Sacks, M. S. 2008. Prediction of extracellular matrix stiffness in engineered heart valve tissues based on nonwoven scaffolds. Biomech Model Mechanobiol, 7,
309-21.
Acknowledgement: NIH R01 HL-068816, NIH R01 HL089750, and NIBIB T32 EB003392.

Patient Specific Modelling of Cerebral Aneurysm Evolution
Paul Watton
University of Oxford, Oxford, England
Intracranial aneurysms (ICAs) appear as sac-like outpouchings of the cerebral vasculature; inflated by the pressure of the blood that fills them. They are relatively common and affect up to
5% of the adult population. Most remain asymptomatic. However, there is a small but inherent
risk of rupture: 0.1% to 1% of detected ICAs rupture every year. If rupture occurs there is a
30% to 50% chance of fatality. Once an ICA is detected, clinical intervention may be deemed
appropriate. However, interventional procedures are not without risk to the patient. Hence
there is a need to develop methodologies to assist the clinician to identify those ICAs most at
risk of rupture.
We focus on the mathematical and computational modelling of ICA evolution. The ultimate
ambition is to aid clinical diagnosis on a patient-specific basis, however, due to the significant
biological complexity coupled with limited histological information, models of ICA evolution
are still in their relative infancy. Current research focuses on simulating the evolution of an ICA
with an aim to yield insight into the growth and remodeling (G&R) processes that give rise to
inception, enlargement, stabilisation and rupture. To this end, we propose a novel fluid-solidgrowth (FSG) computational framework for modelling the evolution of sidewall saccular ICAs
on physiological sections of vasculature.
A selection of sidewall ICA cases are identified from clinical imaging data. The imaging data is automatically segmented and centrelines are generated through the vasculature
using @neufuse, a computational software suite developed as part of the @neurist project
(www.aneurist.org). The section of vasculature that contains the ICA is removed and replaced
with a cylindrical section (of matching dimensions), which is reconnected to the upstream and
downstream sections of the vasculature using an automated algorithmic method: closed curves
propogate along a centreline to smoothly reconstruct sections of vasculature and morph vessel
surface sections together [1]. The inserted cylindrical section, hereon referred to as aneurysmal section, simulates an idealised section of healthy artery. It utilises a realistic constitutive
model of the arterial wall that accounts for the structural arrangement of collagen fibres in the
medial and adventitial layers, the natural reference configurations in which the collagen fibres
are recruited to load bearing and the concentrations (mass density ratios) of the elastinous and
collagenous constituents [2].
For specific numerical examples, the inception of an ICA is imposed, i.e. a degradation of
elastin is prescribed to create a small outpouching within the aneurysmal section and per14
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turb the hemodynamic environment [3]. Subsequent elastin degradation is linked to low WSS,
whilst the collagen fabric adapts to restore its strain to the homeostatic value. The flow is solved
with ANSYS CFX assuming rigid boundaries; physiological flow rate and pressure boundary
conditions are applied. The structural analysis employs a quasi-static approach to additionally quantify the cyclic deformation of the ECM components and the cells (each of which may
have different natural reference configurations). G&R algorithms simulate cells responding to
the mechanical stimuli and adapting the tissue. The adoption of patient-specific vasculature
geometries enables the G&R of an evolving ICA to be explicitly linked to physiologically realistic hemodynamic stimuli. The ICA geometries predicted by the computational model are
compared with the clinical cases.
[1] Chen H (2010). An Automated Method to Reconstruct Healthy Vasculature from Medical
Imaging Depicting Cerebral Aneurysm, MSc Thesis in Biomedical Engineering, Department of
Engineering Science, University of Oxford.
[2] Watton P, Ventikos Y (2009) Modelling Evolution of Saccular Cerebral Aneurysms, Journal
of Strain Analysis, 44:375-389.
[3] Watton PN, Raberger NB, Holzapfel GA, Ventikos Y (2009). Coupling the Haemodynamic
Environment to the Evolution of Cerebral Aneurysms: Computational Framework and Numerical Examples, ASME Journal of Biomechanical Engineering, 131(10):101003.

Martensitic Phase Transitions in Viral Shells
William S. Klug
University of California, Los Angeles, CA
Conformational strain and flexibility have long been recognized as key features needed for
spontaneous assembly of proteins into quasi-equivalent sites on icosahedrally symmetric protein shells (capsids) of viruses. Experimental studies using X-ray crystallography and cryoelectron microscopy have shown that some viruses act like molecular machines, with localized
conformational changes of proteins producing coordinated global changes to capsid morphology that can be important for maturation and/or release of a genome. I will present a computational model based on continuuim elasticity and the theory of martensitic phase transitions that
likens protein conformational change to structural phase transitions as commonly studied for
crystalline solid materials. The model reveals that the coupling of the conformational degrees
of freedom to capsid elasticity and specifically to elastic disclinations at the 5-fold icosahedral
symmetry cites is crucial in determining the thermodynamic character of the structural transition. For specific viruses CCMV and HK97, we show that the model is able to reproduce and
explain experimental observations. In particular, I will argue that HK97 exhibits what may
described as “slip planes” which provide a mechanism for relieving the prestress induced by
disclination defects at the icosahedral vertices by allowing tangential stresses across capsomer
interfaces to be discontinuous.
15
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A Coarse-Grained Model for Unfolded Proteins of the Nuclear
Pore Complex
Patrick Onck · Erik van der Giessen · Ali Ghavami
University of Groningen, Groningen, Netherlands
The nuclear pore complex (NPC) is a large protein complex that is embedded in the nuclear
membrane of eukaryotic cells and transports hundreds of proteins per second. Despite the
wide variety of molecules transported, the NPC is highly selective. It only allows small
molecules and ions to freely diffuse in and out of the nucleus; larger proteins are excluded.
Transport is only possible when the protein cargo binds to a carrier (karyopherin or Kap) that
guides the cargo through the channel. The actual transport is mediated by natively unfolded
proteins, FG-nucleoporins (FG-nups), forming a low-density cloud of flexible filaments that
line the core region of the NPC. How these FG-nups govern transport is a subject of intense
debate.
To understand the fundamental transport mechanisms, we develop an implicit solvent onebead per amino-acid coarse-grained (CG) model for the FG-nups. For the local back-bone interactions, experimentally-obtained Ramachandran plots for coil regions of proteins are converted into distributions of pseudo-bond and pseudo-dihedral angles between neighboring
alpha-carbons in the polypeptide chain. The obtained density plots are then used to derive
bending and torsion potentials, which are residue- and sequence-specific. Our results show
that the local interactions can be captured by specifically accounting for the presence of Prolyne and Glycine in the amino-acid sequence. The radius of gyration of denatured proteins is
well predicted by molecular dynamics simulations using the developed potentials. In the absence of explicit water molecules, the relative strengths of hydrophobic attractions for each pair
of residues are specified using experimentally-determined hydrophobicity scales. The model is
then used to study the single and collective behavior of FG-nups on a flat substrate and analyze
the FG-nup conformation as a function of amino-acid sequence.

Computational Optogenetics - Turning Light into Function
Oscar John Abilez · Jonathan Wong · Rohit Prakash · Karl Deisseroth · Christopher Zarins ·
Ellen Kuhl
Stanford University, Stanford, CA
Electrical stimulation is currently the gold standard treatment for heart rhythm disorders.
However, electrical pacing is associated with technical limitations and unavoidable potential complications. Recent developments now enable the stimulation of mammalian cells with
light using a novel technology known as optogenetics. The optical stimulation of genetically
engineered cells has significantly changed our understanding of electrically excitable tissues,
paving the way towards controlling heart rhythm disorders by means of photostimulation.
Here, we demonstrate the potential of optogenetic control in cardiac cells using a hybrid experimental/computational technique.
16
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Experimentally, we introduce channelrhodopsin-2 into undifferentiated human embryonic
stem cells via a lentiviral vector, and sort and expand the genetically engineered cells [1]. Via directed differentiation, we create channelrhodopsin-expressing cardiomyocytes, which we subject to optical stimulation. To quantify the impact of photostimulation, we assess biochemical,
electrical, and mechanical signals using patch clamping, multielectrode array recordings, and
video microscopy.
Computationally, we introduce channelrhodopsin-2 into a classic cardiac cell model via an additional photocurrent governed by a light-sensitive gating variable [2]. Upon optical stimulation, the channel opens and allows sodium ions to enter the cell, inducing a fast upstroke
of the transmembrane potential. We calibrate the channelrhodopsin-expressing cell model using single action potential readings for different photostimulation amplitudes, pulse widths,
and frequencies. To illustrate the potential of the proposed approach, we virtually inject
channelrhodopsin-expressing cells into different locations of a human heart, and explore its
activation sequences upon optical stimulation.
Predictive continuum models for photoelectrochemistry allow us to virtually probe landscapes
of process parameters and identify optimal photostimulation sequences in various different
tissues and organs. Discretized with finite element tools, they enable the combination of virtually any cell type on virtually any geometry. We believe that computational optogenetics will
be widely applicable to predict the response of genetically engineered, electrically-active cells
and, ultimately, support the design of novel therapies for various types of neuronal, musculoskeletal, pancreatic, and cardiac disorders such as depression, schizophrenia, cerebral palsy,
paralysis, diabetes, pain syndromes, and cardiac arrhythmias.
[1] Abilez OJ, Wong J, Prakash R, Deisseroth K, Zarins CK, Kuhl E. Multiscale computational
models for optogenetic control of cardiac function. Biophys J, doi:10.1016/j.bpj.2011.08.004.
[2] Wong J, Abilez OJ, Kuhl E. Computational optogenetics - A novel continuum framework
for the photoelectrochemistry of living systems. submitted for publication.

Computational Modeling of Native and Tissue-Engineerer Anterior Cruciate Ligament
Ellen Arruda · Jinjin Ma
University of Michigan, Ann Arbor, MI
Over 400,000 anterior crucial ligament (ACL) injuries occur each year in the US, resulting in
over 300,000 replacement surgeries per year. Current ACL replacement strategies, which involve using either allografts from cadavers or autografts from patients’ own patellar tendons
(PT) or hamstring tendons as a replacement, have several limitations including graft availability, risk of rejection, increased morbidity and, more importantly, unmatched intra-articular
biomechanical properties of native ACL. We have developed a tissue-engineered graft by differentiating bone marrow stromal cells in vitro and co-culturing their self-generated extracellular matrices to form a bone-ligament-bone construct. The efficacy of this graft as an ACL
replacement has been evaluated at nine months. Here we report on the the inhomogeneous,
non-linear viscoelastic properties of native ACL, the BLB grafts upon explantation and PT au17
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tografts. We have developed a computational model of these tissues to examine the altered
biomechanics of the knee as a result of PT autografts vs tissue-engineered strategies.

Experimental Characterization of Soft Human Tissue
Edoardo Mazza · Marc Hollenstein · Wilfried Burzle
ETH Zurich, Zurich, Switzerland
Experimental observations of the mechanical behavior of soft tissue are essential for determining model parameters of phenomenological model equations, and are useful for verifying the
predictive capabilities of physically based model formulations. Constitutive equations often
aim at describing the in vivo mechanical behavior of tissues and organs when subjected to
physiological conditions of loading and deformation. Our work contributes to the attainment
of corresponding experimental data. Two aspects will be considered in the talk: (i) the characterization of biological membranes subjected to uniaxial and biaxial stress states, (ii) the in vivo
measurement of the mechanical response of soft human organs using the aspiration method.
(i) Our experimental investigations aim at characterizing the multi-axial mechanical response
of biological membranes, such as fetal membranes (amnio-chorion) and Glisson’s capsule. Different experimental configuration are used for this purpose: uniaxial stress tests, pure shear
(using testpieces with large ratio of width to length), and inflation experiments (with the circular membrane samples clamped over a fluid chamber with controlled fluid pressure). The
measurement systems and the corresponding testing protocols will be presented, with particular attention to the question of the definition of a reference configuration for the analysis of the
mechanical data. The predictive capabilities of hyperelastic viscoelastic constitutive model formulations are evaluated with respect to the experimental results obtained in different loading
conditions. Comparison of uniaxial data and observations in inflation experiments show that,
in contrast to the behavior of elastomer membranes, fetal membranes provide a much larger resistance to biaxial loading as compared to uniaxial loading, even for small deformations. When
comparing the mechanical response of liver capsule and fetal membranes we observed a difference of over one order of magnitude in the stiffness (with the fetal membrane being much
more compliant) despite having a ’similar’ content of collagen. Semi-quantitative assessment
of elastin and total collagen content in the membranes allows evaluating possible correlations
between mechanical parameters and tissue microstructure.
(ii) Results will be presented from current clinical studies with aspiration experiments on the
liver during open abdominal surgery and intra-vaginal on the uterine cervix in the course of
gestation. An extensive experimental campaign with measurements on patients undergoing
hepatic resection has been recently completed. In total the livers of 33 patients at the age of
38-82 years have been tested in vivo, at the beginning of the surgical procedure. Measurements
were taken on one normal reference site and one or two target sites with lesion, leading to a
total of 207 realizations of the aspiration experiment in vivo on the human liver in this study.
All intraoperative measurements were performed successfully and without complications for
the patients; the measurement window of 10min, as defined in the measurement protocol, was
never exceeded. Most of the cases were colorectal liver tumor, in numbers 16 out of the 33
cases, so almost 50%. The measurement procedure aimed at minimizing the influence of the
contact force between the aspiration device and the liver. This new protocol was shown to
18
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considerably improve the reproducibility of the mechanical measurements. Histopathological
characterization with biopsies taken at the measurement location allows analyzing the correlation between mechanical response and local tissue microstructure, as well as evaluating the
diagnostic relevance of this procedure. Selected measurements were analyzed in an inverse
procedure in order to determine constitutive model equations for liver parenchyma (assuming
a known behavior of the capsule) or homogenized liver tissue. The ongoing measurements performed on the uterine cervix at different gestational ages are expected to provide information
on the corresponding changes in mechanical resistance. This procedure might form the basis
for a potential new diagnostic method to complement morphological evaluations when predicting pre-term delivery. The results available at the time of the presentation will be presented
and analyzed.

Modeling Collagen-Proteoglycan Structural Interactions in the
Corneal Stroma
Peter M Pinsky · Hamed Hatami-Marbini
Stanford University, Stanford, CA
Structural interactions between collagens and proteoglycans (PGs) are important determinants
of mechanical properties in connective tissues, including the corneal stroma. The regular lattice
of stromal fibrils interconnected by an organized system of negatively charged glycosaminoglycan (GAG) bridges creates an electrolytic gel composite structure that can be modeled in terms
of free energy and solved using a numerical approach. We use the detailed three-dimensional
arrangement of collagen fibrils and leucine-rich repeat PGs revealed by recent imaging to create a molecular-level model for stromal shear stiffness and stromal swelling pressure. We also
show that although charge density in the cornea is relatively low, it plays a vital role in maintaining the transparency of the tissue. The model is validated by estimating the stromal shear
stiffness by determining the energy cost to deform a unit cell in shear and comparing results
to direct torsional measurement of the shear stiffness of a lamellar slice of human cornea. The
model is similarly employed in a transverse (thickness) deformation mode to predict swelling
and osmotic pressures as a function of GAG charge density and ionic concentration.

Bridging Scales in Respiratory Biomechanics
Wolfgang A. Wall · Andrew Comerford · Mahmoud Ismail · Sophie Rausch · Lena Wiechert
TU Munich, Munich, Germany
The human lung is a rather complex organ where essential processes span a variety of different
scales and different fields. Maybe it is because of this fact that only very little is known about
the detailed functioning of this organ. This is in clear contradiction to the importance of this
organ and to how desperately the medical community is looking for a better understanding.
For this purpose we are developing comprehensive computational models of the respiratory
system and use it in a number of collaborations with medical groups. Since our original moti19
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vation was the development of protective ventilation strategies our research was mainly concerned with computational modeling of the respiratory system against the background of acute
lung diseases and mechanical ventilation.
Conceptually, we divide the lung into two major subsystems, namely the conducting airways
and the respiratory zone represented by lung parenchyma. Owing to their respective complexity, both parts are themselves out of range for a direct numerical simulation resolving all
relevant length scales. Therefore, we develop detailed individual models for parts of the subsystems as a basis for novel multi-scale approaches taking into account the unresolved parts
appropriately. In the tracheobronchial region, CT-based geometries up to a maximum of approximately seven generations are employed in fluidstructure interaction simulations, considering not only airway wall deformability but also the influence of surrounding lung tissue.
Physiological outflow boundary conditions are derived by considering the impedance of the
unresolved parts of the lung in a fully coupled 3D-1D approach. In the respiratory zone, an
ensemble of alveoli representing a single ventilatory unit is modeled conside ring not only
soft tissue behavior but also the influence of the covering surfactant film. Novel nested multiscale procedures are then employed to simulate the dynamic behavior of lung parenchyma
as a whole and local alveolar ensembles simultaneously without resolving the alveolar microstructure completely.
Obviously, the conducting part of the lung plays an essential role for the distribution of flow
and pressure into the peripheral regions, thereby affecting local parenchyma deformation and
the development of ventilator-associated lung injury. To add to the above mentioned bridging
of scales, we have therefore established a novel coupling procedure allowing us to combine 3D
parenchyma and airway models into one overall lung model. Apart from considering fluidstructure interaction effects, we also account for the inflation of the parenchyma due to the
transport of air in the airways.
Currently a full coupling to the cellular level is not possible in silico. Hence this coupling to the
cellular level, and in that way to the biological response, is mainly done experimentally. For
this purpose we are investigating cellular response, e.g. calcium fluxes, in living tissue during
phyiological cyclic stretching in a bioreactor and couple this information with our computational microscale analysis. In addition we are approaching this level from a sub-cellular point
of view. For this we have recently developed a novel and efficient computational approach for
Brownian dynamics of polymers that allows us a.o. to study the structural polymorphism in
biopolymer networks.

20
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The VPH/Physiome Project
Peter J. Hunter
University of Auckland, Auckland, New Zealand
Multi-scale models of the heart, lungs, liver, kidney, muscles, bones and other organs are being
developed under the umbrella of the Physiome Project of the International Union of Physiological Sciences (IUPS) and the Virtual Physiological Human (VPH) project funded by the
European Commission. These computational physiology models deal with multiple physical
processes (coupled tissue mechanics, electrical activity, fluid flow, etc) and multiple spatial and
temporal scales. They are intended both to help understand physiological function and to provide a basis for diagnosing and treating pathologies in a clinical setting. A long term goal of the
project is to use computational modeling to analyze integrative biological function in terms of
underlying structure and molecular mechanisms. It is also establishing web-accessible physiological databases dealing with model-related data at the cell, tissue, organ and organ system
levels [1-5].
This talk will provide an update on the current state of the standards, databases and
software being developed to support robust and reproducible multi-scale models for the
VPH/Physiome project. These standards include CellML and FieldML for encoding models
and BioSignalML for encoding time-varying signal data, together with model repositories and
software tools for creating, visualizing and executing the models based on these standards [6,7].
[1] Hunter, P.J. and Borg, T.K. Integration from proteins to organs: The Physiome Project. Nature Reviews Molecular and Cell Biology. 4, 237-243, 2003.
[2] Crampin, E.J., Halstead, M., Hunter, P.J., Nielsen, P.M.F., Noble, D., Smith, N.P.and Tawhai,
M. Computational physiology and the Physiome Project. Exp. Physiol. 89, 1-26, 2004.
[3] Hunter, P.J. and Nielsen, P.M.F. A strategy for integrative computational physiology. Physiology. 20,316-325, 2005.
[4] Hunter, P.J. Modeling living systems: the IUPS/EMBS Physiome Project. Proceedings of the
IEEE. 94:678-691, 2006.
[5] Bassingthwaighte, J., Hunter, P.J. Noble, D. The Cardiac Physiome: perspectives for the
future. Experimental Physiology, 94(5):597-605, 2009.
[6] www.cellml.org
[7] www.fieldml.org

Mixture Theory-Based Poroelasticity as a Model of Interstitial Tissue Growth
Stephen C. Cowin
City College, New York, NY
An alternative approach to mixture theory-based poroelasticity is developed by transferring
some poroelastic concepts developed by Biot to mixture theory. These concepts include a larger
RVE and the subRVE-RVE velocity average tensor that is assumed here to depend upon the
21
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pore structure fabric. This approach to mixture theory is directed toward the modeling of
interstitial growth. Traditional mixture theory considers constituents to be open systems, but
the entire mixture is a closed system. In this development the mixture is also considered as an
open system so that growth may be modeled. The velocity of a solid constituent is employed as
the main reference velocity in preference to the mean velocity concept from traditional mixture
theory. The standard development of statements of the conservation principles and entropy
inequality employed in mixture theory are modified to account for these kinematic changes and
to allow for supplies of mass, momentum and energy to each constituent and to the mixture as
a whole. The objective is to establish a basis for the development of constitutive equations for
growth of tissues.

Modeling Arterial Growth and Remodeling
Jay Humphrey
Yale University, New Haven, CT
Phenomenological models of the mechanical behavior of the arterial wall continue to play important roles in vascular mechanics. Indeed, such models revealed the importance of residual
stresses in homogenizing the transmural distribution of stress in normalcy, which in turn led to
one of the most important hypotheses in vascular mechanobiology - existence of a mechanical
homeostasis. Yet, classical models are not able to exploit growing information on the different
mechanical properties and rates and extents of turnover of different structurally significant constituents within the arterial wall. To address this need, we proposed a structurally-motivated,
materially nonuniform model of the arterial wall based on a theory of constrained mixtures.
Key features of this model include the ability to prescribe individual stored energy functions
for different structurally significant constituents that are constrained to move together within
the overall wall while being allowed to possess individual evolving natural (stress-free) configurations, plus the ability to prescribe separate stress-mediated constitutive relations for constituent production and removal.
We showed that this approach captures salient features of arterial adaptations (e.g., evolving
changes in geometry, overall material behavior, and collagen to elastin ratios) to both altered
mechanical loading (e.g., altered blood flow and pressure as well as axial stretch) and disease
progression (e.g., enlargement of intracranial aneurysms and the development and resolution
of cerebral vasospasm). We submit that, in contrast to models built on the assumption of kinematic growth, this constrained mixture approach can incorporate increasingly detailed biological information on cell and matrix turnover and can thereby begin to generate and test novel
hypotheses on mechanisms of arterial homeostasis and adaptation. We show, for example, that
the constrained mixture model suggests a possible mechanism for the origin of residual stresses
and axial prestretches, the importance of cellular deposition of new extracellular matrix proteins within stressed states, the complementary roles of vasoactivity and matrix remodeling,
and stress mediation of matrix turnover.
22
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Mechanical Properties and Microstructure of Ascending Thoracic
Aortic Aneurysm (ATAA): Association with Valve Morphology
David A Vorp1 · Salvatore Pasta1,2 · Joseph E. Pichamuthu1 · Julie A Phillippi1 · Simon C
Watkins1 · Thomas G. Gleason1
1 University
2 University

of Pittsburgh, Pittsburgh, PA
of Palermo,Palermo, Italy

Type A aortic dissection (AoD) of an ascending thoracic aortic aneurysm (ATAA) is a lifethreatening cardiovascular emergency with a high potential for death. From a biomechanical
point-of-view, dissection is a delamination of the elastic layers of the degenerated aortic wall
that occurs when the hemodynamic loads exceed bonding forces that normally hold the mural layers together. Weakening of the biomechanical integrity of the ascending aortic media
may accentuate the possibility of AoD of the aneurysmal aorta. The purpose of this study was
two-fold. First, we aimed to quantify the biomechanical properties of the non-aneurysmal and
aneurysmal human ascending thoracic aorta. The delamination strength was compared between human ATAAs with bicuspid aortic valve (BAV) and those with tricuspid aortic valve
(TAV). Following delamination of ATAA tissue samples, tensile tests on the delaminated halves
as well as separate intact wall specimens were performed and compared. Our second aim was
to assess structural protein fiber content and morphology in the BAV and TAV aneurysm tissue.
Multi-photon microscopy was utilized to qualitatively examine fiber organization of medial
dissected surfaces.
Aortic specimens were collected during elective surgery for ascending aorta replacement and
from heart transplant recipients/donors. All non-aneurysmal segments were from subjects
with TAV. The aortic segments were cut into long, thin, rectangular strips with their long axis
in either longitudinal (LONG) or circumferential (CIRC) orientation with respect to that of the
aorta. For delamination testing, an initial delamination plane was made with the aid of a surgical scalpel between elastic lamellae of each specimen. The two free flaps of the tissue specimen
were mounted between the grips of a tensile system. A constant crosshead speed was then
used to pull apart the specimen to complete delamination. The two delaminated halves resulting from each delamination test, and separate full-thickness specimens were also subjected
to tensile testing and stretched to failure. After biomechanical testing, the delaminated tissue
halves were fixed in 4% paraformaldehyde and then stored in PBS solution at 4◦ C temperature,
and imaged using multi-photon microscopy. A post-imaging filter developed in Matlab software was used to separate the elastin and collagen fibers from the original image for qualitative
assessment. To assess collagen content, the hydroxyproline (HYP) assay was utilized.
A significantly lower delamination strength (i.e. low resistance to AoD) was found for either
type of aneurysm compared to that of non-aneurysmal aorta. Anisotropic dissection properties
of the non-aneurysmal human ascending thoracic aorta are deduced by the significant difference between LONG and CIRC orientations. In contrast, the non-significant difference between
LONG and CIRC strips for BAV and TAV ATAAs. This apparent isotropic behavior suggests a
more disorganized microstructure. We also found that the intimal layer (i.e. the inner half of the
dissection) is weaker than the adventitial layer (outer half) of dissected specimens. The tensile
strength of BAV is significantly stronger than TAV in both orientations. Multi-photon imaging
23
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of the dissected layers of BAV ATAAs shows a more disorganized microstructure compared to
those of the non-aneurysmal aorta, with the collagen fibers in the media of non-aneurysmal
aorta being mainly aligned with the CIRC direction, whereas ATAAs show random distributions. The HYP content was not significantly different between the groups. However, for TAV
there was a moderate correlation between the collagen content and its strength, this correlation
is lost in BAV tissues.
In conclusion, our data suggests that BAV and TAV ATAA walls have significantly altered the
biomechanical properties and structural morphology, pointing to a diminished structural integrity that may lead to an increased propensity for AoD.

In Silico Prediction of Local Bone Formation and Resorption in
an In Vivo Model of Bone Adaptation
Ralph Müller
ETH Zurich, Zurich, Switzerland
Today, the exact spatial relationship between the micromechanical environment and consequent bone adaptation is not well understood. A quantitative understanding of how the
mechanical environment regulates bone adaptation could lead to an improved understanding of bone formation and bone quality maintenance as well as an ability to predict microarchitectural changes in bone geometry. Here a combined experimental and computational
model is presented which is able to quantify, for the first time, the relationship between local
trabecular bone remodeling and the local micromechanical environment.
To induce bone adaptation in vivo, the 6th caudal vertebrae of 9 C57BL/6 mice were subjected
to cyclic loading at 8N for 4 weeks and scanned weekly with in vivo micro-computed tomography (vivaCT, Scanco Medical, Bruttisellen, Switzerland). This resulted in a net gain in trabecular bone volume fraction of 20% over 4 weeks. Initial scans (w1) were superimposed with time
lapsed scans 7 days apart (w2) and areas of formed, quiescent and resorbed trabecular surfaces
were determined by means of rigid image registration. To quantify the micro-mechanical environment micro-CT images of the w1 vertebrae were converted into 3D FE models by mapping
each bone voxel to an eight-noded brick element yielding models consisting of approximately
1,800,000 elements. A Young‘s Modulus of 14.8 GPa and a Poisson’s ratio of 0.3 were assigned
as material properties. Strain Energy Density (SED) was then computed for all elements. The
models were solved using ParFE running on a super computer (CSCS, Manno, Switzerland).
The areas of formed, quiescent and resorbed bone surfaces were then projected onto the surface of the resolved FE models. Mean SED values were determined for formed, quiescent and
resorbed surfaces and compared statistically.
Mean SED at sites where formation would occur were significantly higher than stresses at quiescent surfaces (p<0.05). At the same time, mean SED at quiescent sites were significantly
higher than stresses at sites where bone resorption would occur (p<0.01). The 3D comparison
between experimental in vivo data and FE-analysis showed for the first time that sites of trabecular bone formation, resorption and quiescence can be predicted by Strain Energy Density.
Moreover, these data support the mechanostat theory by hinting at the existence of threshold
values of mechanical deformation between which bone is in state of homeostasis. Further stud24
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ies are proposed to investigate whether such mechanical pathways direct bone remodeling in
osteoporotic cases and if synergies exists with known pharmaceutical treatments. This novel
experimental and computational approach will thus provide the ground truth for the development of mechanistic computational models capable of simulating bone adaptation in silico. In
addition to furthering our understanding of how bone adapts such in silico models will facilitate better prediction of fracture risk within the contexts of aging, disease and drug therapies.
Funding from the European Union for the osteoporotic virtual physiological human project
(VPHOP FP7-ICT2008-223865) is gratefully acknowledged.

In Vitro Models of Vascular and Axonal Injury in Traumatic Brain
Injury
Kevin Kit Parker
Harvard University, Cambridge, MA
The high incidence of blast-induced Traumatic Brain Injury (bTBI) in the conflicts in
Afghanistan and Iraq has increased public awareness of brain injury and exposed the lack of
mechanistic understanding of its pathogenesis, especially in the mild to moderate TBI regime.
Blast TBI is characterized by diffuse axonal injury and cerebrovasospasm, the latter being
uniquely associated with blast-induced TBI. To investigate the cellular mechanisms of injury,
we have built vertically coupled in vitro models designed to mimic the energy spectra of an
explosion as felt by engineered neuronal and vascular constructs. Our data suggest that integrin signaling and activation of small GTPases is an important mechanism in initiating the
maladaptive neuronal and vascular remodeling observed in these patients.

Advances in the Modeling of Soft Collagenous Tissues: The Role
of Distributed Collagen Fiber Orientations and Active Tone in Arteries
Gerhard A. Holzapfel1,2 · Andreas Schriefl1 · Andreas Reinisch1 · David Pierce1 · Sae-Il
Murtada2 · Markus Böl3 · Jonas Stalhand4
1 Graz

University of Technology, Graz, Austria
Institute of Technology, Stockholm, Sweden
3 TU Braunschweig, Braunschweig, Germany
4 Linköping University, Linköping, Sweden
2 Royal

Soft collagenous tissues exhibit macroscopic mechanical responses that are highly nonlinear,
(in)elastic and anisotropic. In arterial walls, for example, collagen is the ubiquitous loadbearing element which forms the important structural basis. The structural arrangement of
collagen leads to the important anisotropic mechanical behavior of arterial tissues and provides the matrix for cellular attachment [1,2].
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Hence, in this communication, we discuss the structural quantifications of the collagen fabric
with focus on polarized light microscopy. In particular, the layer-specific distributed collagen
fiber orientations in human non-atherosclerotic thoracic and abdominal aortas and common
iliac arteries are presented. All data, except for the media of the common iliac arteries, show
two prominent collagen fiber families for all layers so that two-fiber family models seem most
appropriate. On the basis of these data a novel structural model for arteries including the
dispersion of collagen fiber orientations is developed. The suitability of this model to capture
the structure and the measured biomechanical response is shown by means of computational
analyses.
Finally, the modeling of the mechanical behavior associated with the activation of smooth
muscle, i.e. the active response of artery walls, is presented. In particular, we show novel
isometric experiments performed on swine carotid media. The related mechanochemical
response is modeled on the basis of the actin-myosin complex and on the related generation of
force (or stress) [3]. The chemical (kinetic) model describes the cross-bridge interactions with
the thin filament in which the calcium-dependent myosin phosphorylation is the only regulatory mechanism. On the other hand, the mechanical model is based on Hill’s three-component
model and it includes variables that describe the contraction/relaxation of the contractile
units. The proposed model provides a continuum framework for the implementation into
finite element codes.
[1] GA Holzapfel (2008): Collagen in arterial walls: Biomechanical aspects, in P. Fratzl (ed.)
Collagen. Structure and Mechanics, Springer-Verlag, Heidelberg, Chapter 11, pp. 285-324
[2] GA Holzapfel and RW Ogden (2010): Constitutive modelling of arteries, Proc R Soc Lond
A, 466:1551-1597
[3] S Murtada, M Kroon and GA Holzapfel (2010): A calcium-driven mechanochemical model
for prediction of force generation in smooth muscle, Biomech Model Mechanobiol, 9:749-762

On a Coupled 3D Finite-Element-Based Model of Smooth Muscle
Contraction
Markus Böl · Andre Schmitz
TU Braunschweig, Braunschweig, Germany
Many internal organs such as stomach, intestine, bronchia, urinary bladder, uterus, airways or
blood vessels are composed of multiple layers of spindle-shaped smooth muscle cells. Focusing on vessel mechanics, vascular smooth muscle cells are the key component in the vascular
system regulating the diameter of vessels, triggered by various neural, chemical and mechanical signals. Hence, vascular smooth muscle cells regulate the blood flow inside the vessel.
Generally, two types of arteries exist: elastic and muscular. Elastic arteries are located close to
the heart and are characterised by large diameters, while muscular arteries are located at the
periphery and show smaller diameters. Human arteries are comprised of three distinct layers,
the intima, the media and the adventitia. From the mechanical point of view, the media is the
most significant layer in human healthy arteries. It is the middle layer and is characterised by
a complex three-dimensional network of smooth muscle cells embedded in a matrix of elastin
and collagen fibres. However, this architecture gives the media high passive strength and the
26

Technical Program · Tuesday · 08/30/2011

ability to resists loads in multiple directions. Due to the existence of smooth muscle cells inside
the media it is of particular interest related to smooth muscle activation, too. The physiology of
smooth muscle contraction is a complex interaction between electrical, chemical and mechanical processes. In comparison to experimental investigations there exist only a few approaches
to describe parts of the biochemical-mechanical process in SM activation by means of mathematical models. Looking at these type of models it stands out that a huge number of these
models is realised in a one-dimensional framework, only. All these models have the main restriction that they are implemented in form of so-called stand-alone programmes. Hence, only
limited estimations are possible. Due to the fact that the mechanical as well as the chemomechanical behaviour of smooth muscles significantly depends on its geometry undergoing large
deformations it is essential to take a three-dimensional modelling approach into account.
In contrast to existing approaches in the literature, to our knowledge, we, for the first time,
propose a three-dimensional finite-element-based approach to the coupled non-linear problem
of smooth muscle chemomechanics. Hence, we present a modelling approach that includes
three fundamental mechanisms, the diffusivity of the calcium concentration in the muscle,
relationship between the calcium complex concentration and the cross-bridge (actin-myosin
attachment) and the relationship between the cross-bridge and the generated force.
Accordingly, based on two fields, the placement and the calcium concentration, in the present
work a coupled constitutive model for the active and passive mechanical behaviour of smooth
muscle is presented. It is characterised by a strain-energy function and an evolution law incorporating only a few material parameters with physiological meaning. Because of the incompressible behaviour of smooth muscle tissue the modelling approach has been implemented in
the framework of three field finite element method. The performance and capabilities of the
proposed approach is demonstrated through three-dimensional illustrative boundary-value
problems that include coupled chemomechanical analysis.

Modelling of Smooth Muscle Activation
Jonas Stalhand
Linköping University, Linköping, Sweden
SM contraction is controlled by a complex chain of electrochemical events involving depolarization of the cell membrane, binding of calcium ions to calmodulin, phosphorylation of
light myosin chains and ultimately formation of cross-bridges between actin and myosin filaments. Most of the myosin undergoes a continuous cross-bridge cycling where phosphorylated
myosin heads attach actin, perform a force-related power stroke, and finally detach actin. It is
the combined effect of all these cross-bridge cycles that generates active force and contraction.
In addition to electrochemical processes, mechanics also impact on the force generation, e.g.,
stretching the cell increases the phosphorylation rate and causes a sensitisation with respect
to the calcium ion concentration. This clearly underlines the importance of considering SM
contraction as a coupled mechanical-chemical process.
Continuum mechanics and thermodynamics provide an excellent framework for developing
coupled mechanical-chemical models. Assuming a mechanical model akin to the classical Hill
model with a contractile unit (filaments) in series with a spring (cross-bridges), the microscopic
stretch can be decomposed into two parts: a filament stretch associated with sliding of actin rel27
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ative to myosin and a cross-bridge stretch. The mechanical model naturally leads to the introduction of a strain-energy function for the cross-bridges. Contrary to the classical case where
the strain energy depends on the cross-bridge stretch alone, it must also depend on the myosin
state and on the chemical or mechanical stimuli in this case. Furthermore, it is well known that
SM force generation is affected by the cell stretch in a parabolic manner. The number of actin
binding sites available for myosin heads is dependent on the overlap between the filaments,
being maximal for the stretch giving complete overlap and decreasing parabolically away from
this point. This dependence is easily introduced by multiplying the strain energy with a normalised parabolic function. From the mechanical model, it is evident that the parabolic function
depends on the filament stretch and not on the macroscopic stretch measured for the whole cell
as is often assumed.
The myosin state and filament stretch are generally not controllable from the outside in cell
experiments. As a consequence, these quantities must be determined from evolution laws in
the model. To that end, a four-state kinetic model for the myosin states proposed by Hai and
Murphy [Hai and Murphy, Am. J. Physiol., 254, 1988] can be used by modifying the phosphorylation rates to be functions of the stimuli. For the filament stretch on the other hand, it is not
so straightforward, but thermodynamics together with experiments provides guidance on how
to choose appropriate evolution laws.
This talk describes some existing state-of-the-art models and also exemplifies how coupled
mechanical-chemical models can be derived using the framework above.
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Using Patient-Specific Surgical Planning for the Fontan Procedure to Develop Generalizable Strategies
Ajit P. Yoganathan1 · Diane A. de Zelicourt1 · Christopher M. Haggerty1 · Maria Restrepo1
· Lucia Mirabella1 · Jarek R. Rossignac1 · Kirk R. Kanter2 · J. William Gaynor3 · Thomas L.
Spray3 · Fotis Sotiropoulos4 · Mark A. Fogel3
1 Georgia

Institute of Technology, Atlanta, GA
University, Atlanta, GA
3 Children’s Hospital of Philadelphia, Philadelphia, PA
4 University of Minnesota, Minneapolis, Minnesota
2 Emory

The total cavopulmonary connection (TCPC) is the surgical procedure that is currently employed in single ventricle congenital heart diseases. Despite improvements in the outcome
obtained with this procedure, these patients are still subject to numerous long-term complications, motivating additional studies to improve the success of the surgical operation. The
hypothesis for the current study is that by hemodynamically optimizing the design of the surgical connection, the patient outcome would improve. The steps to test this hypothesis are:
1) reconstruct the patient specific geometry from magnetic resonance (MR) images; 2) derive
velocity data from phase contrast MRI, to be used as patient-specific boundary conditions; 3)
generate different alternatives for the TCPC design, using a software tool that has been developed within this project to mimic surgical manipulation of baffles in a virtual environment; 4)
simulate the fluid dynamics inside the generated models; 5) analyze the energetic efficiency
and flow distribution through the connection for the different options. The results of these
patient-specific studies can then be exploited by the surgeon, to implement a more promising
connection for each patient. This pipeline has been applied so far to the treatment of a number of failing Fontan patients, primarily to reduce pulmonary arteriovenous malformations
(PAVM), which occur as a result of a lack of hepatic nutrients produced by the liver. These
studies have shown a high dependence on patient-specific characteristics, which motivate the
use of patient-specific models. However, some common features have been highlighted, to
serve as a guide for the treatment of similar patients in the future.

The Electromechanical Coupling in Cardiac Dynamics: Constitutive Issues
Davide Ambrosi
Politecnico di Milano, Milan, Italy
The activity of the muscles is usually represented in solid mechanics in terms of an active stress,
to be added to the standard (passive) one. A less popular approach is to introduce a multiplicative decomposition of the tensor gradient of deformation in two factors: the passive and the
active one. Both approaches should satisfy due mathematical properties, namely frame indifference and ellipticity of the total stress. At the same time, the constitutive laws are expected
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to reproduce the observed physiological behavior of the cardiac tissue, in particular the Frank–
Starling law. We review some constitutive examples of active stress and active strain, taken
from the literature and we discuss them in terms of precise mathematical and physiological
properties. These arguments naturally suggest new possible models. Numerical simulations
are reported in 1D and 2D. The propagation of the electric signal is assumed to be governed
by the FitzHugh–Nagumo or Aliev-Panfilov equations, rewritten in material coordinates; the
solution is compared with the rigid case and differences in celerity and width of a pulse are
discussed. We show that the stretching of coordinates is insufficient in itself to originate an
electromechanical feedback; nevertheless, it can increase the energy of a perturbation enough
to produce a traveling pulse. An energy estimate and numerical evidence are reported. Two
dimensional simulations address an important aspect of the electromechanical interaction: the
possible de-stabilization of periodic waves as the spiral waves. We show that, depending on
the value of the parameters, the introduction of a Stretch Activated Current in the voltage equation can destabilize spirals wave, giving rise to other type of periodic patterns or to extinguish
the potential field.

Incorporating Cooperativity into Huxley-Type Cross-Bridge Models in Thermodynamically Consistent Way
Marko Vendelin · Mari Kalda · Pearu Peterson · Jüri Engelbrecht
Tallinn University of Technology, Tallinn, Estonia
We present a mathematical model of actomyosin interaction, as a further development of a
cross-bridge model that links mechanical contraction with energetics [Vendelin et al, Ann.
Biomed. Eng.: 28: 629, 2000]. The former model is composed of the Huxley-type model for
cross-bridge interaction and the phenomenological model of calcium - induced activation. The
purpose of the new model was to replace the phenomenological description. To introduce
mechanistic description of the activation, cooperativity effects should be taken into account.
Namely, it has been shown that calcium binding and myosin head binding to actin are cooperative [Tobacoman, Annu. Rev. Physiol.: 58: 447, 1996]. It is suggested, that cooperativity effects
can be explained by the movement of tropomyosin around actin [Ruegg, Naturwissenschaften:
85: 575, 1998]. We take this mechanistic explanation as a basis of our new model.
The specific aim of this work is to incorporate cooperativity into Huxley-type cross-bridge
model in thermodynamically consistent way. The Huxley-type models assume that crossbridges act independently from each other. To incorporate cooperativity, we take into account
that each cross-bridge is influenced by its neighbors. We assume that the muscle contraction
can be described by ensemble of cross-bridge groups. For simplicity, the groups consist of five
consequative cross-bridges, out of which the first and the last ones are always in unbound state
as boundary conditions. Cooperativity is introduced by taking into account that binding of
calcium or cross-bridge leads to displacement of tropomyosin. Since tropomyosin connects all
cross-bridges in a group, the elastic deformation of tropomyosin would influence free energy
of the group as well as reaction kinetics.
The model parameters were found by optimization from the linear relation between oxygen
consumption and stress-strain area [Hisano et al. Circ. Res.: 61: 318, 1987] as well as experi30
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mentally measured stress dynamics of rat trabecula [Jansse et al. Am. J. Physiol.: 269: H676,
1995]. We have found a good agreement between the optimized model solution and experimental data in isometric conditions. In addition, model solutions demonstrate the cooperativity effects. For shortening contractions, the agreement between the optimized model solution
and experimental data is not good and further development of the model is needed to obtain
better fits.

Micro-Structurally Based Kinematic Approaches to Electromechanics of the Heart
Serdar Göktepe1 · Andreas Menzel 2,3 · Ellen Kuhl4
1 Middle

East Technical University, Ankara, Turkey
Dortmund, Dortmund, Germany
3 Lund University, Lund, Sweden
4 Stanford University, Stanford, CA
2 TU

Biological electro-active materials such as skeletal muscle and cardiac muscle commonly undergo remarkable deformations in response to electric stimulation. Similarly, myocytes are
also capable of generating an electrical activity as subjected to mechanical loading. Apart from
these strong coupling effects, the polarized nature of the externally applied electric field and
the intrinsically anisotropic, actively deforming micro-structure of the myocardium, can lead
to direction-dependent behavior.
In the literature, the electro-mechanically coupled material response is typically accounted for
at a constitutive level through an additional electrical potential-dependent stress term. In this
contribution, as opposed to most of the put-forward approaches, we propose a new, general
kinematic approach to the computational modeling of electro-active materials. We decompose
the total deformation gradient into the active and passive parts. The active part is considered to
be dependent upon the electrical potential through a micro-mechanically motivated evolution
equation. The proposed kinematic framework incorporates the inherently anisotropic, active
architecture of the material. This kinematic setting is then embedded in the recently proposed,
fully implicit, entirely finite-element-based coupled framework, which has been originally developed for the strongly coupled non-linear cardiac electromechanics.
The performance of the proposed formulation is demonstrated through fully coupled finite
element analyses of the non-linear excitation- contraction of the heart. Representative, threedimensional initial boundary-value problems include the re-entrant scroll dynamics and a coupled electromechanical analysis of a biventricular generic heart model.
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Cellular Mechanosensing: Stretching Again and Again
Michael P. Sheetz
National University of Singapore, Singapore, Singapore,
Columbia University, New York, NY
Control of cell morphology involves the integration of mechanical sensing and different types
of cell motility to produce the desired shape of the organism [1]. Nanometer level analyses
of cell behavior have revealed only a limited number of motile functions to test aspects of
the microenvironment such as rigidity. Recent findings show that cells sense rigidity by local
contractions of matrix molecules. Using sub-micrometer PDMS pillars, we have found that
the cell will produce local contractions of about 60 nm irrespective of the rigidity of the pillars
[2]. In contrast, cells will determine the rigidity of the tops of pillars larger than 1◦ m. Once a
surface is determined to be rigid, the treadmilling of actin from the periphery to the center of
the cell will exert a tension on the matrix molecules and the adhesion complex that is regulated.
This raises the question of how does the cell sense and regulate forces when the environment is
constantly dynamic. Long term matrix forces appear to be sensed by protein stretching and we
have defined two different cytoplasmic mechanisms. One example is the activation of protein
phosphorylation by stretching [3]. Secondly, the stretching of proteins can unveil binding sites
such as the stretching of talin causing the increased binding of vinculin [4]. Recent findings
show that talin is stretched by 200-300 nm and relaxed multiple times in vivo with a stochastic
period of 6-16s [5]. Vinculin has a half-life of about 16s in adhesions but the active head of
vinculin will bind for much longer times and will cause talin to persist in a stretched form.
Thus, we suggest that vinculin release is normally accelerated by talin relaxation. This leads
to a model for rigidity and matrix sensing that involves an initial test of the rigidity of the
surface followed by repeated stretch-relaxation cycles to generate signals for cell growth and
differentiation. In such a model, the integrated signal from a surface will be a compl ex function of both the chemical nature of the matrix, rigidity of the matrix and the level of cell motility.
[1] Vogel, V. and Sheetz, M., Nat Rev Mol Cell Biol 7 (4), 265 (2006).
[2] Ghassemi, S. et al., Submitted.
[3] Sawada, Y. et al., Cell 127 (5), 1015 (2006).
[4] del Rio, A. et al., Science 323 (5914), 638 (2009).
[5] Margadant, F. et al., Submitted.
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Managing Loads by Hierarchical Structure - Deformation, Actuation and Growth of Biological Materials
Peter Fratzl1 · Sebastien Turcaud1 · Lorenzo Guiducci1 · Philip Kollmannsberger1 · Luca
Bertinetti1 · Matthew J. Harrington1 · Ingo Burgert1 · Himadri S. Gupta2 · Ernst Gamsjäger3 ·
Markus A. Hartmann3 · F. Dieter Fischer3 · John W.C. Dunlop1
1 Max

Planck Institute, Potsdam, Germany
Mary University of London, London, England
3 Institute of Mechanics, Montanuniversität Leoben, Leoben, Austria
2 Queen

Nature has evolved a range of strategies to withstand or to create mechanical forces. Many
biological organisms use materials based on polymeric structures, sometimes reinforced with
minerals, which exhibit a hierarchical structure over many length scales.
Plant stems, tendon or bone are examples where comparatively poor starting materials are
combined such that strains are inhomogeneously distributed at different scales within the material and, thus, deformation energy can be dissipated more effectively. The wood cell wall,
for example, is a polymeric composite of cellulose nano-fibrils embedded in a water-swellable
matrix consisting of hemicelluloses and lignin. The internal architecture of this cell wall is not
only responsible for the passive mechanical properties of wood but also can generate internal
growth stresses in trees, thus compensating for wind loads or the growing weight of branches.
A similar mechanism also provides motility to various plant seeds. Tension wood in poplar
and in some contractile roots contains an additional thick cellulose layer within the lumen of
the cell wall, which swells to enhance the tensile stresses generated in (dead) plant cells. Experimental data, simple models and challenges in the description and the understanding of
deformation and actuation of cellulose and collagen are discussed.
Finally, the growth of animal tissues is also associated with the generation of internal stresses.
Although the origin of these stresses is quite different from plant cells, they mediate interactions with the environment which, in certain cases, can lead to a geometry-dependence of tissue
growth. Approaches towards the mechanical modelling of recent experimental observations of
in-vitro bone tissue growth are also discussed.

Finite Element Implementation of Solute Transport in Hydrated
Biological Tissues Under Finite Deformation
Gerard A. Ateshian1 · Michael B. Albro1 · Steve Maas2 · Jeffrey A. Weiss2
1 Columbia

University, New York, NY
of Utah, Salt Lake City, UT

2 University

Solute transport in biological tissues is a fundamental process necessary for cell metabolism as
well as tissue matrix synthesis and degradation. In deformable porous media, solute transport
may interact significantly with solid matrix deformation due to osmotic effects [1, 2], as well as
momentum exchange between solute, solvent and solid [3, 4]. Mixture theory is an ideal frame33
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work for formulating solute transport in biological tissues, as demonstrated in the biomechanics literature over the last two decades [1, 3, 5, 6]. However, finite element implementations
of solute transport in biological tissues remain limited, with biomechanical implementations
focusing on monovalent counterions in a charged solid matrix [7-10]; commercial codes mostly
employ ad hoc superposition of poroelasticity and diffusion-convection modules [11, 12], a
process that neglects important interactive terms that account for the newly-validated solute
pumping mechanism in deformable porous media [3, 4, 13]. In this study, a finite element
formulation for solute transport in a porous deformable neutrally-charged solid matrix is implemented, which accounts for finite solid deformation. The implementation is integrated into
the open source, public domain finite element code FEBio (http://mrl.sci.utah.edu/software).
The code is validated against a number of existing solutions, including: 1D and 2D Fickian
diffusion in a disk; osmotic loading of a spherical biological cell, modeled as a porous gel-filled
membrane, using the classical Kedem-Katchalsky equations [14] and a subsequent generalization of that framework [15]; solute pumping into a porous deformable disk under dynamic unconfined compression [3, 4]; sedimentation of a solute in ultracentrifugation, using the classical
Lamm equation [16]; and electrophoresis of a charged solute in a neutral gel. The availability
of this validated implementation in a public-domain software provides an important tool for
bioengineers interested in the interaction of biomechanics and solute transport in biological
cells and tissues. Future developments will include the implementation of solute transport in
a charged solid matrix, binding kinetics between the solute and solid matrix, and tissue matrix
synthesis and degradation coupled with solute transport.
[1] Lai WM, Hou JS, Mow VC. A triphasic theory for the swelling and deformation behaviors
of articular cartilage. J Biomech Eng 1991; 113: 245-258
[2] Albro MB, Chahine NO, Caligaris M, Wei VI, Likhitpanichkul M, Ng KW, Hung CT,
Ateshian GA. Osmotic loading of spherical gels: a biomimetic study of hindered transport
in the cell protoplasm. J Biomech Eng 2007; 129: 503-510
[3] Mauck RL, Hung CT, Ateshian GA. Modeling of neutral solute transport in a dynamically
loaded porous permeable gel: implications for articular cartilage biosynthesis and tissue engineering. J Biomech Eng 2003; 125: 602-614
[4] Albro MB, Li R, Banerjee RE, Hung CT, Ateshian GA. Validation of theoretical framework
explaining active solute uptake in dynamically loaded porous media. J Biomech 2010; 43: 22672273
[5] Huyghe JM, Janssen JD. Quadriphasic mechanics of swelling incompressible porous media.
Int J Eng Sci 1997; 35: 793-802
[6] Gu WY, Lai WM, Mow VC. A mixture theory for charged-hydrated soft tissues containing
multi-electrolytes: passive transport and swelling behaviors. J Biomech Eng 1998; 120: 169-180
[7] Simon BR, Liable JP, Pflaster D, Yuan Y, Krag MH. A poroelastic finite element formulation
including transport and swelling in soft tissue structures. J Biomech Eng 1996; 118: 1-9
[8] van Loon R, Huyghe JM, Wijlaars MW, Baaijens FPT. 3D FE implementation of an incompressible quadriphasic mixture model. Int J Num Meth Eng 2003; 57: 1243-1258
[9] Yao H, Gu WY. Physical signals and solute transport in cartilage under dynamic unconfined
compression: finite element analysis. Ann Biomed Eng 2004; 32: 380-390
[10] Yao H, Gu WY. Physical signals and solute transport in human intervertebral disc during
compressive stress relaxation: 3D finite element analysis. Biorheology 2006; 43: 323-335
[11] Wu JZ, Herzog W. Simulating the swelling and deformation behaviour in soft tissues using
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a convective thermal analogy. Biomed Eng Online 2002; 1: 8
[12] Steck R, Niederer P, Knothe Tate ML. A finite element analysis for the prediction of loadinduced fluid flow and mechanochemical transduction in bone. J Theor Biol 2003; 220: 249-259
[13] Albro MB, Chahine NO, Li R, Yeager K, Hung CT, Ateshian GA. Dynamic loading of deformable porous media can induce active solute transport. J Biomech 2008; 41: 3152-3157
[14] Kedem O, Katchalsky A. Thermodynamic analysis of the permeability of biological membranes to non-electrolytes. Biochim Biophys Acta 1958; 27: 229-246
[15] Ateshian GA, Likhitpanichkul M, Hung CT. A mixture theory analysis for passive transport in osmotic loading of cells. J Biomech 2006; 39: 464-475
[16] Lamm O. Theory and methods of ultra-centrifuging. Z Phys Chem 1929;

Constitutive and Computational Aspects in Tumor Therapies of
Multiphasic Brain Tissue
Wolfgang Ehlers · Arnd Wagner
Institute of Applied Mechanics, University of Stuttgart, Germany
The brain is one of the most important organs of human beings. Despite its key role as control centre, the brain is somehow compromised by a certain amount of brain diseases, such
as strokes or cerebral tumours. Since everybody carries the risk to be affected by these lifethreatening diseases, a profound understanding of the biomechanical and biochemical processes of the complex human brain is of great interest in order to enhance the scientific knowledge and to improve the simulation and surgery tools of brain diseases.
The present contribution concerns the constitutive modelling and the numerical simulation
of brain tissue with a specific focus on tumour therapies carried out by so-called convectionenhanced delivery processes (CED). CED is achieved by an effective treatment of malignant
brain tumours through bypassing the blood-brain barrier (BBB) by a direct infusion of therapeutic agents into the extra-vascular space of the brain. This method is based on implanted
catheters and was firstly proposed by Bobo et al. [1]. However, the simulation tools currently
available are still in an experimental stage and, thus, insufficient for a satisfactory prediction of
the distribution profile of therapeutics. As far as we are aware, the reason for this insufficiency
lies in the widely used decoupled solution strategy of the strongly coupled problem provided
by the brain-tissue deformation, the interstitial fluid flow, and the flow and diffusion of therapeutics. To overcome the existing insufficiencies, a multiphasic and multi-physical simulation
strategy is necessary for a successful computation of this complex problem, which has to be
solved within the well-settled framework of the Theory of Porous Media (TPM) [2].
Due to the complex and somehow unknown microscopic composition of the nervous brain
tissue, a macroscopic continuum-mechanical model is established within the TPM proceeding
from a somehow virtual homogenisation of the underlying micro-structure. The brain model
under consideration consists of a hyper-elastic solid skeleton provided by tissue cells and vascular walls. This solid is perfused by two liquids, the blood plasma and the interstitial fluid,
where the latter is furthermore treated as a mixture of two components, a liquid solvent and
the dissolved therapeutic solute.
Within a quasi-static formulation of the weak forms of the governing equations, the computa35
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tional setting of the multiphasic and multi-physical brain tissue proceeds from four primary
variables, the solid deformation, the effective pore pressures of the interstitial fluid and the
blood plasma, and the molar concentration of the therapeutic agent (uppc-formulation). These
variables correspond to four equations, the overall momentum balance summarising the momentum balances of the four components, the mass balances of the two pore fluids, and the
concentration balance of the diffusing drug.
The inhomogeneous and anisotropic nature of the white-matter compartments of the brain is
considered by a spatial diversification of the permeability tensor coefficients obtained from
diffusion-weighted Magnetic Resonance Imaging (MRI) [3]. To demonstrate the feasibility of
the implementation, a specific algorithm reads the raw binary voxel data and creates a look-up
table of the irregular distribution of the permeability parameters. In a preceding calculation
step, the anisotropic data is loaded and provided on Gauss-point level for further numerical
computation. In order to solve the resulting overall system of strongly coupled partial differential equations (PDE) numerically, the system is discretised in space by the Finite-Element
Method (FEM) and in time by an implicit Euler time-integration scheme. The spatial discretisation proceeds from extended Taylor-Hood elements with quadratic ansatz functions for the
solid deformation and linear ones for the liquid pressures and the drug concentration. This
procedure fulfils all necessary stability criteria such as the LBB condition. Assuming material incompressibility of the solid and the liquid components, the problem finally results in a
differential-algebraic equation system (DAE), which is solved monolithically by uses of the FE
tool PANDAS.
Within this procedure, numerical examples are presented exhibiting the combined deformation
and transport problem of the CED within the inhomogeneous and anisotropic brain under twoand three-dimensional conditions.
[1] RH Bobo, DW Laske, A Akbasak, PF Morrison, RL Dedrick, and EH Oldfield: Convectionenhanced delivery of macromolecules in the brain. PNAS 91 (1994), 2076-2080.
[2] W Ehlers: Challenges of porous media models in geo- and biomechanical engineering including electro-chemically active polymers and gels. Int J Adv Eng Sci Appl Math 1 (2009),
1-24.
[3] AA Linninger, MR Somayaji, T Erickson, X Guo, and R Penn: Prediction of convectionenhanced drug delivery to the human brain. J Theor Biol 250 (2008), 125-138.

Multiscale Modelling of Intervertebral Disc Tearing
Jacques M. Huyghe · F. Pizzocolo · F. Irzal · J.J.C. Remmers · R. de Borst · K.Ito
Eindhoven University of Technology, Eindhoven, Netherlands
Low back pain is often related to degeneration of the intervertebral disc. The intervertebral
disc is part of a three joint complex, the motion segment, including the facet joints, surrounding ligaments, and vertebrae. The IVD consists of two main integrated parts, the swelling,
pressure-resisting nucleus, and the fibrous, tensile-stress bearing annulus. The resulting is a
fiber-reinforced, osmotic, poro-visco-elastic disc. Recent experimental measurements of 3D finite strains in bovine disc samples using confocal microscopy demonstrate that intervertebral
disc tissue exhibits strongly non-affine deformations, particularly around clefts and disc cells.
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The purpose of this study is conduct a combined numerical and experimental study of tear
propagation within the disc. The numerical analyses are performed using Partition of Unity
Finite Element analysis. The experimental techniques include confocal microscopy and two
photon fluorescence microscopy. The simulations predict a stepwise progression of the tear in
the tissue and a strong dependency on osmolarity gradients.
J.M. Huyghe, C.J. Jongeneelen, 3D non-affine finite strains measured in isolated bovine annulus fibrosus tissue samples, Biomech Mod Mechanobiol, submitted.
F. Kraaijeveld, J.M. Huyghe, J.J.C. Remmers, R. de Borst, 2D Mode I crack propagation in saturated ionized porous media using Partition of Unity Finite Elements, J. Appl. Mech., submitted.

Multicompartmental Poroelasticity as a Modelling Platform for
Perfused Tissue
Yiannis Ventikos · Brett Tully · John C. Vardakis
Institute of Biomedical University of Oxford, Oxford, England
Hydrocephalus is a neurological disorder connected with abnormal flow of the cerebrospinal
fluid (CSF). It is characterised by an active distension of the cerebral ventricles. It has no
known cure and current treatment methods display an unacceptably high failure rate. A major complication connected with studying the transport of CSF, for this condition and others,
stems from the fact this water-like fluid does not act in isolation: exchange of water and ions
between CFS spaces and the vasculature is continuous and apparently coupled with arteriole/capillary fluxes and possibly with cell channel fluxes. A clinical case that exemplifies the
intricacy and complexity of this system is that of Normal Pressure Hydrocephalus (NPH). This
is a specific form of hydrocephalus that displays a paradoxical pathophysiology, since there
is no radiographically observable obstruction that ventricular enlargement can be attributed
to. The condition is notoriously difficult to diagnose and equally challenging as far as interventional planning. The two prominent treatment methods, cerebral shunt implants and third
ventriculostomy, are both surgical interventions that are statistically indistinguishable in terms
of available clinical survival data [1, 2]. We propose a novel application of MultipleNetwork
Poroelastic Theory (MPET) to investigate anatomically accurate cerebral hydrodynamics of the
cerebral ventricles.
A detailed investigation of multiscalar, spatio-temporal transport of fluid between the cerebral
blood, cerebrospinal fluid (CSF) and brain parenchyma is conducted. Specifically, the MPET
model of the cerebral tissue is coupled with a three-dimensional representation of the CSF
flow patterns within a patient-specific cerebroventricular system. A characteristic of the majority of existing hydrocephalus models is the conflation of the cerebral blood network and
the CSF [3, 4]. Conversely, MPET allows a novel extension of traditional poroelastic models to
include detailed transfer mechanisms between the cerebral blood and extracellular fluid/CSF.
The novelty and most appealing feature of this modeling platform is that it allows for a natural
incorporation of all transport processes, from the microscopic scale all the way to large ventricular or arterial spaces. This is accomplished by allowing for assigning different properties to
specific discretised computational cells, but also for providing the facility to capture exchange
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processes, at all scales, either using resistance/transport constants, or, where the information
is available, by using process-specific sub-models that are naturally embedded in the MPET
framework. This capacity of MPET poses a major challenge, as many of the necessary properties and/or processes are not reported in the literature, to the level of detailed needed or at
all. Parametric studies by the authors [5] have begun to identify both healthy and symptomatic
ranges for these newly introduced parameters.
We explore the case of acute hydrocephalus (where the cerebral aqueduct is noticeably obstructed) and show that the pressure inside the lateral ventricles increases over time, as expected, and that the creation of an additional flow path, through surgery, allows drainage of
the fluid and relaxation of the pressure buildup and of ventriculomegaly. Further to this, we
show that similar surgery, for the NPH case (which is reproduced by the model without any
aqueduct obstruction, but with clinically inspired adjustment of microscale properties [6]) results in no observable amelioration of the ventricular dilatation.
The application of a novel modeling platform, based on Multiple-Network Poroelastic Theory,
allows for the reproduction of paradoxical and difficult to assess conditions connected with
fluid transport in the brain. We speculate that this modeling framework can also be used for
the simulation of other multiple-fluid transport phenomena through porous perfused tissue,
for example the co-existence and exchange of blood and lymph.
[1] Drake, J., Kulkarni, A., Kestle, J. (2009). Endoscopic third ventriculostomy versus ventriculoperitoneal shunt in pediatric patients: a decision analysis. Child’s Nervous System. 25(4),
467-472.
[2] Tuli, S., Alshail, E., Drake, J. (1999). Third Ventriculostomy versus Cerebrospinal Fluid
Shunt as a First Procedure in Pediatric Hydrocephalus. Pediatr Neurosurg. 30, 11-15.
[3] Smillie, A., Sobey, I., Molnar, Z. (2005). A hydroelastic model of hydrocephalus. J. Fluid
Mech. 539, 417-443.
[4] Tully, B., Ventikos, Y. (2009) Coupling poroelasticity and CFD for cerebrospinal fluid hydrodynamics. IEEE Trans. Bio-Med. Engng. 56(6), 1644-1651.
[5] Tully, B., Ventikos, Y. (2011). Cerebral Water Transport Using Multiple-Network Poroelastic
Theory: Application to Normal Pressure Hydrocephalus. J. Fluid Mech. 667, 188-215.
[6] Bradley, W. G. (2008). Idiopathic normal pressure hydrocephalus: new findings and
thoughts on etiology. Am. J. Neuroradiol. 29(1), 1-3.

Hierarchical Models of Cancer Cell Motility and Locomotion
Krishna Garikipati · Devin T. Rosenthal · Harish Iyer · Ellen M. Arruda · Sofia D. Merajver
University of Michigan, Ann Arbor, MI
Many cancers, including those of the breast, skin and lung, arise in epithelial tissue and are
characterized by the cells undergoing an epithelial-mesenchymal transition (EMT) [1]. In the
mesenchymal state, the cancer cells can demonstrate increased proliferation, and mechanical
locomotion. Increased proliferation creates tumor masses, but the cancer remains benign unless, with the EMT, the cells also regain their capacity for locomotion. Then the cancer cells may
either locally invade surrounding tissue to form another tumor in the vicinit of local metastasis
or migrate by invading the underlying basement membrane (intravasate), enter the lymphatic
38
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or blood vessels, spread through the circulatory system, burrow out of the vessel walls and
basement membrane (extravasate) and eventually form secondary or metastatic tumors in distant organs. Such malignant cancers are much more difficult to treat, and cause the mortalities
that are usually associated with this disease. Much of cancer therapy is therefore aimed at
preventing metastasis by interfering with the cancer cells’ capacity for to locomotion [1].
Recent research in our group has shown that inhibiting a certain oncogene by using a small
hairpin RNA (shRNA) specific to this gene has a profound impact on the cell motility and morphology of an aggressive basal breast cancer cell line [2]. By motility we mean local changes in
cell shape that are distinguishable from locomotion of the whole cell. Among our main findings
were that (a) the genetically-modified cells had much reduced locomotion compared with the
control cells, (b) these two phenotypes had strikingly differing cytoskeletal morphologies and
cell shapes, and (c) preliminary structural mechanical models suggested that the differences in
cell migration were at least partly due to the cytoskeletal and cell morphologies.
In this talk we will discuss the models with which we are currently studying the motility and
locomotion of these breast cancer cell types. These include finite element-based structural mechanics models for the protrusion and retraction of the actin cytoskeleton [2], a non-equilibrium
thermodynamics model of focal adhesion dynamics [3], and a continuum model of cytoskeletal remodelling [4]. These models address aspects of motility and locomotion at a hierarchy
of scales from the macro-molecular scale through the sub-cellular scale to the scale of the cellextra cellular matrix interactions.
[1] Weinberg R. 2007. The biology of cancer New York, NY. Garland Science.
[2] Rosenthal D T, Iyer H, Escudero S, Wu Z, Bao L, Garcia H, Ventura A C, Arruda E M,
Garikipati K, Merajver S D. 2011. P38 γ is a metastatic oncogene which drives breast cancer cell
motility by modulating cytoskeletal architecture. submitted.
[3] Olberding JE, Thouless MD, Arruda EM, Garikipati K. 2010. The non-equilibrium thermodynamics and kinetics of focal adhesion dynamics. PLoSONE 5 e12043.
[4] Kuhl E, Garikipati K, Arruda EM, Grosh K. 2005. Remodeling of biological tissue: Mechanically induced reorientation of a transversely isotropic chain network. J Mech Phys Solids. 53
1552-1573.

Exploring Cellular Mechanobiology: From Focal Adhesions to
Nuclear Pores
Mohammad R. K. Mofrad
University of California, Berkeley, CA
It is now widely established that living cells sense mechanical signals and respond actively by
changing their phenotype accordingly. Cellular mechanotransduction is mediated by a combination of biochemical and biophysical mechanisms via mechanically induced changes in the
structure and function of specific molecules. These mechanosensing molecules can function to
initiate key biological processes, e.g. focal adhesion formation at the interface of cell’s interaction with the extracellular matrix. Another example of potential molecular systems taking part
in mechanotransduction is the nuclear pore complex that controls the nucleocytoplasmic transport, conceivably affecting gene expression and protein synthesis. In this talk, I will present
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some of the recent effort in my lab aimed at better understanding of the molecular players
in cellular mechanotransduction, focused on these two particular molecular complex systems,
namely the focal adhesions and the nuclear pores. A series of molecular dynamics investigations will be presented to explore the potential mechanosensing and mechanotransduction
functions of key molecules involved in focal adhesion formation. Using state-of-the-art molecular dynamics modeling and simulation techniques, the molecular mechanics of these proteins,
their force-induced activation, and changes in their molecular conformation and binding partnership will be discussed. Recent models will be presented to explore the function of the nuclear pores and the relationship between biochemical factors and mechanical behavior of cargo
being transported across the nuclear pore.

The Mechanics of the Cytoskeleton and Cell Adhesions and their
Interaction with Cell Signaling
Robert M. McMeeking1 · Vikram Deshpande2
1 University
2 University

of California, Santa Barbara, CA
of Cambridge, Cambridge, UK

Actin protein chains form the most significant structural element in the cytoskeleton, with
myosin motor proteins endowing such stress-fibers with contractility. It is notable that tensile stress stabilizes stress fibers against depolymerization, so that there is an intimate coupling
between the mechanics of the cytoskeleton and its biochemistry. In addition, stress-fibers interact with integrins that are the principal proteins in the adhesions transducting contractile
force to the cell’s substrate or extracellular matrix. A model is presented for the processes of
cytoskeleton stress-fiber formation, dissociation, contractility and their interaction with focal
adhesions and mobile integrins. In the model, the polymerization of the stress fiber network
is driven by a signal that rises quickly and then decays exponentially, causing the stress-fiber
formation process to be self-limited. Subsequent depolymerization of the stress-fibers occurs
spontaneously, unless it is inhibited by tension, which is generated by the constrained contractility of the actomyosin fibers. Consequently, the stress-fiber component of the cytoskeleton is
most robust when it is able to generate tensile stress by contracting against an external constraint. Examples characterizing the model are given, illustrating the mechanical features and
behavior of eukaryotic cells. The model is able to simulate the cell’s differing behavior when
attached to a stiff substrate compared to its activity on a compliant substrate. In addition, a
cell’s response to a measurement protocol can be predicted with the model, such as when a
bead is attached to the cell and displaced outwards by an external force, causing a reconfiguration of the cytoskeleton. Additional phenomena that are successfully simulated with use of
the model include the orientation of the stress-fibers in cyclically strained cells, and their orientations when a cell is adhered to a shaped pattern of fibronectin. Interaction with signaling
arises because tension on adhesions generates signal cascades, leading to further remodeling
of the cell. The model has also been extended successfully to simulate tissue constructs grown
as sheets of cells suspended between posts.
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Hip Joint Replacement: Microstructure-Properties Relationship
and Improvement of Durability
A. Delgado1 · Z. Nibennaoune1 · F. Addiego2 · H. Garmestani3 · S. Ahzi1 · D. George1 Y.
Remond1 · D. Ruch2 · J. Gracio4
1 University

of Strasbourg, Strasbourg, France
Henri Tudor, Esch-sur-Alzette, Luxembourg
3 Georgia Institute of Technology, Atlanta, GA
4 University of Aveiro, Aveiro, Portugal
2 CRP

As advances have been made in medical sciences, the aging population has grown significantly. More organs joints, and other critical body parts will wear out and must be replaced to
maintain a good quality of life for elderly people. There are implants that play a major role in
replacing or improving the function of every major body system. Ideally, an implant (biomaterial) should elicit a minimal chronic inflammatory response and, at the same time, allow for
direct cellular integration of the host tissue. In this work, we focus on hip joint replacements.
The biomaterials used for the head/cup couple are Titanium alloys (Ti6Al4V) for the head and
ultrahigh molecular weight polyethylene (UHMWPE) for the cup. However, the tribological
behavior of this couple has been reported to be poor under wear. Thus, coating Ti6Al4V with
diamond makes it one of the promising strategies to improving the titanium alloy wear behavior. On the other hand, for improving anti-wear properties of UHMWPE, molecular orientation
(texturing) was reported to be a promising way for increasing wear resistance. The main goal
of this study is divided in two parts: The objectives of our work in the first part are fourfold:
i) identifying the structural transformation mechanisms of UHMWPE submitted to different
solid-state deformation processes (drawing, rolling), ii) quantifying the influence of the textured materials on bulk and surface mechanical properties, and iii) studying the influence of
texturing on crosslinking mechanisms, and iv) propose a micromechanical model that can be
used along with a process path model to predict the microstructure-properties relationships
and to optimize processing. In the second part, the objectives are: i) to analyze diamond coating of Ti6Al4V using a new process named time modulated CVD (TMCVD) which is able to
produce ultra-hard, smooth, fine microstructure, and good quality diamond films; ii) to analyze microstructure properties relationship for deposited diamond film with and without the
use of diamond like carbon interlayer; and iii) develop a finite element simulation to predict
residual stresses and analyze failure.

Mathematical Modeling of Skin Growth
Adrian Buganza Tepole · Ellen Kuhl
Stanford University, Stanford, CA
Induced skin growth in skin expansion is a widely used clinical procedure that grows skin in
vivo for reconstructive purposes to correct birth defects in infants, after tumor removal and
burns [1]. However, even though much experimental work has been done, there is still a lack
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of understanding of how mechanical environment affects skin growth.
The proposed computational model characterizes skin to have a transversely isotropic chain
network structure in order to account for the presence of collagen fibers [2]. Skin exhibits
a highly nonlinear and anisotropic behavior that is well captured with our model. When
stretched beyond its physiological limits, skin undergoes an irreversible area growth. Growth
in biological tissues has been studied with a continuum mechanics approach and modeled using the decomposition of the deformation gradient in a growth part and an elastic part [3]. We
described skin growth to be a transversely isotropic process induced by stretching and characterized by a single internal variable, the growth multiplier.
To solve the governing equations of growth, we used an Euler backward scheme to discretize
in time and finite elements to discretize in space. Evolution of growth in time was determined
by a growth law characterized by a single scalar value, the growth multiplier, as a function
of stretch [4]. Update of the growth multiplier was done at each integration point level using
a Newton iteration scheme. Simulations were done to determine the effect in area growth
of different commercial expanders. We believe this model may help the surgeon to optimize
clinical process parameters like expander geometry.
[1] De Filippo R, Atala A. Stretch and growth: The molecular and physiologic influences of
tissue expansion. Plastic and Reconstructive Surgery. 2002, 109: 2450-2462.
[2] Buganza Tepole A, Gosain AK, Kuhl E. Stretching skin - The physiological limit and beyond.
International Journal for Non-Linear Mechanics, doi:10.1016/j.ijnonlinmec.2011.07.006.
[3] Rodriguez EK, Hoger A, McCulloch AD. Stress-dependent finite growth in soft elastic tissues. Journal of Biomechanics. 1994, 27: 455-467.
[4] Buganza Tepole A, Ploch CJ, Wong J, Gosain AK, Kuhl E. Growing skin - A computational model for skin expansion in reconstructive surgery. J Mech Phys Solids, doi:
10.1016/j.jmps.2011.05.004.

Modeling Collagen-Proteoglycan Structural Interactions in the
Corneal Stroma
Xi Cheng · Hamed Hatami-Marbini · Peter M Pinsky
Stanford University, Stanford, CA
Proteoglycans (PGs) are hybrid carbohydrate-protein macromolecules characterized by a linear core protein main chain with branching glycosaminoglycan (GAG) side chains. PGs
help define the structure-function relationship in extracellular matrix. GAGs are linear heterpolysaccharides with repeating disaccharide units consisting of an amino sugar and an uronic
acid. In the corneal stroma, the GAG side chains appear to extend perpendicularly from the
core and may form bridges spanning collagen fibrils. We are interested in understanding the
role of GAGs in the maintenance of the collagen lattice.
Chondroitin-6-sulfate (C6S) is a GAG constituent in the extracellular matrix, which is involved
in the structure of the cornea and other connective tissues including cartilage and tendons.
Recent experimental studies show that the arrangement of PGs around the collagen fibrils is an
extended network with variable lengths. The structure of such networks consists of separate
GAG chains joining together to form anti-parallel duplexes. These duplexes form because of
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the close interaction of two GAG chains with each other. It is our primary interest to understand
the molecular interactions involving in the formation of such duplexes.
A computational model of molecular dynamics (MD) is built by GROMACS 4.0.7 and PRODRG2.0 programs and based on the published modified force field data for C6S. The molecular
structure of the twofold helical, flat, tape-like C6S chain with eight repeating disaccharide units
has been reconstructed by assembling single disaccharide units with appropriate linkage dihedral angles. This structure is believed to be stable for aggregating in the water-environment.
Three different geometries (one parallel and two anti-parallel) of C6S duplexing have been
explored for 50ns-long MD simulations. The calculation of the C6S duplex binding energy confirms that the anti-parallel pattern of duplexing is more favorable in the physiological environment. This model is expected to be used to study the duplexing and aggregating properties of
similar GAGs molecules including Chondroitin (CH), Chondroitin-4-sulfate (C4S) and Karatan
Sulfate (KS).

A Three-Constituent Damage Model for Cardiovascular Tissue
Nele Famaey1 · Jos Vander Sloten1 · Ellen Kuhl2
1 Katholieke
2 Stanford

Universiteit Leuven, Leuven, Belgium
University, Stanford, CA

Commonly used techniques in cardiovascular interventions, such as arterial clamping or stenting, always entail a certain degree of unavoidable iatrogenic tissue damage. Therefore, research
has been directed towards decreasing this unnecessary intra-operative trauma, i.e. through the
design of less traumatic surgical instruments and through limiting the mechanical loading on
the tissue. Obviously, the effectiveness of these new designs and techniques depends on how
well damage mechanisms are understood and how accurate thresholds for safe tissue loading
can be set. Therefore, a new constitutive model for cardiovascular tissue is described, incorporating damage effects in three different constituents of the tissue.
The constitutive model describes the behavior of (i) an isotropic matrix material constituent,
(ii) an anisotropic constituent attributed to the dispersed collagen fibers and (iii) an anisotropic
smooth muscle cell constituent. The first two constituents are based on the Holzapfel model
described in [1], whereas the third component is based on the mechanical smooth-muscleactivation model described in [2]. The damage accumulating in the different constituents during mechanical loading is characterized through a strain-energy-driven damage function for
each of the constituents, analogous to the method described in [3].
The constitutive model is implemented in an ABAQUS user subroutine and used to explore
the damage process during the clamping of a rat abdominal artery. The accumulated damage
leads to a decrease in matrix stiffness and fiber rupture, as well as in a decrease in vasoregulating capability of the smooth muscle cells. An isometric experiment designed to capture this
vasoregulating capability is simulated in ABAQUS and the results are compared with in vitro
experiments performed on clamped rat abdominal arteries.
[1] T. C. Gasser, R. W. Ogden, G. A. Holzapfel, Hyperelastic modelling of arterial layers with
distributed collagen fibre orientations., J R Soc Interface 3 (6) (2006) 15-35.
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[2] S.-I. Murtada, M. Kroon, G. A. Holzapfel, A calcium-driven mechanochemical model for
prediction of force generation in smooth muscle., Biomech Model Mechanobiol 9 (6) (2010)
749-762.
[3] D. Balzani, J. Schroder, D. Gross, Simulation of discontinuous damage incorporating residual stresses in circumferentially overstretched atherosclerotic arteries., Acta Biomater 2 (6)
(2006) 609-618.

Modelling the Effect of Intra-Luminal Thrombus on Cerebral
Aneurysm Evolution
Emilie C. Holland · Paul N. Watton · Yiannis Ventikos
University of Oxford, Oxford, UK
Five percent of strokes are instigated by subarachnoid haemorrhages (SAHs); an estimated
85% are secondary to the rupture of an intracranial aneurysm (ICA), a localised dilation of
the artery wall. Despite progress in neurosurgical and endovascular therapies, fatality due to
aneurysmal SAHs remains up to 40%. Increased risk of ICA occurrence has been attributed
to genetic risk factors, smoking, hypertension, gender and age. Although potentially fatal,
rupture has low incidence in comparison to its prevalence [1]. In terms of patient care,
this accentuates the need for assessing the risk of preventative treatment versus the risk of
rupture. Interventional treatment focuses on the removal of the aneurysm from circulation, be
it by neurosurgical intervention (i.e. clipping or parent artery occlusion) or by endovascular
intervention (i.e. coils or stents) aimed at reducing intra-saccular flow, triggering the formation
of intra-luminal thrombus (ILT) within the dome. Several key biophysical and hemodynamic
factors are thought to predispose ILT formation: aneurysm geometry, blood hypercoagulability, endothelium dysfunction, and stagnant, recirculating flows. Interestingly, ILT also occurs
spontaneously; it has been observed that ILT is present in 55% of cases of giant ICAs (i.e.
diameter > 2.5cm) [2]. It is unclear whether the presence of ILT is beneficial. In fact, to date,
two diverging hypotheses regarding the effect of ILT on arterial wall functionality have been
suggested: (i) the portion of the wall in contact with the ILT layer is alleviated of pressure,
reducing the risk of rupture [3]; (ii) compromised wall viability due to the reduction in the
delivery of nutrients through the ILT layer, e.g. Vorp et al [4], measured a reduction in oxygen
partial pressure of up to 80% in the wall of abdominal aortic aneurysms coated with a thick
layer of ILT. Aneurysm initiation, evolution and rupture are believed to be a consequence
of both hemodynamic factors and cellular responses within the arterial wall. However, the
specific pathogenesis of the disease is not yet fully understood. Given that hypoxia has been
shown to upregulate the synthesis of matrix-metalloproteinases, we hypothesise that it may
promote continuing enlargement or rupture of an ICA. To explore the influence of oxygen
concentrations on ICA evolution, we extend the computational framework proposed by
Watton et al. [5], which explicitly links hemodynamic stimuli to the G&R of arterial tissue, to
model the chemo-mechanobiology of arterial tissue. First, we explore novel hypotheses linking
the influence of oxygen concentrations to arterial G&R using conceptual geometrical models
of aneurysm evolution [6]. We then proceed to model the formation of a patient-specific
saccular ICA. Aneurysm inception is prescribed by imposing an initial degradation of elastin,
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whilst subsequent degradation is linked to deviations in local levels of wall shear stress
from normotensive values. In this study, our primary interest is to examine the effect of the
presence of ILT on oxygen levels and G&R of arterial tissue. Thus to reduce the complexity
of the modelling, we use a simple model of thrombus formation linking propagation of
the thrombus-luminal boundary to local hemodynamic stimuli [7]. Convection-diffusion
equations for oxygen mass transport across the ILT and into the wall are solved as the ICA
expands. Within the lumen the convection-diffusion equations take into account both the free
oxygen within the plasma and that dissociated from hemoglobin. The diffusion of oxygen into
the arterial wall takes into account the consumption of oxygen by smooth muscle cells. The
oxygen tension levels in the arterial wall are subsequently evaluated and then explicitly linked
to the G&R of the arterial constituents. The effect of thrombus on the progression of an ICA is
explored.
[1] G Rinkel, M Djibuti et al. Prevalence and risk of rupture of intracranial aneurysms: a systematic review. Stroke 1998,29:251-256
[2] SJ Peerless and CG Drake. Treatment of giant cerebral aneurysms of the anterior circulation
Neurosurgical Review 1982,5:149-154
[3] W Mower, W Quinones et al. Effect of intraluminal thrombus on abdominal aortic aneurysm
wall stress Journal of Vascular Surgery 1997,26: 602-608
[4]DA Vorp, PC Lee et al. Association of intraluminal thrombus in abdominal aortic aneurysm
with local hypoxia and wall weakening Journal of Vascular Surgery 2001,34:291-299
[5] PN Watton, NB Raberger et al. Coupling the hemodynamic environment to the evolution
of cerebral aneurysms: computational framework and numerical examples Journal of Biomechanical Engineering 2009,131:101003
[6] PN Watton PN, Y Ventikos and GA Holzapfel. Modelling the growth and stabilisation of
cerebral aneurysms, Mathematical Medicine and Biology 2009,26:133-164
[7] Y Ventikos, EC Holland et al. Computational modelling for cerebral aneurysms: risk evaluation and interventional planning. British Journal of Radiology 2009,82:S62-71

Tensile Properties of Human Vocal Folds from Smokers versus
Non-Smokers
Jordan E. Kelleher1 · Thomas Siegmund1 · Roger W. Chan2
1 Purdue

University, West Lafayette, IN
of Texas, Dallas, TX

2 University

Phonation is the result of the vocal folds vibrating as air is passed up from the lungs and
through the larynx. Past biomechanical studies of vocal fold tissues have only considered the
overall/global stress-stretch response. We hypothesize that the deformation behavior of nonsmokers may be different from that of smokers which would reveal deeper insight into the
mechanisms underlying phonation.
Experiments on human vocal fold tissue under cyclical uniaxial tensile stretch at 1 Hz were
conducted on three male non-smokers and two smokers (one male, one female) dissected from
excised larynges. Each subject provided one vocal ligament specimen and the contralateral
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vocal fold cover specimen. Ink markers placed on the specimen were tracked optically to determine the elongation of several domainssegments of the specimen. Local cross-sectional areas
were determined from the images assuming axisymmetric geometry, such that the local stresses
followed. The stress-stretch responses of a representative load cycle were characterized by a
histomechanical constitutive model.
The stretch distribution was found to vary greatly with anterior- posterior position. The data
provided evidence to support the claim that for non-smoker specimens the stretch of the midpoint region is less than the average of the anterior and posterior regions of the vocal ligament
(p=0.0017) and vocal fold cover (p=0.0558). Since the mid-point position has the smallest crosssectional area, one would suspect this region to deform the most, yet this was precisely the
opposite of what occurred for the non-smoker specimens. However, for the smokers, it was
found (though not statistically significant) that the maximum stretch occurred at the mid-point
position for one vocal ligament and one vocal fold cover specimen
This study reveals the graded biomechanical properties of the vocal fold lamina propria of nonsmoker and smoker subjects. Histology is clearly linked to the biomechanical response of the
tissue. Thus, we speculate that smoking can affect these parameters and cause deviations from
the histological architecture of healthy subjects. Additionally, the functional consequences
for the heterogeneity will be speculated as they relate to the vibratory modes of deformation.
The current findings may also have implications for the design and bioengineering of tissue
replacements for the surgical repair of vocal fold defects.
The authors are grateful to the National Institutes of Health (NIDCD grant R01 DC006101) for
funding this investigation and to the National Science Foundation for supporting J.E. Kelleher
in the form of a graduate research fellowship.

A Microscopically-Based Continuum Model for Biological Soft
Tissues - Fully Decoupled Invariant Formulation
Georges Limbert
University of Southampton, Southampton, UK
The complex multi-scale hierarchical nature of biological tissues and the associated challenges
in their bottom-up experimental characterisation have limited the development of structural
models in favour of continuum-based models. The traditional constitutive modelling approach
has been mainly based on tensor invariant formulations which postulate the existence of a
strain energy function. For collagen fibre-rich tissues, a classic assumption is to consider the
tissue as a composite material made of one or several families of (oriented)collagen fibres embedded in an isotropic solid matrix. Generally, a principle of linear superposition of the fibre
and matrix strain energies is also assumed [1] but, for most studies, and by construction, fails
to account for the fibre-fibre and fibre-matrix interactions which are relevant in certain physiological conditions. To date, only few studies have considered these shear interactions [2-5].
The first objective of this study is to develop a decoupled invariant-based continuum constitutive framework for transversely isotropic/ orthotropic hyperelastic soft tissues accounting for along-fibre shear stress interactions. One of the key elements of the formulation is to
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use physically-based microscopic quantities to inform the macroscopic constitutive behaviour.
This effectively couples the material properties at different levels of the multi-scale hierarchical structure of collagenous tissues. The second objective is to test the ability of the model to
capture the experimental multi-directional mechanics of skin and to assess its sensitivity to its
material parameters, particularly with regards to the fibre-fibre and fibre-matrix shear interactions.
Criscione et al. [6] proposed a set of five strain invariants that capture distinct kinematic modes
of deformation for transversely isotropic hyperelastic solids. A limitation of this formulation
lies in its inability to obtain fully orthogonal stress terms and the use of transcendental functions to define the kinematic invariants. Following Spencer’s idea [7], the starting point of the
present decoupled transversely isotropic constitutive formulation is to split the Cauchy stress
tensor into a hydrostatic, a deviatoric fibre tension and a deviatoric tension-free stress tensors.
The latter can be further split into two mutually orthogonal tensors that represent the fibre to
fibre and/or matrix to fibre shear stress and the shear stress in the plane of isotropy. The stress
tensor is therefore divided into four mutually orthogonal fictitious stress tensors. A kinematic
analogue of this kinetic decomposition can be further established by splitting the deformation
gradient [8]. Besides the usual Jacobian of the deformation, the deviatoric stretch in the fibre
direction one can establish two additional shear invariants of the right Cauchy-Green deformation tensor. These invariants are subsequently used to define a transversely isotropic hyperelastic strain energy function represented by the sum of a volumetric strain energy, an along-fibre
shear energy, a cross-fibre shear energy and a fibre tension/compression energy. The latter is
represented by a worm-like chain energy which captures the non-Gaussian entropic mechanics of assemblies of tropocollagen molecules aggregated into microfibrils. Departing from an
8-chain model representation [9], molecular chains are assumed to be independent and only
mechanically coupled to each other by their shear interactions so no use of a network conformation is made.
Constitutive parameters for skin [10] were identified using a combination of available biophysical data [11] and numerical parameter optimisation. The constitutive model was implemented
into a finite element code and a direct sensitivity analysis subroutine was also developed.
This was subsequently used to determine the sensitivities of decoupled stress quantities to
the constitutive parameters for various loading scenarios such as uniaxial, biaxial and shear
tests as well as indentation. The constitutive formulation was shown to reproduce faithfully
the anisotropic characteristics of skin and the significant influence of fibre-fibre/matrix-fibre
shear interactions was also demonstrated.
[1] Humphrey, J. D. et al. 1987. J Biomech Eng, 109, 298-304.
[2] Blemker, S. S. et al. 2005. J Biomech, 38, 657-665.
[3] Peng, X. Q. et al. 2006. J Appl Mech, 73, 815-824.
[4] Tang, H. et al. 2009. Ann Biomed Eng, 37, 1117-1130.
[5] Wagner, D. R. et al. 2004. Journal of Orthopaedic Research, 22, 901-909.
[6] Criscione, J. C. et al. 2001. J Mech Phys Solids, 49, 871-897.
[7] Spencer, A. J. M. 1992. Journal of Engineering Mathematics, 26, 107-118.
[8] Lu, J. et al. 2005. Int J Solids Struct, 42, 6015-6031.
[9] Kuhl, E. et al. 2005. J Mech Phys Solids, 53, 1552-1573.
[10] Lanir, Y. et al. 1972. J Biomech, 7, 171-182.
[11] Fratzl, P. 2008. Collagen: Structure and Mechanics, Springer.
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Patient-Specific Hemodynamic Simulations of Central Shunts
with Different Spatial Arrangements
Youjun Liu · Jinli Ding · Linjuan Chai · Xue Cao
Beijing University of Technology, Beijing, China
Systemic to pulmonary shunt is a prevalent palliative surgery for serious Tetralogy of Fallot
(TOF) in infants. The purpose of this shunt is to direct more blood into pulmonary circulation.
Central shunt which is an anastomosis between the aorta and the main pulmonary artery is
one of the effective procedures. However, less research had referred the optimal arrangement
of the central shunts. Surgeons should determine the optimal arrangement according to the
physiological and pathological situation of patients. The objective of the study is aimed at
the patient-specific hemodynamic simulations of central shunts with different spatial arrangements and suggests the optimal arrangement.
MR images were obtained from a one-month old newborn who had serious TOF. Three dimensional (3D) anatomic geometry including pulmonary artery and aorta was reconstructed with
commercial software. Then, the reconstructed geometries from the MR images were sculptured in a virtual environment, and central shunts of 3mm with different arrangements were
performed according to the different distances away from the ascending aorta or aorta arch.
Then, four models were generated. All models were simulated by means of finite volume
methods with similar physiological boundary conditions in pulse.
Results indicated that all models performed with continuous blood flow into pulmonary artery
in one cardiac cycle even during the diastolic period. Pressure gradients were all in a large
magnitude. The central shunt with every arrangement provided an equal pulmonary blood
flow to both lungs. When the anatomosis was closer to aorta inlet, the mean pressure and
pressure gradient at the proximal end of the shunt got higher, meanwhile, blood directed into
both lungs increased from 65% to 76% gradually. Wall sheer stress was continuously high in
all shunts because of the high velocity. Part of flow recirculation and vortex appeared in the
shunts especially at the proximal end of the shunts.
Central shunt was confirmed to provide enough pulmonary blood perfusion. However, blood
flowed into pulmonary got more as the anastomosis was closer to the cardiac inlet. An adequate pulmonary flow distribution was approximately 50% 60%, which could improve the
growth of pulmonary artery and increase the oxygen saturation. Excessive lung perfusion
might result in pulmonary hyperplasia and congestive cardiac failure. Therefore, the anastomosis should be arranged closer to the aorta arch and far away from the aorta inlet. Nevertheless, this study might have some limitations to all patients, and some other influence factors
such as diameter and curvature of the shunt should be studied for the optimization of the central shunt.
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Simulations of Resurfacing Metal Implants Filling Small Full
Thickness Cartilage Defects
Krishnagoud Manda · Anders Eriksson
Royal Institute of Technology, Stockholm, Sweden
Articular cartilage is a specialized connective soft tissue that resides on the ends of long-bones,
and transfers the load smoothly between the bones in diarthrodial joints by providing almost
frictionless, wear resistant sliding surfaces during joint articulation. Focal chondral or osteochondral full thickness defects in articular cartilage show limited capacity for biological repair.
Furthermore, bio-mechanical forces at the defect site may cause the tissue to continued degeneration. Alternatively, a contoured focal resurfacing metal implant can be used to treat such full
thickness cartilage defects. Physiological and biomechanical studies on animal models with
metal implant have shown good clinical outcomes. The main goal of using metal implants,
filling the degenerated portion of the cartilage, is to seal the surrounding cartilage so that further damage can be prevented, and to re-establish the integrity of the joint articulating surface.
However, the mechanical behavior of cartilage surrounding the implant is not clearly known
with respect to the joint function after treating such defects with metal implants. Knowledge
is also lacking for improved implant design. So, it is important to understand the mechanical
behavior of cartilages surrounding the implant. Any protrusion of metal implant into the joint
cavity damages the opposing soft tissue. In order to avoid this, the axial positioning of implant
together with the behavior of the cartilages immediately surrounding the implant have to be
studied.
For this purpose, and in cooperation with ongoing animal experiments on a new implant, we
developed a 3D-simplified numerical finite element (FE) model of a sheep knee joint including bones (cancellous and cortical) and associated cartilages. Since, the knee has a complex
structure, constructing a simplified geometry is quite difficult. However, one of the femoral
condyles was approximated as a semi-ellipsoid with two different principal radii (obtained
from a CT scan of a cadaveric sheep knee). The effect of the meniscus, evenly distributing the
load, was introduced by a full congruency between the articular cartilage surfaces to represent
a realistic contact geometry. Hence the tibial cartilage in congruent with femoral cartilage. A
circular hole of specific size, representing the defect, was assumed at the center of the femoral
condyle. Two profiles were considered for the implant: a symmetric spherical and a doublecurved articulating profile. The simulations were performed in ABAQUS (Simulia, Inc., USA)
by considering poro-elastic material for cartilages and linear elastic materials for bones and
implant. The poro-elastic formulation assumes a fully saturated porous medium with a voided
solid matrix and an interstitial fluid. The total stress is made up of an averaged effective stress
and fluid pressure. A load (2 times body weight on whole knee), in the form of pressure, was
applied in axial direction on the bottom plane of the tibia. The parametric study was conducted
using the developed finite element models by varying defect size, implant’s axial position with
respect to cartilage surface, and wedge angle of the implant. The time dependent behavior of
cartilages was also simulated.
The double-curved implant which exactly matches the articulating surface gave lower contact
pressures and stresses in the rim of the defect than the unicurved spherical implant. We found
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that the implant should be placed slightly sunk into the cartilage to avoid damage to the opposing surface. We observed that with increasing defect size, the closer the implant should be to
the flush insertion or position. We also noted from the simulations that, using a metal implant
to treat a full thickness defect in the cartilage is mechanically advantageous compared to leaving the defect untreated. As time progresses, the load transfer through the implant between the
bones is increasing, even with the implant sunk into the cartilage. The mechanical sealing effect
can be quantified with the decrease in permeability (solidification of material) in the cartilage
defect edge around the implant. This decrease in permeability slows down the fluid flow in
the edge during dynamic movements, indicating possible mechanical sealing. With increasing
wedge angle of the implant, this effect was shown to be increasing with time.
The study supports the idea of using a metal resurfacing implant for the treatment of full thickness cartilage defects. It emphasizes the need for an individualized implant geometry, and
shows that there is an optimum position of a specific implant slightly below the flush placement. The larger the defect size, the closer the implant should be to flush. Our simulations
indicate that treating cartilage defects with metal implants is mechanically advantageous. The
obtained results will be compared to results from the ongoing animal study.

Different Damage Model Approaches in a Microsphere-Based
Framework. Application to Soft Biological Tissues
Miguel A. Martinez1 · Pablo Saez1 · Tobias Waffenschmidt2 · Estefania Pena1 · Manuel
Doblare1 · Andreas Menzel2
1 University
2 TU

of Zaragoza, Zaragoza, Spain
Dortmund, Dortmund, Germany

During the last years the most extensively used technique for modeling anisotropy in soft biological tissues has been representing fiber orientation by means of an invariant formulation.
However most recently, the use of statistical distributions has increased, being this latter also
adopted in the present work. Furthermore, a microsphere-based approach has been used at a
micro scale level. The microsphere-based models recapture micro-structural data and transfer
it into the macroscopic constitutive behavior by using a homogenization scheme over the unit
sphere. Some important contributions related with microsphere use in elastomers modelling
are Miehe et al. (2004), Miehe and Goktepe (2005) and Goktepe and Miehe (2005) or Caner and
Carol (2005) as the first approach to modelling of biological tissues and Alastrue et al. (2009)
with special emphasis in the anisotropy of the material.
Even though different strain energy density functions have proved to be successful for particular applications and for describing many of the features of soft biological tissue, their use is
limited, in most cases, to the range of physiological loads. However the study of the damage
phenomena happening in soft biological tissues is of vital importance when modelling nonphysiological situations such as those caused by some surgeries. Most of damage models are
able to describe the mechanical behavior of soft tissue in the failure region. Some of these models have been restricted only to isotropic damage (Schechtman and Bader, 2002), damage of
the collagenous component only (Balzani, Schroder, and Gross, 2006) or considering different
damage behavior for matrix and fibers (Natali et al., 2003, Calvo et al., 2007, Rodriguez et al.,
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2008, Ehret and Itskov, 2009). All mentioned models consider the tissue as a continuum from a
macroscopic point of view.
Another different approach is attempting to include the role played by different microconstituents of the material. Goktepe and Miehe (2005) and Dal and Kaliske (2009) proposed damage models in a microsphere framework for failure of rubber-like materials. Buehler (2008) and
Tang et al. (2010) modelled the rupture of fibrils by using molecular approaches to investigate
the progressive failure of collagen molecules, which is basically due to the rupture of the crosslinks between the tropocollagen molecules that compose the fibril. Head et al. (2003), in a work
about semiflexible polymer networks, introduced different regime of elastic response (affine or
non-affine) depending on the quality and density of the filament cross-links, leading to a nonaffine under sparse networks. However, we will call affine deformations when the deformation
gradient applied to the material is uniform in the fibrils within the fiber, so every filament or
fibril experience the applied deformation gradient. We will gain this situation if not cross-links
exist between the fibrils of a biological fiber. On the other hand, we will call non-affine regime
when the deformation gradient experience by the fibrils is different (usually lower) that the
applied to the material. We will achieve this situation when a dense link network exist and this
cross-linkings do not allow the fibrils deform in an affine way.
Different approaches are presented in this work corresponding to distinct affine of non affine
hypothesis in order to characterize damage in fibered biological tissue. The affine approach is
obtained applying directly the deformation gradient to every fibril and then the classical [1-D]
theory to each of them. All the non-affine approaches star with a microsphere-based second
order damage tensor. This tensor can be weighted by a non-affine parameter, which measure
how strong and dense the cross-links are. The first option is based on a projection of this
damage tensor in the integration direction (physically associated to the fibrils within a fiber).
Although this approach can achieve good results, we will work with a similar approach, where
a stretch-type tensor is constructed, incorporating again a non-affine parameter, allowing a
pure affine stretches in the integration direction or a totally non-affine. Then, we can apply the
damage formulation to each fibril. With this approach the damage behavior in the fibers are
smoother than those experienced by the pure affine model, reflecting the constraint exerted by
the links. Moreover, the definition of this damage tensor can be useful to define anisotropic
damage in the isotropic ground substance. Another interesting approach is the construction
of a equivalent macroscopic energy density function from the micro-sphere approach, which
could be damage by the damage tensor in a similar way than in Menzel and Steinmann (2003).
We leave this approach as future work.

An Image-Based Approach for Flow Simulations in Deformable
Blood Vessels
Lucia Mirabella1 · Marina Piccinelli2 · Tiziano Passerini2 · Maria Restrepo1 · Ajit P.
Yoganathan1 · Alessandro Veneziani2
1 Georgia

Institute of Technology, Atlanta, GA
University, Atlanta, GA
3 University of British Columbia, Vancouver, Canada
2 Emory
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Performing numerical simulations of hemodynamics in compliant vessels is one of the most
challenging topics in the study of the cardiovascular system. The standard approach to simulate the coupling between blood fluid dynamics and solid mechanics of the vascular wall is to
develop mathematical models for each medium as well as for the coupling conditions describing their interaction. However this strategy is challenging from the modeling, mathematical
and numerical point of view: the constitutive laws for the arterial wall are not always well
accepted in presence of diseases or sutured tissue and it is not trivial to obtain reliable measurements for parameter estimation in vivo. Moreover the considered vessels are subject to an
external load (due to the presence of the surrounding tissues), which is in general unknown or
not easy to be modeled. An example of these external forces is the effect of respiration, that
can be crucial to simulate pathological cases. Finally the strongly heterogeneous nature of the
problem raises issues concerning numerical stability and efficiency of Fluid-Structure Interaction (FSI) algorithms, using both segregated or monolithic solvers (see e.g. L. Formaggia et al.,
Springer, 2009).
We present here an alternative approach that consists in exploiting the availability of time resolved medical images (4D, meaning 3D in space plus time) of the vessels of interest to detect
the motion of tissue and then simulating blood flow in a compliant vessel that is deforming
according to a known displacement. The main advantage of this strategy is that it maintains
a tight link between numerical simulations and patient specific data, including intrinsically
the mechanical features of the structure and of the surrounding tissues, with a limited additional computational cost with respect to the rigid geometry case. A similar technique has been
proposed in (D. M. Sforza et al., International Journal for Numerical Methods in Biomedical
Engineering, 26 (10):1219-1227, 2010) and (Torii et al., Annals of Biomedical Engineering , 38
(8):2606-2620, 2010), where the authors apply the image-based motion approach to intra-cranial
aneurysms and coronary arteries, respectively, implementing however different strategies for
the single steps of the algorithm.
The starting point of the procedure is the acquisition of a time sequence of 3D medical images
whose space and time resolution is enough to provide a proper reconstruction of the moving
domain. Our ’4D Image-Based’ (4DIB) approach can then be decomposed in the following
steps: (1) Image segmentation; (2) Motion tracking; (3) Formulation of the problem in a moving domain; (4) Fluid dynamics simulation of blood flow in the moving domain. In step (1) the
boundary of the region of interest is identified on the time resolved images by means of a level
set approach (J. Sethian, Cambridge University Press, Cambridge, 1999). A crucial point in this
part of the work is to guarantee that the deformation of the segmented surfaces that can be detected from phase to phase is merely due to the motion of the vascular structure and not to an
’artificial’ motion introduced by the segmentation. At the end of this step, a mathematical representation of the 3D surfaces that identify the interface between the fluid and the vessel wall is
given as a set of triangulated meshes. In this work the segmentation has been performed using
Vascular Modeling ToolKit (www.vmtk.org). To take into account the motion of the domain in
the simulation, it is necessary to track the movement of each point of the computational grid.
Step (2) can be accomplished by means of various techniques (see e.g. J. A. Maintz and M.
Viergever, Medical Image Analysis, 2(1):1-37, 1998). Given M + 1 time frames, the tracking process consists of performing M registration steps between two consecutive frames. The output
of the tracking procedure will consist in M surface displacement fields describing the motion
of the vessel wall at the instants of the image acquisition. In this work we have adopted a 3D
surface registration algorithm based on a minimization approach, where the functional to be
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minimized is the sum of a distance function and a regularization term, added to overcome the
ill-posedness of the minimization problem and filter out non physical solutions. This step is
performed by using an in-house Matlab (The MathWorks Inc., Natick, MA) code. The considered algorithm is effective and accurate for the vessel displacement that we are considering in
this work. Step (3) of the procedure consists in estimating the velocity of the domain and to use
it to formulate the incompressible Navier-Stokes equations for a Newtonian fluid in the Arbitrary Lagrangian Eulerian (ALE) formulation (ALE-NS), which is suitable to describe the blood
flow in a moving medium/large vessel. In particular, the velocity of the domain boundary is
computed as the derivative of the boundary position, after a cubic spline interpolation in time
is performed, to ensure the continuity of the resulting field, and used as Dirichlet boundary
condition on the wall in the CFD simulation. The velocity of the whole domain is then found
as the harmonic extension of the boundary field, computed for each time step of the simulation. Inflow and outflow boundary data can be retrieved by measures (e.g. reconstructed from
PC-MRI images displaying blood velocity data in selected sections of the domain) or designed
to reproduce a physiological or pathological behavior. To perform step (4), the ALE-NS system
has been discretized by choosing a first-order time advancing scheme and a finite element approximation for the space dependence (P1 for the pressure and P1bubble for the fluid velocity).
Numerical results are obtained using an ad-hoc software based on the C++ object oriented finite
element library LifeV (www.lifev.org). Numerical tests have been run to evaluate the difference
between the velocity and wall shear stress (WSS) fields computed with the 4DIB approach and
those computed on a rigid domain simulation, the latter being the standard assumption chosen
in the literature when no information on the structural dynamics is available. The domain of
interest for this case is representative of an ascending and thoracic aorta, whose geometry in
time is reconstructed from a set of computed tomography images. On the considered domain
of interest, the motion detected is significant, the displacement indicator being about 12% of
the average radius of the vessel in the initial configuration (M. Piccinelli at al., submitted). Accordingly, both the velocity and the WSS fields exhibit a remarkable difference with respect to
the rigid domain case. In particular, the relative norm of the difference between the 4DIB fields
and the rigid domain fields has an average over the cardiac cycle of 84.52% for the velocity and
52.26% for the WSS.
We also performed an in-silico validation of the 4DIB approach with respect to a FSI simulation,
considered as benchmark. In particular we have first run a FSI simulation, obtaining the fluid
velocity and pressure fields and the displacement in the vessel wall. We have then used this displacement to run a 4DIB simulation, with the same inflow/outflow boundary conditions and
fluid properties as in the FSI case, obtaining 4DIB velocity and pressure fields. The comparison
of the results obtained with the two approaches has shown a good agreement (below 1% of relative difference, on both velocity and WSS), while the computational time required by the 4DIB
simulation is by far smaller than the one required by the FSI simulation, confirming the validity
of the methodology. As ongoing work, we are evaluating the application of this approach on a
clinically relevant case. In particular we are considering the case of a post-operative configuration after a Total Cavopulmonary Connection (TCPC) has been implemented (F. Fontan and E.
Baudet, Thorax, 26:240-248, 1971), this being a surgical procedure to bypass the right side of the
heart in patients with single ventricle congenital defects. The interest of performing CFD simulations to study the hemodynamics in these cases is very high, since single ventricle patients
are still subject to numerous long-term complications, despite improvements in the outcome
obtained with this procedure. The hypothesis to verify is that the inclusion of more realistic
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features such as the measured domain motion (both due to blood-wall interaction and to effects of respiration or motion of surrounding tissues) could provide more realistic results and
improve the accuracy of the quantity of interest that are considered to evaluate the efficiency of
the connection. In particular the endpoints considered in previous CFD Fontan studies in rigid
domains performed by our group (see e.g. K. Pekkan et al., Annals of Biomedical Engineering,
33(3):284-300, 2005) are energy loss across the artificially created connection and hepatic flow
split between the pulmonary arteries. In the TCPC case, FSI simulations would be particularly
challenging due to the heterogeneous mechanical properties of the connection (made of veins,
arteries and artificial baffle, with scar tissue on surgical sutures), while a prescribed motion
approach could overcome the problem becoming a feasible alternative. Preliminary results on
these extensions of the work will be presented.
In summary, the advantages of the 4DIB methodology proposed are that it provides more realistic fluid simulations in cases where the motion of the structure is relevant, avoiding the
use of complex mechanical models; it reduces the computational time for the numerical simulations with respect to FSI simulations and allows to take into account the motion caused by
extra-vessel forces (e.g. action of surrounding tissues, respiration), which would be otherwise
difficult to be considered. Finally, this approach is applicable to every flow phenomenon occurring in a moving structure (not only blood flow in vessels, or even biological tissue), as long as
the motion can be accurately recorded by imaging devices. The main limitation is the intrinsic
impossibility to evaluate the effect of the flow on the wall mechanics. Therefore its applicability
is limited to the cases in which the focus of the study is the flow features alone.

Computational Simulation of Biventricular Pacing in a Human
Heart
Corey L. Murphey · Jonathan Wong · Ellen Kuhl
Stanford University, Stanford, CA
Cardiac resynchronization therapy through biventricular stimulation was first used in the early
1990s as a treatment option for patients with systolic heart failure, intraventricular conduction
delay, and other cardiac arrhythmias. Cardiac resynchronization, also known as biventricular pacing, is an alternative to right ventricular stimulation, which induces dyssynchronous
ventricular contraction. In biventricular pacing, three pacing leads are usually placed on the
myocardium of the right atrium, the right ventricle, and the left ventricle in the distal cardiac
vein. Because there are no standardized loci for lead placement in biventricular pacing, physicians rely on trial and error when inserting pacemaker leads and use electrocardiograms to
determine the effectiveness of the biventricular pacing lead placement. The electrocardiogram
measures the electrical conduction, contraction pacing, and projections of the anatomy of the
myocardium. Abnormalities in the sinusoidal waves of the electrocardiogram reveal problems.
Therefore, the electrocardiogram can depict a quantitative representation of the effectiveness of
biventricular pacing lead placement. Here, we illustrate the impact of biventricular pacing on
an asymptomatic human heart. We extract electrocardiograms from a computationally excited
hearts, and compare the effect of pacing at common locations throughout the myocardial wall.
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Numerical Simulation of the Active Tone in Arteries Loaded to
Systolic and Diastolic Pressures
Saeil C. Murtada1 · Anders Arner2 · Gerhard A. Holzapfel3
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Background and motivation. The main function of smooth muscle is to maintain or regulate the
size of hollow organs. In arteries, vascular smooth muscle contraction plays an important role
in regulating the blood pressure. To better understand how the active tone of smooth muscle
influences the passive layers of the artery wall and how dysfunctions of the smooth muscle are
related to pathology such as hypertension and vasospasm, a coupled chemomechanical model
based on structural studies and contractile behavior is proposed.Smooth muscle contraction
arises when cross-bridges between the myosin and actin filament cycle, causing sliding of filaments. The contraction is triggered when myosin is phosphorylated, which is mainly initiated
through two types of excitation-contraction pathways; electromechanical coupling and pharmamechanical coupling [1]. Electromechanical coupling which is focused in the current work
is when myosin is phosphorylated by an influx of intracellular calcium ions through certain
voltage operated channels regulated by the membrane potential.
Coupled chemomechaical model. The proposed model couples a chemical model, where intracellular calcium ion concentration is related to phosphorylation and the fraction of load-bearing
cross-bridges [2], with a mechanical model, which involves just a few material parameters and
which is based on the three-element Hill model. The mechanical model describes a sarcomeric
equivalent contractile unit based on structural observations [3] with a distinct definition of the
filament overlap together with a realistic mechanical framework of the filament sliding behavior. Medial smooth muscle tissue is modeled as a network of contractile units surrounded by a
matrix consisting of elastin and collagen fibers [4]. The chemical material parameters are fitted
to calcium-phosphorylation data [5] and the mechanical parameters are fitted against isometric
and isotonic experiments of medial tissue obtained from swine common carotid artery [6].
Results. The coupled model is implemented into a three-dimensional finite element code to
simulate complex boundary-value problems. Coupled chemomechanical three-dimensional
analyses are performed to study the effects of the active smooth muscle tone of an artery
loaded to a varying systolic and diastolic blood pressure.
[1] Somlyo and Somlyo, Nature, 372:231-236, 1994
[2] Hai and Murphy, J Appl Physiol, 254:C99-106, 1988
[3] Xu et al., J Cell Biol, 134:53-66, 1996
[4] Holzapfel et al., J Elast, 61:1-48, 2000
[5] Rembold and Murphy, Circ Res, 63:593-603, 1988
[6] Dillon et al., Science, 211:495-497, 1981
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Biological Mechanoresponsive Signal Converters:
Minimalistic Designs

Deducing

Orit Peleg1 · Thierry Savin1 · German Kolmakov2 · Isaac Salib2 · Martin Kröger1 · Anna
Balazs2 · Viola Vogel1
1 ETH

Zurich, Zurich, Switzerland
of Pittsburgh, Pittsburgh, PA

2 University

While many proteins have been shown to act as mechano-chemical signal converters [1], very
few approaches exist to synthesize such systems. Mainly, it is still unclear what minimal features a simplified system must have to be able to mimic central properties of mechanoresponsive proteins. One of the well-studied mechanoresponsive proteins is Fibronectin (Fn), an extracellular matrix glycoprotein which plays a major role in cell adhesion, growth, migration
and differentiation [1]. Its signature structure of repeating modules rich in beta-sheet motifs,
sustains several self-recognition binding sites and allows the Fn to assemble into fibers. Some
of the recognition sites are cryptic (active when the module is unfolded) and get activated upon
high extensions of the fibers [2]. The cryptic sites may therefore play an important role in stabilizing the fibers, that can stand up to 8 fold extension without breaking [3]. We use a novel
numerical model to explore the physical mechanisms by which these fibers remain intact. In
particular, the Bell Model (BM) and the Hierarchical BM (HBM) are considered, as both have
been proven useful in interpreting the behavior of proteins of similar structure [4]. In the current work, the BM is implemented [5] within a coarse grained representation of the Fn chains,
allowing us to explore large proteins assemblies. Focusing on the effects of binding strength
and binding sites distribution along the Fn chains, our results shed light on the integrity mechanism of biomechanically relevant mechanoresponsive fibers and suggest a minimal set of features for potential synthetics fibers.
[1] V Vogel. Mechanotransduction involving multimodular proteins: converting force into biochemical signals. Annu. Rev. Biophys. Biomol. Struct., 35:459-488, 2006.
[2] M Chabria, S Hertig, ML Smith, and V Vogel. Stretching fibronectin fibres disrupts binding
of bacterial adhesins by physically destroying an epitope. Nature Communications, 1(135),
2010.
[3] WC Little, ML Smith, U Ebneter, and V Vogel. Assay to mechanically tune and optically
probe fibrillar fibronectin conformations from fully relaxed to breakage. Matrix Biol, 27(5):451461, 2008.
[4] T Ackbarow, X Chen, S Keten, and MJ Buehler. Hierarchies, multiple energy barriers, and robustness govern the fracture mechanics of alpha-helical and beta-sheet protein domains. Proc.
Natl. Acad. Sci. USA, 104(42):16410, 2007.
[5] GV Kolmakov, K Matyjaszewski, and AC Balazs. Harnessing labile bonds between nanogel
particles to create self-healing materials. Acs Nano, 3(4):885-892, 2009.
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Structural Experimental Characterization and Micro-Macro Modeling of Collagen Fiber Distribution in Carotid Arteries
Estefania Pena1 · Alberto Garcia1 · Pablo Saez1 · T. Christian Gasser2 · Miguel A. Martinez1
1 University
2 Royal

of Zaragoza, Zaragoza, Spain
Institute of Technology, Stockholm, Sweden

Most soft biological tissues are composed of an extra-cellular matrix formed by an isotropic
high water content ground substance in which a network of elastin and collagen fibres is embedded. Commonly, these materials have been modelled as hyperelastic continua embedded
into continuum mechanical formulations. Accordingly, one of the main tasks consisted in the
determination of appropriate strain energy density functions, from which local mechanical
quantities are derived. The inclusion of structural tensors into constitutive laws nowadays
is the most widely used technique to introduce anisotropy in material models. The large variability concerning the mechanical behaviour and the particular composition exhibited by soft
biological tissues (Sacks, 2000), requires the incorporation of representative structural information into associated constitutive models in order to appropriately recapture the response
of these materials. Accordingly, physics-based models should account for at least some micromechanical information of the underlying tissue constituents - for example elastin and collagen
fibres - and include their individual response into the overall constitutive equations. From such
information, the macroscopic behaviour may for instance be recovered by means of computacional homogenisation. In this context, we could derive the macroscopic mechanical response
by integration of the assumed (one-dimensional) micromechanical behaviour of each fibre over
the unit-sphere.
The goal of this work is to take into account the anisotropy of the carotid arteries by structural
quantification of the collagen distribution and orientation and its inclusion in the unit-sphere
homogenization to model the micro-macro behavior of the arteries. Special attention is paid
to the histological and mechanical variations of these properties depending on the proximity
to the heart. The results could have clinical relevance, especially in the research field of intravascular device design. Seven carotid swine arteries were harvested just after sacrifice and
a micro-structural analysis in longitudinal and circumferential directions were performed for
distal and proximal samples.
We used polarized light microscopy in combination with the universal stage, a device able to
measure three-dimensional orientation of birefringent materials. Swine carotid tissue was obtained and stretched at approximately physiological loads, sectioned and prepared for polarized light microscopy, by paraffin embedding and staining with picro-sirius red for birefringent
enhancement. The experiments on these swine were approved by the Ethical Committee for
Animal Research of the University of Zaragoza and all procedures were carried out in accordance with the Principles of Laboratory Animal Care. (86/609/EEC Norm, incorporated into
Spanish legislation through the RD 1021/2005).
The entire collagen distribution was captured by means of a dispersion parameter and a preferential fiber direction. These parameters were obtained through analysis of the measurements
with the Lambert azimuthal equal-area projection and two different Orientation Distribution
Functions (ODF), the rotationally symmetric von Mises distribution and the non-symmetric
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Bingham distribution were considered.
Lambert projections showed that the measurements of all sections had a high degree of coherence along with one clear preferential fiber direction. This profound alignment, together with
the medial positioning of the sections in the wall, led to the conclusion that this preferential
direction basically coincides with the circumferential direction. By fitting the measured distributions with both distribution functions, we were able to include them in the unit-sphere
homogenization to model the micro-macro behavior of the arteries.

Applying Micropolar Elasticity to Connective Tissues
Steven Petsche · Peter M Pinsky
Stanford University, Stanford, CA
Hyperelastic models are the standard for describing the anisotropic behavior of biological connective tissue. Although hyperelasticity provides a convenient framework to account for the
preferred direction of collagen fibers and incompressibility, it implies that the fibers and surrounding matrix maintain compatibility. In fact, matrix fluid may flow around fibers to cause
mechanical behavior that is impossible to reproduce with hyperelasticity. Recognize that ligament is a soft connective tissue that is very stiff in tension but easily wraps around bone.
Corneal tissue is also stiff in tension but when holding the edge of a sample, simply blowing
on the sample will cause it to bend. Hyperelastic models in pure bending predict a monotonic
stress distribution of tension on one surface to compression on the opposite surface just as in
linear isotropic elasticity. These models are unsuccessful in characterizing the observed bending and shear properties of these tissues that stem from the underlying microstructure where
the matrix can flow freely around the fibers.
Micropolar theories enrich the kinematics of the traditional continuum by introducing an independent rotation field to account for a microstructure that allows relative motion between
layers or fibers. Since additional parameters related to the length scale of the microstructure
are needed, linear isotropic micropolar theory has been applied to hard tissues to model size
effects. Micropolar models with anisotropic constitutive equations have been used in geomechanics for laminar materials. The cornea, our model connective tissue, also has a layered microstructure which consists of 200-500 collagen fiber reinforced lamella. It is not unreasonable
to think of the cornea as a fiber-reinforced fluid or gel. We develop in the linear plane strain setting a thermodynamically consistent micropolar laminar model. For a simple bending model
boundary value problem, we compare the micropolar model to our current hyperelastic model
for the cornea and illustrate the limitations that are in herent in all hyperelastic models.
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Novel In-Vitro Platforms to Provide Comprehensive Experimental Data for Computational Fluid-Structure Interaction models of
Mitral Valve and Left Ventricle
Jean-Pierre Rabbah · Brandon Chaffins · Lucia Mirabell · Neelakantan Saikrishnan · Ajit
Yoganathan
Georgia Institute of Technology, Atlanta, GA
Numerical FSI models simulating ventricular and valvular mechanics have grown in complexity over the years. These models require rigorous experimental validation, especially where
closed form solutions are not available. Two robust experimental platforms have been designed
and developed for this purpose: one to study the mitral valve and the other to simulate a simplified left ventricle. Both platforms simulate relevant physiological conditions and provide
accurate data on geometries, structural dynamics and associated fluid fields. For the mitral
valve, micro-computed tomography provides full 3D structure, while force gauges and strain
measurements capture structural dynamics. Similarly, dual camera stereo-photogrammetry
captures 3D left ventricular wall motion throughout the cardiac cycle. Digital particle image
velocimetry provides quantitative data of the flow structures in both platforms. Furthermore,
bulk flow and pressure waveforms measured at multiple locations provide accurate boundary
conditions for potential numerical models.

Mitral Valve Annular Dynamics in the Beating Heart
Manuel K. Rausch · Ellen Kuhl
Stanford University, Stanford, CA
Mitral regurgitation is a common form of valvular heart disease, which affects more than 2.5
million people in the United States alone. This number, by the year 2030, is expected to double.
World wide more than 300,000 people undergo open-heart surgery for mitral valve treatment.
For the treatment of leaking valves, mitral annuloplasty is the most common surgical procedure [1]. Ideally mitral valve annuloplasty optimizes annular dimensions, shape and dynamics. However, despite much research effort within the past decades, the design and evaluation
of different repair techniques and devices is still largely qualitative in nature. To optimize common and future treatment strategies for mitral regurgitation, it is crucial to understand normal
mitral annular dynamics, in particular, to identify extreme values of strain and curvature, and
the locations at which they occur [2].
The objective of this study is to establish a mathematical characterization of the mitral valve annulus that allows a precise qualitative and quantitative assessment of annular dynamics in the
beating heart [3]. We define the annular geometry through the location of 16 miniature markers
surgically placed onto the annuli of 55 male Dorsett sheep. Using biplane videofluoroscopy, we
record marker coordinates in vivo throughout the cardiac cycle. Instead of interpolating these
16 marker coordinates we approximate them through piecewise cubic splines, to obtain smooth
mathematical representation of the 55 mitral annuli. After time-aligning these 55 annulus rep61
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resentations with respect to characteristic hemodynamic time points we generate an averaged
baseline annulus. On basis of this averaged baseline we characterize annular physiology by extracting classical clinical metrics of annular form and function throughout the cardiac cycle. In
addition, to characterize annular dynamics, we calculate displacements, strains, and curvature
from the spline representations.
In summary, this study introduces a novel mathematical model that allows us to identify
temporal, regional, and inter-subject variations of clinical and mechanical metrics that characterize mitral annular form and function. Ultimately, this model can serve as a valuable tool
to optimize both surgical and interventional approaches that aim at restoring mitral valve
competence [4].
[1] Oliveira JM, Antunes MJ. Mitral valve repair: better than replacement. Heart 92:175-281,
2006.
[2] Kvitting JP, Bothe W, Goktepe S, Rausch MK, Swanson JC, Kuhl E, Ingels NB, Miller DC.
Anterior mitral leaflet curvature during the cardiac cycle in the normal ovine heart. Circulation,
122:1683-1689, 2010.
[3] Rausch MK, Bothe W, Kvitting JP, Swanson JC, Ingels NB, Miller DC, Kuhl E. Characterization of mitral valve annular dynamics in the beating heart. Ann Biomed Eng, 39:1690-1702,
2011.
[4] Rausch MK, Bothe W, Kvitting JP, Swanson JC, Miller DC, Kuhl E. Mitral valve annuloplasty - A quantitative clinical and mechanical comparison of different annuloplasty devices.
submitted for publication, 2011.

Mechanobiological Modeling of Distraction Osteogenesis Including a Random-Walk Formulation
Esther Reina-Romo1 · Jaime Dominguez1 · Maria Jose Gomez-Benito2 · Jose Manuel GarciaAznar2
1 University
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of Seville, Seville, Spain
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Distraction osteogenesis is a complex process that involves decision making by clinicians in
many aspects, such as the protocol to follow or the fixator time removal. In addition, it is a
mechanically based process since mechanical factors have been shown to play an important
role (Ilizarov, 1989). Thus, a close collaboration between engineers and clinicians is needed.
In this sense, the potential of mechanobiology to contribute to clinical progress is promising.
In fact, understanding the mechanobiology of the distraction osteogenesis procedure at the
cellular level may reduce complications (e.g., fibrous union) and enhance bone regeneration
through the application of mechanical stimulation to guide differentiation of multipotent cells
within the distraction gap. Therefore, in this work we aim to extend a previously developed
model, based on mechanobiologic concepts (Reina-Romo et al., 2009, 2010), able to incorporate
a stochastic model for cell migration and proliferation. The migration of cells has been modelled in existing mechanobiological studies from a phenomenological point of view through the
Fick’s law of diffusion (Isaksson et al., 2007; Boccacio et al., 2007, 2008; Reina-Romo et al., 2009,
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2010). However, it has been observed experimentally that mesenchymal stem cells disperse by
crawling and convection in the fluid (Zohar et al., 1998). In order to include a more realistic
approach of the migration/proliferation process, a random walk model (Perez & Prendergast,
2007), which has been succesfully applied previously to a bone/implant gap (Checa & Prendergast, 2008), bone tissue engineering (Byrne et al, 2007) and fracture healing (Byrne, 2008)
is here used. To do so, in this study the process of distraction osteogenesis is modeled from a
computational perspective with a lattice based approach. A lattice is created within each finite
element in which each lattice point is considered a region of space for both the cell and the
extra cellular matrix. Each distraction day was simulated in two distinct parts. In the former, a
biphasic analysis was carried out to determine the mechanical stimuli for tissue differentiation
in the FE model. In the latter cell migration was modeled as a stochastic process where the
probability of a cell to disperse could be either within a preferential direction or isotropic. The
simulations predict cellular distributions which are in concordance with experimental studies
and provide a first approach to the so important multiscale modeling.
Boccaccio, A., C. Pappalettere, and D. J. Kelly. The influence of expansion rates on mandibular
distraction osteogenesis: a computational analysis. Ann. Biomed. Eng. 35:1940-1960, 2007.
Boccaccio, A., P. J. Prendergast, C. Pappalettere, and D. J. Kelly. Tissue differentiation and bone
regeneration in an osteotomized mandible: a computational analysis of the latency period.
Med. Biol. Eng. Comput. 46:283-298, 2008.
Byrne DP, Lacroix D, Planell JA, Kelly DJ, Prendergast PJ. Simulation of tissue differentiation
in a scaffold as a function of porosity, Young’s modulus and dissolution rate: application of
mechanobiological models in tissue engineering. Biomaterials. 2007; 28 (36): 5544-54.
Checa S, Prendergast PJ. A mechanobiological model for tissue differentiation that includes
angiogenesis: a lattice-based modeling approach. Ann Biomed Eng. 2009; 37(1): 129-45.
Ilizarov, G. A. The tension-stress effect on the genesis and growth of tissues. Part II: the influence of the rate and frequency of distraction. Clin. Orthop., 1989, 239, 263-285.
Isaksson, H., Comas, O., Van Donkelaar, C. C., Mediavilla, J., Wilson, W., Huiskes, R., and Ito,
K. Bone regeneration during distraction osteogenesis: mechano-regulation by shear strain and
fluid velocity, J. Biomech., 2007, 40, 2002-2011. Perez, M., and P. J. Prendergast. Random-walk
model of cell-dispersal included in mechanobiological simulation of tissue differentiation. J.
Biomech. 40: 2244-2253, 2007.
Reina-Romo, E., Gomez-Benito, M. J., Garcia-Aznar, J. M., Dominguez, J., and Doblare,
M. Modeling distraction osteogenesis: analysis of the distraction rate, Biomech. Model.
Mechanobiol.,2009, 8, 323-335.
Reina-Romo, E., Gomez-Benito, M. J., Garcia-Aznar, J. M., Dominguez, J., and Doblare, M.
Growth mixture model of distraction osteogenesis: effect of pre-traction stresses, Biomech.
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Towards Building Local Criteria of Vascular Lesion at the Microscopic Scale using Homogenization
Yves Remond1 · Rania Abdel Rahman2 · Daniel Baumgartner1 · Said Ahzi1
1 University
2 French

of Strasbourg, Strasbourg, France
University of Cairo, Cairo, Egypt

Acute subdural hematoma is a potentially devastating, yet curable extra axial fluid collection
within the potential subdural space. It is classically associated with tearing of the bridging
veins caused by the brain-skull relative motion. In the current work we tried to develop an
analytical tool to be used in the prediction of acute subdural hematoma arising from this type
of lesion. The homogenization technique based on asymptotic expansion was applied, on the
macro-meso scale, in order to find the effective mechanical properties of the brain-skull interface region. These properties were then incorporated into a finite element model of the human
head to get the global stress-strain behavior in the elements of the interface region and the
stretch strain in bridging veins. In addition, the mechanical behavior of the subarachnoid and
subdural portions of the BV was investigated. Moreover, a meso-micro homogenization technique was applied on the BV wall to get the local mechanical behavior within the collagen
fibers and the elastin matrix. Finally, a failure criterion for the BVs was developed defining the
rupture location and the threshold of the rotational acceleration of the human head that cause
the failure of the veine.

A Biphasic FEM Model for the Microcirculation in Liver Lobes
Tim Ricken1 · Uta Dahmen2 · Olaf Dirsch3
1 University

of Duisburg-Essen, Essen, Germany
Hospital of Jena, Jena, Germany
3 German Heart Institute Berlin, Berlin, Germany
2 University

Liver resection can lead to focal outflow obstruction due to transection of hepatic veins. Outflow obstruction may cause additional damage to the small remnant liver. Drainage of the obstructed territories is reestablished via dilatation of sinusoids. Subsequently sinusoidal canals
are formed draining the blood from the obstructed territory to the neighboring unobstructed
territories.
Based on the theory of porous media we generated a biphasic model to describe this vascular
remodeling process in relation to the variable pressure gradient. Therefore, we introduced a
transverse isotropic permeability relation as well as an evolutional optimization rule to describe
the relationship between pressure gradient and the direction of the sinusoidal blood flow in
the fluid phase. The governing equations are developed on the basis of a consistent thermomechanical approach. Then, we examined a representative numerical example with simulation
of the blood flow under both conditions, the physiological situation as well as after outflow
obstruction.
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We based our simulation on the concept of mechanical-induced remodeling from Humphrey
et al. [1]. We incorporated the fluid directly into the model as a mixture together with the
solid. We hypothesized that the reorientation of the sinusoidal flow and the remodeling of
the sinusoidal structure depends mainly on the fluid pressure and the fluid pressure gradient
caused by the outflow obstruction, see Dahmen et al. [2].
We tested this hypothesis with a numerical simulation and compared the results to the experimental findings. As we did not implement liver resection in the mathematical model presented
here, but concentrated on focal outflow obstruction only, liver growth (=regeneration) was not
addressed. Doing so, we were able to reproduce numerically the experimentally observed process of reestablishing hepatic venous drainage via redirection of blood flow and formation of
new vascular structures in respect to the fluid flow.
The calculated results support the hypothesis that the reorientation of blood flow mainly
depends on the pressure gradient, see also Ricken et al. [3]. Further investigations are needed
to determine the micromechanical influences on the reorientation of the sinusoids.
[1] Humphrey JD, Eberth JF, Dye WW, Gleason RL (2009), J Biomech 42 (1): 1-8
[2] Dahmen U, Hall CA, Madrahimov N, Milekhinand VO, Dirsch O (2007), Acta Gastroenterol
Belg 70: 345-351
[3] Ricken, T., Dahmen, U., Dirsch, O. (2010), Biomech Model Mechanobiol 9, 435-450

Modeling the Electromechanical Behavior of Skeletal Muscle and
Its Applications
Oliver Röhrle
University of Stuttgart, Stuttgart, Germany
Many mathematical models have been developed for skeletal muscles in the past. These models can generally be categorized into models that (i) describe the electrophysiological and biochemical behavior of skeletal muscle fibers on the cellular level (e.g. Hodgkin-like models),
(ii) represent the mechanical function using simplified lumped-parameter models (Hill-type
models), or (iii) are based on continuum-mechanical principles neglecting much of its underlying cellular behavior or its functional information such as its unique nature of recruitment.
Unlike in the field of cardiac modeling, no attempt has previously been made to develop a
multiscale skeletal muscle model that couples cellular behavior with three-dimensional continuum mechanical principles to reflect, within one model, the muscle physiology, anatomy, and
the unique nature of its recruitment on the whole organ level scale. Such a detailed model has
many potential areas of applications like the field of Functional Electrical Stimulation (FES) of
skeletal muscles.
Herein, a detailed biophysically based electromechanical model of a skeletal muscle, which
couples electrophysiological properties of the cellular level (a contractile unit) to biomechanical
principles on the organ level (the whole muscle), is described. The development of the overall
framework can be summarized by the following steps:
1. Modeling the electrophysiological behavior of a skeletal muscle at a single point along a
skeletal muscle fiber. 2. Modeling the electrophysiological behavior of a single skeletal muscle
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fiber. 3. Generating a detailed three-dimensional, anatomically-based computational model of
a skeletal muscle. 4. Defining a multiscale constitutive law to couple the electrophysiological model of the cellular level with the mechanical behavior of the entire muscle (excitationcontraction coupling). 5. Applying upscaling techniques for efficiently solving the coupled
problem.
The cellular model used within this framework is based on the work by Shorten et al. (Shorten
et al., J Muscle Res Cell Motil, 28, p.293-313). It combines, among others, a muscle membrane
electrophysiological model, a crossbridge dynamics model, a phosphate dynamics model, and
is capable of simulating muscle fatigue in fast and slow twitch muscles. The fact that an action potential, which is generated at the neuromuscular junction, can only propagate along a
skeletal muscle but not transversely is incorporated within the model by solving the electrophysiological behavior of each skeletal muscle by itself using the one-dimensional bidomain
equations. The ionic currents across the cell membrane, which are obtained from the cellular
model, serve as input to the nonlinear reaction term of the bidomain equations.
To build up an anatomical realistic model of a skeletal muscle, the geometry and the respective
muscle fiber distribution within the muscle must be described. The tibialis anterior with its
superficial and deep compartment has been used as a representative muscle to present the mechanical aspects of the proposed framework. It should be noted that the neural activity and the
physiology of the neuromuscular junctions is omitted within the presented framework. Fiber
recruitment is mimicked by injecting at the respective location along the fiber (midpoint) a current large enough to cause a contractile response. Hence, including phenomenological models
of muscle recruitment under various conditions in order to simulate and analyze specific muscle recruitment patterns is straight forward.
Next, the solution of the cellular model has to be coupled to the mechanical model. For this
purpose, specific cellular parameters that are associated with force production, i.e. the state
of the actin-myosin attachments, serve as input to a multiscale constitutive law describing
the stress-strain relationship of active (contracting) and passive skeletal muscle behavior. A
homogenization technique, which computes an average concentration of the attached and detached crossbridges within a non-overlapping area around Gauss points, is employed to maintain computational feasibility.
The above described electromechanically based, multiscale skeletal muscle model provides a
framework that allows simulating and investigating the effects of time-varying activation patterns in single motorunits (rate coding) or motorunit-specific stimulation frequencies (firing
rates). Moreover, the presented framework provides a tool to gain further insights into skeletal muscle function and dysfunctions. One immediate application of this multiscale skeletal
muscle model is in the field of FES, which is a method that aims to restore function in skeletal muscles, for example, of paraplegics through external electrical stimulation. The skeletal
muscle model can be utilized investigations of optimal FES stimulation protocols or electrode
placements that minimize muscle fatigue.
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Multi-Scale Characterization and Modeling of Medical Mesh Implants
Barbara Röhrnbauer · Edoardo Mazza
ETH Zurich, Zurich, Switzerland
The present study aims at a bottom up methodology to develop physically based constitutive
model formulations for two-dimensional fiber-networks in medical meshes. Mesh implants
are employed for soft tissue repair, such as for abdominal wall reconstruction or for support,
such as in case of prolapse. These meshes are knitted out of polypropylene filaments and are
available as precut mesh systems or raw sheets. The elastic and viscoplastic properties of these
implants determine the global outcome of the anatomical reconstruction, the local body reaction and finally patients’ comfort. In a long-term perspective, a mechanical characterization
and constitutive modeling of mesh implants are expected to provide guidelines for developing knitting patterns and designing mesh systems, featuring the desired behavior. Numerical
models shall allow simulating the implant under physiological, multi-axial and inhomogeneous load cases, providing a basis for estimating the outcome of different implant techniques
and the in-vivo long-term behavior of the meshes.
The mechanical behavior of dry meshes can be attributed to phenomena at different length
scales: the interlooping pattern of the filaments, the shape and size of the pores and due to its
anisotropy, the orientation of the mesh. This research focuses on two length scales: the meso
level, which aims at developing a model of a characteristic unit cell of the periodic mesh pattern and the macro level, in that a corresponding continuum model is formulated. To this end,
an experimental protocol and suitable data analysis procedures were developed to describe
the local kinematics and the mechanical response to uniaxial stress and uniaxial strain loading conditions. The meshes are known to show distinct orthotropy, which is investigated by
loading the samples in different directions. Based on the outcome, a detailed but abstracted
meso-scale model shall be derived on the level of a characteristic unit cell. The geometry of one
unit cell will be preserved and all constitutive parameters chosen within a physically meaningful range. The local kinematics, leading to a global nonlinear response and to significant
anisotropy is analyzed and mapped on this meso-scale level. The model will be validated
based on the experimental data. It shall serve for further virtual experiments that are challenging to perform, however, physiologically relevant, such as biaxial tensile tests. Experimental
data and simulations on the meso-scale are expected to provide a database for choosing an
appropriate continuum model formulation and deriving a unique set of parameters describing
the mechanical behavior of mesh implants.
In this poster, emphasis is placed on the experimental part providing a substantial basis for
models on different scales. Two types of uniaxial tensile tests, uniaxial stress and uniaxial
strain tests, are performed. The state of uniaxial stress is defined by free transverse contraction,
obtained by a high length to width ratio (7.5) of the specimens, whereas the state of uniaxial strain is determined by a constrained transverse contraction, obtained by a small length to
width ratio (0.15). The specimens are strained in both preferred directions of orthotropy, named
0◦ and 90◦ , and in two off-axis directions, 33.5◦ and 56.5◦ , chosen according to the characteristic knitting pattern of the mesh. All tests are performed on a custom-made testing machine,
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consisting of two hydraulic actuators mounted horizontally on a vibration isolation table. Load
cells with a capacity of 100N are installed at the end of each actuator piston rod. For contactless,
optical displacement analysis, a CCD camera with a resolution of 1000x1000 pixels equipped
with a focusable 0.25x telecentric objective is installed on a positioning system above the test
rig. The samples are fixed between two pairs of custom-made metal clamps that are directly
mounted to the load cells. Sandpaper is glued to the contact faces in order to avoid sliding of
the mesh. As the mesh is rather a discrete structure than a continuum and load is introduced
through discrete filaments, a characteristic element length, according to the unit cell pattern,
is defined for each material direction to determine loads per unit length from the measured
global forces. All specimens are loaded cyclically up to a force maximum of 0.6N per characteristic element length for uniaxial stress and 1.6N for uniaxial strain, respectively. The tests
are performed under displacement control at a constant velocity corresponding to a global rate
of nominal strain of 0.5%/s. The specimens are preconditioned during ten such cycles. The
following three cycles represent the actual test. Data are sampled at a frequency of 157.54Hz.
Grey-scale images are recorded at 1Hz. Three tests are performed per sample configuration, i.e.
load case and orientation. As after preconditioning the cyclic data are highly reproducible, for
further analysis only the third cycle of the actual test is considered. A pre-force of 0.05N and
0.5N for uniaxial stress and strain respectively, is used to define the reference configuration.
Local displacement analysis based on a grey-scale correlation algorithm is performed using the
software VEDDAC 5.0. Measurement points are defined at the nodes of the mesh, framing each
unit cell. Edges and clamp regions are excluded. The nodal displacements are tracked for each
image of the recorded sequence. Directed line elements are defined between the nodes along
the edges of each unit cell. Two line elements span a triangle and occupy half of one unit cell.
The change in length of each line element and the change of angle between two line elements
provide local in-plane measures of deformation, such as the local deformation gradient and the
local non-linear Green-Lagrange deformation tensor. This analysis yields information on the
homogeneity of the deformation field within the mesh. Global measures of deformation are
obtained by averaging over all triangles.
The force response to axial strain for all sample configurations shows the typical nonlinear behavior, known for elastomers as well as for soft biological tissues. Distinct hysteresis is seen
for all specimens. The introduction of a pre-force results in good reproducibility of the mechanical response of the preconditioned samples. As expected, the mesh exhibits pronounced
anisotropy. For uniaxial stress a factor of 1.5, and for uniaxial strain a factor of 2.0 is seen in
the axial strain reached at the maximum force applied per characteristic element length for
the most compliant sample orientation compared to the stiffest. Unexpectedly, for the case of
uniaxial stress, one off-axis direction (33.5◦ ) is significantly stiffer than the main direction of
orthotropy. The reason can be found considering the local structure: The cells of the 0◦ and 90◦
samples collapse dramatically during axial strain, characterized by area changes larger than
50% at maximum load. Whereas the transverse contraction of the cells in 33.5◦ -direction is constrained by stitches oriented transversely, causing an area decrease of only 15%. Such mechanisms can be captured by meso-scale models, whereas a corresponding continuum model
formulation might be challenging. With respect to the local kinematics, inhomogeneous deformation patterns and a large variability of unit cell deformation are seen for each specimen.
Based on these observations, the modeling concept of a characteristic unit cell of a periodic
pattern is questionable. Particularly at low forces, the unit cells act mechanism-like, showing
relative movement of filaments and loose rearranging without structural strain. These phe68
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nomena lack reproducibility and necessitate the introduction of a pre-force to define a reliable
reference configuration. An irreversible alteration of the unit cell dimensions during preconditioning is another mesh specific property, which is particularly relevant for the case of uniaxial
stress. Reasons are found on the micro-scale, such as rearranging and friction between the filaments, mainly within the interloops of the nodes. Thus, for the 90◦ samples the aspect ratio of
the unit cell outer dimensions varies from 1.6 in the virgin configuration to 0.5 in the preconditioned reference configuration. The resulting differences in initial geometry for different mesh
orientations cannot be described by a purely elastic model.
Apart from viscoelastic and plastic effects, these meshes show phenomena, such as inhomogeneous mechanism-like behavior, drastic changes in area and strong anisotropy, which make
a straight forward fitting approach towards a continuum model a challenging task. Understanding the specific mesh kinematics requires a detailed analysis of single unit cells subject to
a variety of load cases. The proposed meso-scale model, abstracting the complex interlooping
pattern, but keeping the typical mechanism-like structure of one unit cell, seems to represent a
promising approach to determine a continuum formulation with good predictive capabilities.
This approach might be used in general for modeling fiber-reinforced membranes, fabrics or
biological membranes.

In Silico Estimates of the Free Energy Rates in Growing Tumor
Spheroids
S.S. Rudraraju1 · H. Narayanan2 · S.N. Verner1 · K.L. Mills3 · R. Kemkemer3 · K. Garikipati1
1 University

of Michigan, Ann Arbor, MI
Research Laboratory, Oslo, Norway
3 Max Planck Institute for Metals Research, Stuttgart, Germany
2 Simula

The physics of solid tumor growth can be considered at three distinct size scales: the tumor
scale, the cell-extracellular matrix (ECM) scale and the sub-cellular scale. In this paper we
consider the tumor scale in the interest of eventually developing a system-level understanding of the progression of cancer. At this scale, cell populations and chemical species are best
treated as concentration fields that vary with time and space. The cells have chemo-mechanical
interactions with each other and with the ECM, consume glucose and oxygen that are transported through the tumor, and create chemical byproducts. We present a continuum mathematical model for the biochemical dynamics and mechanics that govern tumor growth. The
biochemical dynamics and mechanics also engender free energy changes that serve as universal measures for comparison of these processes. Within our mathematical framework we
therefore consider the free energy inequality, which arises from the first and second laws of
thermodynamics. With the model we compute preliminary estimates of the free energy rates
of a growing tumor in its pre-vascular stage by using currently available data from single cells
and multicellular tumor spheroids.
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3D Remodeling Model for Fibered Biological Tissue
Pablo Saez · Estefania Pena · Manuel Doblare · Miguel Angel Martinez
University of Zaragoza, Zaragoza, Spain
Evolution processes such as morphogenesis, remodeling and growth are key factors to a better
understanding of how biological tissue adapt to changes in its environment. Based on the
definition of these processes given by Taber (1995), growth is defined as the increase/decrease
in mass via the increase/decrease of the number or size of the cells or the volume change in
the extracellular matrix. Remodeling, it is widely defined as the changes in the structure, via
reorganization or synthesizing of the constituents, while morphogenesis is known by changes
on the system shape. There always exist a stimulus driving the process, such as mechanical
loads or chemical reactions happening in the tissue. We include both mechanical and chemical
aspects in the thermodynamic description but the evolution of the process will be driven just
by mechanical loads. These processes allow change in mass and density, always involving
changes in material properties, however we consider herein a mass preserving scenario.
The process, in which we have focused ourself is remodeling. Remodeling exists in most of biological tissue, as blood vessels, tendons and the cytoskeleton of a cells, and in other rubber-type
materials. We will apply this model to the study of collagen as the main remodeled substance,
since collagen provides the main bearing structure in most of biological tissues, such as bones,
tendon, arteries, etc.
There exist many different models of remodeling and reorientation. Some of them study the
reorientation of unidimensional fibers driven by stress or strain quantities as Himpel et al.
(2008), were a complete consistent linearization of the equations were done. Others, probably to
get a more detailed or rather micro-structurally characterization introduced information of the
fibril dispersion of the fiber bundle by means of statistical distributions. For example, the von
Mises distribution was introduced by Gasser et al. (2006) and recently a Bingham distribution
by Alastrue et al. (2010) in the blood vessels framework. For example, Grytz et al. (2009),
Driessen et al. (2008) and Menzel et al. (2008), among others, have included these statistical
functions to study remodeling. Recently Menzel and Waffenschmidt (2009) presented a microsphere-based approach for remodeling in which the WLC model was used. We would like
to enhance the work of Garikipati et al. (2005), where an excellent study of the remodeling
problem was presented, accounting for such as important energetic and stationary issues.
In this work we present a new approach to remodeling of fibered biological tissues. The problem is set in the classical decoupled form of the free energy function and the remodeling model
is applied to the isochoric anisotropic part, associated to the fibers. we use a Bingham distribution to introduce the preferential direction in the model and the dispersion of the fibrils within
the collagen bundles. The behavior of the fibrils will be characterized by a Worm-like Chain
model. To compute all the variables in the problem we use the micro-sphere approach. This
multi-scale method is used as the homogenization technique to move from the meso-scale to
the macro-scale. Our remodeling approach is based in two coupled phenomenas, a reorientation of the mean principal direction of the fiber, and the reorientation of each fibril of the fiber,
which lead to a change of the bundle, or if we think in the cell framework, to a change of the
macroscopic shape of cell while the reorientation of the microtubules or F-Actin filaments occur.
Those two processes allow a more generalized reorientation approach that the ones perform by
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1D fibers models. This issue requires evolution equations for both remodeling approaches, so
an evolution equation will describe the evolution of the local base where the distribution is
defined through the mentioned exact updated scheme and other evolution equations for the
reorientation of the fibrils which will be given by a change rate of the integration direction in
a similar way than in Menzel and Waffenschmidt (2009). The driven quantity that leads these
processes are not clear in the literature and several suppositions have been followed: Basically
the main hypothesis are stress drive, strain drive and a combination of both, such a Mandeltype stress tensor. We will not discuss about which one of those are the correct one, but a
comparison between all of them will be shown. We will provide the thermodynamic formulation of the problem and some results of the dissipated energy of these approaches. Fibered
biological structures present actually some grade of cross-linking between the mean bearing
structure, and obviously play an important role on the behavior. Although an important issue,
we have neglected them and will be studied in future works.

Numerical Simulation of the Role of Scaffold Mircromorphology
on New Bone Tissue Regeneration
Jose A. Sanz-Herrera1 · Jose M. Garcia-Aznar2 · Manuel Doblare2
1 University
2 University

of Seville, Seville, Spain
of Zaragoza, Zaragoza, Spain

Tissue engineering methodology is gaining popularity among biomedical researchers due to
the scientific promise and potential social impact it offers. Many applications in tissue engineering involve the use of cell-loaded artificial scaffolds which are implanted in a specific place
of the human body to promote new tissue formation. There are many biological processes that
take place in this methodology, and they are affected by the input scaffold design parameters
finally resulting in the degree of success of a certain application. Some of the most important
scaffold parameters, for instance in bone tissue engineering, are scaffold stiffness, mean pore
size, overall porosity or degradation kinetics among others. To get insight in the specific role of
each of them, in-vitro or in-vivo research over animal models is carried out in the laboratory.
Nevertheless, computer simulation has been recently proven to be an interesting alternative to
these techniques and to assess the scaffold design. Moreover, it may reduce time, costs and
the ethical issues raised in animal experimentation. The effect of geometrical parameters of the
scaffold microarchitecture, such as pore size or porosity, on bone tissue regeneration has been
studied both experimentally and numerically. However, there exists little information about
how the scaffold microstructural anisotropy relates to the rate of new bone tissue formation.
By means of a multiscale mathematical model a correlation between scaffold microstructural
anisotropy and bone regeneration rate is presented in this work. For this purpose, different microstructural patterns of the same biomaterial are chosen keeping the porosity and mean pore
size. Results illustrate the importance of this factor in the success of bone tissue engineering
applications.

71

Poster Presentations · Tuesday · 08/30/2011

Investigation into the Effect of Footwear Density, Thickness and
Conformity on the Foot Stresses using Finite Element Analysis
Mohammad Reza Shariatmadari · Russell English · Glynn Rothwell
Liverpool John Moores University, Liverpool, UK
Plantar heel pain is a common condition that is often exacerbated by the repetitive stresses of
walking. Treatment usually includes an in-shoe intervention designed to reduce plantar pressure under the heel by using insoles and a variety of off-the-shelf products. The design process
for these products is often intuitive in nature and does not always rely on scientifically derived
guidelines. Finite Element Analysis (FEA) provides an efficient computational framework to
investigate the performance of footwear materials. FEA also enables the designers to determine
the best elastomer foam material to comfort the foot and also for optimal plantar forces reduction of those individuals such as diabetes against lower extremity complications. In this study,
foot-footwear FEM/FEA was carried out to investigate 17 designs with varying footwear components material density, thickness and conformity and to determine peak pressures generated
in the foot for each case.
To fulfil this objective, simple 2D axisymmetric FE barefoot model was developed and the peak
foot pressure was predicted. Then, the midsole layer was added to the barefoot model using
the combinations of four midsole of thickness values (13, 22, 36 and 45mm) and four midsole
materials (four different grades of EVA and Nora Lunasoft Cushioning) to investigate and select midsole material and thickness which produces the lowest foot peak pressure. Finally,
the Insole layer was then added using the combinations of three insole conformity levels (flat,
half conforming, full conforming), four insole materials (three different grades of Poron and
Plastazote Medium cushioning) and four insole thickness values (6.6, 10.1, 13.6 and 17.1mm).
This finite element modelling study allowed a systematic analysis of the effects of midsole and
insole properties and design on reduction of foot peak r pressures. A unique aspect of this
study compared to previous work was the investigation of multiple design variables such as
the midsole and insole material, thickness and conformity of the insole. Inclusion of the major
components of the footwear (insole, midsole and sidewalls) allowed a practice oriented rather
than conceptual modelling approach. Principles for enhanced pressure reduction underneath
the heel by selection of conformity, thickness and material were established.
The addition of the 22mm thick low density Lunasoft Nora midsole made higher reduction
in foot peak pressure of up to 80% compared to barefoot conditions than the other three midsole materials and thicknesses. Full conformity of the insole was the most important design
variable, as the model predicted up to 85% relief in pressure compared to barefoot conditions
whereas using flat and half conforming insoles; the reduction increased up to 81% and 84%
respectively.
In summary, this study showed that although the selection of appropriate midsole and insole
footwear foams density and thickness is significant in the reduction of the foot pressure, but
the insole conformity designs provided the greatest reduction of foot pressures.
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Collagen Orientation in the Anterior Mitral Valve Leaflet
Tyler O’Brien Shultz · Manuel K. Rausch · Ellen Kuhl
Stanford University, Stanford, CA
The Mitral Valve (MV) ensures unidirectional blood flow from the pulmonary to systemic circulation. When the MV fails to function correctly, backflow from the left ventricle to left atrium
occurs during heart contraction. This condition is called Mitral Valve Regurgitation (MVR) and
is estimated to affect 2 to 2.5 million people in the United States alone. Surgical techniques exist to repair MVR, and each affects the structure of the valve in a different way. As the main
load-bearing structure in the leaflets, collagen fibers have a tremendous impact on how the
leaflets are able to support pressure loads, and their orientation has great functional implications. The goal of this study is therefore to investigate the structure of collagen in mitral valve
tissue through histological methods. In a complementary in-vivo study, we computed mitral
leaflet strains in radial and circumferential direction using a continuum mechanical approach
based on the 4D coordinates of 23 radiopaque markers sewn onto the anterior MV leaflet [1].
From these, we demonstrate that strains exhibit a pronounced anisotropy [2]. We expect that
comparison of the collagen orientation in the leaflet with the these strain profiles will enhance
our knowledge of the role of collagen in MV mechanics and the effect that potential surgical
interventions may have on MV functionality.
We excise three MVs from the hearts of Dorsett-hybrid male sheep, preserving the annulus of
each valve as we separate the anterior leaflet from the rest of the valve at the commissures.We
then embed these leaflets in paraffin and section them at a 6-micrometer thickness. To stain our
samples, we use a one step trichrome stain procedure that stains collagen in blue, muscle in red,
and nuclei in brown. We put a cover slip over the section using a permanent mounting media
and analyze the leaflet sections using a Leica DMIL microscope at 200X magnification. Using
a custom Matlab code, we record digital images sequentially with a 10% overlap, resulting in
2132 images. We stitch these images together using Photoshop to obtain a complete image of
each section at 200X magnification. Further, the ultimate goal is to obtain the orientation of
the collagen fibers throughout the leaflet. Using a custom Matlab code, we import all images
per section and measure collagen orientation manually by drawing a line in the direction of
the observed general collagen orientation. For each image, we perform this procedure four
times. Subsequently, we average the vectors that form a group of four images. Where we
could not determine the direction reliably, no information is stored. Finally, we plot all vectors
while filling in holes where no information is available through linear interpolation between
and including the neighboring images.
The resulting collagen map over the entire leaflet is shows that collagen orients itself in the
circumferential direction in the center of the leaflet, spanning from the annulus to the free edge.
Toward the outer edges of the leaflet collagen orientation is less pronounced. However, there is
a tendency toward a radial direction. This behavior confirms the anisotropy found in the strain
patterns. Where we find maximum strains in the radial direction, we see circumferentially
oriented collagen. This supports the intuitive notion that strains perpendicular to collagen
must be the largest as collagen is the primary load-bearing component of the leaflet tissue.
At the free edge, however, where, from the collagen orientation, we would expect a similar
strain profile as in the belly, strains are largest in circumferential direction. At the outer edges,
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where collagen orientation was not as distinct as in the center of the leaflet, strains are found
to be much smaller than the peak values. It may be argued that at these locations, mechanical
stimuli may not occur in an organized manner, so the collagen does not have a specific direction
to align with. Overall, this study presents collagen orientation as determined by histological
studies throughout the ovine anterior MV leaflet. Especially in the belly region, strain profiles
and collagen orientation are well correlated, however, close to the free edge and the outer edges
other effects may determine strains. Ultimately, we hope that the characterization of the ovine
MV will help to better understand MV mechanics.
[1] Rausch MK, Bothe W, Kvitting JP, Göktepe S, Miller DC, Kuhl E. In vivo dynamic strains of
the ovine anterior mitral valve leaflet. J Biomechanics, 2011;44:1149-1157.
[2] Bothe W, Kuhl E, Kvitting JP, Rausch MK, Göktepe S, Swanson JC, Farahmandnia S, Ingels
NB, Miller DC. Rigid, complete annuloplasty rings increase anterior mitral leaflet strains in the
normal beating ovine heart. Circulation, in press.

Topological Optimization for Designing Patient-Specific Large
Craniofacial Segmental Bone Replacement
Alok Sutradhar1 · Glaucio H. Paulino2 · Michael J. Miller1 · Tam H. Nguyen3
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Restoring normal function and appearance after massive facial injuries with bone loss is an important unsolved problem in surgery. An important limitation of the current methods is heuristic ad hoc design of bone replacements by the operating surgeon at the time of surgery. This
problem might be addressed by incorporating a computational method known as topological
optimization into routine surgical planning. We tested the feasibility of using a multiresolution three- dimensional topological optimization to design replacements for massive midface
injuries with bone loss. The final solution to meet functional requirements may be shaped
differently than the natural human bone but be optimized for functional needs sufficient to
support full restoration using a combination of soft tissue repair and synthetic prosthetics.
Topological optimization for designing facial bone tissue replacements might improve current
clinical methods and provide essential enabling technology to transla te generic bone tissue
engineering methods into specific solutions for individual patients.

Microstructurally-Based Modeling of Viscoelastic Properties of
Cross-Linked F-Actin Networks
Michael J. Unterberger1 · Gerhard A. Holzapfel1,2
1 Graz University of Technology, Graz, Austria
2 Royal Institute of Technology, Stockholm, Sweden
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Filamentous actin is one of the main constituents of the cytoskeleton. It determines to a high
level the mechanical properties of cells and plays an important role in protrusion, motility, and
division. Also, various diseases are connected to abnormal material behavior. The actin cortex,
a densely cross-linked isotropic actin network, resides underneath the lipid bilayer. In the
present work we establish a continuum mechanical formulation for describing the mechanical
properties of this material based on its micro-structure, i.e. the behavior of a single filament
and its spatial arrangement. Deriving the elastic response in terms of physically interpretable
parameters is conducted using a multi-scale approach consisting of two steps.
First, we model the single filament response of F-actin, a biopolymer with highly nonlinear
force-stretch relationship. It can be well described by a worm-like chain model including extensibility of the filament based on a recent work of Holzapfel and Ogden [1], the beta-model.
In the second step, we make these single filament properties applicable in 3D using the microsphere network model [2] which accounts for filaments, equally distributed in space. The assembled model results in a strain-energy density as a function of the deformation gradient.
Biopolymer networks exhibit also viscous effects which we take into account by means of a
generalized Maxwell model [3]. The Cauchy stress and elasticity tensors are obtained within
the continuum mechanics framework and implemented into finite element software.
The model is validated on both, the filament and the network levels. The beta-model fits
excellently to data of stretching experiments conducted on single F-actin molecules [4]. On the
network level, in vitro reconstituted actin gels serve as model systems of the actin cortex. The
comparison of the continuum model to rheological experiments recovers reasonable values for
the parameters.
[1] Holzapfel and Ogden, J Elasticity, in press.
[2] Miehe et al., J Mech Phys Solids, 52:2617-2660, 2004.
[3] Holzapfel, Int J Num Meth Eng, 39:3903-3926, 1996.
[4] Liu and Pollack, Biophys J, 83:2705-2715, 2002.

A Biphasic Swelling Model of the Intervertebral Disc
Julien Vignollet · Chris Pearce · Lukasz Kaczmarczyk
University of Glasgow, Glasgow, UK
The intervertebral disc is a complex structure which has the primary function of bringing mobility to the spine. It must also evenly transfer compressive loads from one vertebral body to
the next. This is made possible by a close cooperation between the nucleus pulposus and the
annulus fibrosus. The nucleus pulposus is the gelatinous core of the intervertebral disc which
consists of a charged and hydrated extra-cellular matrix and an ionised interstitial fluid. It is
enclosed in the annulus fibrosus which is formed of concentric layers of aligned collagen fibre sheets, oriented in an alternating fashion. In the present study, a fully three-dimensional
finite element model for high performance computing is developed in order to investigate the
mechanisms governing the behaviour of the intervertebral disc.
A biphasic swelling model, inspired by Ehler’s work [1], has been derived using mixture theory for soft, hydrated and charged tissues in order to capture all the salient characteristics
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of the behaviour of the disc. The model fully couples the solid matrix under finite deformations with the ionised interstitial fluid. The nucleus is assumed to behave isotropically while
the effects of the collagen fibres in the annulus fibrosus are accounted for with a transversely
isotropic model. The fixed negative charges of the proteoglycans induce an osmotic pressure
throughout the disc, which is responsible for the swelling capabilities of the disc, but also offers
additional compressive stiffness. This electro-chemical response is modelled under the simplifying Lanir hypothesis [8] (proven valid in other studies under physiological conditions [12,1])
that assumes that the ionic equilibrium takes place one order of time-magnitude lower than
the mechanical one; this subsequently allows to relate the osmotic effects to the volume change
of the mixture. Following Heneghan and Riches findings [5], particular attention was placed
on carefully defining the initial conditions, i.e. the initial relationship between ionic osmotic
pressure, swelling pressure and solid prestress.
Several constitutive models for the solid phase (Neo-Hookean, [6,3]), the strain-dependant permeability [7,4], the transversally isotropic model of the annulus [9,2,10] and the derivation of
the osmotic pressure [11,5] have been tested. Models offering the best compromise between
result quality and the level of complexity (i.e. the number of physical parameters and the ease
at which they are obtained) were identified. Initial studies have focussed on one-dimensional
simulations and the results have been compared to experimental data [13] with good agreement; these were further extended to three-dimensional load cases. Emphasis has been placed
on understanding the coupled phenomena of fluid flow within, from and into the disc, the effects of osmotic pressure and the local deformations. In addition, the relative influence of the
model parameters on the behaviour of the disc was investigated and compared to literature
findings. This revealed the very significant sensitivity of the model to adopted constitutive relationships and in particular osmotic pressure and permeability. Finally, special care was taken
in optimising the computing performances using parallelisation, consistent linearisation and
integrating state of the art software tools into the code.
[1] W. Ehlers, N. Karajan, and B. Markert. An extended biphasic model for charged hydrated
tissues with application to the intervertebral disc. Biomechanics and Modeling in Mechanobiology, 8(8), 2008
[2] T. C. Gasser, R. W. Ogden, and G. A. Holzapfel. Hyperelastic modelling of arterial layers
with distributed collagen fibre orientations. Journal Of The Royal Society Interface, 3(6), 2006
[3] P. Heneghan and P. E. Riches. Experimental determination of the strain-dependent aggregate modulus and ionic osmotic pressure of the bovine nucleus pulposus. Journal of Biomechanics, 40(Supplement 2), 2007. Program and Abstracts of the XXI Congress, International
Society of Biomechanics
[4] P. Heneghan and P. E. Riches. Determination of the strain-dependent hydraulic permeability
of the compressed bovine nucleus pulposus. Journal of Biomechanics, 41(4), 2008
[5] P. Heneghan and P. E. Riches. The strain-dependent osmotic pressure and stiffness of the
bovine nucleus pulposus apportioned into ionic and non-ionic contributors. Journal of Biomechanics, 41(11), 2008
[6] M. H. Holmes and V. C. Mow. The nonlinear characteristics of soft gels and hydrated connective tissues in ultrafiltration. Journal of Biomechanics, 23(11), 1990
[7] W. M. Lai and V. C. Mow. Drag-induced compression of articular-cartilage during a permeation experiment. Biorheology, 17(1-2), 1980
[8] Y. Lanir. Biorheology and fluid flux in swelling tissues. 1 bicomponent theory for small
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deformations, including concentration effects. Biorheology, 24(2), 1987
[9] B. Markert, W. Ehlers, and N. Karajan. A general polyconvex strain-energy function for
fiber-reinforced materials. Proc. Appl. Math. Mech., 5(1), 2005
[10] Y. Schroeder, D. M. Elliott, W. Wilson, F. P. T. Baaijens, and J. M. Huyghe. Experimental and
model determination of human intervertebral disc osmoviscoelasticity. Journal of Orthopaedic
Research, 26(8), 2008
[11] J. P. G. Urban, A. Maroudas, M. T. Bayliss, and J. Dillon. Swelling pressure of proteoglycans
at the concentration found in cartilaginous tissue. Biorheology, 16, 1979
[12] W. Wilson, C. C. van Donkelaar, and J. M. Huyghe. A comparison between mechanoelectrochemical and biphasic swelling theories for soft hydrated tissues. Journal Of Biomechanical Engineering-Transactions Of The Asme, 127(1), 2005
[13] P. Riches, Personal communication, University of Strathclyde, 2010

Pseudo-Elastic Finite Element Modeling of Damage in Arterial
Tissue
Hannah Weisbecker · David M. Pierce · Gerhard A. Holzapfel
Graz University of Technology, Graz, Austria
Cardiovascular disease (CVD), the single largest cause of death in the EU, has a major socioeconomic impact, and thus improved interventional treatments are of critical importance.
Catheter-based procedures are among the most common surgical interventions used to treat
CVD as they reduce pain and hospitalization for patients. However, the deployment of stents
generates high stresses in the arterial tissue and may cause damage. The utilization of new finite element (FE) modeling tools will lead to a better understanding of the stress distributions,
and especially the damage accumulation, in the tissue and will help to improve the application
of catheter based surgical procedures and design of stent geometries.
To these ends, a pseudo-elastic damage model for arterial tissue is implemented in the FE software FEAP. The underlying constitutive model incorporates an isotropic contribution of the
elastin matrix and an anisotropic contribution of the dispersed collagen fibers. Two damage
functions describe the accumulation of damage in both matrix and fibers individually. Experiments conducted previously for the single layers of the arteries are discussed and reproduced
via FE simulation. The numerical results for damage in the whole wall with a layer-specific
model are compared to the experimental data obtained from the intact wall, in part to address
the question of which arterial layers accumulate the most damage during overstretching. The
simulation of a full stenting surgical procedure indicates which parts of the artery are damaged
most during the deployment of the stent.
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Electromechanical Modeling of Channelrhodophsin-2 in Cardiac
Cells
Jonathan Wong · Oscar Abilez · Christopher Zarins · Ellen Kuhl
Stanford University, Stanford, CA
With the recent interest in Channelrhodopshin-2 (ChR2) in neurological experiments, researchers have begun to investigate the utility of light-activated ion channels in other electrically active cell types, including human embryonic stem cell-derived cardiomyocytes [1].
However, the impact of ChR2 in action potential synchronization in cardiac cells is not yet fully
realized, as neuronal and cardiac cells differ in electrical behavior. In the past, baseline electrophysiological models for normal neuronal and cardiac cells have been developed and recent
attempts have been made in characterizing ChR2 in neuron excitation control. However, these
approaches have not been adapted for cardiac cells or used to study how Chr2 might affect the
mechanical behavior of cardiac muscle. By characterizing Chr2 currents within existing electromechanical cell models, simulations can be conducted concurrently with experiments for
principle validation and possibly highlight new avenues of experimentation.
A kinetic model for Chr2 activation [2] was extended to an ion current formulation from
current-voltage comparisons in the literature. This current was introduced into an electrophysiological pacemaker model [3]. Together, this model was coupled to our electromechanical
implicit non-linear finite element framework [4] to perform simulations at cellular and tissue
levels.
To illustrate the features of our novel light-activated electromechanical cell model, we will examine the impact of optical stimulation strength, duration, and frequency in Chr2-manipulated
pacemaker cells and compare the mechanical response of the virtual cells stimulated electrically
and optically. At the tissue level, we evaluate the feasibility of using such manipulated cells
as pacemakers in the heart [5]. Use of modular and monolithic coupling enables virtual cells
to be implemented quickly, which can enable researchers to fine-tune subsequent rounds of
experimentation.
[1] Abilez, O.J., Wong, J., Prakash, R., Deisseroth, K., Zarins, C.K., Kuhl, E., 2011.
Multiscale computational models for optogenetic control of cardiac function. Biophy J,
doi:10.1016/j.bpj.2011.08.004.
[2] Nikolic, K., Degenaar, P., Toumazou, C., 2006. Modeling and Engineering aspects of ChannelRhodopsin2 System for Neural Photostimulation. In Engineering in Medicine and Biology
Society, 2006. EMBS06. 28th Annual International Conference of the IEEE, pp. 1626-1629.
[3] Dokos, S., Celler, B., Lovell, N., 1996. Ion Currents Underlying Sinoatrial Node Pacemaker
Activity: A New Single Cell Mathematical Model. Journal of Theoretical Biology, 181(3), pp.
245-272.
[4] Wong, J., Göktepe, S., Kuhl, E., 2011. Computational modeling of electrochemical coupling:
A novel finite element approach towards ionic models for cardiac electrophysiology. Comp
Meth Appl Mech Eng, 200, pp. 3139-3158.
[5] Wong, J., Abilez, O.J., Kuhl, E., 2011. Computational optogenetics - A novel continuum
framework for the photoelectrochemistry of living systems. submitted for publication.
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Cross-Linked Biopolymer Networks: Linking Microstructure to
Mechanics
Goran Zagar · Patrick R. Onck · Erik Van der Giessen
University of Groningen, Groningen, Netherlands
Actin filaments are semi-flexible biopolymers that form a complex gel once cross-linked with
actin binding proteins. Actin filament networks constitute the most important part of the cytoskeleton and play a key role in transducing mechanical forces in the cell during many biological processes. Rheological experiments of in-vitro reconstituted filamentous actin networks
show that they are nonlinear strain stiffening materials whose microstructure and mechanical
response strongly depend on the type of cross-linking proteins. Since the network topology
is difficult to asses experimentally, the relation between the microstructural topology and mechanical behaviour of cross-linked filamentous networks remains unclear and is the subject of
intense research.
Here we present a fully periodic, three-dimensional finite element model for isotropic, homogeneous networks of rigidly cross-linked biopolymers. The filaments are modeled as rods that
can stretch, bend and twist. Because many of the cross-linking proteins can be considered as
stiff, we rigidly constrain all relative degrees of freedom between the filaments at the crosslinking site. Our model neglects thermal fluctuations and the transient nature of cross-links.
The general topological and geometrical properties of the cross-linked biopolymer networks
are related to the fact that the filaments are finite in length and that the cross-links are binary
in nature, i.e. each cross-link connects only a single pair of filaments. By acknowledging the
mechanical irrelevance of dangling filament ends, the coordination of the cross-links within
the network can therefore only take the values 2, 3 or 4. By only considering this topological feature, we show that it is possible to describe the network microstructure in terms of
experimentally-measurable parameters: the concentration of the network constituents (filaments and cross-linking proteins) and the mean filament length. The practical relevance of our
topological expressions is that one can evaluate the mean distance between the cross-links directly which fully quantifies the network connectivity; no prior assumptions nor mechanical
experiments are needed. By subjecting networks of various connectivities to simple shear, we
calculate the stress-strain response and establish the corresponding shear modulus dependence
on macroscopic strain. Initially the response is dominated by filament bending leading to a linear response. By establishing the proper scaling relations for the initial elastic shear modulus,
we demonstrate a nontrivial power-law dependence on the connectivity with exponent 5/2.
The response is linear up to a critical point after which the networks start to strain-stiffen. We
show that the nonlinear response can be characterized by a power-law dependence of the shear
modulus on stress with an exponent 3/2, in agreement with experiments. This characteristic
large strain behaviour of the networks was found to originate from the pulling-out of the excess
length in percolating stress paths formed by highly-stressed filament sections. We show that
the network connectivity is crucial in establishing the transition from a bending-dominated linear response into a nonlinear strain-hardening regime, with the critical transition strain being
a unique function of the network connectivity.
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A Strain Device for Probing Sarcomerogenesis in Differentiating
Human Pluripotent Stem Cell-Derived Cardiomyocytes
Oscar Abilez · Christopher A. Zarins · Lionel Guillou · Ellen Kuhl · Christopher K. Zarins
Stanford University, Stanford, CA
It is well established that stretching and patterning cause cardiomyocytes (CM) to align
anisotropically [1-3]. However, it is not known if sarcomeres are merely rearranged during
these processes, or if they are degraded then re-assembled de novo. Furthermore, the mechanism of how and when differentiating human pluripotent stem cell-derived cardiomyocytes
(hPSC-CM) create sarcomeres is not known. Towards understanding these mechanisms, here
we describe the design of a device for applying strain to differentiating hPSC-CM in order to
visualize sarcomerogenesis in real-time.
Our main design criteria for our device were as follows: it would i) allow high resolution light
and fluorescence microscopy with a 63x objective; ii) provide for strain up to 20%; iii) be able to
cyclically stretch at rates of 0.5 to 2.0 Hz; iv) allow for time-lapse imaging on the order of days
to weeks; v) be automatically controlled in a closed-loop system.
For high resolution microscopy, we created compliant polydimethylsiloxane (PDMS) wells
with <200 ?m thickness using a custom fabricated mold. At a 10:1 formulation of PDMS and
under 20% strain, we obtained a stress of 200 kPa. The force needed to apply this stress was well
within the capability of our stepper motor used to stretch the PDMS. To obtain target stretching
rates, we used a stepper motor capable of 50 revs/sec coupled to a 5:1 worm gear, driving a 0.8
mm pitch lead screw. For long term time-lapse imaging, we fit our device on a motorized stage
of a Zeiss Cell Observer microscope. In addition, we achieved closed loop control by using a
linear encoder within our data acquisition system. Finally, we observed sarcomere dynamics
independently in live hPSC-CM that we labeled with actin-GFP.
In summary, we have designed a device to assist in elucidating the mechanism of sarcomerogenesis of hPSC-CM. Our next step is to culture our actin-GFP hPSC-CM on the device and
observe the nature of sarcomere behavior under stretching over a period of days.
1. Zimmermann, W.H., et al. Tissue engineering of a differentiated cardiac muscle construct.
Circ Res 90, 223-230 (2002).
2. Feinberg, A.W., et al. Muscular thin films for building actuators and powering devices.
Science 317, 1366-1370 (2007).
3. Göktepe, S., Abilez, O., Parker, K.K. & Kuhl, E. A multiscale model for eccentric and concentric cardiac growth through sarcomerogenesis. J Theor Biol 265, 433-442 (2010).

On the Mechanics of Growing Skin
Alexander Zoellner1 · Arun K. Gosain2 · Ellen Kuhl1
1 Stanford
2 Case
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Tissue expansion is a common surgical procedure to grow extra skin through controlled mechanical over-stretch [1]. It creates skin that matches the color, texture, and thickness of the
surrounding tissue, while minimizing scars and risk of rejection. Despite intense research in
tissue expansion and skin growth, there is a clear knowledge gap between heuristic observation
and mechanistic understanding of the key phenomena that drive the growth process. Here, we
show that a continuum mechanics approach, embedded in a custom-designed finite element
model, informed by medical imaging, provides valuable insight into the biomechanics of skin
growth. In particular, we model skin growth using the concept of an incompatible growth
configuration [2]. We characterize its evolution in time using a second-order growth tensor
parameterized in terms of a scalar-valued internal variable, the in-plane area growth. When
stretched beyond the physiological level, new skin is created, and the in-plane area growth increases. For the first time, we simulate tissue expansion on a patient-specific geometric model,
and predict stress, strain, and area gain at three expanded locations in a pediatric skull: in the
scalp, in the forehead, and in the cheek [3]. Our results may help the surgeon to prevent tissue
over-stretch and make informed decisions about expander geometry, size, placement, and inflation. We anticipate our study to open new avenues in reconstructive surgery, and enhance
treatment for patients with birth defects, burn injuries, or breast tumor removal.
[1] Socci L, Rennati G, Gervaso F, Vena P. An axisymmetric computational model of skin expansion and growth. Biomech Model Mechanobiol. 2007;6:177-188.
[2] Buganza Tepole A, Ploch CJ, Wong J, Gosain AK, Kuhl E. Growing skin - A computational model for skin expansion in reconstructive surgery.
J Mech Phys Solids,
doi:10.1016/j.jmps.2011.05.004.
[3] Zoellner AM, Buganza Tepole A, Gosain AK, Kuhl E. Growing skin - Tissue expansion in
pediatric forehead reconstruction. submitted for publication.
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Monday Night Pub-Crawl
Meeting Point
Sheraton Lobby, 8:00 pm
Join us for a pub-crawl through some of Palo Alto’s favorite bars. All selected locations are
within ten minute walking distance from the Palo Alto Sheraton.

Beer
Gordon Biersch, 640 Emerson Street
Together with the hippie band, ‘The Grateful Dead’, Gordon Biersch is one of the few Palo
Alto originals that are not related to the Stanford influenced dot-com industry. Since the first
Gordon Biersch opened its doors in 1988 its handcrafted beers and brewery food are a local
favorite.
Rose and Crown, 547 Emerson Street
The self-proclaimed ‘best pub on the peninsula’ offers a large variety of draught beers from the
British Isles as well as from continental Europe and the US. Therefore, its casual atmosphere
attracts a wide variety of beer lovers mingling inside and on the patio every night.

Wine
Gravity Wine Bar & Bistro, 544 Emerson Street
Gravity offers an extensive wine list accompanied by a fine food selection. The menu features
a mixture of French and Italian cuisine influenced by the Californian wine country.
The Wine Room, 520 Ramona Street
This small bar in Spanish decor is the favorite place to taste the blessings of California’s viticulture. The wine can be accompanied by select appetizers, but this place is clearly for wine and
not for dinner.

Cocktails
Nola, 535 Ramona Street
Rated the hottest bar in the Silicon Valley by Fortune Magazine, Nola is a bit of New Orleans
located in downtown Palo Alto. The menu consists of Creole, Cajun, and Southwestern cuisine.
Besides the renowned cocktail bar, Nola features one of the largest collections of Southern folk
art at the West Coast
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Wednesday Night Banquet
Thomas Fogarty Winery
Thomas Fogarty Winery was founded in 1978 by inventor Dr. Thomas Fogarty and winemaker
Michael Martella. Dr Fogarty’s penchant for innovative thought and Martella’s viticulture instincts allowed them to lead the development of the cool Skyline Ridge area; true pioneers in
one of California’s premiere Pinot Noir and Chardonnay regions.
Today this area boasts the most prestigious planting of these two varieties in the Santa Cruz
Mountains. Few wine regions on earth can match the climates, soils and vertigo-inducing
views of the Santa Cruz Mountains appellation. Situated at 2000 feet above sea level, the Fogarty winery offers a rare confluence of great vineyard sites and sweeping panoramas of the San
Francisco Bay area. Celebrating 30 years of winemaking, Thomas Fogarty Winery & Vineyards
greets visitors with great wines and gracious hospitality.

Dr. Thomas Fogarty
Dr. Thomas Fogarty has always followed his passions in life. His innate desire to help people
led him to a career in medicine and later on, teaching surgery at Stanford University Medical
Center. Avid interests in model building and tinkering eventually joined forces with his surgical expertise, inspiring him to create one of the most innovative advances in modern biomedical
engineering.
Patented in 1969, the Fogarty embolectomy catheter not only revolutionized vascular surgery,
it revolutionized medicine. In addition to being the first balloon catheter to be used therapeutically, it also represented the first ’less-invasive’ medical technology, causing far less trauma
to patients than previous surgical methods. It is no surprise, therefore, that Dr. Fogarty would
approach his interests in viticulture and enology with a great degree of passion.
Dr. Fogarty was first introduced to the industry in 1969 when he began teaching surgery at the
Stanford University Medical Center. Intrigued by the creativity of winemaking, he would often
help a Stanford colleague, who operated a small winery, with vineyard and cellar practices. His
interest blossomed and he later purchased acreage in the Santa Cruz Mountains that eventually became part of what is now the Thomas Fogarty Winery and Vineyards. He built a small
cellar on the property and began making wine with grapes purchased from nearby growers.
He planted his first vines in 1978 and established a commercial winery in 1981. The estate now
consists of 325 acres, 25 of which are under vine.
Dr. Fogarty continues as professor of surgery at Stanford University, where he performs both
cardiac and peripheral vascular surgery. He is co-editor-in-chief of the Journal of Endovascular
Therapy and serves on the editorial boards of several other contemporary surgical publications.
He has contributed chapters to numerous surgical textbooks and authored over 170 scientific
articles in the fields of cardiac, vascular and general surgery. He has also received numerous
grants from the American Heart Association and the National Institute of Health.
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International Union of Theoretical and Applied Mechanics
The International Union of Theoretical and applied Mechanics, was probably founded when
Theodore von Kármán, professor in Aachen, Germany, held a conference in Innsbruck in
September 1922 to discuss questions of hydrodynamics and aerodynamics. Today, IUTAM
counts more than 450 active members, representing 55 countries and 18 affiliated organisations.
Website: http://www.iutam.net/

National Science Foundation
Civil, Mechanical and Manufacturing Innovation Division
The Civil, Mechanical and Manufacturing Innovation, CMMI, Division is one of four divisions
in the Directorate for Engineering at the National Science Foundation. Its mission is to fund
fundamental research and education in support of the Foundation’s strategic goals directed at
advances in the disciplines of civil, mechanical, industrial and manufacturing engineering, and
materials design. The Division encourages cross-disciplinary research partnerships at the intersections of traditional disciplines to promote transformative advances in civil, mechanical and
industrial systems and manufacturing technologies. The integration of research and education
is supported across all programs of the Division.
Website: http://www.nsf.gov/

93

Part VI

ORGANIZERS

2011

Computer Models in Biomechanics

Stanford University, California, USA
August 29 - September 02, 2011

Scientific Committee

Ellen Kuhl
Stanford University, USA
ETH Zurich, Switzerland
Gerhard A. Holzapfel
Graz University of Technology, Austria
Royal Institute of Technology, Stockholm, Sweden
Jüri Engelbrecht
Tallinn University of Technology, Estonia
Krishna Garikipati
University of Michigan, USA
Peter Hunter
University of Auckland, New Zealand
Alfio Quarteroni
EPFL Lausanne, Switzerland
Yiannis Ventikos
University of Oxford, UK
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Stanford University, USA
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