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MS5

MS5: Mechanics in an Inter., Multiphysics Env., Transforming Ma-
terials Sciences and Biology

Mechanics belongs to the oldest branches of physics, being characterized by an exceptional degree of maturity,
and having fostered innumerable technological advancements, pervading daily life as well as breathtaking engi-
neering deeds. In this context, mechanics sometimes appears as a closed, somehow ”completed” discipline, in
contrast to emerging branches of science, such as life sciences or biotechnology.

This symposium is to show concrete examples that the aforementioned appearance may be regrettable, but
more importantly, that it is actually not supported by reality: In fact, engineering mechanics has turned out as
a game changer in topics where it would not be expected in the first place: examples at the mini symposium
will cover bio-nano-technology, systems biology, molecular chemistry, and bio-physics, to name just a few.
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Mechanics of biological interfaces under stretch and across scales:
lipid bilayer membranes and epithelia

Marino Arroyo
Universitat Politècnica de Catalunya, Barcelona, Spain

Biological interfaces hierarchically partition our body at different scales. In cells and within cells, these
interfaces are molecularly thin biomembranes. At the tissue scale, epithelia are cohesive two-dimensional sheets
of cells, which line free surfaces and cavities. From the point of view of mechanics of materials, these two
biological interfaces are multifunctional active materials, which are capable of dealing with conflicting mechanical
requirements. On the one hand, they must be malleable to adopt functional shapes, or to self-repair. On the
other hand, they must be resilient to provide structural integrity in a mechanically active environment. I will
present recent work trying to understand how these material interfaces perform these mechanical functions
when adhered to a substrate and subject to stretch. In all these studies, continuum models and simulations of
membrane [1] and hydrogel [2] mechanics have been very important.

I will first describe how synthetic bilayers passively regulate stress and shape in response to lateral and
osmotic stresses [3]. The mechanoadaptation of biomembranes in living cells is commonly though to involve
active cell processes like endocytosis and exocytosis or the formation and flattening of membrane invagina-
tions/evaginations. Strikingly, in recent work we have shown that the passive, purely mechanical mechanism
identified on synthetic membranes are also exploited by biological membranes to cope with sudden stresses [4].
I will then describe how structural integrity of epithelia is challenged under stretch, creating interfacial cracks
at cell-cell junctions [5].

References
[1] M. Rahimi, M. Arroyo. Shape dynamics, lipid hydrodynamics and the complex viscoelasticty of bilayer

membranes. Phys. Rev. E 86 (2012), 11932–11947.

[2] W. Hong, X. Zhao, J. Zhou, Z. Suo. A theory of coupled diffusion and large deformation in polymeric gels.
J. Mech. Phys. Solids 56 (2008), 1779–1793.

[3] M. Staykova, M. Arroyo, M. Rahimi, H. A. Stone. Confined Bilayers Passively Regulate Shape and Stress.
Phys. Rev. Lett. 110 (2013), 028101.

[4] A.J. Kosmalska, L. Casares, A. Elosegui-Artola, J.J. Thottacherry, R. Moreno-Vicente, M.A. del Pozo, S.
Mayor, M. Arroyo, D. Navajas, X. Trepat, N.C. Gauthier, P. Roca- Cusachs. Physical principles of membrane
remodelling during cell mechanoadaptation. Under review (2014).

[5] L. Casares, R. Vincent, D. Zalvidea, N. Campillo, D. Navajas, M. Arroyo, X. Trepat. Hydraulic fracture
during epithelial stretching. Nature Materials, accepted (2015).
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The fiber reorientation problem revisited in the context of
Eshelbian micromechanics: theory and computations

Claire Morin, Stéphane Avril, Christian Hellmich
Ecole Nationale Supérieure des Mines, CIS-EMSE, CNRS:UMR5307, LGF

F-42023 Saint-Etienne, France; claire.morin@emse.fr; avril@emse.fr
Institute for Mechanics of Materials and Structures,

Vienna University of Technology (TU Wien) 1040 Vienna, Austria;
christian.hellmich@tuwien.ac.at

Constitutive modeling of soft biological tissues has been the topic of an abundant literature, trying to
capture the complex mechanical behavior of tissues, made of an assembly of loose collagenous fibrils, which are
stretched by application of a mechanical loading. This complex, non-linear, mechanical behavior originates in
geometrical changes in the tissue microstructure, the initially crimped and variously oriented collagenous fibrils
being progressively decrimped and reoriented so as to reinforce the tissue in the direction of the applied load
[1].

We here propose to model the fibrillar decrimping and reorientation through extension of the classical
framework of continuum micromechanics [2], exploiting the famous Eshelby inhomogeneity problem [3]. A Rep-
resentative Volume Element of a collagenous soft tissue contains an arrangement of variously oriented, infinitely
long, linear elastic inclusions embedded in a linear elastic, soft matrix. The rotations of the inclusions resulting
from the application of a macroscopic strain field are deduced from use of the aforementioned inhomogeneity
problem: in more detail, we employ the antimetric part of this problem’s displacement gradient so as to compute
the second-order spin tensor. In this context, we first derive an analytical expression for what we call "Eshelby
rotation operator" (considered as the equivalent to the Hill tensor for the microscopic strain tensors), which
relates the microscopic spin tensor to the inclusion eigenstress. On this basis, we can relate the spin-tensor to
remote strains subjected to the infinite solid matrix, which we then combined with the strain average rule, as to
arrive at a micro-spin-to-macro-RVE-strain relation. The latter quantifies load-induced micro-configurational
changes [4], which completes our new random homogenization schemes.

The resulting multiscale model for fibrillar tissue allows to qualitatively reproducing the macroscopic response
of soft tissues, as well as the evolution of the fibrillar inclination during loading, opening a new framework for
the development of 3D multiscale constitutive laws for soft tissues, able to quantify the specific contribution of
each constituent on the overall response of the tissue.

The long-term application of such models, coupled to proper failure mechanisms is foreseen for the failure
risk-assessment of vascular diseases, such as aneurysms.

References
[1] R.H. Cox. Regional variation of series elasticity in canine arterial smooth muscles. Am. J. Physiol. Heart &

Circulatory Physiol. 234 (1978) 542–551.

[2] A. Zaoui. Continuum micromechanics: Survey. J. Eng. Mech. 128 (2002) 808–816.

[3] J.D. Eshelby. The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems.
Proc. R. Soc. London. Ser. A 241 (1957) 376–396.

[4] A. Kailasam, P. Ponte Castañeda. A general constitutive theory for linear and nonlinear particulate media
with microstructure evolution. J. Mech. Phys. Solids 46 (1998) 427–465.
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Multiscale hierarchical mechanics in soft tissues

Michele Marinoa, Giuseppe Vairob
a Institute for Continuum Mechanics

G. W. Leibniz University of Hannover - 30167 Hannover, Germany
b Department of Civil Engineering and Computer Science Engineering

University of Rome “Tor Vergata” - 00133 Rome, Italy

Soft tissues are throughout the whole human body and they include tendons, ligaments, skin, fibrous tissues,
muscles, blood vessels. They link, support, and are part of other bio-structures and organs, playing a key role
in the biomechanics of many body systems (e.g., musculo-skeletal, respiratory, cardiovascular). Soft tissues
are generally fibrous connective tissues which can be either dense or loose, depending on the collagen amount.
They consist primarily of elastin, amorphous ground substance, cells and collagen fibers. As confirmed by
well-established studies [1], the highly nonlinear constitutive response of soft tissues at the macroscale is strictly
related to the hierarchical organization of collagen from nano (namely, molecular arrangement) up to the
microscale (fibrils and fibers). Accordingly, different collagen patterns and amounts induce different mechanical
responsesvat the macroscale, in terms of stiffness and strength features. As a result, functional values of
compliance for arterial walls in cardio-vascular system, of stiffness for pulmonary tissues in respiratory system,
and of extensibility for tendons in musculo-skeletal system, are experienced. Moreover, altered tissue response in
disease (e.g., aneurism, keratoconus, arthofibrosis) arises from pathological tissue remodeling and arrangement
alterations at the nano and microscale, inducing unphysiological histology and biochemical composition.

In this scenario, the development of theoretical results and computational methods for effectively correlating
mechano-regulated physio-pathological processes occurring at very different length scales, as well as to iden-
tify relationships among alterations and diseases, represents an open challenge at the cutting edge of modern
biomechanics.

In this paper, mechanics of soft tissues is modeled by describing tissue structured hierarchical arrangement,
reducing model complexity by means of multiscale homogenization techniques. Such an approach, employed
for example in [2–6] , is referred to as a structural multiscale method. It consists in regarding the tissue at the
macroscale as a fiber-reinforced composite material, wherein properties of reinforcement phase are recovered
by mechanical models at smaller (than the macro one) length scales, coupled each other by means of consis-
tent inter-scale relationships. Accordingly, the equivalent responses of tissue substructures at different scales,
including possible damage and inelastic mechanisms [7, 8], are analytically derived and consistently integrated
and upscaled, allowing to include at the macroscale the dominant mechanisms occurring at smaller scales.

References
[1] P. Fratzl. Collagen: Structure and mechanics. Springer-Verlag (2008), New York.

[2] H. Tang, M.J. Buehler, B. Moran. A constitutive model of soft tissue: from nanoscale collagen to tis- sue
continuum. Ann. Biomed. Eng. 37 (2009), 1117–1130

[3] F. Maceri, M. Marino, G. Vairo. A unified multiscale mechanical model for soft collagenous tissues with
regular fiber arrangement. J. Biomech. 43 (2010), 355–363.

[4] F. Maceri , M. Marino, G. Vairo. Age-dependent arterial mechanics via a multiscale elastic approach. Int.
J. Comput. Methods Eng. Sci. Mech. 14 (2013), 141–151.

[5] M. Marino, G. Vairo. Multiscale elastic models of collagen bio-structures: from cross-linked molecules to
soft tissues. Stud. Mechanobiol. Tissue Eng. Biomater. 14 (2013), 73–102.

[6] M. Marino, G. Vairo. Stress and strain localization in stretched collagenous tissues via a multiscale modelling
approach. Comput. Methods Biomech. Biomed. Eng. 17 (2014), 11–30.

[7] F. Maceri, M. Marino, G. Vairo. Elasto-damage modeling of biopolymer molecules response. CMES 87
(2012), 461–481.

[8] M. Marino, G. Vairo. Influence of inter-molecular interactions on the elasto-damage mechanics of collagen
fibrils: A bottom-up approach towards macroscopic tissue modeling. J. Mech. Phys. Solids 73 (2014), 38–54.
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The theory of mechanobiological stability:
on the theoretical foundations of mechanobiology in soft tissue

Christian J. Cyron, Jay D. Humphrey
Yale University, New Haven, CT, USA

In living tissue, the relation between load and deformation can be understood on short time scales (up to
minutes) largely from a handful of well-known and simple principles such as Newton’s axioms or Hooke’s law
(including its generalizations). On long time scales, however, it is often governed by mechanobiolgy, that is,
mechano-regulated, cell-driven growth and remodeling. Although recent experimental findings have underlined
more and more the overwhelming importance of mechanobiology in biomechanics, its mathematical foundations
remain poorly understood to date.

In this presentation, we introduce the theory of mechanobiological stability [1, 2] as a simple conceptual frame-
work to understand continuum mechanobiology in soft tissue. Though mainly based on but two simple assump-
tions, the presence of mass turnover and the existence of a state of tensional homeostasis, it provides natural
explanations for a host of salient features of living soft tissue such as the virtual omnipresence of prestress and
mechanoregulated growth and remodeling, as well as the often observed creeping loss of geometric integrity
(e.g., in aneurysms).

The presentation will be concluded by a number of examples demonstrating the excellent agreement between
the theory of mechanobiological stability and well-known clinical and experimental observations.

References
[1] C.J. Cyron, J.D. Humphrey. Vascular homeostasis and the concept of mechanobiological stability. Int. J.

Eng. Sci. 85 (2014), 203–223.

[2] C.J. Cyron, John S. Wilson, J.D. Humphrey. Mechanobiological stability: a new paradigm to understand
the enlargement of aneurysms?. J. R. Soc. Interface. (2014), 20140680.
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Coupling X-ray physics and engineering mechanics, for enhanced
analysis of Computer Tomographic images

Christian Hellmich, Alexander Dejaco, Romane Blanchard
Vienna University of Technology (TU Wien), Austria

Since its invention in the 1960s, Computed Tomography has become one of the most powerful and versatile
non-destructive imaging tools, with applications ranging from biomedicine to concrete technology. For about
two decades, it is also common to use CT images as the basis for Finite Element modeling of the scanned
objects. Thereby, the main focus has been classically laid upon the accurate representation of geometrical
details, while particularly for solids made up of natural non-homogeneous materials, the question of material
property assignment has remained an open challenge over the years.

Since 2008 [1], our group, in cooperation with colleagues from Germany, Italy, Russia, Poland, Belgium, and
Iceland [1, 2, 3, 4, 5, 6], has been deeply involved in overcoming this challenge, by more deeply studying the X-ray
physics underlying Computed Tomography: we developed increasingly mature methods to retrieve, from the grey
value-defined voxel characteristics given in CT images, the actually underlying physical property, called X-ray
attenuation coefficient. The latter contains information on the chemical composition of the material making up
the considered voxel, and combining this information with known chemical characteristics of the material class
making up the scanned object, gives access to important microstructural information inside the voxel, such as
microporosity, or contents of known chemical substances. The latter then enter, as input values, experimentally
validated micromechanical formulations representing the material inside the voxel, so as to reliably determine
the voxel’s mechanical properties. Corresponding CT-to-mechanics conversion schemes will be presented in
appropriate detail, with applications ranging from various ceramics [2, 3, 6] and polymer-ceramic composites
[4] used in tissue engineering, to organs made up of the natural material bone [1, 5].

References
[1] Ch. Hellmich, C. Kober, B. Erdmann. Micromechanics-based conversion of CT data into anisotropic elasticity

tensors, applied to FE simulations of a mandible. Ann. Biomed. Eng. 36 (2008), 108 –122.

[2] S. Scheiner, R. Sinibaldi, B. Pichler, V. Komlev, C. Renghini, C. Vitale-Brovarone, F. Rustichelli, Ch.
Hellmich. Micromechanics of bone tissue-engineering scaffolds, based on resolution error-cleared computer
tomography, Biomat. 30 (2009), 2411 –2419.

[3] A. Dejaco, V. Komlev, J. Jaroszewicz, W. Swieszkowski, Ch. Hellmich. Micro CT-based multiscale elasticity
of double-porous (pre-cracked) hydroxyapatite granules for regenerative medicine. J. Biomech. 45 (2012),
1068 –1075.

[4] K. Luczynski, A. Dejaco, O. Lahayne, J. Jaroszewicz, W. Swieszkowski, Ch. Hellmich.
MicroCT/Micromechanics-Based Finite Element Models and Quasi-Static Unloading Tests Deliver
Consistent Values for Young’s Modulus of Rapid-Prototyped Polymer-Ceramic Tissue Engineering Scaffold.
CMES 87 (2012), 505–528.

[5] R. Blanchard, A. Dejaco, E. Bongaers, Ch. Hellmich. Intravoxel bone micromechanics of microCT-based
finite element simulations. J. Biomech. 40 (2013), 2710 –2721.

[6] A. Czenek, R. Blanchard, A. Dejaco, O. Sigurjonsson, G. Örlygsson, P. Gargiulo, Ch. Hellmich. Quantitative
intravoxel analysis of microCT-scanned resorbing ceramic biomaterials - Perspectives for computer-aided
biomaterial design. J. Mat. Res. 29 (2014), 2757 –2772.
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Look different, better understand: computational multphysics
enhanced imaging and measuring in biomedicine

Svenja Schoeder, Christian Roth, Martin Kronbichler, Wolfgang A. Wall
Institute for Computational Mechanics, Technical University Munich

Boltzmannstr. 15, 85747 Garching, Germany, http://www.lnm.mw.tum.de/

Computational modeling can obviously not only be used to analyze or design new technical systems. It
can also be used to allow unprecedented scientific insight in cases when experimental or theoretical approaches
reach their limits. Just one example from our recent work is sub-cellular biophysics, where systems are far too
complex to be studied theoretically but also experimental methods are limited in their ability to create well
defined configurations or measure every detail [1, 2]. But the same is also true in modern, highly sophisticated
imaging and measurement techniques in medicine. New and advanced (multiphysics) models and respective
computational methods can boost insight and value of these methods, while both exposure of the patients as
well as financial investments are unaltered. In this talk we will give two examples we are currently working on:
photoacoustic tomography and electrical impedance tomography.

Photoacoustic tomography is a medical imaging technique which combines diffuse optical tomography and
ultrasonography. An object of interest is illuminated by a short time laser pulse and the light propagates within
the object according to its optical properties. At areas of high absorption, the optical energy is transformed into
heat followed by thermal expansion. This expansion initiates pressure waves which are eventually measured by
acoustical detectors. The recorded acoustical signal allows for conclusions on optical and mechanical properties
of the underlying material. The explanatory power of the recorded signals depends among others on the
accuracy of the used reconstruction algorithm. We have developed and will report on a novel approach for this
purpose that is based upon an efficient simulation approach for wave propagation in heterogeneous media via
the hybridizable discontinuous Galerkin (HDG) method [3] and the formulation of the inverse problem by use
of the adjoint method for the discretized photoacoustic problem.

It is extremely difficult to obtain insight into important physiological quantities and states of the lung during
breathing or ventilation. This hampers medical therapy but also the development and evaluation of lung models
that in turn could be used for improved therapies. One key parameter in respiratory imaging is the magnitude of
regional lung aeration which is optimized during mechanical ventilation trials. One non-invasive and radiation-
free approach is electrical impedance tomography (EIT). It is based on the measurement of potential differences
between electrodes on the surface of a body when small alternating currents are sent into the studied subject
at high frequency. While current injections take place at adjacent pairs of 16 self-adhesive surface electrodes
placed around the patient’s chest, an image showing local tissue bioimpedance can be reconstructed by solving
the inverse electrical problem for N=208 voltage measurements. EIT performs especially well in lung imaging as
tissue bioimpedance considerably changes with local aeration due to the insulating properties of the enclosed air
in the alveoli. Based on the alveolar microstructure, we have derived a link between air content and measured
bioimpedance [4] and by solving the highly ill-posed EIT reconstruction problem, new insights into the lung’s
local structure and function are provided. We believe this information will result in more protective ventilation
protocols, especially in such pathophysiology where patient-specific trial-and-error methods are at high risk for
respiratory failure.

References
[1] Müller K.W., Bruinsma R.F., Lieleg O., Bausch A.R., Wall W.A., Levine A.J.: Rheology of semiflexible

bundle networks with transient linkers. Physical Review Letters, 112, 238102, 2014.

[2] Cyron C.J., Müller K.W., Schmoller K.M., Bausch A.R., Wall W.A., Bruinsma R. F.: Equilibrium phase
diagram of semi-flexible polymer networks with linkers. Europhysics Letters, 102, 38003, 2013.

[3] Kronbichler M., Schoeder S., Müller C., Wall W.A.: Comparison of implicit and explicit hybridizable dis-
continuous Galerkin methods for the acoustic wave equation. International Jorunal for Numerical Methods
in Engineering, submitted 2015.

[4] Roth C., Ehrl A., Becher T., Frerichs I., Weiler N., Wall W.A.: Correlation between alveolar ventilation and
electrical properties of lung parenchyma. Physiological Measurement, submitted 2014.
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