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a b s t r a c t

Materials exhibiting a heterogeneous and non-uniform composition in terms of elastic and anisotropic
properties such as biological tissues require special efforts to accurately describe their constitutive
behavior. In contrast to classical models, micromorphic formulations can predict the macroscopically
observable material response as originated from distinct scale-dependent micro-structural deformation
mechanisms. This is facilitated by additional independent degrees of freedom and associated additional
strain and stress quantities. Here, a generalized continuum is mathematically constructed from a macro-
continuum and a micro-continuum which are both adequately coupled on kinematics and constitutive
levels as well as by micro-boundary conditions. In view of biomechanical modeling, the potential of
the formulation is studied for a number of academic examples characterized by an anisotropic material
composition to elucidate the micromorphic material response as compared with the one obtained using a
classical continuum mechanics approach. The results demonstrate the ability of the generalized contin-
uum approach to address non-affine elastic reorientation of the preferred material direction in the
macro-space and its dispersion in the micro-space as affecting deformation, strain and stress on the
macroscopic level. In particular, if the anisotropy in the micromorphic formulation is solely linked to
the extra degrees of freedom and associated strain and stress measures, the deformation for small and
large strains is shown to be distinctly different to the classical response. Together with the ability to
implicitly account for scale-dependent higher-order deformation effects in the constitutive law the pro-
posed generalized micromorphic formulation provides an advanced description, especially for fibrous
biological materials.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The early detection of cardiovascular diseases and advances in
diagnostic and therapeutic procedures have always been important
fields in medical research. In the course of digitalization and the
rapid increase in computer power, computational mechanics has
become an established method to gain new insights and better
understanding of the biomechanics and electrophysiology of
organs. Computational case studies can supplement and guide
clinical research to determine key factors influencing the behavior
of healthy and diseased hearts for instance (see e.g.
[36,38,19,29,21]). In particular, modern imaging techniques facili-
tate the creation of anatomical organ models which can be used
for patient-specific simulations to determine realistic physiological

performance indicators. It is, however, crucial that biomechanical
models take into account the complex underlying micro-structure
of the tissue in a sufficiently accurate manner, address biological
effects such as residual stresses, remodeling or rearrangement of
microstructural components and are numerically robust and effi-
cient. The biological phenomena to be included depend on the
actual problem being investigated. For instance, growth-related tis-
sue remodeling and restructuring is a dissipative process taking
place over larger time periods in contrast to elastic non-affine fiber
reorientation.

Regarding the microstructure, cardiac tissue for instance, exhi-
bits a complex hierarchical organization of fibrous constituents
with a highly non-uniform fiber orientation, level of dispersion,
thickness, length and relative volume fraction. LeGrice et al. [23]
elaborated on the laminated structuring of the myocardium where
approximately four to six cell thick layers of myocardial sheets are
loosely interconnected by perimysial collagen fibers providing a
certain degree of freedom to slide over one another due to a
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relatively low slippage resistance (cf. [24]). Moreover, it has been
shown that the initially crimped and coiled collagen fibers
straighten during passive filling (cf. [25,30]). Further, it has been
observed by Spotnitz et al. [34] that the heart wall undergoes lar-
ger transversal contraction during diastolic filling than what can be
expected from continuum mechanical considerations. This phe-
nomenon is supposed to contribute to fiber rearrangement result-
ing in a denser packing. This type of micro-structural deformation
behavior was addressed in a computational framework by Hussan
et al. [17], where fiber bundles were modeled as cylinders with
additional mechanical degrees of freedom corresponding to twist-
ing, bending and splay. In Krasny et al. [20] it was experimentally
shown that deformation of blood vessels triggers fiber rearrange-
ment and spatial reorientation.

In the previous contribution Hoegen et al. [37], an orthotropic
micromorphic continuum strain energy has been proposed and fit-
ted to shear experiments of myocardial tissue. In the present con-
tribution we aim at investigating in depth the potential of these
kind of higher-order formulations in the context of soft biological
tissues on a number of academic examples. It is proposed to link
the deformation of fibrous constituents relative to the bulk mate-
rial with the help of a micromorphic continuum approach based
on the work by Sansour et al. [33]. This type of generalized contin-
uum features extra degrees of freedom besides the usual displace-
ment ones leading to additional strain and stress measures as well
as governing equations. It is therefore possible to formulate the
strain energy such that the macro, micro and relative macro-
micro kinematics contributions are separately incorporated. The
micromorphic continuum model is usually a phenomenological
approach. The foundations of micromorphic continua go back to
Eringen and Suhubi [6], Eringen [5], Mindlin [27]. A detailed dis-
cussion concerning these kinds of generalized continuum methods
is provided in Eringen [4]. As a special case, the theory includes the
microstretch continuum and micropolar continuum, introduced
earlier by Cosserat and Cosserat [3].

Micropolar models have already been successfully adapted to
biomechanical problems in Rosenberg and Cimrman [31] and
recently in Sack et al. [32]. The application of micromorphic contin-
uum theories has been scarce, because, besides the benefits of
these kinds of higher-order formulations, one has to deal with an
increased number of material constants. Recently Neff et al. [28]
tackled that issue proposing a relaxed version of the standard
Mindlin-Eringen model. Further, a modified version was applied
to account for complete band gaps including non-local effects in
Madeo et al. [26]. A discussion regarding the application of aniso-
tropic problems can be found in Barbagallo et al. [1]. In the realm of
geometrically exact formulations related to material forces, the
hyperelastic case was discussed in Hirschberger et al. [14]. Micro-
morphic media have also been shown to be beneficial in crystal
plasticity describing growth and morphology changes, see Forest
et al. [10]. Viscoplastic and damage modeling approaches for
micromorphic continua were introduced in Forest and Sievert [9]
and Forest [8].

The main difference of the proposed micromorphic approach
compared to formulations based on the classical invariant theory
is that it can address non-local scale-dependent phenomena where
the deformation of fibers and matrix is not necessarily affine as
described above. In addition, the micromorphic variational frame-
work is modified such that it facilitates the coupling of macro- and
micro deformations via interface conditions. Lastly, the modeling
of fiber reorientation is usually considered as a dissipative process,
see e.g. in Himpel et al. [13], Karsaj et al. [18]. Here, however, the
aim is to model elastic fiber reorientation specifically.

The plan of this paper is as follows: Section 2 outlines the kine-
matics of the micromorphic continuum approach, the correspond-
ing variational framework supplemented by boundary and

interface conditions as well as its governing equations. The proper-
ties and potential of the described micromorphic framework are
discussed and demonstrated in Section 3 on the basis of academic
examples considering fibrous material with varying and dispersed
preferred directions in view of future biomechanical applications.

2. Micromorphic framework

2.1. Generalized placement vectors

The generalized continuum space is composed of a macroscopic
space or macro-continuum B � Eð3Þ and a micro-space or micro-
continuum S � EðnÞ. Here, the dimension of the micro-space is
an arbitrary but finite number n. The generalized continuum G is
then assumed to inherit the mathematical structure of a fiber bun-
dle (see e.g. [2]). In the simplest case, this is the Cartesian product
of the macro-space and the micro-space, denoted as
G :¼ B � S 2 Eð3þ nÞ. This definition assumes an additive structure
of G which implies that the integration over the macro- and the
micro-continuum can be performed separately. The macro-space
B is parametrized by the curvilinear coordinates #k; k ¼ 1; 2; 3
and the micro-space S by the curvilinear coordinates fa. Here,
and in what follows, Greek indices take the values 1;2; . . . ;n, while
Latin indices are running from 1 to 3.

As illustrated in Fig. 1 each material point ~X 2 G is related to its
spatial placement ~x 2 Gt at time t 2 R by the mapping ~u tð Þ : G�!Gt ,
where

~Ia ¼ @ ~X
@fa

and ~ia ¼ @~x
@fa

ð1Þ

represent the curvilinear base vectors in the reference and actual
configuration, respectively. For convenience but without loss of
generality we identify G with the undeformed reference configura-
tion at a fixed time t0 in what follows.

As suggested in Sansour et al. [33] it is now assumed that the
placement vector ~x of a material point P ð~X 2 GÞ is of an additive
nature being the sum of its position in the macro-continuum
x 2 Bt and in the micro-continuum n 2 St as follows

~xð#k; fa; tÞ ¼ xð#k; tÞ þ nð#k; fa; tÞ; ~x 2 Gt : ð2Þ

In the same fashion we may define the generalized reference place-
ment with X 2 B and N 2 S as

~Xð#k; faÞ ¼ Xð#kÞ þ Nð#k; faÞ; ~X 2 G: ð3Þ

This formulation infers that the macro-placement vectors X and x
define the origin of the micro-coordinate systems mapping S and
St , respectively, such that the micro-placements N and n are
assumed to be relative to the macro-placement. Therefore, the
placement vectors of the micro-space depend on both, the macro-
coordinates #k and the micro-coordinates fa.

It is crucial to note that a suitable choice for the dependency on
the micro-coordinates has to be made a priori. Here, we adopt the
quadratic ansatz

Fig. 1. Micromorphic continuum spaces.
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