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ARTICLE INFO ABSTRACT

Keywords: The aim of this paper is to provide an up-to-date overview of the constitutive modeling of soft biological tissues,
Biomechanics both from a simulation and experimental perspective by taking into account different length scales. After
Mechanobiology providing some essential ingredients on continuum mechanics, especially nonlinear elasticity, the focus is on
Constitutive modeling mechanical and structural modeling of fiber-reinforced materials, including the features of soft tissues such as
I;:;;t collagen fiber dispersion, and residual stresses. Materials testing and data acquisition for constitutive modeling
Artery of soft tissue are also discussed, with emphasis on measuring strain fields using imaging techniques and digital

image correlation. The topics are illustrated for three tissues. First, applications to arteries are illustrated and
the effects of vascular adaptation in diseases such as aneurysms and aortic dissections are discussed. The second
application includes cardiac biomechanical modeling, touching on the nonlinear anisotropic and viscoelastic
nature of the myocardium, the synthesis and integration of these concepts into whole-organ models, and
the assimilation of image-based data for patient-specific modeling. The third focus is on brain mechanics,
including the unusual response of brain tissues and axons under loads, the formation of the brain and skull
during development, and the study of brain trauma and diseases. The important area of machine learning for
discovering constitutive models and parameter identification is also covered. To show how constitutive models
can be selected, a model discovery approach is reviewed. Because the mechanical properties of soft tissues may
vary with age, sex, health and disease an account of uncertainty quantification in the model assumptions and
measurement errors is provided. Future directions and challenges for research in multiscale biomechanics and
mechanobiology are identified involving mechanical, biological, electrical and fluid-structure interactions.

Statement of Significance:

This review provides a state-of-the art summary of the importance of constitutive modeling, simulations
and their experimental basis of soft biological tissues. A focus is put on applications to materials testing
and data acquisition, artery and cardiac biomechanics and mechanobiology at different length scales and
the biomechanics of brain at the cell, tissue and organ levels. In addition, novel approaches to constitutive
modeling and parameter identification of soft biological tissues based on machine learning, model discovery
and data mining are highlighted. Finally, open problems are summarized and recent and future directions and
challenges for research in multiscale biomechanics and mechanobiology are identified, particularly involving
mechanical, biological, electrical and fluid-structure interactions.

* Corresponding author at: Institute of Biomechanics, Graz University of Technology, Austria.
E-mail address: holzapfel@tugraz.at (G.A. Holzapfel).

https://doi.org/10.1016/j.actbio.2026.02.022

Received 27 October 2025; Received in revised form 24 January 2026; Accepted 12 February 2026

Available online 14 February 2026

1742-7061/© 2026 The Authors. Published by Elsevier Inc. on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Please cite this article as: Stéphane Avril et al., Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2026.02.022



https://www.elsevier.com/locate/actbio
https://www.elsevier.com/locate/actbio
https://orcid.org/0000-0002-8604-7736
https://orcid.org/0000-0002-6436-8483
https://orcid.org/0000-0001-8119-5775
https://orcid.org/0000-0002-5363-4715
https://orcid.org/0000-0002-7002-7028
mailto:holzapfel@tugraz.at
https://doi.org/10.1016/j.actbio.2026.02.022
https://doi.org/10.1016/j.actbio.2026.02.022
http://creativecommons.org/licenses/by/4.0/

S. Avril et al.

1. Introduction

This paper provides a review following the 10th version in 2023 of
the Summer Schools in Biomechanics that have been organized in the
series that started in 2001. The topics covered in the summer school
are reflected in the contents of the paper. The underlying theme is to
focus on the constitutive modeling and computational biomechanics of
soft tissues specifically artery walls, the myocardium and the brain.

The detailed content of the paper is outlined as follows. Section 2
summarizes the essential continuum mechanics required for applica-
tions in the subsequent sections. The deformation, stress and the theory
of hyperelasticity and constitutive laws for fiber-reinforced materials
are presented. Section 3 deals with material testing techniques and
the associated stress—strain data acquisition for soft biological tissues
required for the constitutive modeling. In particular, the in vitro stat-
ically determinate and indeterminate material testing are discussed
followed by in vivo testing. Recent trends are highlighted, in partic-
ular the combination of mechanical tests with microscopic imaging
of the tissue structure. Section 4 is dedicated to the first application
in the field of soft tissue, namely arterial walls. In particular, the
structural and functional relationships are examined. Current findings
on the microstructure and biomechanical behavior of arterial walls
are presented, and both the passive and active states of the wall
are described. Constitutive models for both states are then described,
with a focus on modeling the collagen fiber structure and the related
dispersion, as these have a significant influence on the mechanical
response of the vascular walls. Possible future trends for a better
implementation of computational biomechanics in clinics for person-
alized diagnosis and treatment of pathologies are presented. Section 5
deals with the second soft tissue application towards the biomechanical
and mechanobiological modeling of the heart with particular refer-
ence to cardiac mechanics across scales—from the cellular level to
the whole heart. Also this section closes with a discussion on recent
trends and future directions such as personalized digital twins and
patient-specific modeling characteristics that capture cardiac behavior
over time or the use of engineered heart tissues for understanding
cardiac mechanics. The final application concerns the biomechanics
of brain tissue (Section 6). We discuss brain biomechanics specifically
at the cellular, tissue, and organ levels. Traditionally, the brain was
considered as isolated from mechanical influences, but it is now known
to be profoundly affected by mechanical processes at all levels—from
cellular-level mechanosensing in neuronal development and synaptic
function, to tissue-level viscoelastic responses, to organ-level phenom-
ena such as cortical folding and trauma-induced swelling. We show
how recent advances, including multiscale modeling, novel constitutive
laws, and data-driven approaches, are changing our understanding
of brain biomechanics and opening new avenues for the diagnosis,
modeling, and treatment of neurological disorders.

Section 7 addresses machine learning and data mining in the context
of constitutive modeling of soft biological tissues. After a brief overview
of the use of classical neural networks for learning constitutive models,
we introduce the concept of constitutive neural networks with build-
in physical and thermodynamic constraints. We discuss how we can
leverage constitutive neural networks to automatically discover models
and parameters that best fit soft tissue data. We show how to sparsify
the discovered models to make them generalizable and interpretable.
Finally, we overlay uncertainty to determine not only point values for
the model parameters but also means and credible intervals, which
allow us to quantify model uncertainty. The concluding section identi-
fies some future directions of research in multiscale biomechanics and
mechanobiology, and the associated challenges that are involved the
mechanical, biological, electrical and fluid—structure interactions.
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2. Continuum mechanics preliminaries
2.1. Geometry and deformation

For general background underlying the theory summarized in the
following sections we refer to the books [1,2].

In three dimensions the material points of a solid continuum are
represented by position vectors denoted X in a fixed configuration. This
is referred to as the reference configuration, which is denoted B,. Its
boundary is denoted 9B,. When external forces (with surface and body
contributions) are applied to the continuum it is deformed and takes
up a deformed configuration. This is denoted B, wherein X now sits at
x. The boundary of B is denoted dB. The deformation from B, to B is
characterized by the vector function y, so that

x=y(X) forall X €B,. (€8]

Its inverse is X = y~!(x), which applies for all x € B. It is required that
x(X) is suitably regular. Time is not included explicitly in the current
development.

We represent the mechanical properties of the material by var-
ious scalar, vector and tensor fields. These are expressed in either
Lagrangian or Eulerian forms, i.e. as functions of X in B, or as functions
of x in B, respectively. For illustration, a scalar function, say ¢(x) based
on B (Eulerian) may equally be represented as @(X) (Lagrangian) using
(1) to arrive at

d(x) = plx(X)] = &(X), (2)

and conversely, by using the inverse of (1).
We denote by F the so-called deformation gradient, which is given
by

F(X) = Gradx = Grad y(X), 3)

wherein Grad represents the gradient operator based on B, i.e. with
respect to X. As is usual, we denote the determinant det F by J, which
is positive by convention. For an incompressible material the constraint
J =1 must be satisfied at all points X € B,.

From F, two special symmetric tensors are formed, namely the right
Cauchy-Green deformation tensor, denoted C and its left counterpart,
denoted b. In terms of F these are given by

C=F"F, b=FF", (€))

respectively, (+)T being the transpose of (+). Note that det C = detb = J2.
A related kinematic quantity is the stretch, denoted A associated with
a direction M (a unit vector dependent on position X in B,.). This is
defined by

AM) = [M - (CM)]'/2. 5)

If the direction M is unstretched then A(M) = 1 for all C. We require
that 0 < A(M) < co.

The important polar decomposition theorem allows F to be written as
either of the products

F=RU=VR, (6)

wherein R is a rotation tensor, U is the right stretch tensor and V is the
left stretch tensor, both of which are symmetric and positive definite.

The symmetry and positive definiteness of U ensures that it has
mutually orthonormal eigenvectors, here denoted u?”, and associated
strictly positive eigenvalues, say A;. Thus, Un® = Au?,i = 1,2,3.
Moreover, the spectral decomposition of U follows as

3
U= z 2u? @ u?, )
i=1
The left stretch tensor V has the same eigenvalues 4;, and from the
polar decomposition theorem it follows that its eigenvectors, denoted
v, are related to u® via v¢) = Ru®.
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From the general definition of stretch (5) we have 1; = A(u®). The
A; are referred to as the principal stretches associated with the eigen-
vectors u® and v® (the Lagrangian and Eulerian principal directions,
respectively).

2.2. Nominal and Cauchy stress tensors

Let b be the body force per unit mass defined on an arbitrary region
R C B during deformation and t(n) the surface force per unit area of the
boundary dR of R, where n is the unit outward normal to JR. For t the
terminology traction vector is often used: it is given by

tn)=o'n, (8)

at each point of dR in terms of the second-order tensor ¢, known as the
Cauchy stress tensor, which (by Cauchy’s theorem) does not depend on
n. The associated traction per unit reference area of dR, is STN, where
ST = JoFT is the first Piola—Kirchhoff stress tensor. Its transpose S is
known as the nominal stress tensor, while N is the outward unit normal
to dR;.

When there is no inertia contribution, the local equilibrium equation
may be written in either of the forms

dive +pb=0, DivS+pb=0, 9

the Eulerian and Lagrangian forms, with p and p, the associated mass
densities in B and B,, respectively. The latter are connected by p, = Jp.
The divergence operators div and Div relate to x and X, respectively.

Balance of angular momentum requires that ¢ be symmetric when
there are no couple stresses present. Thus, ' = ¢, FS = STFT.

2.3. Hyperelasticity

An elastic solid that is characterized in terms of a scalar potential
function (a so-called strain—energy function) is referred to as a hyper-
elastic material. Then, W, per unit volume in B, is dependent on F,
i.e. W(F). For an inhomogeneous material, W depends separately on
X. Based on W, the formulas for S and o are

ow _1p.OW
S=—, =J F—. 10
oF ° oF (10)
When evaluated in B,, where F = 1, the identity tensor, it is usual
to measure W from that configuration, so that

-0, W=
wm=0. ZoM=r. an

it being assumed, for the sake of generality that there is a residual stress
7 resident in B,. The formulas in (10) are replaced by

- ow

S=22 _pF !, =F— — I, 12
aF P c oF P (12)

in the case of an incompressible material, the constraint J = 1 requiring

the presence of a Lagrange multiplier p. Eq. (11), is then replaced by
ow
ﬁ(l) -pl=r1, 13

in which p, is the reference configuration value of p.

2.3.1. Objectivity and material symmetry

A basic property of W is that it must be objective, i.e. its dependence
on F is not completely arbitrary because it must be independent of
superimposed rotations after deformation. This means that, instead of
depending on F, which has nine components, it depends only on the
U that appears in the polar decomposition (6),. By symmetry, this has
only six components. Thus, W = W (U), and since U? = C from (4),
and (6);, W may equally well be regarded as a function of C. This
independence of R constitutes the principle of objectivity. Henceforth,
we sometimes take C as the independent deformation variable within
W, which is then automatically objective.

Other restrictions apply in the presence of material symmetry in B,.
For example, a material for which W is unaffected by any rotation in B,
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before deformation is said to be isotropic relative to B,, i.e. the material
has isotropic symmetry. Then, the restriction W (QTCQ) = W (C) is
required for any C and for all rotations Q, which states that W is an
isotropic function of C. It follows that W is expressible as a function
of just three (in three dimensions) independent invariants of C. These
are typically taken to be

[(C)=trC, L(C)= %[II(C)Z —tr(C?)], I4(C) = det C, 14)

namely the so-called principal invariants of C.

Next, we consider an isotropic material with an embedded preferred
direction corresponding to a unit vector M in B,, which in general
depends on X. Such a material is transversely isotropic. Then W depends
on the (so-called structure) tensor M® M as well as on C. These define
the additional invariants

I,(C)=(CM)-M, I5C) = (C*M) - ML (15)

For greater generality, we now allow W to depend on the list of in-
variants I, I, ..., Iy for N > 2. These depend on C as well as structure
tensors such as M®M. Then, we use the notation W = W, I, ..., I y).
By differentiating W with respect to F for a compressible material the
tensors S and o develop as

w0l B -1FN _ ol 16
S_Zma_F’ c=1J zW,a—F (16)

i=1 i=1

where we have adopted the shorthand notation W, = oW /dl,, i =
1,2,..., N. The derivatives 01;/0F depend on the kinematics and the
structure tensors, while W, characterize the material properties, which
depend on the specific form of W.

For an incompressible material, 7; does not appear in the list of
invariants while the formulas (16) are supplemented by a Lagrange
multiplier term as in (12). For more detailed discussion of invariants
see the excellent article [3].

2.3.2. Fiber-reinforced materials

We now apply the above theory to soft biological tissues, many of
which are considered to be incompressible (as assumed henceforth).
They are also examples of fiber-reinforced materials, and fiber rein-
forcement has a key role in identifying their mechanical response. They
typically consist of at least two distinct arrangements of collagen fibers.
Here we focus on materials consisting of two families of fibers with
their local directions in B, identified by the unit vectors M and M’.

Then, as well as the invariants I}, I,, I, I5 associated with M for a
transversely isotropic material, there are similar invariants, say I, and
I, based on M. A further invariant Iy provides a connection between
the two fiber families. The additional invariants are given by

Ig=(CM)-M, L=(CM) M, Ig=M-M)[CM -M]. @17)

For an incompressible material W then depends on the seven re-
maining independent invariants, so that W = W(I,, I, I, Is, I, I, I).
The values of these invariants in B, are I = I, =3, I, = Is=Ig = I, =
1, Iy =M-M.

Thus, o has the expanded form

6 = —pl+2W;B + 2W,(I;B — B?) + 2W,m ® m + 2W;(m ® Bm + Bm ® m)
+2Wym' @ m’ + 2W;(m’ ® Bm' + Bm’ @ m') + Wy(m® m’ + m’ @ m)M - M’,

wherein W, = oW /01, for i =€ {1,2,4,...,8}, while m and m’ are the
push forwards FM and FM’, respectively. If the reference configuration
is free of stress, the conditions

QW +4W, —py, W, +2Ws=0, Wy+2W,=0, Wg=0 18)

must be satisfied there, p, being the value of the Lagrange multiplier p
therein.

When there are two fiber families the mechanical response of the
material is orthotropic if either (a) the fibers are orthogonal in B, or
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(b) the mechanical properties of the two fiber families coincide, which
may include the case when they are orthogonal. In case (a) Iy = 0 and
W; does not then appear in the above expression for o.

It is often appropriate, and common practice in characterizing the
mechanical response of soft biological tissues, to take W to have the
decoupled form

W = W (I1) + Wy (I, I), 19

where W, (I,) represents the isotropic properties of the matrix material
in which the two families of fibers are embedded and W}, (14, I¢) repre-
sents the anisotropic properties of the fibers themselves. In particular,
Wio(I;) is commonly considered to have the neo-Hookean form and
W14, 1) the Fung-type exponential form, so that

Wioll) = (T, =),
- k k
Wi (s, Ig) = 5~ {explka(ly = D = 1} + 2.~ {explky(Ts = D] - 1)(20)
2 2

where u is the shear modulus of the matrix material, while k, (with
dimension of stress) and k, (dimensionless) are material constants
associated with fibers (the same for each family). This model was
introduced in [4] and has been extended to allow for the dispersion
of collagen fibers simply by replacing I, and I4 by their generalized
counterparts I} and I; involving a dispersion parameter x € [0, 1/3]
and defined by

Iy =xly +(1=36)y, I =xl +(1-3x)l, 21

as developed in [5]. A further generalization to the case in which there
is a non-symmetric dispersion has been provided in [6], and a recent
review of these and other dispersion models is contained in [7].

Residual stress. Residual stresses are in general present in the unloaded
configuration of a soft biological tissue and they make the mechanical
response more complicated than in their absence. More sophisticated
modeling is therefore required to account for their effects on the
mechanical response. This is especially important in respect of tissues
such as arteries [2].

Let 7, which is symmetric, denote a typical residual stress in the
configuration B,. By definition [8,9], 7 is in equilibrium, thus satisfying
Divr = 0 in B, (body forces omitted) and zero traction on 0B, i.e. TN =
0 thereon. It is important to note, however, that 7 depends on X in B,
and therefore cannot be uniform.

A residually-stressed solid has elastic properties expressed in terms
of a strain—energy function W that depends on both C and 7, i.e. W =
W (C, 7). For the development of the associated theory we refer to [10],
for example.

Inelasticity. Although not the focus of this section, it should be men-
tioned here that viscoelastic, growth and remodeling behavior should
in general be accounted for in the response of soft biological tissues. In
particular, as far as viscoelasticity is concerned we draw attention to
the concept of fractional derivatives developed in [11] for soft tissues,
while for a review of various aspects of growth and remodeling we refer
to [12]. See also the extensive account of the theory of growth in the
volume [13].

Towards computation. Numerical methods, and most importantly finite
element methods, are needed to tackle the formulation of problems
with realistic complex geometries. For the implementation of such
methods incompressible soft biological tissues are considered to be
slightly compressible so as to overcome numerical issues generated by
incompressibility. This is facilitated by multiplicatively decoupling F
into a volumetric part and an isochoric part, the latter denoted F, so
that F = J~!/3F, and hence det F = 1; see, for example,[14,15].

Let C be the corresponding isochoric part of C, i.e. FTF. We can
then treat W as depending on C and J separately (and residual stress
if present). The Cauchy stress can the be written in the decoupled form
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with J& =282 FT _ 24 <
oC

oW oW
=6+ —1I1, C—
RFY; 3 P)

C
& being its deviatoric part. Moreover, tré = 0, and dW /oJ = tro/3
is its hydrostatic part. In finite element formulations it is normal to
employ the second Piola—Kirchhoff stress tensor, i.e. JF~!6F~T. See [2]
for the relevant background.

The formulation based on (22) is often used in finite element
analyses, in particular for soft tissue problems in which W is split into
a deviatoric part and a volumetric part (a volumetric—deviatoric split).
For an isotropic material, for illustration, this split has the form

) I, (22)

W(C,J) = Wio(C) + Wieu (), (23)

wherein the isochoric and volumetric parts of W are, respectively, Wi,
and W,,,. In particular, W, acts as a penalty term for ‘small’ J -1 that
is used to drive J towards 1.

3. Material testing and data acquisition for constitutive modeling
of soft biological tissues

3.1. State-of-the-art

3.1.1. Invitro statically determinate material testing

The most commonly used mechanical test is the uniaxial test on a
thin rectangular piece of tissue. The recorded data are the exerted force
F along direction a and the distance between the tensile machine jaws
L. The axial stretch and the transverse stretch can also be measured
directly through video-extensometer measurements between markers
placed on the specimen surface.

According to Saint-Venant’s principle, away from the jaws, it can
be assumed that the first Piola-Kirchhoff stress tensor is uniform
and may be written such as P = F/A;, a ® a, where A, is the
transverse initial cross section area. If the aspect ratio is roughly
below five, (L/ \/A_o <5), which may happen when testing brain
tissue, parenchyma, or poker-chip shape samples of arteries (radial
tension), the Saint-Venant’s principle is violated because the defor-
mation and the stress components become inhomogeneous. Multiaxial
tests are basically necessary for determining the constitutive parame-
ters of anisotropic soft tissues. Representative multiaxial tests include
planar biaxial extension [16], inflation—extension [17] and bulge infla-
tion [18]. For discussion on the limitations of planar biaxial tests for
characterizing anisotropic nonlinearly elastic solids, we refer to [19].

In a planar biaxial tensile test, a square sample is simultaneously
loaded in two orthogonal directions a and b. It is usually assumed that
the first Piola—Kirchhoff stress tensor is uniform and may be written
as P = F,/Aya®a+ F,/A; b®b, where F, and F, are the exerted
forces along directions a and b respectively. Although planar biaxial
testing offers advantages over uniaxial testing, it is not well suited
for strength assessment because hook-based mounting and the square
specimen geometry typically prevent failure in the gauge area [20].
Failure analysis is more effectively conducted using bulge inflation tests
when they are doable [18]. Note that multiaxial tests are not limited to
biaxial tensile conditions, combinations of uniaxial tension and shear,
or biaxial tension and shear [21], or even triaxial tension [22], were
rarely reported on soft tissues despite the difficulty of ensuring Saint-
Venant’s conditions in such tests. While many soft tissues are used
under tensile conditions in the body, others, like cartilage, have to bear
compression loads as in intervertebral discs, e.g., and need to be tested
in compression rather than in tension [23].

Eventually, it is worth mentioning that all the previous techniques
apply at the tissue scale, where samples of sufficient size (at least
5 x 5mm area) are available. For characterizing soft tissue mechanics
at a lower scale, microindentation or even nanoindentation, at a single
point or in tapping mode, have been used quite intensively [24]. The
recorded force versus penetration depth curves can be related to a local
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(b)
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() (d)

I

Fig. 1. Schematic of a tension inflation test conducted on a segment of aorta (a) with a multiview camera system. A speckle pattern is painted onto the surface
of the aorta and it is imaged with digital cameras directly and indirectly using mirrors. All images are stitched together to reconstruct the undeformed shape (b)
and the deformed shape after inflation (c) [29,30]. Digital image correlation is used to process these images and derive local displacement vectors upon inflation.
After differentiation, the map of maximum principal logarithmic strain (d) is plotted on the deformed shape [29,30].

Source: Adapted from [30].

indentation stiffness of the tissue, but this approach entails solving
very difficult inverse problems when trying to relate the response to
constitutive properties of the tissue due to spatial heterogeneities at
these scales.

3.1.2. In vitro statically indeterminate material testing

Most of the techniques discussed above share the limitation of
assuming uniform stress and strain distributions. Statical determina-
tion is violated when the aspect ratio is insufficient. The existence
of non-uniform material properties provides another source of a stat-
ically indeterminate stress field in the central region of the specimens.
According to mechanobiology [25], these heterogeneities should be
expected as cells need to remodel tissues in order to accommodate
local stress variations. Therefore, submillimeter-resolution strain field
measurements are needed to characterize the regional variations in
tissue mechanical properties.

Digital image correlation (DIC) provides a non-contact means of
quantifying complete, full-field surface displacements and strains across
diverse material systems [26]. The technique, first introduced by Sutton
and collaborators at the University of South Carolina in the early
1980s [27] and subsequently extended to three-dimensional (stere-
oDIC) configurations [28], has since been widely adopted for 2D and
3D deformation measurements in soft biological tissues at the macro-
scale.

A key advantage of DIC in soft tissue testing lies in its non-contact
character, which reduces the risk of amplifying or altering the intrinsic
material response. Moreover, as a full-field technique, DIC enables the
identification of local deformation heterogeneities and facilitates their
comparison with global average deformations, an important consider-
ation for the study of inhomogeneous materials. DIC can be applied to
specimens with diverse surface geometries, whether planar or curved,
and is particularly well suited for accurate measurements on cylindrical
structures such as blood vessels [29,30], as illustrated in Fig. 1. In
addition, it provides point-to-point strain accuracies approaching 0.001
and full-field average accuracies on the order of 50 x 107, enabling
comprehensive assessment of both small and large deformations in a
single specimen.

3.1.3. In vivo testing

Techniques requiring large biopsy samples are clearly impractical,
as they cause significant patient discomfort; consequently, ex vivo meth-
ods are generally limited to very small specimens. In contrast, there
is often a need to determine the mechanical properties of soft tissues
in vivo and in situ. Non-invasive in vivo skin characterization devices
have emerged as promising tools for measurements at the tissue length
scale. The functional principles of these devices vary, with the three
most commonly employed being suction, indentation, and dynamic
shearing [31].

For deeper soft tissues, mechanical characterization typically in-
volves applying a deformation, measuring the resulting displacement
field via an imaging technique, and computing the tissue properties
by solving an inverse problem—an approach broadly referred to as
elastography. The most widely used elastography method, strain elas-
tography (or compression elastography), involves manually deforming
the tissue with an ultrasound transducer and inferring tissue stiffness
from the observed deformation in the ultrasound images [32]. An
extension of this technique, acoustic radiation force impulse (ARFI)
elastography [33], employs a focused ultrasound pulse to induce tissue
deformation, which is then tracked using rapid ultrasound imaging to
generate a qualitative stiffness map. ARFI’s primary advantage over
strain elastography is its ability to probe tissues beyond those that
can be manually compressed, though its depth remains limited by
ultrasound penetration.

A common alternative to ultrasound-based elastography is magnetic
resonance elastography (MRE), which uses MRI to measure shear wave
propagation through soft tissues [34,35]. The shear waves are gener-
ated by an MR-compatible mechanical transducer synchronized with
image acquisition. Additionally, in vivo, non-invasive stimuli can be
used to probe tissue mechanics, the most prevalent being the natural
pulsatile forces exerted by blood on the arterial wall [36].

3.2. Recent trends and future directions

Images of a painted speckle captured with a conventional cam-
era are not always necessary for DIC applications. Alternative imag-
ing modalities, such as optical coherence tomography (OCT), can be
employed to achieve micrometer-scale resolution. OCT has advanced
rapidly, including the development of real-time acquisition capabili-
ties [38], and enables high-resolution, cross-sectional imaging of tis-
sue microstructure at various sub-surface levels under near-infrared
light [39]. The technique has been applied to characterize both soft
and hard human tissues, including blood vessels [38], the respiratory
tract [40], gastrointestinal tissues [41], and cartilage [42]. Beyond
biological tissues, OCT has also been used in biomaterials research, for
example in dental materials, porous 3D scaffolds for tissue engineering,
and hydrogels [43-46].

OCT can be integrated with mechanical testing devices to char-
acterize the mechanical response of aortic tissues using elastography
and other non-contact optical methods [48]. For instance, in [49],
stepwise radial tensile tests were performed on descending thoracic
aortas from healthy pigs and on ascending thoracic aortic aneurysms in
humans, with 3D image volumes (image stacks) acquired from a region
of interest after each loading step (Fig. 2). Due to the aorta’s complex
anisotropic structure and nonlinear mechanical behavior, strain gradi-
ents can vary considerably, not only at the surface but also through
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Fig. 2. (a) Experimental overview of quasi-static uniaxial testing of porcine thoracic aorta samples [37]; (b) samples are held at prescribed stretches during
optical coherence tomography (OCT) volume acquisition; (c) sequential volumetric OCT images of the porcine thoracic aorta with medial wall defect and under
uniaxial tension at 0%; (d) 7%; (e) and 14% average axial strain. Maps of Green Lagrange axial strain E,, measured by digital image correlation (DVC) at (f)

0%;, (8) 7% and (h) 14% average axial strain.
Source: Courtesy of [37].
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Fig. 3. (a) Schematic overview of a p-DIC system showing the cannulation of a pressure-distended arterial sample at the center of a conical mirror [47]. The gauge
needles, with fixed and sliding ends, enables to pressurize and axially stretch the specimen. Spatial distribution of strain energy across an arterial sample; (b) the
strain energy density was computed using identified material properties with the virtual fields method [47]. The results are shown for a loaded configurations
at P = 140mmHg; (c) reconstructed circumferential stress—stretch behaviors for the same sample for every patch and comparison with standard biaxial testing

results (black circles).
Source: Courtesy of [47].

the tissue thickness. In this context, full-field 3D deformation mea-
surements capable of penetrating the tissue are necessary to capture
these non-uniformities. Digital volume correlation (DVC) extends be-
yond the surface-limited information provided by stereoDIC by utilizing
volumetric image data, such as 3D stacks composed of multiple 2D
cross-sectional images (Fig. 2). Accurate correlation between recon-
structed volumes is essential to achieve reliable measurements [50,51],
which can be accomplished using local correlation algorithms [51-54].

Other interesting trends related to soft tissue testing are the com-
bination of mechanical tests with microscopic imaging of the tissue
structure, as, e.g.:

Non-invasive imaging of collagen fiber dispersion (multiphoton)
in response to mechanical strain [55].

Negative Poynting effect and its association with collagen cross-
links [56,57].

Time-dependent properties encompassing both the viscoelastic
and poroelastic behavior of materials [58,59].
Frequency-modulated atomic force microscopy [60].

Multiscale testing with imaging of cells [61] or of fibers [62].
Multiscale full-field (dense) measurements (Fig. 3).

4. Application to arterial biomechanics

The first subsection on the tissue-specific topic deals with arterial
tissue, an important soft tissue of the cardiovascular system. Arterial

tissue forms arteries that transport oxygen-rich blood from the heart
and regulate blood pressure and blood flow through its (visco)elastic
material properties and smooth muscle cells. This subsection provides
with a brief overview of the current state of arterial biomechanics and
focuses on the microstructure, biomechanical behavior and continuum
models for arterials walls using the framework described in Section 2.
This subsection concludes with an overview of current trends and future
developments in this field and simultaneously leads to Section 7, which
deals with machine learning and data mining for soft biological tissues,
using vascular tissue as an example.

4.1. State-of-the-art

The passive mechanical behavior of arterial walls is determined by
the interplay of elastic fibers, collagen, and the extrafibrillar matrix,
while active vascular contractility is governed by the smooth muscle
cells (SMCs), which are responsible for maintaining vascular tone and
resistance. This has led to constitutive models that can capture tissue
properties in both healthy and diseased states. It is generally accepted
that the extrafibrillar matrix behaves isotropically [63], while collagen
fibers are responsible for tissue anisotropy [4]. Experimental results
clearly demonstrate the dispersion of collagen in human arterial layers;
collagen is more significantly oriented in the tangential (in-plane)
direction than that out-of-plane [64]. However, the collagen fabric
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is dependent on vascular topography and (patho)physiological condi-
tions, such as atherosclerosis [65] and abdominal aortic aneurysms,
where out-of-plane dispersion is significantly higher than in tissues
from healthy samples; for further details see [64]. Typically, each layer
of the aged arterial wall, namely, the intima (mechanically insignificant
in young and healthy arteries), media, and adventitia, contains two ap-
proximately symmetrically arranged fiber families [66]. Collagen fibers
in the media are predominantly oriented circumferentially, whereas
in the adventitia they are primarily aligned longitudinally [66]. SMCs
located in the medial layer also exhibit specific orientations, which
may also depend on the (patho)physiological state. These orientations,
in turn, depend on the artery type and species, see, e.g., [67] and
the references contained therein. Two other primary cell types are
present in the arterial walls: fibroblasts produce the structural collagen
in the outer layer, while endothelial cells form the internal lining that
interfaces with the blood. It is important to note that these three cell
types in blood vessels are particularly sensitive to their mechanical
stimuli; for further details see, e.g., Humphrey [68].

4.1.1. Microstructure and biomechanical behavior of arterial walls

A healthy but aged elastic artery, which is a large artery near the
heart that contains significant amounts of elastic tissue, consists of three
main layers: the intima, media and adventitia, as shown in Fig. 4(a).
The intima is the innermost layer of blood vessels and is mechanically
important, especially with increasing age, as it undergoes thickening
with deposition of collagen fibers [69,70]. The media consists of several
concentric, interconnected lamellar units, which in mammals have a
constant thickness (approximately 15 pm) [71,72], see Fig. 4(a),(c).
SMCs are organized into units surrounded by collagen fibers which
are embedded the extracellular matrix (ECM) [67], see Fig. 4(c),(d).
The medial layer of an artery, the tunica media, handles physiological
loads, while the outer layer, the adventitia, acts as a protective, stiff
outer sheath to prevent the artery from overstretching under high
pressure [4]. Fig. 4(b) shows second harmonic generation images of
a healthy (but aged) abdominal aortic wall: at the top an image
through-the-thickness is displayed, with the intima on the left (carpet-
like collagen structure), followed by a transition layer, and the highly
oriented media, followed by another transition layer, and finally the
outer tunica adventitia which contains wavy and thicker collagen fiber
bundels. Further details can be found in [64].

For better material and computational modeling of arterial tissue, it
is crucial to identify the microstructure from the macro-structure to the
nano-structure [75] and to identify changes in collagen fiber bundles
and elastin fibers in response to physiological loading, e.g., using
multi-photon microscopy. Quantifications such as fiber orientation, dis-
persion, diameter, and waviness are measurable, as recently performed
for the adventitia [76] and media [77] of the human abdominal aortas.
These parameters must be integrated into computational models, such
as those based on representative volume elements (RVEs). A recent
review on arterial biomechanics with a focus on microstructural aspects
to underpin RVE-based models can be found in [78].

The biomechanical behavior of arterial walls is a combination of
passive and active contributions: the passive response is governed
by structural components like elastin and collagen, while the active
response is a result of SMC contraction. The mechanical response of
arterial walls is nonlinear due to the combined effects of collagen and
elastin fibers (soft at lower blood pressure, increasingly stiff at higher
pressures [79]), anisotropic [80], and viscoelastic [81] (depending on
topography), see also [68] for further details. A typical arterial segment
contains residual stresses in the unloaded state, best quantified by
stretch and curvature [82], and is prestretched in vivo depending on
age and disease, whereas no axial deformation occurs during a cardiac
cycle [83]. In a range of supraphysiological loading, damage-induced
softening of the arterial walls occurs [84] and even ruptures can occur,
as is the case with aneurysms [85] and dissections [86,87].
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SMCs are located in the medial layer of an artery and are crucial
for maintaining the artery’s mechanical strength and blood pressure
through their ability to contract and relax. Smooth muscle contrac-
tion/relaxation is regulated by the phosphorylation of myosin light
chains, which activates the myosin motors to interact with actin [88].
Activation SMCs causes a decrease in the radial gradient of circum-
ferential stress, until a stable, homeostatic state is reached, i.e. SMC
contraction brings the stress closer to a baseline value that is ap-
proximately constant across all wall layers and maintains vascular
function [89]. In a homeostatic state, which has a stable internal
environment within an artery in vivo, SMCs that are in a state of
partial contraction and form the basal tone of the artery. Changes
in the arterial homeostatic state, such as variations in pressure, axial
stretch, and flow rate, trigger adaptive responses like growth/atrophy
and remodeling [90]. The process of vascular growth and remodeling in
response to mechanical and biochemical stimuli, result in hypertrophic
SMCs and fragmentation of the internal elastic membrane, increased
vessel diameter, and wall thickening. The contraction and relaxation
of SMCs lead to a change in lumen diameter, thus regulating resistance
to blood flow. The mechanical response to activation is completely
different from that after passive loading, which is why studying SMC
activation and its effects on arterial function is so important. Fig.
5 illustrates the (nominal) stress—stretch relationship for pig carotid
artery medial strips, highlighting a pronounced difference between
active and passive mechanical responses.

4.1.2. Constitutive modeling

The arterial wall’s mechanical behavior is determined by its mi-
crostructure. In particular, the collagen fiber structure and the related
dispersion have a dominant impact on the mechanical behavior of
vascular walls and must be integrated into a constitutive model [6].
An overview of constitutive arterial models is provided in [91]. One
approach that accounts for collagen fiber dispersion is angular in-
tegration, first described in [92]. Each fiber is characterized by a
strain energy, which is weighted with a normalized angular density of
the fibers and subsequently integrated over all orientations. Another
approach is based on a structure tensor that accounts for collagen fiber
dispersion.

For the angular integration approach, the energy ¥; stored in the
fiber structure is written as follows

Y =n / p(N)w(A)dS, @4
S

where N is a unit vector in a general direction in the reference configu-
ration, and w is the stored energy in a collagen fiber with direction
N, while A is the fiber stretch along N. The number of fibers per
unit reference volume is n, p(N) is the normalized angular density
of fibers, and S involves a unit sphere over which the integration is
performed. However, several numerical integration methods over .S are
inaccurate for large deformation problems. Therefore, a discrete fiber
dispersion method was introduced, which reduces computational time
while maintaining the accuracy of a continuous model [93]. For the
structural approach we have

¥, = ¥:(C, H), H= L / p(N)N ® NdS, (25)
4 Ky

where C is the right Cauchy-Green tensor [2], H is the deformation-
independent generalized structure tensor, and the tensor product is
given by N® N.

A special case of the structure tensor (25), one for each fiber family,
was proposed in [6]. The mean fiber direction and two fiber dispersion
parameters are characterized by a structure tensor to be fitted with a
bivariate von Mises distribution for the orientation density p(N). One
dispersion parameter describes in-plane dispersion, which quantifies
how much the fibers deviate from the primary fiber direction within
the tangential plane perpendicular to the radial direction, and out-of-
plane dispersion, which quantifies deviation in the radial direction,
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(b)

(d)

Fig. 4. Histomechanical idealization of a healthy (aged) elastic artery with non-atherosclerotic intimal thickening: (a) wall composed of three layers, i.e. intima
- innermost (I), media — middle (M), and adventitia — outermost (A); (b) second harmonic generation images of a healthy (but aged) abdominal aortic wall -
on the top an image through-the-thickness is displayed, while the three images on the bottom show in-plane sections of the (I), (M) and (A) (white scale bars
corresponding to 100 pm); (c) aortic media’s microstructure, highlighting its multi-layered structure of lamellae, smooth muscle cells (SMCs), with elliptical nuclei
(N) embedded between elastic lamellas (EL) and surrounded by an extensive network of interlamellar elastin fibers (IEFs shown with black arrows), elastin struts
(ES) with reinforced elastin pores (EP); (d) schematic of two SMCs and two fenestrated ELs with their connections—collagen fibers (Coll) are tightly connected
to ELs, the left SMC is connected to both EL, the right SMC is connected to the lower EL by oxytalan fibers (Ox), and larger deposits (D) of collagen and heparan
sulfate proteoglycan indicates that these molecules are actively interacting with the cell membrane.

Source: From [73].
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Fig. 5. Relationship between uniaxial nominal stress and stretch for strips of
the medial layer of the common carotid artery, differentiating between the
active (blue circles) and passive (red squares) mechanical responses, while the
curves represent model fits.

Source: From [74].

perpendicular to the artery’s surface. The two dispersion parameters
capture data of arterial walls with non-symmetric collagen fiber dis-
persion, as shown, e.g., in [66] based on human non-atherosclerotic
thoracic and abdominal aortas, as well as common iliac arteries. How-
ever, the related model [6], where, for each set of fiber families, only
three structural parameters are needed to model the non-symmetric
collagen fiber dispersion and is now widely used to capture the mechan-
ical behavior of a variety of fibrous tissues, including vascular walls,
myocardium, heart valves, cornea, adipose tissue, bladder, articular

cartilage, and skin, to name a few. The structural approach can also be
employed to model the mechanical behavior of diseased tissues such
as aneurysmal abdominal aortic tissue [64,94]. This study showed that
this collagenous tissue type differs significantly from healthy aortic
tissue. In particular, there is a significantly increase of out-of-plane
dispersion, leading to variations in material and structural parameters.
Interestingly, in abdominal aortic aneurysms, collagen fibers in the
abluminal layer lose their waviness and form thicker, straighter struts.
Note that both modeling approaches exhibit very similar predictive
capabilities for a considerable range of large deformations [95], al-
though they involve different constitutive frameworks. A recent review
of nonlinear isotropic and anisotropic constitutive models appropriate
for the description of the response of soft biological tissue such as
(in)elasticity, viscoelasticity, damage and poroviscoelasticity can be
found in [96].

The modeling of muscle activation is part of current research and
still requires significant intensification, particularly with regard to the
important biochemomechanical coupling effects. The very first model
that can describe muscle activation goes back to Hill [99], who received
the Nobel Prize for Physiology. Stilhand et al. [98] were the first to use
a material law that includes chemical kinetics of smooth muscles, based
on the model of Hai and Murphy [100], in combination with nonlinear
continuum mechanics. The relationship between active normalized
stress ratio T/T,, and stretch for different calcium concentrations is
depicted in Fig. 6. Here, T,, denotes the minimum stress value in
the maximum activated state. In the maximally activated case, stress
depends (almost) linearly on stretch, whereas the stress response in
activated muscles is strongly nonlinear. Typically, it is assumed that
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Fig. 6. Relation between normalized stress ratio 7'/T;, and stretch for different
Ca”* concentrations ([Ca’*]), where T, denotes the minimum stress value in the
maximally activated state (see [97] for data). Black diamonds: [Ca**] = 10 uM;
pink squares: [Ca®*] = 8.9 uM; blue circles: [Ca®*] = 4.3 uM; green crosses:
[Ca®*] = 2.7 pM; red plus signs: [Ca®*] =19 uM; The solid curves correspond
to the model results.

Source: From [98].

the total stress ¢ can be written in the decoupled form o, + &,, where
o, is the passive contribution and o, is the active contribution. A
new multiscale constitutive model that considers arterial contractility
at the molecular, cellular, and tissue levels was proposed in [101].
Recent studies on constitutive modeling of vascular smooth muscle cell
contraction can be found in [102-104], while the studies in [105-107]
focus on the biochemomechanics.

4.2. Recent trends and future directions

Although constitutive models for predicting passive arterial behav-
ior are now well established, newer computational frameworks have
been proposed for performing fluid-solid—growth simulations. These
approaches integrate structural stress analyses, growth and remodeling
(G&R) analyses, and computational fluid dynamics, enabling long-
term, patient-specific predictions of evolving hemodynamics, vessel
wall morphology, tissue composition, and material properties [108,
109].

However, such models are only clinically useful for prognosis if
the constitutive parameters of the G&R models can be identified on
a patient-specific basis. These parameters, which may vary regionally,
govern processes such as ECM protein turnover and its modulation
by local strains, stresses, and stiffness. Furthermore, patient-specific
constitutive parameters regarding external tissue support and mechan-
ical properties of tissues, along their spatial heterogeneities, including
wall thickness and fiber orientations, represent an unsolved problem—
so far, corresponding computational analyses are based on several
assumptions and not patient-specific data, which raises questions re-
garding their agreement with in vivo conditions. Only with evolutionary
constitutive models can accurate long-term predictions of rupture risk
be achieved. One promising avenue is the combination of constrained
mixture models [110] with machine learning, contingent upon the
availability of comprehensive longitudinal data on aneurysm progres-
sion from a sufficiently large patient cohort. Establishing this would
require a multi-center database containing 4D MRI images, genetic
profiles, blood pressure values, and pulse wave velocities.

Among the various processes driving temporal changes in tissue
composition and constitutive properties, aging is widely regarded as
a major factor in the onset of cardiovascular diseases. While age-
related stiffening of arteries is relatively well characterized [111],

Acta Biomaterialia xxx (xxxx) Xxx

computational simulation of the underlying mechanisms at smaller
scales remains lacking. To achieve this, stress analysis models would
need to be coupled with models of vascular mechanotransduction,
such as agent-based models [112], which simulate interactions between
biological pathways and their mechanical consequences at the tissue
scale [113]. The effects of chemical stimulation can also be incorpo-
rated via mathematical models of cellular signaling networks. Despite
their potential, predictions from such models require validation using
omics data.

To date, these models have not been adapted to patient-specific
conditions, including local ECM remodeling and the cell phenotypes as-
sociated with vascular aging. Mechanobiological interactions between
cells and the ECM, which evolve over multiple timescales (minutes
to months), must be considered to capture age-specific vascular adap-
tations to stimuli such as elastin degradation, phenotypic transitions
in vascular smooth muscle cells, and inflammation. Furthermore, the
interplay between mechanical forces and aging-related effects, includ-
ing cellular senescence and endothelial dysfunction, remains largely
unexplored across relevant length and time scales. Some computational
approaches have attempted to perform stress analyses at the level
of medial lamellar units or individual cells [114,115], providing a
potential pathway for more detailed mechanobiological modeling.

In conclusion, considerable work remains to be done to develop a
new generation of micromechanical computational models that incor-
porate the mechanobiological effects of vascular aging.

5. Applications to cardiac biomechanics and mechanobiology

The second subsection on the tissue-specific topic deals with car-
diac tissue. It is a type of striated muscle (myocardium) consisting of
individual heart muscle cells (cardiomyocytes) that are interconnected
and enveloped by collagen fibers. Cardiac tissue forms the main part of
the heart, which is a central component of the cardiovascular system.
This subsection also provides a brief overview of the state-of-the-art of
research and describes cardiac mechanics at various scales—from the
cellular level to the tissue level and up to the entire heart. Finally, some
current trends are presented, such as cardiac digital twins, big data,
and the use of engineered heart tissues to better understand cardiac
mechanics.

5.1. State-of-the-art

Our understanding of the biomechanics of myocardium has evolved
substantially, from initial studies considering the mechanics of the
heart using the Law of Laplace [116] to the modern approaches us-
ing patient-specific modeling [117-120]. Biomechanical models of the
heart have evolved from simplified ellipsoidal left ventricular mod-
els [121,122] to incorporate greater anatomical realism, using patient-
specific imaging data to construct biventricular [123-125] and four
chamber heart models [126,127]. Reflecting the multiphysics nature
of muscle mechanics, heart models have evolved to include electrome-
chanics [128-130], fluid-structure interaction [131-134], poroelastic-
ity [135-138] as well as in-depth biochemical processes [139].

Fundamental to the functional modeling of heart muscle is our
characterization of passive tissue properties. The passive biomechanics
of the heart provide the foundation for representing tissue response to
load. Many experimental studies have been performed on myocardial
tissue [143-148], highlighting its strong nonlinearity and orthotropy.
Modeling these effects relies on our inherent understanding of the local
microstructure, where muscle fibers bundled into laminar sheets and
layered together create local fiber, sheet and sheet normal directions.
From these foundations, hyperelastic constitutive formulations have
been developed [149-153]. Among the most commonly deployed in
computational models are the Guccione [154] (providing a coupled
transversely isotropic representation of the heart), Costa [152] (provid-
ing a coupled orthrotropic representation), and Holzapfel-Ogden [153]
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Fig. 7. Scanning electron microscopy of ECM structure in the (A) rabbit and (B) canine myocardium [140]. This results in a (C) multiscale friction processes
with a (D) effective density of relaxation phenomena. The spectrum of the multiscale relaxation response is shown in (E), where the colors indicating different
scales of response and its representation using a fractional model [141]. The constitutive model of the fractional response is compared against traditional models
under (F) high frequency, (G) low frequency, (H) relaxation, and (I) creep testing modalities.

Source: Adapted from [142].

(providing a separated othotropic representation) constitutive relations.
These models have been shown to replicate experimental measure-
ments, including uniaxial stretch, biaxial stretch, and triaxial shear.
More recently, researchers have developed multimodal experimental
protocols integrated with constitutive relations on individual tissue
samples specifically optimized to enable unique estimation of material
parameters [147].

While the foundation of cardiac mechanical models has focused
on hyperelastic formulations, it is well-known experimentally that the
heart is, mechanically, a nonlinear poroviscoelastic material (Fig. 7).
Capturing the anisotropic viscoelasticity of the heart poses challenges in
accurately capturing the rate dependent effects. Some of the first mod-
els developed for human myocardium extended the Holzapfel-Ogden
formulation using spring—dashpot analogues to define rate-dependent
constitutive formulations [155]. While capable of describing individual
biaxial and shear responses, it was observed that this model approach
required independent parameterizations depending on the experimen-
tal data. This limitation stems from the complex relaxation phenom-
ena of the heart, which exhibits behavior more consistent with a
power-law [141]. More recent constitutive relations were developed,
leveraging fractional viscoelasticity to capture these rate dependent
effects across experimental protocols [142]. This formulation further
introduced a blended approach between coupling and separable stress
terms, enabling more accurate recapitulation of biaxial shear experi-
ments [141]. Building into these models accurate characterizations of
the porous effects stemming from fluid motion (either from blood or
interstitial fluid) has been attempted [136,137,156], but remains an
open challenge in the description of cardiac tissue mechanics.

Critical to capturing the active mechanics of myocardium across
the cardiac cycle is the integration of active mechanical constitutive
relations. With each beat, electrical stimulation of cardiomyocytes
induces contraction through cross-bridge cycling [97,157,158]. Some
features of active mechanics in muscle are fundamental, including the
Frank-Starling mechanism and force-velocity relationship. However,
unlike passive mechanics, which evolves on longer time-scales through
growth and remodeling processes, active contraction is highly adapt-
able and strongly dependent on sarcomeric protein isoforms [159-161],
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regulation of ionic species [162], metabolism [163], pH [164], as well
as the intracellular structural organization of the cell [165,166]. This
diverse array of factors has led to an array of constitutive modeling
approaches to integrate active mechanics. While some models aim for
simplicity by fitting active tension to whole-organ data [124,167],
others delve into these intracellular processes through the integration
of cell models within the biomechanical framework, offering potential
insights into excitation—contraction coupling [168-170] and/or the
underlying metabolism of the heart [171].

5.2. Cardiac mechanics across scales

Cardiac function essentially relies on coordinated mechanical action
across scales that translate the cycling of sarcomeric proteins into the
pumping function of the entire organ. The implementation of these
processes relies on the hierarchical structure and function of cardiac
tissue, with important biomechanical phenomena occurring at each
level.

At the cellular level, biomechanics of the cardiomyocyte depend
critically on the generation of force through cross-bridge cycling, the
passive mechanics of the cell, and the three dimensional anatomy
of the cell. Understanding the active contractile forces generated at
the cellular level requires synthesis of cardiac excitation, cross-bridge
cycling and metabolic pathways [97,171]. Understanding these path-
ways at the cellular level, in health and disease, is complex, with
experimental techniques ranging from the study of isolated cross-bridge
proteins [172], skinned muscle preparations [173,174], and carbon
fiber cardiomyocyte preparations [175]. Passive mechanical function
of the heart, at the cellular level, is dominated by the large pro-
tein titin [176], a large spring-like molecule providing viscoelastic-
ity to the cell [177]. In addition, cardiomyocytes are supported by
a scaffolding of desmin, actin and microtubules which interconnect
key cellular structures [176]. Critically, these structures create highly
aligned myofilaments, t-tubles, and intracellular structures that ensure
effective mechanical function of the cell. Understanding and modeling
the compendium of these features is currently an open area and is
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Fig. 8. Personalized digital twins add patient-specific modeling characteristics to capture cardiac behavior over time. (A) 4D CTA with automatic segmentation
of the heart chambers and great vessels. (B) Fiber strain in a biventricular heart model. (C) Patient-specific data showing the impact of progressive fibrosis.

key to translating how known variations in disease may impact the
biomechanics of the cell.

At the tissue level, cardiac biomechanics extends from individual
cardiomyocytes into laminar sheet structures relying critically on the
ECM, vasculature, as well as other cell types. Considering cardiomy-
ocytes as the fundamental building blocks of cardiac tissue, these
cells are anchored to one another at the intercalated disk (enabling
force transmission cell-to-cell) as well as to the ECM at costameres
(enabling force transmission cell-to-matrix) [178]. In turn, the ECM
provides the key backbone of the tissue, determining the alignment and
dispersion of cardiomyocytes and other tissue-level structures through
networks of endomysial and perimysial collagen [179]. While much of
the mechanics of muscle focus on the cardiomyocyte, the most domi-
nant cell-type of the heart is the endothelial cell [180], reflecting the
significant density of the coronary vasculature. Beyond contributing to
the mechanics through their arterial walls, coronaries are mechanically
loaded structures that dynamically interact with the muscle throughout
the heart cycle [136]. Maintaining and adapting this architecture are
fibroblasts, which work in concert with cardiomyocytes to respond to
changing mechanical demands at the tissue-level. While much of the
structure of cardiac tissue is well-known through imaging studies [181,
182], how the mechanics of the fundamental tissue building blocks
integrate remains an active area of research [183,184].

At the level of the whole heart, the hierarchy of mechanical effects
integrates to drive blood flow. A critical determinant of whole organ
mechanics is the fibrous architecture of the myocardial wall, which is
most commonly defined through rule-based approaches [185-187] but
can also be defined from diffusion tensor MRI [188]. Electrophysiolog-
ical activation of the muscle, trigger contraction, also plays a key role
in the biomechanics at the organ-scale, with alterations in conductivity
changing the synchronicity of contractions. Interaction blood within the
intraventricular chambers drives the preload and afterload experienced
by the heart muscle. While often simplified by modeling using pressure
boundary conditions, the dependence of tissue mechanics on the blood
flow can be significant, particularly in valvular disease. Clinical imag-
ing data, through echocardiography, computed tomography, or MRI,
can provide a wealth of data for developing biomechanical models
at the whole organ scale. What remains a challenge is the personal-
ization of these biomechanical models, with uncertainties in material
characteristics, noninvasive loading conditions (particularly diastolic),
determination of the unloaded mechanical state, residual stresses, and
external boundary conditions are all thought to play a key role in
whole-organ mechanics.
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5.3. Recent trends and future directions

Driving the development of cardiac biomechanics are their applica-
tions towards understanding disease development, improving diagno-
sis, and guiding treatment. A key thrust is the development of cardiac
digital twins [189-192], which aim to add to personalized patient-
specific models of the heart by integrating models that recapitulate
the adaptive responses of the heart over time (Fig. 8). This ambitious
goal exposes many holes in our current understanding of the heart.
Personalization of cardiac models, by determining unknown material
characteristics from currently available clinical data remains a chal-
lenge. Current approaches often rely on rules to combat uncertainty
and drive model development, such as creation of rule-based fiber
fields [193] or determination of passive mechanics based on the so-
called Klotz curve [194]. However, new techniques to grapple with data
and improve personalization remain critical. Extending heart models to
adaptive digital twins is feasible through growth and remodeling [13,
195-197], with kinematic growth [198] and constrained mixture the-
ory [199] providing a theoretical foundations, as well as detailed
biochemical models that describe alterations at the cellular and tissue
levels [200,201]. Integration of these adaptive models would enable
the prediction of cardiac biomechanics through disease development
as well as the potential remodeling and restoration of normative heart
function with treatment. Driving these adaptive models on a patient-
by-patient level, however, requires personalization of these adaptive
mechanisms, which are likely to vary substantively across populations.
Beyond the diversity across subjects, the effects of aging within individ-
uals introduces natural long-term dynamics in these adaptive models,
changing the adaptivity of the heart throughout life.

Solving the challenges of cardiac digital twins requires integration
between biomechanics, data science, and omics. Capturing biomechan-
ical diversity across sex, ethnicity, and age along with disease is in-
creasingly being enabled by large databases, such as UK BioBank [202],
FinnGen [203], LifeLines [204], and others. At scale analysis of imaging
to heart models [205,206], provides the capacity to capture heart func-
tion and potential to personalize cardiac mechanical models. Unlocking
the drivers behind observed anatomical, biomechanical, and adaptive
diversity in the heart requires integration with other patient data.
This includes electronic medical records, potential data from wearable
devices, and omics. Linking biomechanics to genomics, transcriptomics,
proteomics, and metabolomics is likely to provide key mechanistic
insights [207] that can serve to better predict patients’ long-term heart
function.
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Fig. 9. Use of engineered heart tissues to understand cardiac mechanics. (A) Example of EHT fabrication [178]. (B) Brighfield video of an EHT [62]. (C)
Immunofluorescense imaging showing cell nuclei (DAPI), synthetic fibers (DVS fibers) and myofibrils (titin) [62]. (D) Displacement field of a beating EHT
obtained using an optical flow analysis [62]. (E) Computational modeling of EHTs grown in different substrate stiffness. Bar plots shows the estimated active
stress derived from the model [222]. (F) Simulated stress-driven sarcomeric alignment [220].

With big data and biomechanics driving personalized medicine
through digital twins at the organ scale, further work towards un-
derstanding the keys to mechanics at the tissue and cell level are
needed to gain more mechanistic insights into the multiscale nature
of cardiac function in health and disease. A promising avenue for
investigating these effects is through engineered heart tissues (EHTS),
whereby living tissue constructs can be fabricated in vitro and studied
longitudinally [208-210] (Fig. 9). Developed using induced pluripotent
stem cell (iPSC) cardiomyocytes, EHTs can be fabricated at varying
scales [211], with platforms providing a mix of cell types [212,213],
control of extracellular architecture [178], and integration with disease
models [214]. EHT platforms have also been designed to operate
at scale [215], providing the capacity to perform large-scale assays
examining biochemical or mechanobiological functions in cells and
tissues. Modern imaging techniques, like iterative indirect immunoflu-
orescence imaging (4I) [216], enable monitoring of cellular and tissue
level protein structures and interactions. Importantly, these EHTs can
be mechanically manipulated using stretch protocols [217], electrical
pacing [218], pharmacological agents [178], and damage [219] to
signaling and mechanobiological drivers of remodeling at the small
scale. Integrating EHTs and modeling is at its early stage, but models
have proved useful in a range of ways, from elucidating mechanistic
drivers of cellular response to stress [220,221] to providing context to
experimental results [222]. Continued development of cardiac biome-
chanics and tissue engineered myocardium promises to significantly
improve our basal understanding of fundamental mechanobiological
mechanisms of the heart.

6. Applications to brain biomechanics

The final subsection on the tissue-specific topic deals with the very
soft, water-rich tissue of the brain, which consists mainly of neurons
(for signal transmission throughout the body by means of electrical
impulses and neurotransmitters) and glial cells (the essential support
system for neurons) organized into gray matter (processing and inter-
preting information) and white matter (signal transmission). Following
a brief review of the biomechanics of the brain at the cell, tissue and
organ level, future aspects are highlighted, such as the need to improve
multi-field models by considering various coupled processes. Another
discussion is on the data-driven discovery of constitutive models, which
also leads to the next section.

6.1. State-of-the-art

Traditionally, mechanics is not believed to be a major factor in how
the brain works. After all, the brain is nicely isolated from the rest
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of the world through a hard skull and multiple layers of fluids and
tissues. Unlike other major organs, the brain’s main function is not to
sustain loads, perform mechanical work, or convert external resources
to energy. The brain’s primary function is to coordinate and regulate
bodily activities, processing sensory information to form perceptions,
thoughts, and memories. It serves as the central organ of the human
nervous system, overseeing both voluntary actions like movement and
involuntary ones such as breathing. As such, the brain uses energy pro-
vided by the body to organize its homeostatic functions and response
to the environment. Hence, the standard approach to neuroscience is
to look at the brain as a unit that process information and, essentially,
lives outside the physical constraints associated with other organs. Yet,
the brain lives in physical space and during both development, life, dis-
eases and trauma the brain strongly depends on mechanical processes.
Hence, the influence of mechanics on the brain is of significant interest
for developmental and clinical neurobiology [223].

6.1.1. Brain biomechanics at the cell level

At the microscale, mechanical forces affect the behavior of neurons
and glial cells in the brain both during development and normal
functions as well as during trauma [225]. Indeed, during neural de-
velopment, mechanical signals play a pivotal role in growth cone
navigation, a critical process where the extending processes of neu-
rons find their path to their target destinations to create a functional
network that oversees all sensory responses and cognitive tasks. The
growth cone is a dynamic motile structure at the tip of each axon [226].
It must interpret multiple information cues from its environment to
guide axonal extension [227]. While there has been much emphasis
on responses to chemical signals (chemotaxis), in recent years it has
been found that mechanical cues are also significant. For example,
substrate stiffness significantly influences the direction and rate of
growth; growth cones typically prefer and extend faster on substrates
with intermediate stiffness, an effect known as durotaxis [228,229].
Furthermore, the physical topography of the extracellular environment,
such as aligned fibers, microgrooves and other axons [230] can also
direct axonal growth through contact guidance, where the structural
features of the environment mechanically interact with the cytoskeleton
of the growth cone (see Fig. 10). This interaction helps steer the growth
cone along a physical path that supports the formation of functional
neural networks. A multiscale biomechanical model of the interaction
of the actin fibers with the cytoplasm, cross-linkers and substrate
explains the origin of durotaxis, the response of a growing axon on the
substrate stiffness [231].

Once established, these neuronal networks support fast information
propagation from multiple neurons through the generation of electrical
impulses known as action potentials. When these electrical impulses
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Fig. 10. An essential mechanical structure of the nervous system is the axon, composed internally of microtubules stabilized by tau proteins. Under moderate
traction velocities, the axonal core behaves like a viscoelastic Maxwell material.

Source: Adapted from [224].

reach the synapses — the junctions between neurons — they prompt the
release of neurotransmitters that cross the synaptic gap and bind to
receptors on the postsynaptic neuron, altering its electrical state and po-
tentially triggering a new action potential if the signal is strong enough.
Not surprisingly, this delicate process relies also on the proper mechan-
ical environment as it has been shown that synapses without tension
fail to fire in hippocampal neurons [232] and that active transport of
vesicles in neurons is also modulated by mechanical tension [233]. As a
mechanical element, the axon is itself a complicated active solid that in-
herits its properties from the interaction of internal solid microtubules
attached by proteins that bind and unbind, surrounded by a sleeve of
contractile viscoelastic actomyosin molecules [224,234,235].

Mechanics at the axonal level also plays a role in any brain trauma
that can lead to the rupture axonal connections. In particular, the role
of mechanics in nerve regeneration is now well recognized as a critical
factor in the repair and regrowth of damaged neural tissues [236].
Mechanical cues, such as substrate stiffness, tension, and the elasticity
of the surrounding environment, can significantly influence the behav-
ior of neurons during the regeneration process. For example, optimal
stiffness of a scaffold can mimic the natural neural tissue environment,
providing support and guidance for growing neurons, enhancing axonal
outgrowth and facilitating better alignment and connection with target
tissues.

6.1.2. Brain biomechanics at the tissue level

The rheology of brain tissue is highly complex due to its ultrasoft,
biphasic, and heterogeneous nature. Brain tissue exhibits viscoelastic
properties, as its mechanical response depends on both the time and
nature of the applied strain. The tissue’s high water content (about
80%) further complicates its mechanical behavior, as it can exhibit
poroelasticity, where fluid movement within the tissue influences its
response to deformation. Testing brain tissue presents significant chal-
lenges due to its extreme softness, fragility, and tendency to deform
under its own weight.

At the elastic level, brain tissue is considered an ultrasoft material
with a low shear modulus, typically on the order of 1kPa [237], making
it much softer than almost all other mature biological tissues (with
maybe the exception of adipose tissue [238]). Its elastic behavior is
nonlinear and strain stiffening. This nonlinear response is observed
across different loading modes, such as uniaxial tension, compression,
and shear [239]. Interestingly, brain tissue exhibits an asymmetry in its
elastic properties, being stiffer in compression than in tension, likely
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due to the biphasic nature of the tissue, where cerebrospinal fluid
trapped in the matrix provides greater resistance under compression.
Additionally, while brain tissue can recover its shape after moderate
deformations, excessive strain leads to permanent damage, especially
in the fragile axonal fibers.

Several hyperelastic models have been proposed to represent the
nonlinear elastic behavior of brain tissue, each capturing different
aspects of its strain-stiffening and asymmetric response under tension
and compression, including the neo-Hookean model, which using the
formalism of Section 2 can be written W = u(I;, — 3)/2, where u is
the shear modulus and I; is the first invariant of the Cauchy-Green
deformation tensor. However, while it has been used for brain tissue,
the neo-Hookean model cannot adequately describe its highly nonlinear
response at large strains. The next attempt was to use a Mooney-
Rivlin model W = C,(I; — 3) + C,(I, — 3), where C; and C, are
material constants, and I, is the second invariant of the Cauchy-Green
deformation tensor as defined in Section 2. This model captures some
degree of nonlinearity but remains insufficient for representing the full
complexity of brain tissue behavior [240]. A better approach is to use
an Ogden model
W=zn:% (A7 + A3 + 47 =3) (26)
where y; and «; are material parameters. The Ogden model is well
suited for brain tissue because it reflects the strain-stiffening behavior
and the significant difference between the tension and compression
responses [238,241], as shown in Fig. 11.

A radically different approach to constitutive modeling based on
machine learning and a data-driven approach was proposed more
recently as discussed in detail in Section 7 [242]. This method combines
experimental data and computational techniques to automatically dis-
cover constitutive models that best describe the mechanical behavior of
the material [243,244]. It uses simultaneously different experimental
data with different loading modes: uniaxial tension, uniaxial com-
pression, simple shear. These experiments provide data points for the
nominal stress as a function of strain in the tissue. Then the method
searches within a predefined family of potential models that include
different functional forms of the strain—-energy function. In particular,
for incompressible isotropic material, this family includes terms based
on the first invariant I, and the second invariant I,. When applied to
the brain, the method finds a rather puzzling result: the best-performing
model only depends on the second invariant I, [245]. Specifically, the



S. Avril et al.

a 04 —0% 10% tension
03— 5% compression 15% tension
2| —10% compression — 20% tension
— 15% compression — 25% tension
. 02— 20% compression
& 25% compression
2 0.1r 5% tension
wn
n
£ oor
w
o
8 0.1
P ~d
[

-0.1

0.0
amount of shear [-]

0.4 :
b —0% 10% tension
03l — 5% compression 15% tension ]
| —10% compression — 20% tension 4
© 02t~ 15% compression — 25% tension
e 20% compression
n 25% compression
ﬁ 0.1 5% tension
n
5 0.0
(0]
G
v 0.1
£~
a 7
o 02
03
- --model (u=0.66 a=-7.3)

0.2

Acta Biomaterialia xxx (xxxx) Xxx

_0—6.2 -0.1 0.2

0.0
amount of shear [-]

Fig. 11. Modeling compression/tension-shear experiments on brain tissue: (a) mean shear stress as a function of shear deformation; (b) mean “elastic” shear
stress against shear deformation, with error bars representing standard deviations, together with the fitted curve from the Ogden strain-energy function (26)
using parameters n = 1,a; = 7.3, y; = 0.66 (adapted from [239]). The results indicate that an initial compressive strain enhances shear stresses, whereas an initial

tensile strain does not.

discovered model that best fits human brain tissue is:

W =w;(I; = 3) + wy{explw,(I, —3)] - 1}, 27)

including a linear term w, (I, — 3), which provides a basic linear elastic
response and an exponential term w,{explw,;(I, — 3)] — 1}, which
accounts for strain hardening, especially at large deformations.

A model that depends solely on the second invariant I, fits brain
tissue data effectively due to the unique mechanical properties of the
brain’s soft tissues, particularly its response to shear deformations.
Indeed, in contrast, the first invariant I, primarily captures the average
stretch and is more relevant for describing isotropic expansions, which
are less significant in brain tissue under physiological or pathological
conditions. Further, the fact that brain tissue exhibits asymmetry in its
stress response to tension and compression suggests that an I,-based
model, which is symmetric in nature, cannot capture these features
effectively. However, an I,-based model inherently incorporates such
asymmetries, allowing for more accurate predictions [245]. However,
it is important to note that brain tissue typically exhibits a highly
hysteretic response during loading and unloading, indicating a signif-
icant degree of energy dissipation, which requires visco-elastic and
poro-elastic models.

6.1.3. Brain biomechanics at the organ level

At the organ level, mechanics also plays a crucial role in brain
function, both in its normal development and in response to trauma.
During development, mechanical forces drive processes such as cortical
folding and the overall structural organization of the brain [246,247].
Any disruption in these forces can lead to developmental disorders or
structural abnormalities. In the context of trauma, external mechanical
loads can cause immediate damage to the brain tissue, leading to con-
ditions such as traumatic brain injury (TBI) [248], which may require
invasive procedure such as craniectomy to relieve stresses [249].

Starting at the developmental level, the mechanics of brain folding,
or gyrification, is a crucial aspect of brain development that allows for
the rapid tangential expansion of the cerebral cortex while maintaining
a compact volume [250,251]. Several hypotheses have been proposed
to explain the mechanisms driving cortical folding during brain devel-
opment. An older theory is that the skull-constraint hypothesis, suggests
that the rigid skull restricts brain growth, forcing the cortex to fold as it
expands. However, this has largely been discounted as the skull accom-
modates brain growth [252]. A popular theory among neuroscientists is
the axonal tension hypothesis, which posits that tension in axons connect-
ing distant regions of the brain pulls cortical areas together, leading to
the formation of gyri. Additionally, patterned growth models propose
that localized differences in neuronal proliferation and migration drive
the formation of primary folds in consistent regions. However, theory,
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simulations, and experiments on ferret brains have clearly established
that axonal tension cannot be the prime driver of folding [253,254].

The third theory is the differential tangential growth hypothesis, which
proposes that since the outer layers of the cortex grow more rapidly
than the underlying layers, a compressive stress is induced that leads
to mechanical buckling and folding. This minimal hypothesis accounts
for the basic pattern observed and is sufficient to explain the ob-
served variations of thickness between gyri and sulci [255,256]. The
wrinkling instability [257] is now recognized as the main factor for
folding, including by David van Essen, the initial promoter of axonal
tension theory, who wrote: ‘the relatively rapid tangential expansion of
the cortex has emerged as a driving factor’ [258], relegating axonal ten-
sion as a secondary, but potentially important, factor in shaping finer
details of brain geometry, such as white matter organization [259].
Importantly, disruptions in the folding process can lead to develop-
mental abnormalities linked to conditions such as epilepsy, autism,
and schizophrenia [260], but the precise effects on folding are dif-
ficult to pinpoint exactly due to the complexity of these conditions.
Hence, gyrification by itself has not yet been conclusively used as a
biomarker [261]. In recent years, there has been a great deal of interest
in refining these basic mechanical principles, including brain geometry,
the role of curvature as shown in Fig. 12, [262,263], and adding axonal
tension as a secondary constraint [264-266].

On the traumatic side, mechanics plays a key role in understanding
and mediating swelling induced by trauma. In particular, mechanics
dominate brain deformations during craniectomy, a surgical procedure
where part of the skull is removed to relieve intracranial pressure (ICP).
Craniectomy is often performed in cases of traumatic brain injury,
stroke, or other conditions that cause swelling of the brain leading
to elevated and dangerous ICP. From a mechanical perspective, the
craniectomy significantly alters the load distribution on the brain tissue
and skull. Normally, the skull provides a rigid boundary that constrains
the brain, maintaining internal pressure balance. When a portion of the
skull is removed, the brain can expand outward through the opening,
reducing ICP. However, the deformation itself is not without danger
as it creates large deformations and mechanical stress on the exposed
brain tissue that can be computed as shown in Fig. 13, [267,268].
The mechanical deformation due to the loss of this rigid boundary
can lead to strain in the brain’s soft tissue, which may contribute to
secondary injury if not managed properly. Additionally, without the
skull’s protection, the brain becomes more vulnerable to external me-
chanical forces, which necessitates careful post-operative monitoring
and, in some cases, further intervention such as cranioplasty, where
the removed skull portion is replaced after swelling subsides. Recently
detailed models including poro-elasticity and allowing for monitoring
have also been proposed [269-271].
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Fig. 12. Mammalian brains exhibit significant differences in shape and degree of gyrification. Simulations of a spheroid with a growing cortical layer and
different ellipticities predict transverse folds in brachycephalic skulls and longitudinal folds in dolichocephalic skulls, highlighting the role of substrate curvature

in determining fold location.
Source: Adapted from [262].
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Fig. 13. The temporal evolution of swelling in the left hemisphere is illustrated. Columns correspond to volumetric increases of 2%, 4%, 6%, 8%, and 10% in the
white matter of the left hemisphere. The rows present the resulting deformed geometry, displacement, maximum principal strain, radial stretch, and tangential
stretch. The highest levels of strain and stretch appear at the margin of the cranial opening, suggesting that axons in this region are particularly vulnerable to

mechanical damage and diffuse axonal injury.
Source: From [267].

6.2. Recent trends and future directions

There has been a remarkable increase of interest in brain mechanics
in the last 10 years since we first published our call to arms [223].

At the microscopic level, it is now well understood that mechanical
forces can modulate cellular processes critical for axonal regeneration,
such as by activating mechanosensitive ion channels, influencing gene
expression related to growth and repair, and guiding the direction of
growth through contact guidance mechanisms [272]. These mechanical
aspects are vital not only for the direct manipulation of neuronal
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growth paths but also for creating an environment conducive to re-
pair, potentially improving outcomes in treatments for spinal cord
injuries, peripheral nerve damage, and other neurodegenerative con-
ditions [225]. A combined theoretical, simulation, and experimental
approach is now possible with great potential for new treatment.
Another serious gap in the mechanical knowledge of the brain
that we identified is the proper characterization of its rheological
properties, at the tissue level. The situation has greatly improved
with multiple experiments under multiple loadings and under different
conditions [273]. These advances together with the remarkable new
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data-driven approach to constitutive modeling suggest that we will
soon have excellent models for tissue behavior that can be used as
a baseline to study several conditions. In particular, it is known that
brain stiffness evolves significantly during aging and in the presence
of neurological diseases. Studies show that brain tissue tends to soften
with age, particularly in conditions such as Alzheimer’s disease and
multiple sclerosis [274]. Magnetic resonance elastography reveals that
the brain’s overall elasticity decreases with advancing age, likely due
to the degeneration of the ECM and loss of structural integrity in the
tissue [273,275,276]. In diseases like multiple sclerosis, demyelination
— where the protective myelin sheath around neurons deteriorates
- leads to a noticeable reduction in stiffness. Similarly, Alzheimer’s
disease is associated with a progressive softening of the brain, linked
to tau pathology and neuronal loss [277]. These changes in mechanical
properties are not uniform throughout the brain, with some regions,
such as the cerebellum, showing more pronounced stiffness alterations.
Importantly, these stiffness variations can serve as potential biomarkers
for early disease diagnosis and tracking disease progression [278].

The data-driven discovery of constitutive models eluded above and
discussed in detail in the next section is intrinsically limited by the
quality, diversity, and consistency of the underlying experimental data.
Sparse datasets, limited loading paths, and experimental noise can
bias the inferred strain—energy function towards overly simple or non-
physical dependencies, as the learning algorithm is constrained to
interpolate rather than genuinely infer underlying mechanisms. How-
ever, there are two different approaches. When the functional form of
the constitutive model is prescribed a priori through a finite combi-
nation of candidate terms as proposed in Section 7 where automated
discovery is constrained within a predefined model class, then the
amount of data required for training is substantially reduced compared
to approaches in which the constitutive response is entirely encoded
by a neural network. In the first case, the learning task amounts
to parameter identification and model selection within a restricted
parameter space, which is more robust to limited datasets and ben-
efits directly from embedded physical structure and interpretability.
By contrast, fully neural network-based constitutive models involve
a high-dimensional parameter space and require large, diverse, and
well-conditioned datasets to avoid non-uniqueness and instability. In
this setting, data sparsity becomes a critical limitation, as insufficient
coverage of strain states can lead to poor generalization and unreliable
extrapolation. In the case of brain data, there is not yet sufficient
amount of data to train reliably such models. This underscores the
importance of model class restriction in regimes where experimental
data are scarce.

Yet, it is important to recall that low-quality data increases the
risk of over-fitting, lack of identifiability among competing invariants,
and spurious model selection, particularly when multiple constitutive
forms can explain the data equally well within experimental uncer-
tainty. Regularization, physics-informed constraints, and the explicit
enforcement of material symmetries can partially mitigate these issues,
but they cannot fully compensate for missing information content in
the data. Consequently, results such as the emergence of an I,-only
model for brain tissue should be interpreted with great caution, as
they probably reflect limitations of the available experimental protocols
rather than a definitive constitutive feature. It is an idealization of the
data that would not survive scrutiny if large data sets become available.
Yet it gives some insight about how elasticity emerges in such tissues
(through surface effects between cells rather than purely entropic ef-
fects). For applications, however, one would need to carefully design
experiments spanning richer deformation modes and strain regimes to
ensure that such data-driven approaches yield robust and physically
meaningful constitutive laws, applicable in clinical settings.

At the organ level, the availability of better constitutive models
will be crucial to improve simulations for surgical procedures. The

16

Acta Biomaterialia xxx (xxxx) Xxx

problem here is that mechanics is strongly coupled to other physi-
ological processes such as transport of the cerebro-spinal fluid and
the electrochemistry of the tissue [279,280]. Hence, there is still a
great need to improve multi-field models to take into account multiple
coupled processes.

Another interesting recent development at the organ level is the ob-
servation that human cortical and subcortical activity can be primarily
explained by brain geometry, through the excitations of fundamental
brain geometry modes rather than the traditional approach based on
inter-regional connectivity [281,282]. Contrary to traditional beliefs,
task-evoked activations affect widespread brain modes, challenging the
notion of localized brain function. The findings underscore the pivotal
role of finer geometric details related to folding in explaining both brain
activity [282] and disease [281], suggesting a brand new perspective
on brain function based on geometric principles that further reinforces
the need to better understand brain folding.

We are therefore right at the cusp of great progress relating ge-
ometry and mechanical properties to brain activity and neurological
conditions.

7. Machine learning and data mining for constitutive modeling of
soft biological tissues

7.1. State-of-the-art

For more than half a century, scientists across the world have made
significant strides in testing, modeling, and simulating soft biological
tissues, both ex vivo and in vivo [68,283,284]. For decades, the current
gold standard in soft tissue biomechanics has been to first select a
constitutive model and then fit its parameters to data [285]. This
has resulted in a wide range of competing constitutive models [2],
without a clear scientific guidance of which model to choose. Now,
machine learning offers powerful tools to simultaneously and fully
automatically discover both, the best model and parameters, to describe
soft biological tissues [286].

7.1.1. Classical neural networks
Neural networks are a class of models and algorithms that can
approximate a wide range of functions [287], independent of any prior
knowledge about the data. This versatility not only makes them a
powerful tool for classification, reinforcement learning, and generative
tasks, but also for regression problems [288], in our case for regression
in modeling soft biological tissues [289]. Fig. 14 illustrates a classical
neural network with an input layer, two hidden layers with 16 nodes
each, and an output layer. The network takes the deformation gradient
F as input and approximates the stress o as output. The hidden layers
apply activation functions f(o) to the input of each node. The network
is fully connected and has a total of 288 parameters or weights 6 =
{w;}, 16 between the input and the first layer, w, ..., w6, 16 X 16
between the first and second layers w, ,...,w;q 16, and 16 between
the second layer and the output, w,...,weo. During training, the
network effectively performs a regression as it learns its parameters by
minimizing a loss function L that penalizes the error between model
and data. Similarly to the classical nonlinear regression, we can char-
acterize this error as the mean squared error, the L,-norm [290] of the
difference between the predicted stress o(F;, 0) and the experimentally
measured stress 6;, divided by the number of data points », i.e.
n
L(6;F) = % Y 1 oF,.0 -6 - min,

i=1

(28)

to learn network weights 6 = {w;}. The advantages of neural net-
works are their universal approximations that let them approximate
any continuous function to any degree of accuracy [287], and their
inherent flexibility that allows them to model complex nonlinear re-
lations like the constitutive behavior of soft biological tissues [291].
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Fig. 14. Classical neural network. Classical neural network with two fully
connected hidden layers and 288 weights. The network takes the deformation
gradient F as input and approximates the Cauchy stress ¢ as output. The
hidden layers apply activation functions f (o) to the input of each node.

Their disadvantages are their computational complexity, especially for
densely connected architectures with multiple hidden layers; their risk
of overfitting sparse or noisy data; their lack of interpretability; and
their inability to generalize well to previously unseen data. Probably
most importantly, traditional neural networks cannot and do not in-
clude any prior knowledge about the material, their network weights
have no physical meaning, and they may violate common physical laws
and constraints. This has motivated the question as to how we can best
hardwire physical knowledge into the network design?

7.1.2. Constitutive neural networks

Constitutive neural networks represent a distinct class of neural
networks that use strain invariants as inputs and produce free-energy
functions as outputs. First introduced nearly twenty years ago for
modeling rubber-like materials, they have recently regained momen-
tum in the constitutive modeling field [292]. Their use is now ex-
panding within soft tissue biomechanics, with notable applications to
skin [293], arterial tissue [294], and the heart [295]. Much like stan-
dard neural networks, the early forms of constitutive neural networks
relied on multiple hidden layers, conventional activation functions, and
hundreds to thousands of adjustable weights [291]. Unsurprisingly,
these architectures are highly effective at reproducing complex non-
linear stress—stretch relationships from experimental data in tension,
compression, and shear. Yet, one major drawback persists: the difficulty
of interpreting the underlying model and its parameters. This chal-
lenge raises an important question—can we design constitutive neural
networks that not only deliver accurate fits to data, but also provide
meaningful insights into the material behavior itself?

7.1.3. Model discovery

The limited interpretability and transferability of conventional neu-
ral networks has inspired the development of a new class of constitu-
tive neural networks, designed by reverse-engineering from established
constitutive building blocks [286]. These architectures are, by construc-
tion, extensions of well-known and broadly accepted constitutive for-
mulations, such as the neo-Hookean [296], Blatz—Ko [297], Mooney—
Rivlin [298,299], Demiray [300], Lanir [92], and Holzapfel [4] models.
Fig. 15 shows one of these new constitutive neural networks [286].
The network takes the deformation gradient F as input from which it
calculates the invariants I}, I,, I, I, and approximates the free-energy
function y (I, I, I, Is) from which it calculates the stress ¢ as output.
The first layer generates the first and second powers, (o)! and (o)?, of
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w;

Fig. 15. Constitutive neural network. Constitutive neural network with two
sparsely hidden layers and 32 weights. The network takes the deformation
gradient F as input from which it calculates the invariants I,,1,, I,, I5, and
approximates the free-energy function w(I,, I,, I, Is) from which it calculates
the stress ¢ as output. The first layer generates the first and second powers,
(o)! and (0)?, of the network input and the second layer applies the identity
and the exponential, (o) and exp(o), to these powers.

the network input and the second layer applies the identity and the
exponential, (o) and exp(o), to these powers. The network is sparsely
connected and has a total of 32 parameters or weights 6 = {w;}, 16
between the first and the second layers, w*l‘, e “’Ts’ and 16 between
the second layer and the output, w, ..., w;s. The constitutive equation
of this networks takes the following explicit form,

v = w, w’l‘ [1; = 3] +w, [exp(w’]'k [1; =3])-1]
+wy wh [ =3P+ wy [expw [ -39 - 1]
+ ws wi [I = 3] +ws [exp(wy [, —3])—1]
+w; wh [y =3P+wy [expw] [ —31)~1] (29)
+ wy wy [Iy = 1] +wyg[expwi [y —11)—1]
+ wig wh [y = 1P+ wip [expw}, [y = 119 = 1]
+ wizwi, s — 11 +wyy [expwy, [Is — 11) - 1]
+ w5 wh [s — 1174 w6 [expwi, [Is — 119 — 1.

By design, this free-energy function is a generalization of popular
constitutive models where w, ...,w‘l‘6 are related to the parameters
in the neo-Hookean model [296] associated with the red node, the
Demiray model [300] associated with the red nodes, the Blatz-Ko
model [297] associated with the orange node, the Mooney Rivlin
model [298,299] associated with the dark red and orange nodes, with
the Lanir model [92] associated with the dark red and light green
nodes, and the Holzapfel model [4] associated with the dark red and
turquoise nodes.

Unlike the fully connected classical neural network shown in Fig.
14, the constitutive neural network in Fig. 15 employs a sparse con-
nectivity pattern and contains only 32 trainable parameters or weights
6 = w,—16 linking the two hidden layers and another 16 connecting
the second hidden layer to the output. Through minimization of the
loss function (28), the network identifies both the most suitable model
and the corresponding parameters to capture the mechanics of soft
biological tissues. Notably, the weights w; directly correspond to mate-
rial parameters, expressed in conventional physical units and carrying
a transparent physical meaning [301]. A key challenge that remains,
how can we guarantee that the models we discover do not overfit the
experiments and generalize well to unseen data?

7.1.4. Sparsity, interpretability, and generalizability

Sparse neural networks adopt an architecture in which many weights
are set to zero, thereby limiting the number of active links between
adjacent layers. Such sparsity can be introduced post-training through
pruning, or enforced during training with dedicated algorithms [289].
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Fig. 16. Inducing sparsity through L, regularization. Contours of regu-
larization term, L, = « 27‘:1 615 with ||0]|5 = |w,|”, for varying powers,
=1[0.25,0.5,0.75,1,1.5,2,4,8]. For p < 1, top row, Lp regularization promotes
sparsity by setting some weights exactly to zero, but is no longer strictly convex
and can have multiple local minima. For p > 1, bottom row, L, regularization
promotes stability by reducing outliers, while the regularization term remains
convex.
Source: From [289].

A common approach to further reduce the parameter space is L,
regularization, also known as bridge regression [302]. First proposed
more than thirty years ago, L, regularization has recently re-emerged
as an effective strategy for enforcing sparsity in system identifica-
tion [303] and, more recently, for data-driven discovery of constitutive
models [304]. The method augments the loss function with a penalty
term defined by the L, norm of the parameter vector 0, i.e., the sum of
the pth powers of the magnitudes of its i = 1, ..., ny,, coefficients w;,
raised to the inverse power, || 0|7 = [Z"pml w; |” 1'/? multiplied by a
non-negative penalty parameter a > 0,

n
1
2 F.,0) -
3 o0

Fig. 16 illustrates the effects of L, regularization for varying powers
p. Special cases of L, regularization are L, regularization or ridge
regression, L, regularization or lasso, and L, regularization, or discrete
subset selection. Among the different approaches, L, and L, regulariza-
tion enforce sparsity by driving certain weights exactly to zero, thereby
lowering model complexity and enhancing interpretability [290]. The
most straightforward technique is L regularization, which transforms
continuous model selection into an NP-hard discrete combinatorial task
with 2" possible parameter subsets—rendering it computationally infea-
sible for large-scale problems. Nevertheless, L, regularization remains
unique in its ability to explicitly balance interpretability with predictive
performance, simplicity with accuracy, and bias with variance [289].

L(O;F) = &7

+al0ll7 — min. (30)

7.1.5. Uncertainty quantification

Uncertainty quantification is critical in the analysis of soft biological
tissues to account for variability in biological systems, measurement
errors, and model assumptions. It enhances the reliability and accuracy
of our predictions, informs decision-making, and ensures the robustness
of conclusions, especially in medical applications where personalized
modeling is crucial. Bayesian constitutive neural networks are a spe-
cial type of neural networks that incorporate Bayesian inference to
learn uncertainties. They provide a probabilistic interpretation of the
network weights and offer uncertainty estimates for our predictions.
Fig. 17 illustrates a Bayesian constitutive neural network that builds
on our constitutive neural network in Fig. 15 and adds additional
weights for uncertainty quantification. During training, the Bayesian
network learns means and credible intervals of the network weights
using Bayes’ theorem [305]. Bayesian neural networks allow us to
quantify uncertainty from the probabilistic distributions of the network
weights by estimating posterior distributions that capture the inherent
variability in the data and in the model parameters. This is particularly
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Fig. 17. Bayesian constitutive neural network. Bayesian constitutive neural
network with two hidden layers and 64 weights. The network takes the defor-
mation gradient F as input from which it calculates the invariants I, I, I,, Is,
and approximates distributions of the free-energy function y(1,, I,, I,, I5) from
which it calculates the stress o as output. Instead of learning point values, the
Bayesian network learns means and credible intervals to quantify uncertainty.
Source: From [306].

important for soft biological tissues that may vary hugely with age, sex,
health, and disease.

7.2. Recent trends and future directions

7.2.1. From hyperelasticity to inelasticity

Many soft biological tissues are hyperelastic in their physiological
regime, but can become inelastic under non-physiological conditions.
This inelasticity can manifest itself in many forms, including viscoelas-
ticity, damage, plasticity, or, most commonly in soft biological tissues,
growth and remodeling. Several different approaches are currently
emerging to discover inelastic models and parameters from data, in-
cluding recurrent constitutive neural networks or inelastic constitutive
neural networks [307]. Inelastic neural networks are a modular, ver-
satile, and powerful extension of the neural networks in Fig. 15. They
not only learn an elastic potential, the free-energy function, but also an
inelastic potential, e.g., to characterize tissue growth. While the clinical
applications of growth and remodeling are limitless, the success of these
methods will depend critically on having sufficient data that character-
ize the behavior of growing soft tissues non-invasively, longitudinally,
at multiple points in time.

7.2.2. From homogeneity to heterogeneity

Especially in view of living soft biological tissues, an important
extension of automated model discovery is to generalize the method
from homogeneous tension, compression, and shear tests to the anal-
ysis of heterogeneous biological systems and statically indeterminate
material testing. Unlike traditional approaches that use supervised
learning to discover constitutive models from stress-strain pairs, recent
studies propose unsupervised learning to discover models from full-field
displacement data combined with global force data [308]. A widely
used strategy to generate full-field data is digital image correlation,
a non-contact optical method that measures full-field displacements
and strains on the surface of a sample by analyzing changes in images
taken before and after deformation [309]. The clear advantage of this
approach is that, in contrast to conventional techniques that need a
variety of different tests, full-field methods often only require a single
experiment for model discovery [310,311]. This makes it particularly
suitable to non-invasively discover models and parameters for biolog-
ical systems to capture the living material behavior, enhance model
precision and reliability, and enable longitudinal studies, for example
in the context of growth and remodeling. Full-field methods rely on
solving partial differential equations, in our case the balance of linear
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momentum. The principle of virtual power can be used through the
virtual fields method, where the loss function is built from the deviation
between internal and external virtual power [310-314]. Recent trends
along these lines involve unsupervised sparse regression in combina-
tion with the balance of linear momentum [304] or physics informed
neural networks enhanced by symbolic regression [315] and provide
promising first results.

7.2.3. From generic to image-based models and personalized simulations

Neural networks and machine learning provide powerful tools for
generating geometrical models from medical images by leveraging
advanced algorithms for image processing and pattern recognition.
Convolutional neural networks can analyze and segment medical im-
ages to identify and extract relevant anatomical structures. Generative
adversarial networks can then refine these segmented structures to
enhance accuracy and resolution. Recent trends suggest training these
networks on large datasets of annotated medical images to accurately
reconstruct realistic three-dimensional geometries. This allows us to
create precise, personalized models with applications in diagnosis,
treatment planning, and surgical simulations, towards personalized
care and improved patient outcomes.

Patient-specific finite element simulations are advancing as critical
tools to integrate the unique anatomical and physiological character-
istics of each patient towards personalized assessment and treatment
planning. Compared to generic simulations, personalized simulations
enhance the accuracy of predicting how soft biological tissues respond
to medical interventions and lead to better surgical outcomes and
optimized therapeutic strategies. To facilitate the integration of newly
discovered models into the finite element workflow without having to
implement new user subroutines for every new model, finite element
platforms are now beginning to provide user interfaces that directly
embed all possible models from the neural network in Fig. 15 into a
single universal material subroutine [316,317]. For an application of
this approach see [318].

8. Open problems, future directions, and concluding remarks

A great deal has been achieved in the constitutive modeling of
soft biological tissues in the last few years, and in this paper we
have drawn attention to the current status of the modeling for artery
walls, the myocardium and the brain. Much more needs to be done to
widen the scope of the modeling to take more detailed account of the
microstructure and the different length scales involved, and to account
for the interaction of mechanics, biology, chemistry and physics.

Advances in imaging [319,320] will be very important for pro-
gressing the modeling along with increasing computer power to solve
problems with more realistic geometry and tissue structure. In particu-
lar, advances in MRI and computed tomography with different imaging
contrasts can lead to consistency between data sets, including geome-
try, strain and microstructural data, leading to information needed for
patient-specific modeling. Imaging results can then be used to refine
complex multiscale models over different space, time and energy scales.
Constitutive neural networks can be exploited for use in automatic
model discovery with related parameters by using experimental data
to train the network to optimize constitutive models for a variety of
soft tissues, and hence to allow the development of novel treatments
for diseases [321].

The combination of imaging results with modeling and simulations
at different length scales is important for developing an integrative
approach, which will lead to the possibility of exploring the human
tissues and organs mechanistically. It is clear that the problems in-
volved are highly complex, and applications of deep learning [322],
big data [323], artificial intelligence [324], physics-informed neural
networks [325] and constitutive (artificial) neural networks [326,327]
will be important for further progress in constitutive and computational
modeling, including growth and remodeling [13,328].
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It is important to be able to better predict tissue development,
adaptation to load changes, responses to injury, implants and surgery,
for example. This requires the modeling to build upon available consti-
tutive formulations of the mechanics of tissues to account for temporal
changes in particular. Such developments will have an impact on the
design of medical devices, surgical interventions, and novel transplant
technologies, for example. Validation of computational models in
vivo is urgently needed, particularly to demonstrate that a parameter-
identified model can predict independent, directly measured in vivo be-
havior - especially under controlled perturbations — within quantified
uncertainty. This requires techniques that incorporate imaging, physi-
ological measurements, and data at the molecular, cellular, and tissue
levels, and ensure that the model accurately predicts biomechanical and
mechanobiological complexity.

Moreover, machine learning has the capability to combine the imag-
ing data and multiscale modeling with experimental and clinical data
to provide a basis for predictions that improve upon the computational
modeling that has been possible up to now [329]. Such modeling will
progress the translation of the research results in biomechanics towards
clinical practice.

In this paper we have given particular emphasis to the tissues that
have attracted significant attention for clinical interventions, specifi-
cally the cardiovascular system and the brain. But there is also a need
to apply the methods that have been developed to other tissues such
as those described in [330]. There is much more work to be done
so that full advantage can be taken of the results in clinical practice.
For example, computations need to be done fast enough so that they
can be used during computer-assisted surgery. Most of the sections
have provided a state-of-the-art summary in the area of interest and
described related recent trends and future directions. This is a highly
interdisciplinary and growing area which is rapidly developing and it
offers prospects for the improvement of diagnostics and healthcare.
Significantly more funding is required to encourage interdisciplinary
interactions and understanding.
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