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ARTICLE INFO ABSTRACT
Am'cl_e history: Soft biological tissues are complex materials with a large structural variety, with differences in behavior,
Received 20 December 2016 but with some common characteristics. Skin is an archetypal soft tissue which presents many common

Accepted 12 May 2017 characteristics to other soft biological tissues, like being a multilayer collagen-reinforced structure, with

nonlinear behavior, anisotropy, viscosity, preconditioning effects, internal stresses and tissue growth and
adaptation. Departing from a detailed description of the structures of the skin and the experimental evi-

g?ﬂwo_rdsl" i dence, we herein analyze the different modeling approaches in the literature for the distinct aspects of
Sll(?noglca tissues the skin behavior, with attention to the implementation in finite element codes.
Hyperelasticity © 2017 Elsevier Ltd. All rights reserved.
Viscoelasticity
Damage
Anisotropy
Contents
B U o e L Tota o) SO 76
1.1.  The role of computational mechanics in biomechanics . . .. ... ... it e ettt et et et ettt 76
1.2, PUIPOSE Of thiS TOVIOW . . oottt ettt et ettt e e et e e e e e e e e e e e e e e e e 76
2. Skin as a complex COMPOSIE SEIUCEUIR . . . ..ot vttt ittt e et e e et e et e e e e et e e e e e e e e et e e e e e e ettt et 77
2.1, Structures Of the SKIN . . ... o e e 77
2.2. The structure and mechanical behavior of collagen and elastin . ... ...... ... ... . ittt ittt et 78
2.3.  Aspects of the behavior to MOdel. . .. ... ... e e e 79
2.4. Internal stresses, growth and remodeling . . . .. ... ..ottt e e 79
2.5, TISSUE @NZINMEIIIE. . o . v\ vttt ettt ettt e e et et et e et ettt et e e et e e e e e e e e e e e e 80
3. Experimental CharaCteriZation. . . . . .. ..o .ttt ettt et e e e e e et e e e e e e e e e et e e e e e e 80
3.1.  Anisotropy, preconditioning and hyperelastic behavior . . ... ... ... i e e 80
3.2, VISCOUS DERAVIOT . . . .ottt it e ettt e e e e e e e e e e e 81
3.3, PreCONAItIONING . . . .ottt et e e e e e e e e e e 81
4, Continuum mechanics relations in constitutive modeling . . . ... ... ...ttt et i e e e 82
0 DI 0 11 B0 00 TS 1 U 1 PP 82
4.2, SHraiN INVATIANES . . ..ottt ettt e et et e e e e e e e e e e e e e e e e e e e e 83
4.3.  WOrK-CONJUZALE SITESS IMEASULIES . « .« . vt vttt et et et e e ettt et et e e et e e e e e e et et e e e e e et et et e e e e ettt ee s 83
A4, HyPEIelastiCity. . . oottt ettt ettt e e e e e e e e e 83
O T @) s 1 L (Y30 = oY) o L 84
4.6. Mandel pseudoVeCtOr MOtAtION. . . ..ttt ettt ettt ettt e e e e e e e e e e e e e e e 84
47, INCOMIPIESSIDIIILY . . . oot e e e e e e e e 84
4.8. Finite element formulations for soft Materials . . .. ... ... .t e 85
5. Phenomenological hyperelastic MOAeLS . .. . ... ... ittt e ettt et e e et e e e 85
5.1. Rubber-like MOdeIS. . . . .. o e 85
5.2. Specific phenomenological models for SOft tiSSUES . . . . ... ottt e 86
5.3, The WYPIWYG QpPI0aCh. . . .ottt e e e ettt et e e e e e e ettt et e e e e e e 87

* Corresponding author.
E-mail address: fco.montans@upm.es (F.J. Montans).

http://dx.doi.org/10.1016/j.compstruc.2017.05.003
0045-7949/© 2017 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruc.2017.05.003&domain=pdf
http://dx.doi.org/10.1016/j.compstruc.2017.05.003
mailto:fco.montans@upm.es
http://dx.doi.org/10.1016/j.compstruc.2017.05.003
http://www.sciencedirect.com/science/journal/00457949
http://www.elsevier.com/locate/compstruc

76 J.M. Benitez, F,J. Montdns/Computers and Structures 190 (2017) 75-107

6. Hyperelastic structure-based MOels . . . ... ... . it e e e e e e e 88
6.1. The affine deformation asSUMIPLION . . . . ... ottt e e e et et ettt e et e e 88

6.2. Fiber-based mechanical models without fibers diSpersion. . . .. ....... ... .ttt et et et ettt e 89

6.3. Mechanical structure-based models based on dispersed-fiber distributions. .. ............ ...ttt 20
6.3.1.  Angular Integration (Al) formulation. . . ... ... ..ttt e e 90

6.3.2. Pre-integrated fiber-distributed approach . ... ... ... ... it e e 91

6.4. Microstructural models based on statistical mechanics: Chain network models . . ....... ... ... ..ottt 92

6.5. Non-affine deformation MOdels . . ... ... ... e e e e e 93

7. Modeling the ViSCoUS DERaVIOr . . . ... . ittt et e e et e e e 94
7.1.  One dimensional, infinitesimal motivation of the different formulations . ... ....... ..ttt e e 94

7.2.  Three dimensional formuUIAtioNS. . . .. ...ttt ettt et e e e e e e e e e e 95

8.  Modeling preconditiOning . . . . .. oottt ittt ettt et e et e e e e e e e e e e e e e e e 97
9. Conclusions and future dir@CIONS. . . . ...ttt ettt et e e e e e e et et et e e e e e e et e e e 99
ACKNOWIBAGEIMEIIES . . . o vttt ettt ettt ettt e e et e e ettt e et e et e e e e e e e e e e e e e e e e e 99

] (=3 W= 1 Ll 99

1. Introduction

The scientific interest for describing biological tissues under a
mechanical, mathematical and physical conception is not recent.
It is well-known that the first extensive work was performed prob-
ably by Leonardo da Vinci at the beginning of the 16th century giv-
ing a detailed graphic description of the anatomy of the human
body [1]. In 1667, Borelli, described the movements of the animals
from a physical and mathematical viewpoint, paying special atten-
tion to the role played by muscles [2]. The Langer lines describing
the human skin anisotropy and its tension, dates from 1861 [3] and
are well-known to any skin surgeon. In 1867, Wolff interpreted the
architecture of trabeculae and cavities of bones as a structural
adaptation to different mechanical loading, binding this adaptation
to bone growth [4]. Roy [5] studied the elastic properties of arterial
walls experimentally in 1880, and in 1917, Thompson [6] studied
why certain organisms grew up to have a certain shape. As Wolff,
Thompson described the coincidence between the arrangement of
the femur trabeculae and the stress lines of this bone conceived as
a loaded structure. Probably, biomechanics started with these
works, although it was not until the mid-20th century, coinciding
with the development of nonlinear continuum mechanics, that
biomechanics arises as a distinct discipline [7,8].

1.1. The role of computational mechanics in biomechanics

The last half of the 20th century was the explosion of continuum
mechanics and of numerical methods in engineering, specially of
the finite elements [9]. Continuum and computational mechanics
are now playing an important role in the biomechanics field,
returning them a new momentum [10]. Biological systems consti-
tute new structures to be studied and characterized which require
new continuum and micro-mechanical models as well as new com-
putational procedures [11]. Biological tissues are complex micro-
structures with highly nonlinear behavior; skin sustains deforma-
tions of the order of 50% [12]| with changes of stiffness of orders
of magnitude [13,12]. The generally large nonhomogeneous defor-
mations present, and the complex geometries, require efficient
numerical methods as the finite element method [9]. In contrast
to what is done for classical, geometrically-determined, engineer-
ing products, where the effort was placed into importing finite ele-
ment meshes from CAD programs, finite element meshing of organs
is to be obtained mainly from medical images [14-16] because the
analysis of the mechanical behavior of organs should include the
actual, patient-related, geometric and material data [17].

Biomechanics studies a large variety of biological processes and
the mechanical behavior of many distinct type of biological

materials. In this review we focus mainly in models that may be
suitable for the mechanical analysis of skin by finite elements,
although much work in this area is common also to analytical pro-
cedures in mainly homogeneous deformations and to other biolog-
ical tissues (heart wall, fascia, tendons, ligaments, articular
cartilage, blood vessels, etc.). Some of these tissues, as skin, are
called connective tissues because their main role is to connect
and to protect the human body as well as its other components,
[18-20].

1.2. Purpose of this review

Although much has been done in the relatively new field of the
mechanics of biological tissues and their computational simula-
tion, in contrast to the classical computational mechanics of solids,
there is not a well accepted and defined approach, successful in the
finite element simulation of processes in such materials, as for
example in the simulation of surgery in organs and, specially in
skin. Accurate predictions are desired for these procedures in
order, for example, to develop efficient and accurate numerical
simulators for plastic surgery in skin [21], or for pressure ulcers
prevention through the simulation of the loading of skin [22],
among many others. However, there is not even a widely accepted
approach in modeling just the elastic behavior of such tissues.
Therefore, the purpose of this contribution is, departing from the
important understanding of the mechanical behavior of skin, from
its microstructure and from the available experimental evidence,
to review the main modeling approaches for soft fibrous biological
materials to model non-homogeneous deformation states in skin
through finite element analysis. We hope that this review may
serve as a good starting point for researchers involved in modeling
skin through finite element analysis.

The paper is organized as follows. We first analyze the struc-
tures of the skin and of the main contributors to the mechanical
behavior: collagen and elastin. Then we analyze the experimental
evidence which determines the behavior and fundamental
hypotheses. After reviewing the stress and strain measures typi-
cally employed, we address the usual models to represent the
hyperelastic (conservative) contribution, which is the basis for
any formulation including other aspects. Since soft biological tis-
sues present relevant inelastic effects due to an important time-
dependent component and to preconditioning effects [11,7], we
also address viscoelastic and damage models.

Given the vast literature in the topic, in order to obtain a desir-
able condense yet analytical presentation, many valuable works
will be omitted; only some representative ones for each approach
will be addressed.
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