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Preface

What spirit is so empty and blind, that it cannot recognise the fact that the foot is more
noble than the shoe, and skin more beautiful than the garment with which it is clothed?
[Michelangelo di Lodovico Buonarroti Simoni (1475–1564)]

From the soothing feeling of the sun warming one’s face on a beach, through
the perception of sand texture when walking towards the ocean, to the abrupt
sense of cold one experiences when jumping into its waters, we all have an
intuitive understanding of how our skin mediates our interactions with the outside
world. Of course, these interactions extend beyond thermal and haptic sensing,
contact mechanics and hydrodynamics. Skin, our largest organ, is the primary
line of defence shielding our internal body structures from insults of the external
environment. Interfacial and bulk exchanges take the form of mechanical, thermal,
biological, chemical and electromagnetic processes which typically operate in
concert and feature complex coupling effects. At the biophysical level, the skin
is also an essential plant that synthesises vital compounds like vitamin D, hosts
necessary immunologic biochemical and cellular processes and contains a rich
sensory biophysical network that informs us in real time of any haptic cues or
potentially threatening physical insults and noxious agents.

The more one studies skin physiology and biophysics the more one realises that
there are multiple nested dimensions waiting to be unravelled, where psychology,
human behaviour, health, well-being and biophysics are intrinsically connected,
more often than not, in complex and mysterious ways. For example, the psychoso-
cial role of the skin is multifaceted and strongly dependent upon the biophysical
properties of this complex organ whose visual appearance continuously evolves
across the life course, from birth to death. The skin tells a story about our health
status, age, past traumas, emotions, ethnicity and our social and physical environ-
ments. These cues—mostly perceived at a subconscious level—are fundamental in
human social interactions.

In the last few decades, we have witnessed a significant drive in efforts to
move skin science research forward through engineering approaches, and more
particularly within the biomechanics and biophysics communities, at both exper-
imental and modelling levels. This is hardly surprising considering the special
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place of the skin in human life and the multiple applications of skin science from
cosmetics, pharmaceutics, surgery and medical devices, through consumer goods
and automotive safety, to wearable electronics and biomimetics. The systemic
complexity of skin biophysics can only be unravelled by adopting inter- and
multidisciplinary research methods which integrate physical experiments, imaging
and modelling. As a consequence, researchers must be trained in a wide range of
topics from experimental physics, skin biology, continuum mechanics, soft matter
physics, mathematical modelling and data analysis, through multiscale imaging
protocols and image processing, to finite element methods and computational
procedures.

A unified, structured and up-to-date review of cutting-edge research in experi-
mental characterisation, imaging and modelling aspects of skin biophysics was long
overdue. Despite a recent excellent book focused on computational skin biophysics,
edited by Bernard Querleux of L’Oréal Research, a treatise simultaneously covering
the three aforementioned topics was missing.

The frontier in skin biophysics research is presented in this volume through
contributions of internationally leading groups in the field, from France, Ireland,
New Zealand, South Africa, Switzerland, the UK and the USA. The aim of this book
is to present the current state of the art and perspectives on future research directions,
with a strong bias towards mechanics, structural and mechanical properties and
constitutive models based on theories and concepts rooted in continuum mechanics.
I take full responsibility and, cheekily, make no apologies for letting my personal
research interests steer the coverage of skin biophysics in this particular direction.
My experience in working in academia, and with industry, has consistently demon-
strated that the methods and theories described in the book are not only critical
research tools that are used for fundamental research or as part of the product life
cycle but can also deliver practical engineering solutions that are used daily by
hundreds of million people across the globe.

This book is addressed to postgraduate students in biomedical/mechanical/civil
engineering, (bio)physics and applied mathematics, postdoctoral researchers as well
as scientists and engineers working in academia and industry engaged in skin
research, particularly, if at the cross-roads of physical experiments, imaging and
modelling. The book will also be of interest to clinicians/biologists who wish to
learn about the possibilities offered by modern engineering techniques for skin
science research and, by so doing, provide them with an incentive to broaden
their outlook, engage more widely with the non-clinical research communities and,
ultimately, help cross-fertilising new ideas that will lead to better treatment plans
and engineering solutions.

The book is divided into three main parts that covers Part I—Human skin
structure and composition (Chapter 1), Part II—Mathematical and computational
modelling (Chapters 2–5) and Part III—Experimental characterisation techniques
(Chapters 6–10).

In the chapter entitled “Human Skin: Composition, Structure and Visualisation
Methods”, Graham, Eckersley, Ozols, Mellody and Sherratt discuss the molecular
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composition and structure of the skin and associated invasive/non-invasive imaging
techniques.

In the chapter entitled “Constitutive Modelling of Skin Mechanics”, Limbert
provides an expose of the current state-of-the-art constitutive theories and models
for describing the passive mechanics of the skin.

Buganza-Tepole and Gosain present a constitutive modelling framework for skin
growth in the chapter entitled “Constitutive Modelling of Skin Growth”, while
Bunganza-Tepole reviews frontier research in the constitutive description of skin
wound healing in the chapter entitled “Constitutive Modelling of Wound Healing”.

In the chapter entitled “Constitutive Modelling of Skin Ageing”, Limbert, Pond
and McBride examine the mechanical and structural aspects of both intrinsic and
extrinsic ageing and present a multiphysics modelling framework to capture the
chemo-mechanobiology of ageing.

State-of-the-art inverse characterisation methods which combine experimental
characterisation and numerical techniques are presented by Weickenmeier and
Mazza in the chapter entitled “Inverse Methods” and Flynn in the chapter entitled
“Experimental Characterisation: Rich Deformations”.

In the chapter entitled “Multiscale Characterization of Skin Mechanics Through
in situ Imaging”, Allain, Lynch and Schanne-Klein provide a review of multiscale
characterisation techniques of skin mechanics through in situ imaging.

In the chapter entitled “Tension Lines of the Skin”, Ní Annaidh and Destrade
discuss experimental approaches to characterise skin tension lines which are proven
to be essential in describing in vivo skin mechanics.

Finally, in the chapter entitled “Experimental Tribology of Human Skin”, Masen,
Veijgen and Klaassen review the current state of the art of experimental methods to
characterise the tribological properties of the skin.

Southampton, UK Georges Limbert
December 2018
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Human Skin: Composition, Structure
and Visualisation Methods

Helen K. Graham, Alexander Eckersley, Matiss Ozols, Kieran T. Mellody,
and Michael J. Sherratt

Abstract In this chapter we discuss the molecular composition and structure of
the epidermis, dermal-epidermal junction, dermis and hypodermis. We highlight
the contribution of long-lived dermal collagens, elastic fibres, proteoglycans and
hyaluronic acid to skin function and also consider the role of apparently “minor”
skin components. In order to characterise both healthy skin, and the progression
of disease and ageing, it is necessary to use microscopical approaches but in
addition to conventional ex vivo techniques, which image in two dimensions,
valuable information can be gained by complimentary non-invasive and 3D imaging
technologies.

1 Introduction

The finest clothing made is a person’s own skin, but, of course, society demands something
more than this. Mark Twain

In the above quote the author highlights the importance of a person’s skin
in a personal and social context. The appearance, health and wellbeing of this
organ are inextricably bound to an individual’s psychological well-being whilst
societal perception and personal interactions are influenced by its look, colour
and the features of ageing. The remodelling which can accompany skin ageing
impacts not only on appearance but also function with xerosis (dry skin) and skin
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injuries becoming increasingly common in older people [1]. However, an increased
understanding of skin ageing also has the potential to increase our insight into
ageing in other organs systems. Life expectancy within the United Kingdom is
increasing and this rise in the elderly population poses a challenge for health-care
services and funding due to the increase in age-associated multi-morbidities such
as cancer, cardiovascular disease, chronic renal disease and diabetes. Such factors
support the argument that ageing is a disease process [2], and highlight a pressing
need to better understand its molecular mechanisms. The skin lends itself to these
studies because it is relatively safe to biopsy and the clinical ageing phenotype is
easily observable. In this chapter we discuss the composition and structure of the
three distinct tissue-types that comprise healthy human skin and compare differing
approaches to visualising skin anatomy.

2 Epidermis and the Dermal-Epidermal Junction

The skin is a multifunctional organ with a complex architecture that forms a
protective barrier against harmful microbes and the external environment. It is
composed of three distinct tissue layers: the epidermis, dermis and hypodermis
(Fig. 1).

2.1 Epidermis

The outer epidermal layer is a highly cellular, yet avascular structure which
provides the main barrier against environmental damage [3] such as protection
from pathogens, ultraviolet radiation (UVR), pollution and dehydration [4]. Stem
cells at the basal layer of the epidermis transdifferentiate into keratinocytes, the
main epidermal cell-type that forms the superficial layers of the epidermis. Over the
course of approximately 4 weeks, the cells lose their nuclei to become corneocytes
that form the skin-air interface [5]. In addition to the family of keratin proteins
that are alternatively expressed in abundance by keratinocytes at throughout the
different stages of their differentiation, the epidermis is also rich in vimentin,
desmin, a-internexin and nestin. The epidermis itself can be segmented into four
micro-layers (moving in from the surface: stratum corneum, stratum granulosum,
stratum spinosum and stratum basale). An additional layer of dead cells, known
as the stratum lucidum, is situated superficial to the granulosum and beneath the
corneum in areas of thick skin such as the heel and the palm of the hand.

The stratum corneum consists of a tightly bound sheet of corneocytes (dead,
flattened keratinocytes) and acts as the primary defence against infection, injury
and prevents dehydration [6]. It is able to endure high mechanical stress making
it resistant to abrasive and penetrative forces [7]. The barrier function of this layer
is attributable to both the terminally differentiated corneocytes and also to the sur-
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Fig. 1 Skin anatomy and composition. (a) Human skin is composed of three tissues, an outer cell-
rich epidermis, an extracellular-matrix-rich dermis and a layer of fat-rich adipocytes. The dermis
is vascularised and contains the major portions of skin organelles (such as hair follicles). (b) The
major cellular components of the dermis are fibroblasts whose internal structures (cytoskeleton)
interacts with the external extracellular matrix of collagens, fibronectin and elastic fibres. (c) The
metabolically active epidermis is constantly regenerated via a stem cell layer (stratum basale)
which feeds maturing chondrocytes in the upper layers

rounding lipid matrix (composed of ceramidines, fatty acids and cholesterol) which
collectively act as a “bricks and mortar” providing water content maintenance and
acting as a biosensor and first protection against damage [8, 9]. The stratum gran-
ulosum and the stratum spinosum consist mainly of lipid-releasing keratinocytes,
which progress through distinct stages of differentiation into corneocytes [6]. The
innermost layer of the epidermis, the stratum basale is made of a single layer of
progenitor keratinocytes which act as both a source of proliferation, continuously
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replacing cells in the more superficial layers of the epidermis [10], and as a physical
barrier between the epidermis and the dermis. In addition to keratinocytes, the
epidermis also contains melanocytes that produce melanin, a pigment that forms
a protective umbrella-like cup over keratinocyte nuclei to prevent UV damage [11]
and Langerhan’s cells that act as sentinels of the cutaneous immune system [12].
The stem cells within the stratum basale are anchored to the basement membrane,
by protein complexes called hemidesmosomes, via the transmembrane signalling
α6β4 integrin [13]. Banded anchoring fibrils, rich in collagen VII, originate in the
dermis and intercalate with the DEJ connecting it to the underlying stroma [14]
whilst other dermal assemblies, such as the fibrillin-rich oxytalan fibres, also appear
to play a role in dermal-epidermal adhesion [15].

2.2 Dermal-Epidermal Junction

The dermal-epidermal junction (DEJ) forms the interface between the cellular,
metabolically active and avascular epidermis and the supporting extracellular-
matrix rich, vascularised dermis. Central to the DEJ is a basement membrane
composed of a highly specialised extracellular matrix (comprised of proteins such
as laminins and collagen IV) that both mechanically anchors the two tissues and
also plays a regulatory role in development and wound healing [16–18]. In addition
to the basement membrane proteins, the DEJ also contains hemidesmosomes and
collagen VII anchoring fibrils which anchor basal keratinocytes and the dermal
matrix respectively [17]. Commonly, in young, healthy, human skin the DEJ is
comprised of intercalating projections (papillae) which, much like the villi of the
small intestine, maximise the surface area between the two layers. This increases the
efficiency of nutrient delivery from the dermis to the epidermis [16]. Mechanically,
this high surface area enhances the adhesion between the dermis and the epidermis
and also protects the dermis from physical trauma by diffusing external forces
along the area of contact [19]. Crucially, loss of these papillae is a key hallmark
of ageing [20].

3 Dermis

The dermis is composed primarily of a dense extracellular matrix (ECM) that
supports the cutaneous vasculature, sensory nerve cells and organelles such as
sweat glands and hair follicles. Whilst these glands and organelles contain mul-
tiple cell populations, the dermal ECM itself is populated primarily by sparsely
distributed fibroblasts (Fig. 1). These cells synthesise a complex structural matrix
composed of load bearing collagens, resilient elastic fibres, negatively charged and
therefore hydrophilic proteoglycans and hyaluronic acid. In addition to these major
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components there are numerous less abundant ECM constituents including soluble
proteases, protease inhibitors and cytokines.

3.1 Collagens

The collagen superfamily of proteins consists of 28 different types, encoded by more
than 44 separate genes, which assemble into a variety of supramolecular structures
[21]. Most collagens have specific spatial and temporal tissue distributions and
exhibit both distinct and overlapping functional properties. Their primary structure
is characterised by a Glycine-X-Y repeat sequence in which the X and Y may
alter between repeats but are typically proline or hydroxyproline residues [22].
Collagens contain a triple helical domain that is stabilised by the hydroxylation
of proline [23, 24]. The non-helical (globular) domains in some of the collagens
are separated by more than one triple helical domain. The indispensability of these
abundant proteins in the body to the integrity of connective tissues is demonstrated
by the number of diseases associated with gene mutations affecting its structure
and function (e.g., epidermolysis bullosa, Ehlers-Danlos syndrome and osteogenesis
imperfecta) [25–28]. The function of fibrillar collagens and ultimately the dermis
and skin is determined not only by the collagens themselves but also by associated
proteins which mediate fibril structure and interaction. For example, decorin is a
small leucine rich proteoglycan which ‘decorates’ the surface of collagen fibrils and
is thought to prevent fibril fusion [29]. Although the dermis of decorin knockout
mice contains abundant collagen fibrils, the skin itself is extremely fragile and prone
to tears (Fig. 2). In the absence of decorin, the ordered packing and uniform diameter
of fibrillary collagen is disrupted. Therefore it is clear that ECM structure is a major
determinant of function.

The most common collagens in skin (and many other tissue and organs) are
the interstitial fibrillar collagens—types I, III and V; the basement membrane
localised—types IV and type XVII; and type VI which forms the heteromeric
microfibrils that are abundant within the dermis. Collagen fibrils (are stabilised by
covalent bonds between lysine residues that are catalysed by the copper dependent,
extracellular enzyme lysyl oxidase (LOX), and which endow the tissue with tensile
strength [30–36]. Collagen I is the most abundant of all the fibril forming collagens
and can combine with type III in fibres of the reticular dermis [31, 37]. Compared
with other tissues, such as tendon and cornea, the micro-architecture of collagen
fibril bundles in human skin appears less well defined, although there are gradients
in the abundance of the fibrillar collagens [20] and the bundles themselves are often
reported to form local basket weave arrangements [38]. Collagen IV is a non-fibrillar
collagen which assembles into a sheet-like structure within the DEJ and co-localises
with laminin-332, fibronectin and nidogen to provide a scaffold for the deposition of
ECM molecules including the anchoring collagen VII [30, 37, 39]. Collagen XVII
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Fig. 2 Skin fragility and
collagen fibril structure in
decorin knockout mice. (a)
Human compared with the
wildtype (+/+) and
heterozygous knockout
(+/−), the skin of the
homozygous decorin
knockout mouse is prone to
tears (arrows). (b) The dermis
of the wild type mouse is
composed of regularly
spaced, uniform diameter
collagen fibrils. (c) In contrast
the fibril packing and
diameter are poorly
controlled in the homozygous
knockout mouse. Dermal
fibrils are both abnormally
large (asterisk) and small
(circles). Scale bar = 200 nm.
Adapted from [29] with
permission

b)

c)

a)

is a hemidesmosome component which is involved in the migration of keratinocytes
in wound healing [40]. Collagen VI is a unique collagen that forms a beaded
microfibrillar meshwork encircling the fibres of principal fibrillary collagen I, and
is important in regulating matrix assembly and fibroblast behaviour [41–43].
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3.2 Elastic Fibres

Elastic fibres are integral ECM components of dynamic connective tissues such
as, lungs, blood vessels, bladder and skin. They exhibit remarkable resilience
and elasticity and are capable of unforced, passive deformation and recoil [44].
The elastic fibre is comprised of an amorphous elastin core (which constitutes
90% of the fibre mass) surrounded by a protective, biochemically active fibrillin
microfibril sheath [45] which may strengthen and anchor the fibres [46]. Elastin is a
multi-domain signalling protein encoded by a single gene on chromosome 7q11.2,
elastogenic cells such as dermal fibroblasts, secrete elastin into the ECM in the form
of its soluble precursor, tropoelastin [45]. Hydrophobic amino acids alternating with
lysine residues are covalently cross-linked by LOX during elastic fibre assembly
[32]. The N-terminus of elastin endows the protein with its elastic recoil whilst the
C-terminus and a central region of the protein are actively involved in integrin-
mediated cell adhesion and signalling respectively [47, 48]. In contrast to the
single elastin gene there are three fibrillin isoforms, although fibrillin-1 is the most
abundant isoform in adult tissue and forms the major component of the insoluble
dermal fibrillin microfibrils. All three fibrillin isoforms are composed mainly of
cbEGF domain repeats, interspersed by seven TGFβ-binding (TB) domains. In
addition, there are two hybrid domains and a hydrophobic domain within the N-
terminus; proline-rich in fibrillin-1, glycine-rich in fibrillin-2 and both proline-
and glycine-rich in fibrillin-3. Fibrillin functions as a cell signalling molecule via
an arginine-glycine-aspartic acid (RGD) recognition site and other cell binding
domains within the molecule [49, 50]. It also has a role to play in regulating the
availability of TGFβ within the ECM [51, 52].

Mature elastic fibres in the dermis are therefore composed of both cross-
linked elastin and fibrillin microfibrils. In the dermis, elastic fibres exhibit a
semi-structured micro-architecture [53]. Thick horizontal bundles of elastic fibres
dominate the deep reticular dermis of the skin and connect to thinner, perpendicular
elastic elaunin fibres and finally to oxytalan fibres in the papillary dermis. In
contrast to elastic and elaunin fibres, oxytalan fibres are composed solely of fibrillin
microfibrils and extend through the papillary dermis to the basement membrane
where they are thought to interact with the heparin sulphate proteoglycan: perlecan
[54]. Remodelling of this architecture is a key marker of age-related photodam-
age [15].

3.3 Proteoglycans and Hyaluronic Acid

Proteoglycans are proteins modified by linkage to one or more glycosaminoglycan
(GAG) chains [55]. Hyaluronic acid (or hyaluronan) is a GAG chain which is
found both intracellularly and within the ECM but is not linked to a protein core
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[56]. The GAGs in skin are chondroitin sulfate, dermatan sulfate, keratan sulfate,
heparan sulfate, heparin, and hyaluronic acid. Their negative charge is thought to
be important in maintaining skin water content [57] whilst the flexibility of these
GAG chains makes them an effective hygroscopic space filler allowing them to
function as a “hydraulic shock absorber” [58]. The proteoglycans in skin include
the heterogeneous small leucine-rich proteoglycans (SLRP) and versican which are
expressed within the dermis, perlecan which is localised to basement membranes
(including the dermal-epidermal junction) and cell-surface expressed glypians and
syndecans [59]. In addition to their structural roles proteoglycans also perform
regulatory roles interacting with a number of ligands within the ECM, notably TGF-
β [60]. As such, they play an important role in sequestering cytokines and storing
them in the surrounding ECM.

3.4 Non-structural Extracellular Components

Non-structural components of human skin including cytokines, cross-linking
enzymes, protease and protease inhibitors play keys roles in constructing,
maintaining and degrading structural proteins. Many skin proteins are highly
interconnected commonly through the formation of di-sulphide bonds and
transglutaminase and LOX mediated crosslinks [61]. LOX is also involved in the
crosslinking of elastin in elastic fibres [62] whilst basement membrane laminins and
fibronectin are also crosslinked via di-sulphide bonding [63]. These crosslinking
mechanisms are not only important to the stability of the ECM, but also for
rendering the network insoluble. Transglutaminase-2, for instance, is extremely
important for maintaining ECM insolubility [61, 64].

Proteases are actively involved in the remodelling and modification of the ECM
in tissue homeostasis, disease, inflammation and ageing [20, 65–70]. There are
several families of proteases that exhibit diverse substrate specificity and some
cleave ECM components to generate biologically active protein fragments, known
as ‘matrikines,’ [59, 71–73]. Such proteases include the matrix metalloproteinases
(MMPs), the a disintegrin-like and metalloproteinase domain with thrombospondin-
type 1 motifs (ADAMTS) proteases, adamalysins, meprins and serine proteases
[74]. MMPs are a zinc dependant family of proteases and are the main group
involved in ECM degradation, they exhibit low substrate specificity and their
activity is tightly controlled by endogenous inhibitors known as tissue inhibitors
of metalloproteinases (TIMPs) [75]. The ADAMTs family have been found to
be important in modulating fibrillin-rich microfibril formation and function [76].
There are at least two elastases in skin; neutrophil elastase and fibroblast-derived
elastase. Neutrophil elastase is a serine protease that is capable of degrading the
mature elastic fibre system and may be important in driving solar elastosis [65, 77,
78]. In contrast, fibroblast-derived elastase is a member of the metalloproteinases
found in non-inflamed skin, acts on elaunin and oxytalin fibres but has limited
specificity for mature elastic fibres [79]. These proteases, and others, are thought
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to be important in matrix degradation and the de novo synthesis of the aberrant
ECM that is characteristic of photodamaged skin.

Finally, skin contains cell signalling molecules (cytokines). Some of these
molecules are sequestered by the dermal matrix awaiting release as a consequence
of injury or inflammation. For example, latent bone morphogenetic proteins (BMPs)
have been shown to associate with fibrillin microfibrils both in vitro and in
vivo [80]. Fibrillin microfibrils act as natural storage for BMP, co-localising the
growth factor to a specific site which minimizes diffusion and allows their quick
mobilisation and subsequent influence on cell differentiation and migration [81].
Like latent BMPs, TGF-β is stored in the ECM by associating with fibrillin-1
via LTBPs 1, 3 and 4 [82]. TGF-β is a multifunctional cytokine which acts as
a mediator of neurogenesis, angiogenesis, immuno-recruitment, wound healing,
lineage determination, differentiation, proliferation, cell adhesion, apoptosis and
ECM regulation [83]. The storage of TGF-β by fibrillin microfibrils suggests that
they play a major role in controlling tissue homeostasis [84].

3.5 “Minor” Proteins and the Skin Proteome

Whilst the proteins discussed in the preceding sections clearly play vital roles in
contributing to skin structure and function, it is also clear that skin is composed of
many additional proteins, some of which are present only in low abundance. Both
the identity and function of these proteins in human skin is not is not always well
defined. Skin proteomic profiling has been attempted by several studies using mass
spectrometry methods (MS). Crucially, however, there is little agreement as to the
identity and number of skin proteins in the published studies of Mikesh et al. and
Bliss et al. [85, 86]. We have recently taken an alternative approach using the peer
reviewed literature as an information source and by adapting systematic review and
bioinformatic techniques, we have defined a skin proteome of 2948 skin proteins,
437 of which are unique to this database and 2011 of which are supported by both
mass spectrometry and immune-based evidence. This proteome can be found at:
www.manchesterproteome.manchester.ac.uk.

3.6 Turnover and Longevity

Whereas intracellular proteins have biological half-lives ranging from minutes and
hours [87–89] to a few days [90], several components of the ECM are known to
be remarkably long-lived by comparison. In skin, the half-life of collagen type I
was estimated to be 15 years whilst collagen type II in cartilage has an estimated
half-life of 117 years [91]. Elastic fibres are also thought to be highly persistent in

http://www.manchesterproteome.manchester.ac.uk
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tissues. The mean turnover for elastin was extrapolated in the late seventies using
dietary estimates [92]. The permanence of elastin and its microfibrillar template
in resident human tissues was demonstrated experimentally by Shapiro et al. [93]
using two distinct methods. The first was using aspartic acid racemization whereby
L-enantiomers of amino acids slowly and predictably convert to D-enantiomers over
an individual’s lifetime. This allowed the age of long-lived elastic fibre proteins
to be determined. The second was by measuring the levels of radioactive isotope
14C within purified elastin, which had been incorporated into the carbonaceous
tissues of organisms in the late 1950s as a result of nuclear weapons tests and
provides a useful dating tool in biogenic material. Using both these means, Shapiro
et al. estimated the mean residence time of elastin, purified from human lung
parenchyma, to be 74 years. In the same study, they went on to show that microfibrils
and other non-elastin components of the elastic fibre (which are likely to be
microfibrillar) also contributed a large proportion of total D-aspartate and are
therefore similarly long lived. As a consequence it appears that the major structural
ECM assemblies in the dermis (fibrillar collagens and elastic fibres) are likely to
persist in the tissue for many years. Over a lifetime, these proteins are exposed to
many stressors (e.g., mechanical forces, reactive oxidative species, photodamage)
that result in accumulated damage to protein structure and function. Ageing in
ECM-rich, predominantly acellular tissues such as the dermis may therefore be
mediated by the rate of damage accumulation rather than in the decline of cell
mediated repair mechanisms.

4 Hypodermis

The hypodermis is mainly composed of fatty acids which provide thermoregulation,
insulation, store nutrition and protect deeper tissues from injuries [94]. The hypo-
dermis, which is rich in white adipose tissue containing pre-adipocytes, adipocytes,
macrophages and fibroblasts, forms the underlying layer of the skin. It has little
ECM and its thickness varies according to anatomical site. Epidermal appendages,
such as nerve endings and hairs, terminate within the hypodermis. Similar to
the dermal elastic fibre system, the hypodermis seems to also be susceptible to
damage from UVR with the subcutaneous tissue becoming thinner in photo-exposed
regions of the body [95]. Recent studies suggest that the hypodermis may influence
dermal physiology and structure. Ezure and Amano have shown that a raised body
mass index (BMI) and the associated adipocyte hypertrophy is correlated with
reduced elastic fibre staining in the dermis [96]. This correlation is intriguing and
suggests that adipocytes may influence dermal structure, however the mechanism
and reversibility of this remodelling is, as yet, not clear [97].
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5 Characterising Cutaneous Structure

Much of our knowledge of skin structure is informed by ex vivo techniques which
use light or, electron microscopy to visualise skin tissues (often in two dimensional
sections). There is also promise in combining ex vivo 3D imaging of intact skin
samples with prior longitudinal in vivo (non-invasive) imaging.

5.1 Conventional Imaging of Skin Sections

Traditional histological methods combined with light microscopy are commonly
employed to study dermal organisation and architecture and have been vital to
our understanding of skin ageing and skin pathologies over a number of decades.
The process relies on effective removal and preservation of the specimen either
by chemical fixation or controlled freezing, followed by staining of tissue sections
(typically 4–8 micron thick) mounted on glass microscope slides and visualised by
light microscopy. The unique chemistry of specific extracellular macromolecules
can be exploited to attract and bind the histological stain which enables differenti-
ation from cellular structures and provides optimal contrast of tissue architecture.
For example, routinely used stains for evaluation of skin are Weigert’s and orcein
stain for elastic fibres; picrosirus red and Massons Trichrome stain for collagen
fibres and haematoxylin and eosin (H&E) which differentiate the cell nucleus and
cytoplasm from extracellular matrix. H&E is still extensively and routinely used for
light microscopic evaluation of dermal morphology.

Immunohistochemical staining, first reported by Coons et al. [98] has become
a powerful tool to detect amino acid sequences of proteins, cell-types or even
infectious agents within tissue sections. The strategy relies upon the specific binding
of a primary antibody to an epitope within the protein (antigen) of interest. A
secondary antibody that binds antibody from the animal species that the primary IgG
is derived from, labelled with either fluorescent tags or enzymes such as peroxidase
or alkaline phosphatase can be applied to the tissue section to localise the primary
antibody and therefore the epitope of interest. This method is considered to be
highly specific, but can lack visual contrast. Counterstains such as nuclear fast red
or haematoxylin can be used as counterstains to provide morphological information.

5.2 Three Dimensional and Non-invasive Imaging

Whilst often highly informative of composition, these two dimensional sectioning-
based approaches commonly induce artefacts due to the chemical dehydration and
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50μm

Epidermis

Dermis

Disrupted stratum 
corneum

Holes

Holes

a)
Fig. 3 Sectioning induced artefacts. This ethanol dehydrated, chemically fixed, paraffin embedded
and H&E stained human skin section (imaged be light microscopy) illustrates the common artefacts
induced by the preparation process. Often the stratum corneum will delaminate, whilst holes (either
due to mechanical stresses or the loss of components such as cellular contents) can be found in the
epidermis or more commonly in the dermis. Figure adapted from Walton et al. [99] with permission

fixation of the tissues and the mechanical disruption caused by sectioning (Fig. 3).
These artefacts can manifest as disruption of the stratum corneum and as tears
and holes in both the epidermis and dermis. In contrast micro-computed X-ray
tomography (microCT) imaging of either unstained skin (imaged by phase contrast)
[99] or iodine stained skin [100] can readily resolve recognisable three dimensional
skin structures in intact biopsies (Figs. 3 and 4). To date we have only imaged
chemically fixed skin samples but it seems likely based on our work on other tissues
(i.e. the intervertebral disc) that it should be possible to image native (non-fixed)
skin and also to apply digital image and volume correlation techniques to map
strain in three dimensions [101, 102]. MicroCT imaging is not the only potential 3D
imaging modality and the reader is referred to our recent review for a comprehensive
comparison of alternative imaging techniques [103]. Whilst powerful, these ex
vivo techniques are poorly suited to tracking longitudinal changes in skin. In
our recent review we compare the potential for non-invasive techniques such as
ultrasound, optical coherence tomography and confocal microscopy to characterise
skin structure in situ [104].



Human Skin: Composition, Structure and Visualisation Methods 13

Paraffin

Epidermis

Dermis

Hair
follicle

Compact stratum 
corneum

50μm 50μm

Hair
sha�

a) b)

c)

Fig. 4 MicroCT imaging of human skin. In common with clinical CT imaging, microCT employs
many (typically thousands) of projections to reconstruct the 3D structure of an object. In the
case of our microCT studies with a spatial resolution of approximately 1 μm. (a and b) Virtual,
two dimensional slices through a three dimensional volume (tomogram) clearly showing major
skin features including the intact stratum corneum, epidermis, dermis and hair follicles. (c)
Tomograms can be visualised in three dimensions. Here iodine staining has been used to highlight
the epidermis. Adapted from Walton et al. [99] and Newton et al. [100] with permission
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6 Conclusions and Future Directions

The biophysical properties of human skin are determined by its structure and
molecular composition. The major structural and compositional features of human
skin, its and the differential expression of structural proteins such as keratins
in the epidermis and collagens and elastic fibre components in the dermis have
been established for many decades. However, the role played by “minor” skin
components and the influence of nano- and micro-structure on its mechanical
properties is poorly understood. As a consequence the functional consequences of
the structural and compositional differences which are associated with anatomical
site, ethnicity, environmental exposures and ageing are also poorly understood.
Conventional, histological and immunohistochemical techniques will clearly remain
important in characterising skin structure and composition but there is considerable
opportunity to augment these techniques with new methods which can characterise:
(1) the three dimensional structure and mechanical properties of intact, native skin
and (2) the whole skin proteome and transcriptome.
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Constitutive Modelling of Skin Mechanics

Georges Limbert

Abstract The objective of this chapter is to provide a structured review of consti-
tutive models of skin mechanics valid for finite deformations, with special emphasis
on state-of-the-art anisotropic formulations which are essential in most advanced
modelling applications. The fundamental structural and material characteristics of
the skin, necessary for understanding its mechanics and for the formulation of
constitutive equations, are briefly presented.

1 Introduction

Due to its privileged nature, as both an internal and external organ of the human
body, the skin is crucial in how we interact with our inner and outer environments.
Mechanics plays a fundamental role in conditioning the biophysical behaviour
of skin, not only at a basic mechanical level, but also by being involved in a
complex and intricate interplay with other physical processes such as cell activity,
tissue biochemistry or electromagneto-chemical coupling (e.g. photo-ageing) [1,
2]. Additionally, the skin is a sensory interface containing a large network of
nociceptors which respond to mechanical stimuli [1, 3, 4]. Contact interactions of
the skin with internal structures (e.g. adipose tissue, muscles and bony structures)
as well as with external devices (e.g. razor, clothing fabric, prosthesis, wearable
electronics) are revealing examples of physical phenomena where the intrinsic
mechanical and structural properties of the skin are essential. The ability to
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understand, describe and predict the mechanical behaviour of skin is therefore an
important and broad research topic which is relevant to many clinical, scientific
and engineering applications. Mathematical and computational modelling is now
an integral part of these research endeavours [5–7] and calls for the formulation of
constitutive models with various degrees of sophistication [5].

Review articles have discussed various aspects of skin mechanics. Jor et al. [6]
reviewed current (as of 2013) and future challenges associated with the modelling
and experimental characterisation of skin mechanics. These authors highlighted the
need for tight integration of modelling, instrumentation and imaging. They also
recommended that focus should be directed toward the development of in vivo
quantitative characterisation techniques so that research could be more seamlessly
translated into the clinical setting. Recently, Li [8] conducted a short review of
modelling approaches for the description of in vitro biomechanical properties of the
skin. This researcher concluded that major research efforts should be devoted to the
development of constitutive models of skin capable of accounting for viscoelastic
effects, damage and fracture. Although Jor et al. [6] and Li [8] reviewed some
popular constitutive models of the skin, they did not provide an extensive, detailed
and unified review of formulations capable of representing the anisotropic behaviour
of skin at finite strain and, from elasticity through anelasticity to damage and growth.
This was addressed by Limbert [5] who provided a review on some aspects of the
mathematical and computational modelling of skin biophysics with special focus
on theories based on non-linear continuum mechanics [9–11]. Besides mechanics,
other physical aspects were covered such as growth and thermoelasticity. In a
recent review paper, Benítez and Montáns [7] covered experimental characterisation
techniques and modelling approaches based on continuum mechanics formulations
for elasticity, viscoelasticity, preconditioning (i.e. Mullins effect, damage) as well as
computational implementation aspects. Although the paper was said to be a review
on skin mechanics the treatment was much more general, geared toward soft tissue
mechanics, and featured models that had not been applied to skin. Joodaki and
Panzer [12] briefly discussed in vivo and in vitro mechanical characterisation tests
for skin, its key mechanical and structural aspects such as non-linear behaviour,
viscoelasticity, damage, failure and anisotropy. In the last part of this review
paper they presented a selection of constitutive models for skin elasticity and
viscoelasticity.

The objective of this chapter is to provide an extended, but by no means
exhaustive, logically structured review of constitutive models of skin mechan-
ics with special emphasis on state-of-the-art anisotropic formulations which are
essential in most modelling applications. In the next section the fundamental
structural characteristics of the skin and its mechanical properties will be presented.
Then, non-linear isotropic and anisotropic constitutive models of the skin will be
reviewed to provide a sound basis for researchers interested in the mathematical and
computational modelling of skin mechanics. Further, a brief introduction on image-
based modelling principles and selected applications will be provided. Finally,
potential future directions for research will be discussed.
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2 Fundamental Structural and Material Properties
of the Skin

2.1 Skin Structure

In mammals the skin is part of the integumentary system that includes the skin itself
as the largest organ of the body, and various appendages such as hair, nails and
hooves, nerve receptors and glands. In humans, the skin accounts for up to 16% of
an adult’s total body weight whilst covering an average surface area of about 1.6 m2

[13]. The skin is a complex biological system featuring a broad array of coupled
physical processes acting in concert, or sequentially, as for instance, in the case
of wound healing where a cascade of biochemical and mechanobiological events
is triggered by an injury [14]. From the mechanical and material science point of
view, the skin is primarily a multiphasic and multiscale structure which, as a result,
encompasses a rich set of mechanical properties and constitutive behaviours [15,
16]. The biological nature of this structure renders these properties very dynamic,
particularly over the life course, and like most biological tissues, there is a strong
variability according to body site, individuals, age, sex, ethnicity and exposure to
specific environmental conditions [17, 18]. At the meso-macroscopic level, the skin
is generally considered as a multi-layer assembly made up of three main distinct
structures: the epidermis, dermis and hypodermis (Fig. 1) [13, 16, 19, 20].

The epidermis—which is avascular—is a terminally differentiated stratified
squamous epithelium about 200 μm thick. Ninety-five percent of the cells contained

Fig. 1 Schematic representation of the multi-layer nature of the skin featuring the epidermis
(constituted of the stratum corneum and viable epidermis), dermis and hypodermis. Dimensions
are not necessarily up to scale
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in the epidermis are keratinocytes which undergo mitosis at the 0.5–1 μm thick
epidermal basement membrane (also known as basal lamina) [21]. From this
basement membrane which separates the epidermis from the dermis, the cells
subsequently migrate from towards the skin surface, forming four main well
delineated layers during their transit, namely the stratum basale (also called the
stratum germinativum), the stratum spinosum, the stratum granulosum and the
stratum corneum. This latter layer consists of a one to three cell-thick layer of dead
keratinocytes representing a 15–30 μm thickness. The epidermis includes other
cells such as melanocytes, Langerhans’s cells and Merkel cells [13]. The complex
formed by the living epidermis, at the exclusion of the stratum corneum, is called
the living or viable epidermis. The stratum corneum is the prime line of defence
against external threats such as mechanical, thermal, chemical, electromagnetic or
biological insult. In particular, the mechanical properties of the stratum corneum are
key in conditioning transmission of loads and subsequent deformations of the other
underlying skin layers across several length scales [22, 23].

These purely mechanical aspects are essential for certain biophysical processes
such as the stimulation of mechano-receptors that transduce mechanical energy into
neural signalling (e.g. tactile perception [3] and pain [4]) or mechanobiological
transduction involved in metabolic processes (e.g. homoeostatic regulation of the
skin barrier function [24]).

Any variation in the mechanical properties of the stratum corneum—like those
occurring daily as a results of fluctuations in internal and external environmental
conditions (e.g. relative humidity, temperature) [25]—is likely to affect the material
mechanical response and also the subsequent altered external surface topography.
This has obvious and important consequences for the tribological response of the
skin [23].

The living epidermis is connected to the underlying dermis through a three-
dimensional (3D) interlocking wavy interface, called the dermal-epidermal junction
(DEJ) which is the basal lamina. Papillae are the protrusions of the papillary dermis
into the epidermis. These finger-like structures increase the contact surface area
between the reticular dermis and the living epidermis, and are thus believed to
favour biochemical mass exchanges between these layers e.g. transport of oxygen
and nutrients [21, 26, 27]. The DEJ controls the transit of biomolecules between the
dermis and epidermis according to their dimension and charge. It allows the passage
of migrating and invading cells under normal (i.e. melanocytes and Langerhans
cells) or pathological (i.e. lymphocytes and tumour cells) conditions [27]. The
behaviour of keratinocytes is influenced by the DEJ via modulation of cell polarity,
proliferation, migration and differentiation.

As principally constituted of a dense array of stiff collagen fibres with various
degrees of crimp, the dermis (Fig. 2) is the main load-bearing structural component
of the skin when subjected to tension-inducing loads (e.g. in-plane tension, out-
of-plane indentation and suction). It is 15–40 times as thick as the epidermis [13]
and much thinner on the eyelids than on the back. The dermis can be broken
down into three main layers: the papillary layer juxtaposed to the epidermis, the
sub-papillary layer underneath and the reticular layer which is connected to the
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Fig. 2 Volume rendering of the collagen fibre network in human reticular dermis obtained through
serial block-face scanning electron microscopy. Ethically-approved fresh abdominal skin extracted
during a cosmetic surgery procedure from a 39 years-old female Caucasian patient with no known
medical conditions was commercially obtained (TCS Cellworks, Buckingham, UK). Chlorhexidine
was used for skin decontamination prior to surgery. The 1.5 cm × 1.5 cm full-thickness skin
sample did not feature hair follicle, scars or stretch marks. The skin sample was cut into 1 mm
slices and processed for serial block-face imaging using a high contrast fixation protocol (SBEM
Protocol v7_01_10, https://ncmir.ucsd.edu/sbem-protocol) and embedded in Spurr resin (Agar
Scientific, Stansted, UK). The tissue block was then trimmed appropriately, glued onto a small
aluminium pin, sputter coated in gold/palladium and imaged in the serial block-face imaging
system 3View

R©
(Gatan, Inc., Pleasanton, CA, USA) mounted inside a Zeiss Sigma VP field

emission scanning electron microscope with variable pressure mode (Carl Zeiss Microscopy
GmbH, Jena, Germany) and imaged at 2.5 kV. The acquisition was done at a defined sampling
XY resolutions of 2500 × 2500 pixels resulting in an 8 nm pixel size. In total there were 376
images with a 50 nm spacing in the Z direction

underlying subcutaneous tissue. The papillary layer is defined by the rete ridges
protruding into the epidermis and contains thin collagen fibres, a rich network of
blood capillaries, sensory nerve endings and cytoplasms. The sub-papillary layer
which is the zone below the epidermis and papillary layer features similar structural
and biological components to the papillary layer. Besides a dominant content of
types I and III collagen (respectively 80% and 15% of total collagen content), the
reticular layer is innervated and vascularised, contains elastic fibres (e.g. elastin)
and the dermal matrix made of cells in the interstitial space. Cells present in the
reticular dermis include fibroblasts, plasma cells, macrophages and mast cells.

Collagen fibres account for approximately 70% of the weight of dry dermis.
Collagen fibres in the papillary and sub-papillary dermis are thin (because of
their low aggregate content of fibrils) and sparsely distributed while reticular
fibres are thick, organised in bundles and densely distributed. Fibrils are typically

https://ncmir.ucsd.edu/sbem-protocol
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very long, 100–500 nm in diameter featuring a cross striation pattern with a
60–70 nm spatial periodicity. The diameter of thick collagen bundles can span 2–
15 μm. Birefringence techniques are considered promising tools to characterise the
orientation and supramolecular organisation of collagen bundles in skin [28].

The dermal matrix is composed of an extra-cellular matrix, ground substance
which is a gel-like amorphous phase mainly constituted of proteoglycans and
glycoproteins (e.g. fibronectin) as well as blood and lymph-derived fluids which are
involved in the transport of substances crucial to cellular and metabolic activities.
Proteoglycans are composed of multiple glycosaminoglycans (i.e. mucopolysaccha-
rides) interlaced with back bone proteins. Dermal fibroblasts produced glycosamine
which is rich in hyaluronic acid and therefore plays an essential role in moisture
retention.

Unlike collagen fibres, elastic fibres are extremely elastic and can fully recover
from strains in excess of 100% [29]. Their diameter ranges from 1–3 μm. Their
mechanical entanglement with the collagen network of the dermis is what gives the
skin its resilience and recoil ability. This is evidenced by the correlation between
degradation of elastin/abnormal collagen synthesis associated with ageing and the
apparent stiffening of the dermis [30]. The diameter of elastic fibres in the dermis
is inversely proportional to their proximity to the papillary layer where they tend to
align perpendicular to the DEJ surface.

The subcutaneous tissue is the layer between the dermis and the fascia which is
a band of connective tissue, primarily collagen, that attaches, stabilises, encloses,
and separates muscles and other internal organs. The thickness of subcutaneous
tissue is highly variable intra- and inter-individually. This layer is mainly composed
of adipocytes. Its role is to provide mechanical cushioning, heat generation and
insulation as well as a reserve of nutrients.

An important feature of skin mechanics is that, in vivo, skin is in a state of
complex in-plane heterogeneous tension patterns which depend on individuals, their
age, body location and position. This was first evidenced by French anatomist and
military surgeon Baron Guillaume Dupuytren. In 1834, Dupuytren examined the
chest of a man who had stabbed himself with a round-tipped awl in a failed suicide
attempt, and noticed that the inflicted wounds were elliptical and not circular [31–
33]. Later, in 1838, French surgeon Joseph-François Malgaigne reported that this
type of elliptical wound patterns were oriented according to body location. Although
these two surgeons had evidenced the existence of tension lines in vivo, it was the
Austrian anatomist Karl Langer [31–33] who provided a sound explanation and
comprehensive anatomical basis to it. This was achieved by conducting a large
number of punctures on cadavers, using a round awl, and meticulously mapping
the direction and dimensions of the created elliptical wounds on the body. Because
these experiments were conducted on cadavers with extremities in extension, Langer
observed that tension lines varied with the position of the cadaver. Real in vivo
conditions are also likely to differ from cadaveric conditions because of rigor
mortis which stiffens muscles and joints. Moreover, tension lines are also dependent
upon skin dysfunctions and diseases such as the Elhers-Danlos syndrome which
manifests as a hyper-extensibility of soft tissues, and skin in particular. Experimental
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characterisation of Langer lines is discussed in more details in chapter “Tension
Lines of the Skin”.

2.2 Mechanical Properties of the Skin

Following the brief review of the structural properties of the skin, and, as will
be discussed in the next section in more details, depending on the length scale
considered, the skin can be viewed as a structure or a material (i.e. a homogeneous
structure). Here, in this basic review of mechanical properties, we will mainly focus
on the latter. Due to its characteristic dimensions and interfacial nature, the skin is
often described as a membrane in the general sense. From the mechanical point of
view, it would be more accurate to describe it as a multi-layer shell structure because
it possesses a non-negligible bending stiffness despite mainly sustaining membrane
strains.

Due to its significant thickness compared to that of the stratum corneum and
viable epidermis, combined with its high content in collagen fibres, the dermis is
the main contributor to the tensile mechanical properties of the skin. The intricate
fibrous collagen architecture of the dermis and its close mechanical connectivity to
elastin fibres lead to anisotropic and non-linear macroscopic mechanical properties
which is consistent with the strain stiffening effect typically observed in biological
soft tissues under tension [9].

The measured mechanical anisotropy of the skin is not only due to the structural
characteristics of the skin layers and their microstructural constituents but is also
the result of its mechanical interplay with the Langer lines. In-plane anisotropy of
the skin is correlated with the distribution and orientation of Langer lines [34] while
out-of-plane (or across-the-thickness) anisotropy is due to the distinct mechanical
properties and complex 3D structure of the skin layers. This presents a number
of challenges for the experimental characterisation of the mechanical properties of
skin [6, 35] as well as their mathematical and computational realisation. Intuitively,
one would expect that the inclusion or not of pre-stress/pre-strain in a mathematical
or computational model of the skin would significantly influence its mechanical
response. Flynn et al. [36] determined a relation between the in vivo relaxed skin
tension lines (RSTL) on a human face and the directional dependency of the
skin stiffness using a combination of contact measurement techniques and inverse
finite element methods. These authors demonstrated the need to account for these
tension lines in the characterisation of the anisotropic properties of the human
skin. Recently, Deroy et al. [37] developed a non-destructive and non-invasive
experimental protocol based on elastic surface wave propagation to determine the
orientation of skin tension lines. The method was validated on canine cadaveric
specimens. The Cutiscan CS 100

R©
(Courage-Khazaka Electronic GmbH, Köln,

Germany) is a device offering the possibility of qualitatively measuring mechanical
anisotropy of the skin in vivo [38].
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A variety of methods have been used to measure the mechanical properties of
skin: e.g. uniaxial and biaxial tensile tests [34, 39–41], multiaxial tests [15, 42],
application of torsion loads [43], indentation [44], suction [38, 45–50] and bulge
testing [51]. More recent techniques have focused on the experimental characterisa-
tion of the mechanical properties of the epidermis [52–54] which are particularly
relevant for cosmetic and pharmaceutical applications. Beside intra- and inter-
individual biological variability as well as sensitivity to environmental conditions,
the nature of these experimental techniques combined with their operating spatial
scale (e.g. macroscopic or cellular levels) are the main reasons there is a such a wide
variability in mechanical properties reported in the literature. Differences for the
mechanical properties of the skin or those of its individual layers can span several
order of magnitude (see Table 1 in [22]).

Given its complex hierarchical structure, and like most soft tissues, the skin
exhibits a wide range of viscoelastic phenomena including creep, relaxation,
hysteresis [18, 39, 55, 56] and strain rate dependency [41].

3 Modelling Approaches

The brief review of the structural and macroscopic mechanical properties of the skin
in the previous section have highlighted three main characteristics, namely, non-
linear behaviour, structural non-homogeneity and mechanical anisotropy. However,
many studies only considered the isotropic constitutive behaviour of skin which
could be a rational assumption depending on the type of loading conditions. A brief
summary of isotropic constitutive models of skin will be provided. Mathematical
and computational models of the skin can be classified into three main categories:
phenomenological, structural and structurally-based phenomenological models.

Phenomenological models are based on the assumption that the skin is a
homogeneous material where the microstructure and multiple phases as well
their associated mechanical properties are not accounted for explicitly. These
phenomenological models aim to capture the overall—generally macroscopic—
behaviour of the tissue without accounting for the individual behaviour of its
elemental constituents and their mutual interactions [57]. Typically, if one considers
mechanical behaviour only, a phenomenological model is a set of mathematical
relations that describe the evolution of stress as a function of strain [9]. Provided the
formulation is appropriate, it is generally always possible to fit such a constitutive
law to a set of experimental data. However, the main drawback of this approach
is that the resulting constitutive parameters often do not have a direct physical
interpretation, and the model effectively acts as a “black box” without the flexibility
of integrating and studying mechanistic structural effects.

Structural models of the skin represent the tissue as a composite material made
of an explicitly defined assembly of key microstructural elements (e.g. collagen
fibres arranged in bundles with a certain degree of crimp and dispersion, within
a matrix mainly composed of proteoglycans). The way these structural elements
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interact can also be specified by developing appropriate equations (e.g. mutual shear
interactions of collagen fibrils and fibres or small-range electromagnetic interactions
between proteoglycans and collagen fibres [58]).

In this approach, not only the mechanical properties of the individual basic
structures need to be determined or known but also the way they are geometrically
arranged to form the macroscopic tissue, and how they interact mechanically,
thermally or through any other type of physical phenomenon. The overall mechan-
ical properties of the tissue are the result of this—generally nonlinear—coupling
between geometry and mechanics. Structural models can be viewed as geometrical
assemblies of phenomenological models. For this reason, one could argue that,
strictly speaking, structural models are not fully structural, and that classification as
a structural or phenomenological model is a matter of length scale. Only if models
are built ab initio from the first principles of quantum chemistry could one talk about
structural models. In that respect, the constitutive parameters of phenomenological
models describing the behaviour of elemental microstructural components may also
not have a direct physical interpretation but, typically, they do. For example, if
collagen fibres are part of the formulation, their elastic modulus, waviness and
degree of dispersion around a main orientation are indeed constitutive parameters
with have a direct physical interpretation and that, often, can be experimentally
determined. One of the main drawbacks of structural models lays in the necessity
to have accurate information about the geometrical and material characteristics
of each elemental building block as well as their mutual spatial and interfacial
arrangement. This presents obvious experimental characterisation challenges which,
however, are progressively overcome as technologies in this field improve, and new
characterisation techniques emerge. Moreover, in a computational finite element
environment, structural models spanning several orders of magnitude in terms
of length scale require significantly high mesh density to explicitly capture the
geometry of the structural constituents. Inevitably, despite tremendous advances
in the computing power of modern processors, this can lead to prohibitively
computationally expensive analyses and lengthy run times.

A judicious compromise between strictly phenomenological and structural mod-
els is a third-class of models, formulated by combining certain characteristics
of phenomenological models to those of structural ones. These models could
be denoted under the general appellation of structurally-based phenomenologi-
cal models or structurally-based continuum models. The continuum composite
approach of Spencer [59] is a good example of that philosophy. In this type of consti-
tutive formulation for fibre-reinforced composite materials, fibres are not explicitly
modelled at the geometric level but their mechanical contribution to the overall (i.e.
continuum) behaviour is implicitly accounted for by strain energy density terms
directly related to microstructural metrics (e.g. stretch along the fibre direction).
Nowadays, models adopting this type of constitutive hypotheses dominate the
literature as they have been very successful at representing the biomechanics of
many biological tissues [10, 11]. The mathematical formulation of these models
can be viewed as mutltiscale as it accounts for structural geometrical/mechanical



28 G. Limbert

features/effects arising from a smaller length scale than that at which the gross
physical response is represented in a continuum sense.

Multiscale formulations in the homogenisation theory/computational mechanics
sense are also possible but require more advanced finite element formulations for
practical calculations [60, 61].

3.1 Image-Based Microstructural Models of the Skin:
Principles and Applications

Given the hierarchical structure of biological tissues, especially the skin, capturing
certain key aspects of their microstructure in computational models opens up the
possibility of conducting hypothesis-driven research about the links between their
structure and function [9] in a very systematic and mechanistic way. One can isolate
and study the influence of certain microstructural and/or material parameters on the
global response of the system [22, 23, 62] to formulate hypotheses and theories that
can further our fundamental understanding of skin physiology and also assist in the
design of physical experiments.

According to the classification of models presented in the previous section,
image-based models could be best described as computational (micro)structural
models where the constitutive model used for representing the material behaviour
of each substructure could be a phenomenological, structural or structurally-based
phenomenological model. Image-based modelling has become ubiquitous in many
research domains where capturing complex multiphasic structures at various length
scales is essential for conducting physics-based numerical analyses [63]. In the
context of biological tissues and structures, any type of imaging modalities (1D,
2D, 3D, 4D) can be used, including digital optical photography [22], computed
tomography [64], magnetic resonance imaging [65] and laser confocal microscopy
[66].

Developing an image-based computational model is the process of acquiring
the geometry of a physical system through a single or a combination of imaging
modalities, bring it into the digital world under the form of an image or a series of
images, conduct image-processing on these files to identify and isolate regions of
interest (i.e. segmentation of the distinct skin layers or segmentation of individual
microstructural phases within a layer) (Fig. 3) and mesh these digital regions
into finite elements so that the partial differential equations governing the physics
considered could be solved using the finite element method.

Image-based microstructural finite element models of the skin can provide
unique insights into the interplay between material and structural properties of the
skin even when considering only two-dimensional geometries. For sake of illustra-
tion, and drawn for the author’s research portfolio, three applications concerning the
role of the stratum corneum on skin mechanics [22], deformation-induced skin
friction [23, 62, 67] and micro-wrinkle formation [68, 69] are briefly discussed.
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Fig. 3 (a) Digital image of a
histological section obtained
from a human facial skin
biopsy (site: forehead) of a
68-year old Caucasian
woman (courtesy of Bradley
Jarrold, The Procter &
Gamble Company,
Cincinnati, USA); (b) Result
of image segmentation of the
intact collagen phase within
the dermis (coloured in black)
overlaid over original digital
histological section (a); (c)
Segmented intact collagen
and elastotic tissue phases,
coloured respectively in dark
and light pink
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Leyva-Mendivil et al. [22] unveiled and quantified structural folding mechanisms
driven by the mechanics of the stratum corneum in combination with its intricate
surface topography when the skin is subjected to plane-strain compression. It was
shown that macroscopic strains may significantly be modulated at the microscopic
(i.e. local) level. The convoluted shape of the stratum corneum can effectively acts
as a strain reducer.

These authors subsequently used a similar approach to show that the macroscopic
coefficient of friction between the skin and a rigid slider moving across its
surface is noticeably higher that the local coefficient of friction applied as an
input parameter to the finite element analyses [67]. This demonstrated that the
deformation-induced component of skin friction could be significant, unlike what
has been widely assumed in the tribology community [70–74] where adhesion-
induced friction is deemed to be the dominant contributor to macroscopic friction.
Similar observations were made in a similar computational contact homogenisation
study by Stupkiewicz et al. [75]: geometrical effects alone can have a significant
impact on the macroscopic frictional response of elastic contacts. To date, despite
much experimental and modelling studies investigating shear stress at the surface of
the skin in relation to skin injuries and pressure ulcers [52, 54, 76], very little efforts
have been made to develop methodologies to gain a more accurate and mechanistic
understanding of how shear stresses are induced at the level of skin microrelief
asperities and how they propagate from the skin surface to the deeper layers where
they are likely to mechanically stress living cells. Ultimately, excessive stress or
strain can lead to cell damage and death, which, at a meso/macroscopic level
translates into tissue damage and loss of structural integrity. A more recent study
was conducted by Leyva-Mendivil et al. [62] to investigate these aspects and, again,
demonstrated the importance of accounting for skin microstructure in this type of
study. Building upon this computational modelling approach Leyva-Mendivil et
al. [67] recently investigated the role of contact pressure on skin friction. Results
confirmed the potentially major role of finite deformations of skin asperities on the
resulting macroscopic friction. This effect was shown to be modulated by the level
of contact pressure and relative size of skin surface asperities compared to those of
a rigid slider. The numerical study also corroborated experimental observations by
Adams et al. [71] concerning the existence of two contact pressure regimes where
macroscopic friction steeply and non-linearly increases up to a critical value, and
then remains approximately constant as pressure increases further.

Understanding the biophysics of skin wrinkling is of critical importance in
cosmetics, dermatology, surgery and for a wide range of industrial applications (e.g.
consumer goods). Throughout the past decade, bi-layered model systems [77] have
evolved as a valuable tool to study the mechanisms of skin wrinkling in idealised
two-dimensional geometries. However, these idealised systems can only generate
regular wrinkling patterns and fail to accurately predict the surface topology of real
human skin (Fig. 4).

In their image-based finite element study, Limbert and Kuhl [68] reconstructed
the microrelief of a 0.25 cm2 skin patch of a healthy human 40-year old male
subject using laser scanning profilometry to characterise the impact of initial surface
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Fig. 4 Synthetic image representing the typical microrelief of human skin surface (ridges and
furrows) in its undeformed configuration, reconstructed from laser scanning profilometry of a
silicone replica of a human volar forearm skin patch (5 mm × 5 mm). Some of the primary
and secondary lines are delineated by rectangles overlaid over the skin surface. The profilometric
acquisition features a 400 × 400 grid of points that was fitted to a NURBS surface (adapted from
Limbert and Kuhl [68])

imperfections on pattern formation upon compression-induced wrinkling. The skin
patch was modelled as a bi-layered system with a 20 μm thick stratum corneum
layer on top of a 2.6 mm thick skin substrate.

In a systematic sensitivity analysis, the authors studied the effects of a fully
three-dimensional microrelief geometry on wrinkling pattern formation for different
stiffness ratios between layer and substrate where realistic variations of stiffness
ratio were taken as surrogate measures of hydration level of the stratum corneum
[25]. For moderate stiffness ratios up to 20, and for the particular surface consid-
ered, external compression simply magnified the underlying microrelief pattern.
For stiffness ratios larger than 100, external compression induced a well-defined
periodic wrinkling pattern at wavelengths that agree well with analytical predictions.
While analytical models and computational simulations of idealised model systems
provide valuable insight into the wrinkling pattern of regular structures at high
stiffness contrasts, they cannot predict surface topologies of realistic skin surfaces
with irregular microstructures. Especially for human skin with an inherently irreg-
ular surface topology, realistic three-dimensional modelling can become critically
important since surface instabilities are highly sensitive to initial imperfections
[78]. This sensitivity analysis with varying stratum corneum stiffnesses unravelled
important implications in understanding the effects of drying or ageing on altered
surface pattern formation (Fig. 5).
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Fig. 5 Finite element model of a bi-layer model of human skin upon application of a 25%
uniaxial compressive deformation (new original plot adapted from Limbert and Kuhl [68]). The
top light-brown thin layer is the stratum corneum while the coloured streamlines represent the
path of minimum (i.e. compressive) principal strain within the (transparent) substrate (i.e. living
epidermis + dermis) and the white undulated surface is an iso-surface of 20% compressive Green-
Lagrange strain within the substrate

4 Constitutive Models of the Skin

In this section, we present what are considered state-of-the-art mechanical consti-
tutive models of the skin. The focus is on non-linear elasticity and viscoelasticity
theories. For sake of completeness, isotropic elastic models of the skin found
in the literature are also covered. Anelastic phenomena such as plasticitys [79],
softening and damage [80] are presented. Other types of constitutive laws such as
mechanobiological models for growth [81] and chemo-mechanobiological models
of wound healing [14, 82–84] are covered respectively in chapters “Constitutive
Modelling of Skin Growth” and “Constitutive Modelling of Skin Wound Healing”.
To enable a sound theoretical basis to formulate constitutive model a brief review of
hyperelasticity theory is provided below.

4.1 Basic Continuum Mechanics for Isotropic and Anisotropic
Hyperelastic Solids

Non-linear continuum mechanics provides a flexible mathematical framework to
model a wide range of constitutive behaviours [85, 86] from non-linear elasticity
and finite strain plasticity to thermoelasticity and biological growth. Accounting
for finite deformations is essential for many applications in skin mechanics, and
it is therefore sensible to develop constitutive equations a priori valid for finite
kinematics. To this end, in this section, essential definitions of kinematic and kinetic
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quantities are provided, and, without loss of generality, particularised for Cartesian
coordinate systems. Because of the popularity of their use in the constitutive mod-
elling of biological tissues [10], particularly those featuring anisotropic mechanical
properties, tensor invariants and structural tensors are also introduced. Invariant
formulations typically postulate the existence of a strain energy function depending
on a set of tensorial invariants of a given deformation or strain measure [86–89].
Introducing a dependency of the strain energy to tensor agencies characterising
local microstructural features (e.g. local collagen fibre bundle orientation) is a
very efficient way to incorporate microstructural information within a macroscopic
continuum constitutive formulation. This class of material models corresponds to
that of the microstructurally-based models defined in the previous section. In order
to ensure a direct physical interpretation of constitutive parameters it is judicious
to select a set of tensor invariants that characterise particular deformation modes
the tissue is known to be subjected to and that can also be physically measured
[90, 91]. For collagenous tissues, a standard assumption is to consider the tissue
as a continuum composite material made of one or several families of (oriented)
collagen fibres embedded in a highly compliant isotropic solid matrix composed
mainly of proteoglycans. A preferred fibre alignment is defined by the introduction
of a so-called structural or structure tensor which appears as an argument of the
strain energy function [87, 89]. These notions are detailed in the next sections.

4.1.1 Kinematics of a Continuum and Deformation Invariants

A key basic kinematic entity in continuum mechanics is represented by the gradient
of the deformation ϕ, F, defined as F(X) � ∂ϕ(X)/∂X = ∂ϕi/∂XIei ⊗ EI. The
Einstein summation convention for indices is used throughout. X is the position of
a material point in the Lagrangian—or reference—configuration while x = ϕ(X)
is its material placement in the Eulerian—or current—configuration. {EI}I = 1, 2, 3
and {ei}i = 1, 2, 3 are fixed orthonormal bases in the Lagrangian and Eulerian config-
urations respectively. “.”, “:”, ⊗ and “T” respectively denote the scalar product of
second-order tensors, double-contraction tensor product, tensor outer product and
transpose operators. F maps infinitesimal line vectors from the material to spatial
configuration while cofactor(F) = J F−T and J = determinant(F) respectively maps
oriented infinitesimal surface and volume. The right (material) and left (spatial)
Cauchy-Green deformation tensors are respectively defined as C = FT.F and
b = F.FT. Because these two tensors only contain information about change of
length, and therefore exclude local material rotations, they are appropriate to define
valid constitutive equations that satisfy the Principle of Material Frame Indifference
[86]. The Green-Lagrange strain tensor is defined from the deformation tensor C
as E = (C − I)/2 where I is the second-order identity tensor. The classical three
principal invariants of C which define the isotropic (or non-directional) response of
a given material are defined as follows [85]:

I1 = trace (C) = C : I; I2 = 1

2

[
I1 − C2 : I

]
; I3 = determinant (C) (1)
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To characterise a general orthotropic symmetry one can introduce three
unit vectors ni0 associated respectively with the principal material directions
i in the reference configuration. Because these material directions are signed
directional properties one introduces the concept of structural tensors Bi

0
[86–89] which are even functions of these unit vectors: Bi

0 = ni0 ⊗
ni0 {i = 1, 2, 3} (no summation on i). The spatial counterparts of these structural
tensors are defined as: Bi

t = 1/λ2
i F.Bi

0.F
T = 1/λ2

i F.
(
ni0 ⊗ ni0

)
.FT =

nit⊗nit {i = 1, 2, 3} (no summation on i)where nit {i = 1, 2, 3} are the unit vectors
in the spatial configuration and λi {i = 1, 2, 3} are the stretches along these
directions.

For material isotropy all material directions are equivalent so that:

B1
0 = B2

0 = B3
0 = n1

0 ⊗ n1
0 = n2

0 ⊗ n2
0 = n3

0 ⊗ n3
0 = I ⊗ I (2)

For transverse isotropy, if the preferred material direction is given by n3
0:

B3
0 = n3

0 ⊗ n3
0, B

1
0 = B2

0 = 1

2

(
I − B3

0

)
(3)

For orthotropic symmetry the preferred material directions are orthogonal to each
other.

In the context of soft tissue mechanics, depending on the spatial scale of
investigation, a single unit vector ni0 can represent the local orientation of a single
collagen microfibril or fibril, that of a single fibre bundle or that of a family of fibres.
This gives rise to a transverse isotropy symmetry if one assumes that these fibres are
embedded in an isotropic matrix. Two additional tensorial invariants characteristic
of transverse isotropy symmetry can be defined [86, 87, 89]:

I i4 = C : Bi
0 = λ2

i , I i5 = C2 : Bi
0 (4)

I i4 is a very convenient invariant with a direct physical interpretation as it is the
square of the stretch along the corresponding fibre direction.

4.1.2 Constitutive Equations for Invariant-Based Hyperelasticity

As a general procedure to formulate constitutive equations for hyperelastic mate-
rials, one can postulate the existence of a strain energy density ψ , isotropic
function of its deformation or strain invariant arguments. Stress and elasticity
tensors are obtained by respectively first and second order differentiation [86].
Hyperelastic formulations can serve as a basis for inelastic formulations such
as finite strain plasticity, finite strain viscoelasticity and growth, or any combi-
nation of these constitutive behaviours. The Lagrangian second Piola-Kirchhoff
stress tensor, S, is readily obtained by differentiation of the strain energy den-
sity function with respect to the right Cauchy-Green deformation tensor whilst
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applying the chain rule of differentiation for the n deformation invariants Ii:
S = 2 (∂ψ/∂Ii) (∂Ii/∂C) {i = 1 . . . n}.

The (spatial) Cauchy stress tensor, often referred as true stress tensor, is obtained
by push-forward operation of the second Piola-Kirchhoff stress tensor S from the
reference to the current configuration [86]:

σ = 1

J
(ϕ∗ S) = 1

J
F.S.FT = 2

J
F.
(
∂ψ

∂C

)
.FT = 2

J

n invariants∑
i=1

(
∂ψ

∂Ii
F.
∂Ii

∂C
.FT

)

(5)

while, the (volume ratio)-weighted Cauchy stress is the Kirchhoff stress tensor:

τ = Jσ = 2
∂ψ

∂b
.b = 2

n invariants∑
i=1

(
∂ψ

∂Ii

∂Ii

∂b

)
.b (6)

Remarks about the associated material and spatial elasticity tensors in the context
of finite element procedures are provided in the Supplementary Material of the
review paper by Limbert [5]. The particular form of the tangent stiffness required
for the implementation of constitutive models in the commercial software package
Abaqus/Standard (Simulia, Dassault Systèmes, Johnston, RI, USA) is also derived.
Additional information about tangent stiffness is also provided by Benítez and
Montáns [7].

4.1.3 A Note on the Modelling of Fibre Dispersion

It is clear that the complex microarchitecture of the collagen network in skin cannot
be accurately captured by the rather strong assumption of uniform fibre alignment,
even at a local level. A better assumption, more in line with physical observations,
is to assume that, at a local level, fibres are distributed around a main orientation, n0
with a certain probability to lay within a particular range of angular deviation from
that main direction. This is embodied by the notion of fibre dispersion which can
be accounted for by means of two main modelling approaches [92]. The first one,
termed the “angular integration approach” is due to Lanir [93] while the second
approach, known as the “generalised structure tensor” approach is due to Gasser et
al. [94].

In the angular integration approach, also known as the microsphere approach,
the strain energy function of a single fibre, ψfibre(λ), is considered a function of
the fibre stretch λ. This strain energy is then integrated over the unit sphere to
represent the strain energy of a bundle of these fibres per unit reference volume,
ψbundle. This could effectively be viewed as an homogenisation procedure where
mesoscopic (or macroscopic) quantities are obtained by integration of fibre level
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microscopic quantities (e.g. strain energy of a single fibre ψfibre(λ)). It follows that:

(7)

where dA is the elemental unit sphere surface area, n is the number of fibres per
unit reference volume, v0 is a unit vector bearing the direction of an arbitrary fibre,
defined with respect to n0, a unit vector representing a mean direction around which
fibre dispersion occurs, and ρn0 is the relative angular distribution of fibres around
the mean direction which must satisfy the following normalisation condition [92]:

(8)

The homogenised second Piola-Kirchhoff stress tensor associated with a fibre
bundle can then simply be defined as:

(9)

Similarly, the associated Lagrangian elasticity tensor is:

(10)

As pointed out by Holzapfel and Ogden [92], in Eq. (7), it is assumed that the
elastic properties of all fibres are defined by the same strain energy function ψfibre.
This is was not the case in Lanir’s study [93] where a probability distribution charac-
terising the degree of fibre crimp, and therefore, the degree of mechanical activation,
was considered, effectively leading to a modulation of ψfibre for each fibre.

In the generalised structure tensor approach, introduced by Gasser et al. [94],
the idea is to use a homogenised structure tensor H which is obtained by integration
of the structure tensor v0 ⊗ v0 associated with an arbitrary fibre of direction v0,
deviating from the mean fibre direction n0, over the unit sphere. This effectively
amounts to defining a statistical strain-like invariant (C : H − 1) (see Sect. 4.3.4). In
that case, the strain energy of a bundle of fibres per unit reference volume ψbundle is
defined as:

ψbundle = ψbundle (C,H) (11)

where:

(12)

with satisfaction of the normalisation condition (8) leading to H : I = 1.
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Holzapfel and Ogden [92] recently discussed important theoretical aspects of the
angular integration and generalised structure tensor approaches for fibre dispersion.
They demonstrated the equivalence of these two formulations in terms of predictive
power and therefore, implicitly recommend the latter approach because it has
been proven very effective in describing experimental data for a broad range of
biological fibrous tissues, is conceptually simple, much simpler to implement in
a numerical context, and also, much less demanding with regards to computational
cost. Moreover, and of particular significance, these authors developed a formulation
based on the generalised structure tensor approach which exclude compressed fibres
within a dispersion group. By so doing, they proved that it is indeed possible, unlike
what has previously been claimed in the literature. More recent work on models that
exclude compressed fibres is due to Li et al. [95, 96] who also defined a novel tensor
invariant that excludes them a priori [96].

In his seminal paper, Lanir [93] developed a microstructurally-based plane stress
model of skin in which he introduced a planar fibre angular density distribution
Rk(θ ) where Rk(θ ) dθ is the fraction of all fibres of type k (collagen or elastin)
oriented between θ and (θ + dθ ) in the reference configuration. In that case, θ
represents the deviation from the mean fibre orientation n0. Lanir selected a circular
normal distribution, also known as von Mises type distribution:

R (θ, μ, κ) = exp (κ [cos (θ)− μ])

2πI0 (κ)
(13)

where I0(κ) is the modified Bessel function of order 0. Naturally, other forms of
angular distribution functions are possible [94, 97, 98]. Fibre dispersion over the unit
sphere is described by a spatial density function ρ(θ , ϕ) where θ and ϕ represent the
Eulerian angles describing the direction of any material vector v0 [94] so that one
can write ρ(θ , ϕ) = ρ(v0) = ρ[v0(θ , ϕ)]:

v0 (θ, ϕ) = (sin θ cosϕ) ex + (sin θ sin ϕ) ey + (cos θ) ez (14)

dA = sin θ dθ dϕ represents the infinitesimal surface area of the unit sphere defined
by the angular range [(θ , θ + dθ ), (ϕ, ϕ + dϕ)]. Without loss of generality, if one
assumes that any vector v0(θ , ϕ) is aligned with the base vector ez, rotational sym-
metry around ez is obtained and the fibre density distribution becomes independent
of ϕ so that ρ = ρ(θ ) = ρ[v0(θ )]. The normalisation condition is then reduced
to:

∫ π

0
ρ [v0 (θ)] dA = 2 (15)

The dispersion of collagen fibres around a preferred mean direction (trans-
verse isotropy) can be accounted for by the use of a modified version of the
standard π-periodic von Mises distribution function with dispersion parameter b
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[97, 99]:

ρ (θ) = 4

√
b

2π

exp (b [cos (2θ)+ 1])

erfi
(√

2b
) (16)

where erfi is the imaginary error function defined as:

erfi(x) = −i 2√
π

∫ i x

0
e−t2dt (17)

Ogden [100] showed that the dispersion parameter κ of the structure tensor
approach of Gasser et al. [94] can be expressed as:

κ = 1

2
+ 1

8b
− 1

4

√
2

πb

exp(2b)

erfi
(√

2b
) (18)

Instead of using a MacLaurin series expansion to approximate the imaginary
error function (which is often not standard in low-level programming languages),
Limbert [5] proposed an original formulation based on a global Padé decomposition
established by Winitzki [101]. This approximation offers the simultaneous advan-
tages of low computing requirement and high accuracy.

More details about the formula can be found in the Supplementary Material in
Limbert [5]. For completeness, a very accurate four-term Padé approximant of the
imaginary error functionerfi, erfiPadé

4 is provided below:

erfiPadé
4 (x) = ex

2

√
π

f (x)

g(x)
(19)

f (x) = x

(
654729075

512 + 126351225x2

256 + 4999995x4

32 + 637065x6

16 + 134805x8

16 +
12255x10

8 + 495x12

2 + 37x14 + 11x16

2 + x18

)
(20)

g(x) = 654729075
1024 + 172297125x2

256 + 91216125x4

256 + 2027025x6

16 + 1091475x8

32 +
59535x10

8 + 11025x12

8 + 225x14 + 135x16

4 + 5x18 + x20
(21)

4.2 Non-linear Isotropic Models of the Skin

In this section, a selection of some of the most popular non-linear isotropic elastic
models of skin are presented. They are all based on the definition of strain energy
functions and valid for finite kinematics, unlike Hookean elasticity despite its wide
spread use in the literature, particularly in earlier studies.
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4.2.1 Veronda-Westmann’s Model

To identify the highly non-linear behaviour of cat’s skin in tension, Veronda and
Westmann [57] formulated the following strain energy function:

ψ = c1 {exp [c2 (I1 − 3)] − 1} − c1c2

2
(I2 − 3)+ f (I3) (22)

where c1 is a shear-like modulus, c2 is a dimensionless parameter that scales the
response connected to the second invariant while f (I3) is a bulk energy associated
with volumetric deformations and that characterises the degree of compressibility
of the material.

4.2.2 Models Based on Mooney-Rivlin’s/Neo-Hookean Formulation

This model, widely used for rubber mechanics [102], is based on the following strain
energy function:

ψ = c1 (I1 − 3)− c2 (I2 − 3)+ f (I3) (23)

where c1 and c2 are a shear-like moduli. If c2 = 0, the strain energy degenerates
to that of a neo-Hookean material with ground state shear modulus μ = c1/2.
Experimental results of uniaxial tensile testing on human abdominal skin by Jansen
and Rottier [103] were used by Shergold and Fleck [104] to identify Mooney-Rivlin
parameters. They found that the response resulted in c2 � 0 which meant that the
identified model was effectively neo-Hookean. Another study using a neo-Hookean
strain energy potential was conducted by Delalleau et al. [105]. More recent research
used neo-Hookean elasticity to model the mechanical response of individual skin
layers can be found [22, 23, 62, 67, 68].

4.2.3 Models Based on Polynomial Strain Energy

This type of strain energy function can be viewed as a generalisation of Mooney-
Rivlin’s model and is defined as:

ψ =
N∑

i+j=1

cij (I1 − 3)i(I2 − 3)j + f (I3) (24)

where cij are shear-like moduli. If j = 0 the strain energy function degenerates to
that of a Yeoh’s material defined as:

ψ =
N∑
i=1

ci(I1 − 3)i + f (I3) (25)
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where ci are shear-like moduli.
Hendriks et al. [47] used an inverse characterisation technique based on finite

element simulations and in vivo suction experiments to identify the constitutive
parameters of a two-term polynomial strain energy defined as:

ψ = c10 (I1 − 3)+ c11 (I1 − 3) (I2 − 3)+ f (I3) (26)

Lapeer et al. [106] identified constitutive parameters of the general polynomial
formulation and those of its reduced form (i.e. Yeoh’s model) from tensile tests on
human female abdominal skin.

Models based on polynomial strain energies (Eq. 24) can suffer from material
stability issues depending on the choice of constitutive parameters, and, in the
author’s opinion, should be avoided.

This does not apply to the Yeoh’s formulation [107] which is unconditionally
stable provided its constitutive parameters are all positive. This result was also
empirically determined by Lapeer et al. [106].

4.2.4 Models Based on Ogden’s Formulation

This constitutive model was originally developed to represent the mechanical
behaviour of elastomers [108, 109]. It is based on the definition of a strain energy
function defined in terms of the principal stretches (i.e. the eigenvalues of the
deformation gradient F, λi {i = 1, 2, 3}, in a three-dimensional setting):

ψ =
n∑
i=1

2
μi

α2
i

(
λ
αi
1 + λαi2 + λαi3 − 3

)
(27)

where μi are shear-like moduli, αi are adimensional parameters that control the
shape of the stress-strain curve and n is the order of the series. This model offers
great flexibility for describing the typical strain hardening behaviour of biological
tissues but this flexibility might be paid off by unwanted “over-fitting” in the
presence of experimental noise.

For n = 1 and α1 = 1 the Ogden strain energy becomes that of a neo-Hookean
material while the incompressible Mooney-Rivlin model is recovered for n = 2,
α1 = 2, α2 = − 2 and λ1λ2λ3 = 1. Shergold and Fleck [110] used a one-term
Ogden’s strain energy function to model the mechanical behaviour of skin in the
context of deep penetration. In a subsequent study [104] these authors identified
an Ogden hyperelastic formulation with experimental data on pig skin obtained
for different strain rates. They concluded that the parameter α = α1 was mostly
independent of the strain rate and that this was due to the fact that α is conditioned
by the evolution of the collagen meshwork in skin which makes it independent
of strain rate. A similar observation was made by Lim et al. [111] for pig skin.
Evans and Holt [112] conducted in vivo testing of human skin using digital image
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correlation and successfully fitted their data to a one-term Ogden model for in-plane
deformations. Flynn et al. [113] used a one- and two-term Ogden strain energy to
model skin under rich deformations (i.e. in- and out-of-plane deformations) applied
and controlled by a force-sensitive micro-robotic device. They used an inverse
technique based on finite element simulations to determine constitutive parameters
including the values of pre-stress (also converted to residual strains) associated
with Langer lines. The underlying assumption for using an isotropic constitutive
model was to consider that anisotropy was a by-product of the existence of Langer
lines. Measurements were conducted on anterior forearm and posterior upper arm
of human volunteers. A similar study was later performed by these authors [114]
to characterise the in vivo mechanical behaviour of facial skin under rich sets of
deformation.

4.2.5 Models Based on Arruda-Boyce’s Formulation

Chain network models such as the Arruda-Boyce eight-chain model originates
from concepts borrowed from statistical mechanics, namely, entropic elasticity
of macromolecules [115]. In this theory, long molecular chains are assumed to
rearrange their conformation under the influence of random thermal fluctuations
so that their possible geometrical configurations can only be known in a statistical
sense. Polymer chains in rubber are typically described as uncorrelated [116]
as their conformation is reminiscent of a random walk. The term freely jointed
chains is also used. In contrast, biopolymer chains such as collagen assemblies
feature smoothly varying curvature and are therefore considered correlated. These
chains are best described using the concept of worm-like chains of Kratky and
Porod [117]. In the context of soft tissue mechanics, several authors used this
approach to describe the structure and mechanics of the basic building block of
collagen assemblies, the tropocollagen molecule, the so-called collagen triple-helix
[116, 118–123]. Both freely-jointed and worm-like entropic chains are assumed
to be made of beads connected by N rigid links of equal length d, the so-
called Kuhn length [124], so that the maximum length of a chain, the contour
length, is L = Nd. The mechanics of macromolecular polymer structures is not
only governed by the mechanical properties of individual chains but also by their
electromagnetic and mechanical interactions which can take the form of covalent
bonds, entanglement and physical cross-links. These combined effects give rise to
strong network properties which can be implicitly captured by network models such
as the eight-chain model of Arruda and Boyce [125]. The central idea behind these
formulations is that there exists a representative nano-/microscopic unit cell able
to capture network properties. The eight-chain model assumes that the unit cell is
made of eight entropic chains of equal lengths connected from the centre of the
cell to each of its corners (Fig. 6), each equipped with their own strain energy
ψchain.
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Fig. 6 Schematic
representation of the eight
chain network model of
Arruda and Boyce [115]. The
light grey solid volume
represents the bulk material
admitting the strain energy
function ψbulk while the eight
single polymer chains are
governed by the strain energy
function ψchain defined in Eq.
(28)

For uncorrelated and correlated chains one can consider respectively the freely
jointed chain energy (Eq. 28) and the worm-like chain energy (Eq. 30) The unit
cell is further assumed to feature a solid phase conferring isotropic bulk properties
through the strain energy ψbulk. Affinity of deformations is assumed.

The freely jointed chain model for uncorrelated chains is defined by the
following strain energy function:

ψchain = ψ̂FJCLangevin(r) = ψ̂FJC0 + K θN

⎧
⎨
⎩
r

L
L−1(r)+ ln

⎡
⎣ L−1(r)

sinh
(
L−1(r)

)
⎤
⎦
⎫
⎬
⎭
(28)

where ψ̂FJC0 is the ground state chain energy in the unperturbed state, r the current
end-to-end distance of the chain and L−1 is the inverse of the Langevin function
defined as L(x) = coth(x) − 1/x, K = 1.3806503 × 10−23

[
m2kg s−2K−1

]
is the

Boltzmann constant and θ is the absolute temperature [K]. L−1 can be approximated
using a Padé approximant [126] as:

L−1(x) � 3 − x2

1 − x2 x (29)

For a more in-depth analysis and alternative approximations of the inverse
Langevin function, see recent papers by Nguessong et al. [127], Jedynak [128],
Marchi and Arruda [129] and Darabi and Itskov [130].



Constitutive Modelling of Skin Mechanics 43

The worm-line chain model for correlated chains is defined by the following
strain energy function:

ψchain = ψ̂WLC(r) = ψ̂WLC0 + K θL

�

[
2
r2

L2 + 1(
1 − r

L

) − r

L

]
(30)

where L, �, r0 and r are respectively the contour, persistence, initial end-to-end
length and the current end-to-end length of the chain. Similarly to the freely jointed
chain model, ψ̂WLC0 is the chain energy in the unperturbed state.

Bischoff et al. [118] later extended the eight-chain model of Arruda and Boyce
[125] to orthotropy by considering distinct values of the characteristic dimensions
of the unit cell (i.e. the three orthogonal edges of the cuboid). Rather than detailing
the link between the Arruda-Boyce model and deformation invariants associated
with the entropic chains and the unit cell here, a more in-depth description will be
provided in Sect. 4.3.2 because the Bischoff-Arruda-Grosh formulation [118] is a
generalisation of that of Arruda and Boyce.

Bischoff et al. [131] successfully modelled skin using the tensile test data on
human skin on normal and hypertrophic scar tissue of Dunn et al. [132], those of
Belkof and Haut [133] on rat skin and in vivo extensometry data of Gunner et al.
[134] to identify constitutive parameters of the Arruda-Boyce model. Bischoff et
al. [131] argued that the anisotropy of skin could be captured using an isotropic
model coupled with an appropriate residual stress state (i.e. effects of Langer
lines). This approach was demonstrated by running finite element analyses using the
Abaqus/Standard (Simulia, Dassault Systèmes, Johnston, RI, USA) which offers the
capability to apply pre-stress [131].

4.3 Non-linear Anisotropic Elastic Models of the Skin

In this section, a selection of some of the seminal and/or current state-of-the-art
non-linear elastic models of skin are presented. As mentioned earlier in this review,
the anisotropic mechanical properties of the skin are critical for most applications,
so the focus of this review is therefore on constitutive models capturing these
characteristics.

4.3.1 Lanir’s Model

A very significant microstructurally-based continuum model of skin was first
proposed by Lanir [93] who assumed that skin was a continuum composite made of
an isotropic ground substance matrix in which oriented collagen and elastin fibres
were embedded. These fibres obeyed an angular distribution Rk(θ ) (see Sect. 4.1.3).
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The total strain energy function of the material is defined as:

ψ = (1 − Vc − Ve)
μ

2
(I1 − 3)+

∑
k

Vk
∑
θ

Rk (θ)
Kk

2
(λ− 1)2 (31)

μ is a shear modulus defining a neo-Hookean hyperelastic potential for the matrix,
Vk , Kk and Rk are respectively the volume fraction, fibre stiffness and fibre
orientation probability density function of each fibrous phase k (collagen: k = c
and elastin: k = e).

Collagen and elastin fibres are assumed to be linear elastic and unable to sustain
compression along their axis:

fk (λ) = Kk (λ− 1) , λ ≥ 1
fk (λ) = 0, otherwise

(32)

In Lanir’s model, collagen fibres are assumed to be undulated and can only resist
loads when fully straightened. The degree of crimp of collagen fibres oriented in the
direction θ is not uniform and follows a Gaussian distribution D(x), where x is the
stretch required to straighten an uncrimped fibre. The Cauchy stress in skin is given
as:

σ = 1

J

∑
k

Vk

π∫

0

[
Rk (θ) f

∗
k (λ)F

∂λ

∂E
FT
]
dθ − p1 (33)

f ∗
k (λ) is the force per unit undeformed cross sectional area of an individual fibre at

stretch λ and p is a hydrostatic pressure that represents the mechanical contribution
of the isotropic matrix. For collagen fibres f ∗

k (λ) is expressed as follows:

f ∗
k=c (λ) = f ∗

c (λ) =
∫ λ

1
D(x)fc

(
λ

x

)
dx (34)

As elastin fibres are assumed to be undulation-free, f ∗
e (λ) = fe (λ). Although

Lanir [93] did not identify its model with experimental data, Meijer et al. [135]
exploited it by characterising in-plane mechanical properties of human forearm
skin using an hybrid numerical-experimental approach. Collagen fibre stiffness
and mean undulation were estimated from the physical tests while the other
constitutive parameters were extracted from the literature. Very low values of
collagen fibre stiffness ranging from 51 to 86 MPa were determined from the
identification procedure. As an explanation, the partial mechanical recruitment
of fibres for the specific limited strain range applied during the physical test
was invoked. Lanir’s model was used as a constitutive framework for an in
vitro porcine skin model in a study by Jor et al. [136]. Constitutive parameters
were determined through numerical optimisation, and, as it is often the case
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in identification procedures, multiple comparable solutions were obtained. The
mean orientation of collagen fibres was determined to lay within the 2◦–13◦
range which is consistent with observations. Young’s modulus ranges for the
ground substance matrix and collagen fibres were respectively 5–12 kPa and 48–
366 MPa.

Fixing structural parameters that can be experimentally measured (e.g. fibre
splay distribution) is a way to accelerate numerical identification and eliminate
feasible but unrealistic solutions, thus reducing the issue of non-unicity in parameter
sets.

4.3.2 Models Based on Bischoff-Arruda-Grosh’s Formulation

This class of models is based on the notion of entropic elasticity and the
micromechanics of macromolecule mechanical networks [125]. Bischoff et al.
[118] extended the eight-chain model of Arruda and Boyce [125] developed for
polymer elasticity to orthotropy, by considering distinct values a = ‖a‖, b = ‖b‖ and
c = ‖c‖ for the three characteristic dimensions of the original cuboid microscopic
unit cell defined by Arruda and Boyce (Fig. 7). Earlier, Bischoff et al. [131] had
demonstrated that, despite being mechanically isotropic, the Arruda-Boyce model
could reproduce load-induced anisotropy. However, the model could not capture the
mechanical response of rabbit skin under biaxial extension [55]. Bischoff-Arruda-
Grosh (BAG)’s strain energy function per unit volume is decomposed into chain

Fig. 7 Schematic representation of the orthotropic eight chain network model of Bischoff et al.
[118]. The light grey solid volume represents the bulk material admitting the strain energy function
ψbulk while the eight single polymer chains are governed by the strain energy function ψchain.
When ‖a‖ = ‖b‖ = ‖c‖ the Bischoff et al.’s model [118] degenerates to the Arruda-Boyce’s
model while the Kuhl et al.’s model [116] is recovered if two cell dimensions are identical (e.g.
‖a‖ = ‖b‖). r0 and r are respectively the end-to-end length of each chain in the undeformed and
deformed configurations
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and bulk energies:

ψ = ψchain + ψbulk (35)

ψchain = ψ0 + n K θ
4

{
N

4∑
i=1

[
ri
N
βi + ln

(
βi

sinhβi

)]
− L

−1
(

1/
√
N
)

√
N

ln
(
λa

2

a λ
b2

b λ
c2

c

)}

(36)

where ψ0 a reference energy of the chain in the reference configuration, calculated
so that the reference state is stress free, n is the volumetric chain density, ri = ri/d

is the end-to-end length of deformed chain normalised by the chain link length d,√
N is the length of each undeformed chain:

N = 1

4

(
a2 + b2 + c2

)
(37)

λi are the stretches along the principal material axes (a, b, c) defined as:

λi = √
C : (i ⊗ i), (i = a,b or c) (38)

βi = L−1
(
ri

N

)
(39)

Finally, the bulk energy is defined as:

ψbulk = κ

α2
{cosh [α (J − 1)] − 1} (40)

where κ is the bulk modulus and α, a parameter that controls the shape of the
pressure-J curve. Bischoff et al. [118] calibrated their constitutive model using data
from biaxial testing on rabbit skin [55] and obtained an excellent fit with only seven
parameters. The parameters were n = 3.75.1022 (m−3), N = 1.25, κ = 50 [kPa],
α = 1 and {a, b, c} = {1.37, 1.015, 1.447}.

Flynn et al. developed a series of skin models based on BAG’s formulation to
investigate the wrinkling behaviour of skin [137], scar tissue contraction [121] and
wrinkling/ageing of the skin [138]. Kuhl et al. [116] particularised BAG’s model to
the case of transverse isotropy by setting two of the unit cell dimensions equal and
fitted their model to the ubiquitous rabbit skin data from Lanir and Fung [55] but
the fit was not as good as that provided by the original BAG’s model.
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4.3.3 Model Based on Limbert-Middleton’s/Itskov-Aksel’s Formulation

A polyconvex anisotropic strain energy function for soft tissues was developed by
Limbert and Middleton [139] and independently formulated by Itskov et al. [140].
The constitutive framework was based on the generalised structure tensor invariant
formulation proposed by Itskov and Aksel [141]. Rabbit skin biaxial tensile test
data from Lanir and Fung [55] were used by Limbert and Middleton to identify
sets of constitutive parameters. It was shown that a three-term series formulation
was sufficient to obtain a very good fit between the experimental measurements and
the predictions of the model. The starting point of the formulation which features
novel invariants (compared to those described in Sect. 4.1.1) is the definition of a
generalised structure tensor (indexed by k) as the weighted sum of three-mutually
orthogonal structural tensors [140]:

Bi
0 [k] =

3∑
i=1

wikB
i
0 = w1

kB
1
0 + w2

kB
2
0 +w3

kB
3
0, { k = 1, 2, . . . , n} (41)

where ωik (i = 1, 2, 3; k = 1, 2, . . . , n) are non-negative scalars dependent on the
principal material directions. The generalised structure tensors must satisfy the
normalisation condition so that:

trace
(
Bi

0 [k]

)
= 1 if

3∑
i=1

ωik = 1 (42)

Itskov and Aksel [141] proposed the following two sets of invariants to describe
the generalised orthotropic behaviour of hyperelastic materials:

I[k] =
3∑
i=1

ωik

(
Bi

0 [k] : C
)

(43)

J[k] = I3

[
ω1
k trace

(
C−1B1

0 [k]

)
+ ω2

k trace
(
C−1B2

0 [k]

)
+ ω3

k trace
(
C−1B3

0 [k]

)]

(44)

The original strain energy function proposed by Itskov and Aksel [141] was
designed to model the mechanics of transversely isotropic calendered rubber sheets
at high strains which it did very well:

ψ = 1

4

n∑
k=1

μk

[
1

αk

(
I
αk
[k] − 1

)
+ 1

βk

(
J
βk
[k] − 1

)
+ 1

χk

(
I3

−χk − 1
)]

(45)

This function was subsequently modified by Limbert and Middleton [139] to
capture the typical exponential behaviour of the toe region of the stress-strain curve
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of biological soft tissues:

ψ = 1

4

n∑
k=1

μk

[
1

αk

(
e(I[k]−1)

αk − 1
)

+ 1

βk

(
J
βk
[k] − 1

)
+ 1

χk

(
I3

−χk − 1
)]

(46)

For both strain energy functions ψ , the polyconvexity condition is fulfilled if the
material coefficients μk, αk. βk and χk satisfy the following inequalities:

μk ≥ 0, αk ≥ 1, βk ≥ 1, χk ≥ −1

2
{k = 1, 2, . . . , n} (47)

Although the function developed by Limbert and Middleton was able to fit very
well the data from Lanir and Fung [55] it featured 12 parameters with no direct
physical interpretation which, depending on the intended application, might be a
limiting factor.

4.3.4 Models Based on Gasser-Ogden-Holzapfel’s Anisotropic
Hyperelastic Formulation

Gasser-Ogden-Holzapfel (GOH)’s constitutive formulation [94] was designed to
capture the orthotropic hyperelastic behaviour of arterial tissues whilst accounting
for fibre splay around two main directions corresponding to each collagen fibre
families, characteristic of arterial microstructure. It is an extension of the original
model developed by Gasser and his colleagues [142] and is based on the introduction
of a new structure tensor Hi accounting for fibre dispersion of fibre family i:

Hi = κi1 + (1 − 3 κi) ni0 ⊗ ni0 = κi1 + (1 − 3 κi) Bi
0 (48)

where κ i is a measure of fibre dispersion. The deceptively simple form for Hi was
derived by introducing a statistical distribution which was integrated analytically.
One can observe that Hi is a simple weighting of isotropy and transverse isotropy.
When κ i = 0, Hi collapses to the classical structure tensor Bi

0 that corresponds
to perfect alignment of fibres without dispersion. If κ i reaches its maximum value
κ i = 1/3, isotropic symmetry is recovered. The structural tensor is assumed to be
only defined when fibres exhibit tension (Hi : C − 1 > 0). The strain energy function
of GOH’s model was defined as:

ψ = μ

2
(I1 − 3)+

2∑
i=1

ki1

kki2

(
exp

{
kki2[Hi : C − 1]2

}
− 1

)
(49)

where μ, ki1, kki2 are material parameters. μ is a shear modulus defining a neo-
Hookean hyperelastic potential whilst ki1 and kki2 are respectively a stress-like and
unitless scaling parameters.
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The GOH model was used in the context of skin mechanics by Ní Annaidh
et al. [34] who conducted a series of physical uniaxial tensile tests up to failure
using digital image correlation (DIC) to measure stress-strain characteristics
and mean collagen fibre distribution [40]. The physical characterisation was
conducted on cadaveric human skin specimens at various body locations and
along several orientations (defined with respect to Langer lines). GOH’s model
was fitted to the experimental tensile stress-strain curves and implemented
into the finite element environment of Abaqus (Simulia, Dassault Systèmes,
Johnston, RI, USA). The physical experiments were replicated by means of
finite element analysis and demonstrated very good performance of the numerical
model.

Combining 3D DIC and bulge tests, Tonge et al. [51] determined in-plane
anisotropic mechanical properties of post-mortem human skin using cyclic full-field
measurements. Two main directions of anisotropy were considered and a series of
full skin samples (located on the back torso) obtained from six male and female
donors (43, 44, 59, 61, 62 and 83 years-old) were used. The effect of preconditioning
and humidity of the sample on the stress-strain response was investigated and was
shown to be negligible. Age of the donors had a significant effect on the stiffness
and directional properties of the skin. Specimens for older donors exhibited a stiffer
and more isotropic response compared to those of younger donors. The authors also
found that the bulge test method was limited by its inability to accurately determine
stress and material parameters due to significant bending effects. In a companion
paper, Tonge et al. [143] analysed the results of their bulge tests [51] using an
analytical method based on thin shell theory which considered the effects of bending
stiffness of the skin. The method accounts for through-the-thickness linear strain
gradients. These authors fitted the shell version of GOH’s model featuring a fully-
integrated fibre distribution to their experimental data. Two cases were considered
for the GOH model—2D and 3D fibre distributions—whilst the fully-integrated
fibre model was restricted to 2D planar fibre orientation. It was found that both
the 2D and 3D GOH model were unable to capture the anisotropic mechanics of
skin from bulge tests unlike the 2D fully-integrated fibre model which was shown
to capture it very well. Tonge et al. [143] attributed the differences between their
results and those of Ní Annaidh et al. [34, 40] mainly to the younger age of their
donors, lower strain level considered in their tests and their assumption about fibre
orientation. Tonge et al. [143] considered only one fibre family aligned with the
principal stretch direction while Ní Annaidh et al. [34, 40] assumed that skin was
made of two fibre families, symmetric about the loading axis. In the context of
surgical simulation procedures, the GOH model was used by Buganza-Tepole et al.
[144] to model the mechanics of skin. In that study, computed stress profiles in skin
flap were used as a surrogate measure of likelihood of tissue necrosis, following
reconstructive surgery.
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4.3.5 Models Based on Flynn-Rubin-Nielsen’s Formulation

To address the issue of computationally expensive integration methods required for
microstructural models of soft tissues featuring statistical distributions of material
or structural characteristics (e.g. integration of fibre splay angular distribution over
the unit sphere, distribution of engaged fibres), Flynn et al. [145] proposed a new
model termed “discrete fibre icosahedral structural model”. The model relies on the
use of a discrete rather than continuous fibre orientation distribution kernel which
allows closed-form solutions for strain energy and stress.

Six discrete directions are considered: they are oriented parallel to the lines
connecting opposing vertices of a regular icosahedron (i.e. a 20-faced polyhedron).
Six unit vectors ni0 {i = 1, . . . , 6} corresponding to distinct fibre bundles are thus
defined as:

n1
0 = 2√

5
e1+ 1√

5
e3; n2

0 = 1
2

(
1− 1√

5

)
e1+

√
1
2

(
1+ 1√

5

)
e2+ 1√

5
e3

n3
0 = − 1

2

(
1+ 1√

5

)
e1+

√
1
2

(
1− 1√

5

)
e2+ 1√

5
e3, n4

0 = − 1
2

(
1+ 1√

5

)
e1−

√
1
2

(
1− 1√

5

)
e2+ 1√

5
e3

n5
0 = 1

2

(
1− 1√

5

)
e1−

√
1
2

(
1+ 1√

5

)
e2+ 1√

5
e3, n6

0 = e3
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From these six unit vectors, Flynn et al. [145] defined six structural tensors:

Bi
0 = ni0 ⊗ ni0 {i = 1, . . . , 6} (no summation on i) , with

6∑
i=1

Bi
0 = 2I (51)

Flynn et al. [145] introduced a strain energy function per unit mass of the
collection of six fibre bundles which features separate contributions for collagen
and elastin fibres:

ψ =
6∑
i=1

wi [ψc (λi)+ ψe (λi)] + U(J ) (52)

with

ψe (λi) = 1

ρ0

6∑
i=1

wi
Ee

4

〈
λ2
i − 1

〉
(53)

where wi are positive weights, associated with each of the six structural tensors, that
balance the respective structural contributions of each fibre direction and ρ0 is the
mass density in the reference configuration. 〈〉 are the Macaulay brackets defined as
follows: 〈x〉 = 1/2(x + |x|).
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Because collagen fibres are typically crimped in the macroscopic stress-free
reference configuration [93, 145], it is sensible to introduce a so-called undulation
parameter x ≥ 1, which is the value of stretch at which a fibre starts to bear tension:

∫ ∞

1
D(x)dx (54)

This means that the fraction of fibres that are fully taut (i.e. straight) at a stretch λ
is given by the following integral, where D is an undulation probability distribution:

∫ λ

1
D(x)dx (55)

The stiffness of any of the six collagen bundles is:

d

dλ

(
λρ0

J

dψc (λ)

dλ

)
= Ec

∫ λ

1
D(x)dx (56)

Assuming that all the collagen fibres are slack and are stress-free for stretch lower
or equal to unity, and further assuming that deformations are isochoric:

dψc (λ)

dλ
= 1

λρ0

∫ λ

1

[
Ec

∫ λ

1
D(x)dx

]
dy (57)

Flynn et al. [145] considered two undulation probability distributions: step and
triangle distributions. They offer the advantage of being simple enough so that a
closed-form analytical expression can be obtained for ψc. A unit step distribution
takes the following form

D(x) =
{

0, x < x1 or x > x3
1

x3−x1
, otherwise

(58)

If one injects the definition of the unit step distribution function D into Eq. (57),
one arrives to the following expression for the strain energy function of a single
collagen fibre bundle:

ψc (λ) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

0, λ < x1
Ec
ρ0

1
4(x3−x1)

[
(λ− x1) (λ− 3 x1)+ 2 x2

1 ln
(
λ
x1

)]
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ρ0

{ 1
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[
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1 ln
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x3
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+ (
x3−x1

2 − x3
)

ln
(
λ
x3

)
+ λ− x3

}
, x3 < λ

(59)
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This strain energy function was used by Flynn et al. [145] to model the biaxial
tensile response of rabbit skin [55] (8.7% error) and uniaxial response of porcine
skin [146] (7.6% error). The constitutive model was later extended by Flynn and
Rubin [147] to address shortcomings linked to the relation between fibre weight
and anisotropic response, namely, the fact that for equal weights wi the mechanical
response is not necessarily isotropic. These authors introduced a generalised strain
invariant γ :

γ =
(
C + C−1

)
.

6∑
i=1

wiB
i
0 − 2 (60)

where wi are positive weights, associated with each of the six structural tensors
Bi

0 = ni0 ⊗ ni0, that balance the respective structural contributions of each fibre
direction.

Unlike for the earliest model of Flynn et al. [145], here, equal weights can only
lead to isotropy of mechanical properties. Finally, Flynn and Rubin [147] proposed
the following strain energy density:

ψ = σ0

2ρ0

[
γ +

M∑
m=1

γm

m

(
γ

γm

)]
(61)

where ρ0 is the mass density in the reference configuration, σ 0 is a stress-like
material parameter, γm are dimensionless positive material parameters and M is
the order of the polynomial expansion.

Using the same experimental data as in their 2011 paper [55, 146], Flynn and
Rubin [147] identified constitutive parameters of their new strain energy function
(Eq. 61). The fit was not as good as in their previous study [145] as the fitting errors
for rabbit and pig skin data were respectively 12 and 17%. However, in that case,
the weights were a pure measure of anisotropy.

4.3.6 Model Based on Limbert’s Formulation

Most of the microstructurally-based constitutive models of soft tissues assume an
additive decomposition of the strain energy function into decoupled matrix and
fibre elastic potentials. This means that fibre-fibre and matrix-fibre interactions are
not explicitly captured in the constitutive formulation. The network models based
on BAG’s formulation captures only implicitly and globally these interactions. To
address this first shortcoming, Limbert [148] developed a novel invariant-based
multi-scale constitutive framework to characterise the transversely isotropic and
orthotropic elastic responses of biological soft tissues. The constitutive equations
were particularised to model skin. The model was not only capable to accurately
reproduce the experimental multi-axial behaviour of rabbit skin, as in [149] but
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could also a posteriori predict stiffness values of individual tropocollagen molecules
in agreement with physical and molecular-dynamics-based computational exper-
iments [148]. A desirable feature of the constitutive formulation is that the
constitutive parameters can be directly extracted from physical measurements by
segregating the orthogonal deformation modes of its constituents and the response
is based on physical geometrical/structural parameters that can be measured exper-
imentally or determined ab initio from molecular dynamic simulations.

Limbert’s formulation is based on the constitutive framework of Lu and Zhang
[150] for transversely isotropic materials which make use of four invariants that
characterise decoupled deformations modes solely related to purely volumetric (J),
deviatoric stretch in the fibre direction

(
λ
)
, cross-fibre shear

(
αi1

)
and fibre-to-

fibre/matrix-to-fibre shear
(
αi2

)
stress responses. Orthotropic symmetry is accounted

for by introducing a second family of fibres. The index i = 1, 2 identifies each fibre
family:

J = √
I3; λi = I3

− 1
6

√
I i4; αi1 = I1I

i
4 − I i5√
I3I

i
4

; αi2 = I i5(
I i4

)2 (62)

Limbert proposed the following strain energy function:

ψ = ψv(J )+
2∑
i=1

[
ψλi

(
λi
)+ ψ̂1

i

(
αi1

)
+ ψ̃2

i

(
αi2, λi

)]
(63)

ψv, ψλi , ψ̂1
i and ψ̃2

i are respectively the volumetric, deviatoric fibre, cross-fibre
shear and fibre-to-fibre/fibre-to-matrix shear energies. The functional forms of the
energies and the constitutive parameters are detailed below.
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︸ ︷︷ ︸
Sigmoid coupling function

(64)

A notable feature of this constitutive approach is that collagen fibres and matrix
are allowed to interact via explicit decoupled shear interactions whilst collagen
fibres behave like a worm-like chain model [116, 117].
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The constitutive model resulted in a set of 23 constitutive parameters p =
p1 ∪ p2 =

{
K, θ, κ, μi0, μ

i
1, μ

i
2,ℵi , Li, Lip, ri , ai, bi , λ

c

i

}
i=1,2

. Moreover, all the

constitutive parameters of this multiscale formulation have a direct physical inter-
pretation. Limbert [148] determined the parameter set p2 using a numerical global
optimisation algorithm while the parameter set p1 was assumed a priori based
on existing data [116] and data obtained via visual inspection of the biaxial
stress-strain curves [149]. For a more detailed interpretation of the constitutive
parameters the reader is referred to the papers by Limbert [5, 148]. Although
the model slightly under-predicts the response of rabbit skin along the head-tail
direction at low stretch (<1.35), an excellent fit was obtained. Limbert implemented
the non-linear constitutive model as tri-linear hexahedral finite element using
an enhanced strain formulation [151] which has been proven to be superior
to a standard displacement-based formulation, particularly for shear-dominated
problems and nearly incompressible materials. Moreover, analytically-exact direct
sensitivity analyses subroutines were also implemented to assess the sensitivity of
the shear response of the model to its constitutive parameters during a simulated
indentation test [148]. From the persistence lengths of tropocollagen molecules
determined from the optimisation procedure (22 and 65 nm for fibre families
1 and 2) Limbert [148] calculated equivalent Young’s moduli of respectively
293 and 865 MPa. These values lie within one order of magnitude less of
what has been determined experimentally and obtained through computational
modelling studies (see for example Gautieri et al. [152]). However, using the
same equation used by Limbert to calculate Young’s modulus, Sun et al. [153]
estimated Young’s modulus of collagen molecules to range between 350 MPa
and 12 GPa. Limbert’s model [148] features a set of 23 constitutive parameters

p = p1 ∪ p2 where p1 =
{
K, θ, κ, μ0, an0, bn0, am0, bm0,ℵn0,ℵm0, λ

c

n0
, λ
c

m0

}

and p2 = {
μ1, μ2, Ln0, L

n0
p , rn0,ℵm0, Lm0, L

m0
p , rm0

}
. Limbert [148] determined

the parameter set p2 using a numerical global optimisation algorithm while the
parameter set p1 was assumed a priori based on existing data [116] and data obtained
via visual inspection of biaxial stress-strain curves for rabbit skin [149].

4.3.7 Models Based on Weiss-Maker-Govindjee’s Transversely Isotropic
Hyperelastic Formulation

Groves et al. [154] used Weiss-Maker-Govindjee’s model [155] to describe the
anisotropic mechanics of skin by identifying constitutive parameters from a series
of uniaxial tensile tests. The original model proposed by Weiss et al. [155] was
formulated to capture the transversely isotropic hyperelastic response of ligaments
of the knee joint but without including fibre dispersion which is not significant in
these soft tissues.

The strain energy function used by Groves et al. [154] was defined as the sum of
the Veronda-Westmann (VW) potential ψVW [57] and a piece-wise anisotropic fibre
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functionψf ibrei [155], to model the isotropic and anisotropic responses respectively:

ψ
(
I1, I2, I

1
4 , I

2
4 , I

3
4

)
= ψVW (I1, I2)+

3∑
i=1

ψ
f ibre
i

(
I i4 = λi

)
(66)

where:

ψVW = c1 {exp [c2 (I1 − 3)] − 1} − c1c2

2
(I2 − 3) (67)

c1 is a shear-like modulus while c2 is a dimensionless parameter that scales the
response connected to the second invariant.and

∂ψ
f ibre
i

(
λi
)

∂λi
= 1

λi

⎧
⎪⎨
⎪⎩

0 if λi ≤ 1

c3
{
exp

[
c4
(
λi − 1

)]− 1
}

if 1 < λi < λ
i

c5λ
i + c6 if λi ≥ λi

(68)

λ
i =

√
I
i

4 represents the stretch at which the (collagen) fibres are assumed to be
fully taut. c3 is an elastic modulus-like parameter scaling the exponential response,
c4 controls the rate of un-crimping of the fibres, c5 is the elastic modulus of the taut
fibre while c6 is a correcting factor to ensure continuity of the stiffness response at

λi = λ
i
.

In their experimental procedure, Groves et al. [154] used eight human discoid
skin samples from two female donors (aged 56 and 68) following mastectomy and
fourteen post-mortem murine skin samples obtained from eight mice (aged 18–24
months). For each sample, tensile tests were simultaneously conducted along three
axis (0◦, 45◦ and 90◦). Using an inverse analysis based on finite element simulations
of the testing procedure constitutive parameters were determined. For each sample,

three sets of four parameters (c3, c4,

√
I
i

4 and an additional parameter characterising
the deviation from the assumed fibre orientation) for each fibre energy function were
obtained in addition to the two parameters of the VW function. Although Groves
et al. [154] demonstrated a good fit between their three-fibre family model and
their experimental data, they also acknowledged the limitations of using a Simplex
optimisation algorithm for their inverse analysis which could only capture local
minima of their cost function.

4.3.8 Model Based on Yang-Sherman-Gludovat-Schaible-
Stewart-Ritchie-Meyers’s Formulation

Yang et al. [156] investigated the tear resistance of rabbit skin by conducting a
very comprehensive multi-modality study. This study combined physical tensile
tests, scanning electron microscope, in situ synchrotron X-ray characterisation and
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constitutive modelling. The constitutive model used to represent the tensile elastic
response of skin is based on the mechanics of a wire made of circular segments and
captures almost four hierarchical levels of the skin (from 0.5 nm to 10 μm): (I) sub-
nanometre level (collagen molecule), (II) nanometre level (collagen fibrils), (III)
micrometre level (collagen fibres, arranged in an undulating geometry) and (IV)
mesoscale level (collagen fibres with two main orientations, effectively creating
a meshwork with orthotropic mechanical symmetry) collagen that is. The stress
response of a planar spring made of circular wire segments, σ 0, is given by

σ0 =
r∫

rc

E′
{

cos (θ0)

rcr

[
r sin

(
rcθ0

r

)
− rcθ0 cos

(
rcθ0

r

)]}

︸ ︷︷ ︸
dε

dr (69)

where E
′
is a pseudo-modulus (determined from the geometry of the wire), θ0 is the

initial central angle of the quarter of the circular segments (Fig. 8) and rc is the initial
circle radius. dε is the strain increment induced by a change in radius r as a segment
is stretched. The derivation and explicit form of E

′
was not provided in this paper,

nor in a review paper by the same group [157] on the material science of collagen
where it is mentioned, but in a later study [158] (Supplementary Material). The
formulation of the pseudo-modulus was derived from the mechanics of circular
beam with round cross section where the total energy of the system is expressed
as the sum of components due to bending, normal force and shear force. This elastic
constitutive model was augmented by a viscoelastic component by adding a dashpot
to the elastic spring defined in Eq. (69). The mechanical behaviour of a dashpot is
simply represented by a Newtonian response σ = η dε/dt where σ , η and dε/dt are
respective the unidimensional stress, viscosity and unidimensional strain rate. The
constitutive model was shown to provide very good agreement for reproducing the
mechanics of steel wire and that of rabbit skin for different orientations of tension

Fig. 8 Schematic illustration
describing the geometry of a
wire made of circular
segment as in the constitutive
model of Wang and
co-authors [158, 159].
Adapted from Wang et al.
[159]
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but its ability to generalise to more geometrically complex collagen assemblies and
more complex loading scenarios remains to be established.

4.4 Nonlinear Viscoelastic Models of the Skin

The skin exhibits a wide range of viscoelastic effects including stress relax-
ation, creep, rate-dependency of stress and hysteresis [9]. A large number of
researchers have characterised the viscoelastic properties of skin under various
testing conditions [56, 160–167]. Observed macroscopic viscoelastic effects can
be attributed to two main mechanisms that operate in concert. Viscoelasticity of
the skin can originate from the intrinsic viscoelastic characteristics of its nano-
and microstructural constituents (e.g. proteoglycans, elastic fibres) and also from
the time-dependent rearrangement of its microstructure under macroscopic loads
which takes a finite amount of time to occur (e.g. flow of interstitial fluid across
the porous structures, progressive sliding of collagen fibrils past each other).
Proteoglycan macromolecules such as decorin bound on the collagen fibrils and
play an important role in these interactions which are mediated by the side chains of
glycosaminoglycans. Because the forces acting between fibrils are of a non-covalent
nature, these links can break and reconnect [56, 168, 169]. One should also note
that there are other complex physics phenomena at play. For example, the thermal
motion of ions, including Na+ and K+, displacing toward the negatively charged
ends of glycosaminoglycans of fibril-associated proteoglycans, induce an attractive
force between two collagen fibrils.

To date, there are only very few nonlinear viscoelastic anisotropic constitutive
models of skin, see [56, 119, 170–172] and references therein. This is partly due
to the considerable challenges of experimentally characterising the behaviour of
skin, particularly in vivo, and the success of simpler theories such as quasi-linear
viscoelasticity (QLV) [9, 173]. The literature on general viscoelastic constitutive
models is rich and, here, only a brief account of the most common approaches to
model biological soft tissues (following the classification of Ehret [174]) is reported.
More recent and state-of-the-art nonlinear viscoelastic models of skin are presented.

4.4.1 Quasi-linear Viscoelasticity and Its Derivatives

The application of QLV theory to soft tissue mechanics has been particularly
popularised by the work of Fung and co-workers [9, 173]. The idea behind QLV
is to assume that the time-dependent stress response σ (t) following uniaxial loading
can be expressed as a convolution integral of the form:

σ(t) =
∫ t

−∞
G(t − τ ) ∂σe (τ )

∂t
dτ (70)
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where σ e is the instantaneous elastic stress and G the reduced relaxation function.
This function controls how the current stress response is modulated by past loading
history.

The notion of quasi-linearity stems from the linear relation of the integrand
terms and the analogy with rate equations of linear viscoelasticity. The uniaxial
relationship can be extended to a full 3D representation by introducing second-order
and fourth order tensors describing respectively the stress and reduced relaxation
function [9]. This represents a flexible framework where anisotropic properties,
and decoupling between deviatoric and volumetric responses can be captured by
appropriate constitutive equations. A recent update of QLV for transversely isotropic
hyperelastic materials can be found in the work of Balbi et al. [175].

Bischoff [176] applied QLV at the collagen fibre level to model porcine skin
by developing an anisotropic microstructurally-motivated constitutive model which
also includes fibre dispersion. A notable feature of the model is the ability to capture
a fibre-level viscoelastic orthotropic response with only seven parameters. However,
the authors recognised the need for additional experiments to fully characterise the
mechanical response as numerical identification procedures are plagued by non-
unicity of constitutive parameters. Additional characterisation tests would likely
lead to convergence toward a single set of optimal parameters.

4.4.2 Explicitly Rate-Dependent Models

By design, these types of model—also called viscoelastic models of the differen-
tial type—capture strain-rate sensitivity and short-term viscous effects following
application of load [177]. They are based on differential rather than integral
equations like for QLV, and are therefore inappropriate to capture long-term memory
viscoelastic effects such as relaxation. Long-term memory effects encompass the
whole deformation history of the material. The so-called principle of fading memory
[178] states that deformations that occurred in the recent time history have greater
influence on the actual stresses than those which occurred in a more distant past
history.

Explicitly rate-dependent models of soft tissues are particularly well suited to
high strain rate situations such as those occurring during vehicle accidents, sport
activities, impact and blast scenarios [177, 179–182]. These models generally
postulate the existence of a viscous potential ψv from which the viscous dissipative
effects (denoted by scalar D) arise by differentiation with respect to the rate of the
Cauchy-Green deformation tensor Ċ = ∂C/∂t:

D = ∂ψv

∂Ċ
: Ċ (71)

The total second Piola-Kirchhoff stress tensor which include purely elastic
effects through a potential ψe, and purely viscous effects through ψv, is obtained
by differentiation of the total potential ψ assuming that Ċ is a parameter or internal
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variable:

S = 2

(
∂ψe

∂C
+ ∂ψv

∂Ċ

)
(72)

The framework proposed by Pioletti et al. [177] for modelling the rate-dependent
isotropic viscohyperelastic behavior of ligaments and tendons was later extended by
Limbert and Middleton [180] to transverse isotropy using tensor formalism. This
model was subsequently combined with damage equations to model the failure of
human skin in response to puncturing biting loads [179].

4.4.3 Internal Variables Based on Deformation/Strain Decomposition

Unidimensional (small-strain) rheological models based on combinations of spring
and dashpot elements are efficient means to conceptualise particular viscoelastic
behaviours [86]. The arrangement of a dashpot and a spring in series constitutes a
Maxwell element with elastic modulus E and viscosity η and the total strain ε in the
element can be decomposed into elastic and inelastic strains as ε = εe + εi and the
total strain rate is:

∂ε

∂t
= 1

E

σ

η
+ ∂σ

∂t
(73)

A very simple approach to account for the viscoelastic properties of skin would
be to assume that it is a generalised standard viscoelastic solid made of n Maxwell
elements so that it can be described by a strain energy function of the form ψ =
P(t)ψ∞ where ψ∞ is the time-independent or instantaneous strain energy which
is convolved with a time-dependent kernel represented by a n-term Prony series P
defined through characteristic times and moduli τ i and ci as:

P(t) = 1 +
n∑
i=1

ci

[
1 − exp

(
− t

τi

)]
(74)

Borrowing the concept of linear strain decomposition and applying it to the 3D
finite strain regime, it is possible to establish a multiplicative decomposition of the
deformation gradient into an elastic and inelastic parts as F= Fe.Fi [183, 184]. From
this definition one can define the fictitious elastic and inelastic right Cauchy-Green
deformation tensors as:

Ce = Fe T.Fe; Ci = Fi T.Fi (75)
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One can then postulate the existence of a free energyψ(Ce,Ci) decomposed into
equilibrium and non-equilibrium terms where Ci is treated as an internal variable
[183]:

ψ (C) = ψ
(
Ce,Ci

)
= ψequilibrium

(
Ce
)+ ψn.equilibrium

(
Ci
)

(76)

Naturally, one can generalise this concept to n Maxwell elements so that
one introduces n internal (tensor) variables Cik , arguments of n non-equilibrium

potentials ψn.equilibriumk :

ψ
(
C,Cik

)
= ψequilibrium (C)+

n∑
k=1

ψ
n.equilibrium
k

(
Cik
)

(77)

The second Piola-Kirchhoff stress is then obtained as the sum of equilibrium and
non-equilibrium terms as:

S = Sequilibrium +
n∑
k=1

Sn.equilibriumk = 2

[
∂ψequilibrium(Ce)

∂Ce +
n∑
k=1

ψ
n.equilibrium
k

(
Cik
)

∂Cik

]

(78)

A notable feature of the present formulation is that non-equilibrium or viscous
deformations are not restricted to the small strain regime unlike the vast majority of
viscoelastic models of biological soft tissues found in the literature.

Bischoff et al. [119] combined this type of formulation with their previous
orthotropic eight-chain model [118] to model the viscoelastic behaviour of soft
tissues. The model was fitted to the experimental data on rabbit skin [55]. Vassoler et
al. [185] recently proposed a variational framework making use of the multiplicative
decomposition of the deformation gradient into elastic and inelastic parts to
represent the mechanics of fibre-reinforced biological composites and this would
be appropriate for skin.

Limbert (2014, private communication) extended his decoupled invariant
orthotropic hyperelastic model to finite strain viscoelasticity following a similar
approach to that described in this section. The particular approach for anisotropic
viscoelastic effects follows the tensor formalism of Nguyen et al. [186] and Nedjar
[187] who introduced viscosity tensors. An essential feature of the model is that
the matrix and the fibre phase are treated separately, each featuring their own
deformation gradient. The non-linear creep and/or relaxation response is based
on the multiplicative viscoelastic split of the deformation gradient combined with
the assumption of the existence of viscoelastic potentials for each phase. The
deformation gradient and its multiplicative decomposition apply to all the continua
(matrix and fibre phase) linking them implicitly. Separate flow rules are specified
for the matrix and fibre families. The flow rules of the fibre families are combined
to provide an anisotropic flow rule of the fibre phase. Details of the constitutive
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formulation and finite element implementation of the present constitutive model
for the dermis can be found in Nguyen et al.’s paper [186]. One should point out
that, besides the matrix phase, the multiplicative decomposition of the deformation
gradient applies to the fibre phase, not to the individual families of fibres (two, in
our case).

F = Fematrix (k)F
v
matrix (k) = Fef ibre (p)F

v
f ibre (p) (79)

The elastic right Cauchy-Green deformation tensors associated with the matrix
and fibre phases are defined as:

Cematrix = (
Fvmatrix

)−T
(
FT F

) (
Fvmatrix

)−1
(80)

and

Cef ibre =
(
Fvf ibre

)−T (
FT F

)(
Fvf ibre

)−1
(81)

The general formulation of the free energy density can be expressed as the sum
of equilibrium and non-equilibrium energies depending on the total and viscous
deformation tensors and the fibre orientation vectors (defined by n0 and m0 If one
considers two family of collagen fibres):

(82)

where

ψ∞ (C,n0,m0) = ψ∞
M (I1, I2, I3)+ ψ∞

F (I4, I5, I6, I7) (83)

ψv
(
Cematrix ,C

e
f ibre,n0,m0

)
= Wv

M

(
I e1 (M), I

e
2 (M), I

e
3 (M)

)
+ Wv

F

(
I e4 (F ), I

e
5 (F ), I

e
6 (F ), I

e
7 (F )

)

(84)

with

I4 = C : (n0 ⊗ n0) ; I5 = C2 : (n0 ⊗ n0) ; I6 = C : (m0 ⊗ m0) ; I7 = C2 : (m0 ⊗ m0)

(85)

I e1(k) = Ce(k) : I; I e2(k) = 1

2

(
Ce(k)

2 : I − I e1(k)
)

; I e3(k) = determinant
(
Ce(k)

)
(86)

Ie4(k) = Ce(k) : (n0 ⊗ n0) ; Ie5(k) = Ce(k)
2 : (n0 ⊗ n0) ; Ie6(k) = Ce(k) : (m0 ⊗ m0) ; Ie7(k) = Ce(k)

(87)
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where

k = matrix or f ibre (88)

Finally, the specific form of the free energy using the decoupled invariants
introduced in Sect. 4.3.6 is defined as follows:

(89)

where invariants with superscript/subscript “e” refer to those associated with the
elastic right Cauchy-Green deformation tensor Ce. The equilibrium part of the
free energy is identical to the total elastic energy defined in Eq. (63). The reduced
dissipation inequality is:

−2
∂ψvM

∂Cvmatrix︸ ︷︷ ︸
SvM

: 1

2
Ċvmatrix−2

∂ψvF

∂Cvf ibre︸ ︷︷ ︸
SvF

: 1

2
Ċvf ibre ≥ 0 (90)

where SvM and SvF are the stresses driving the viscous relaxation of the matrix and
fibre phases. To satisfy the positive dissipation criterion for the matrix/fibre phase,
the following evolution equations are proposed [183, 186]:

(91)

where and are the inverse of positive definite fourth-order isotropic/anisotropic
viscosity tensors for the matrix and fibre phases and defined as:

(92)

(93)

where the non-standard tensor product � is defined as:

(• � ◦)ijkl = (•⊗ ◦ + • ⊗◦)
ijkl

= 1

2

(•ik◦j l + •il◦jk
)

(94)

and ηMS and ηMB are the deviatoric and bulk viscosities of the matrix while ηF1 and
ηF2 are the viscosities associated with the two families of fibres.
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Particular non-equilibrium viscous potentials are defined as follows (Limbert,
2014, private communication):

�vM
(
J e, αe1

) = 1

2
κv
(
J e − 1

)2 + 1

2
μvM

(
αe1 − 2

)
(95)

�vβ

(
λ
e

β

)
= 1

2
μvβ

(
λ
e

β

2 − 1
)2

(96)

κv, μeM , μv1 and μv2 are material parameters that define the properties of the elastic
part of the non-equilibrium Maxwell component. This non-linear orthotropic visco-
hyperelastic constitutive model was implemented into a commercial finite element
code and constitutive parameters were identified from proprietary experimental data.

Flynn and Rubin [188] extended the original Flynn-Rubin’s [147] and Flynn-
Rubin-Nielsen’s [145] formulations to phenomenologically model dissipative
effects in soft tissues. They followed the theoretical and numerical approach of
Hollenstein et al. [189] which can capture both rate-independent and rate-dependent
anelastic response including stress relaxation effects. The model was applied to
stress relaxation data of rabbit skin [55] with various degrees of success depending
on the magnitude of stretch [188].

4.4.4 Internal Variables Based on Stress Decomposition

Another popular approach for describing the viscous non-linear elasticity of bio-
logical soft tissues is to considers a set of non-measurable (i.e. internal variable)
strain-like internal variables Ek in the reference configuration, the free energy of a
viscoelastic material can be defined as follows [86]:

ψ (C,Ek) = ψequilibrium (C)+
n∑
k=1

ψ
n.equilibrium
k (C,Ek) (97)

where, in analogy with Eq. (77), the free energy (and stress) can be split into
equilibrium and non-equilibrium contributions associated respectively with elastic
and viscous deformation mechanisms:

S = Sequilibrium +
n∑
k=1

Qn.equilibriumk (98)

The over-stress Qn.equilibriumk are work-conjugate to Ek. Drawing a parallel with
rheological elements of linear viscoelasticity, and instead of formulating evolution
equations for the strain-like variables Ek, one can formulate rate equations in
terms of the stress-like internal variables Qn.equilibriumk . These equations can be
solved by means of convolution integrals [183, 190]. Using a multi-modal Maxwell
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element rheological analogy, this type of formulation was applied by Holzapfel
and Gasser [190] to model the viscoelastic orthotropic behavior of arteries. Peña
et al. [191, 192] developed a similar approach to model the ligaments of the
knee but conceptually used a combination of Kelvin-Voigt elements. Ehret et al.
[193] proposed a microstructurally-motivated finite strain viscoelastic model for
soft tissues which is very relevant for skin mechanics. Gasser and Forsell [194]
developed a finite strain viscoelastic framework using an elastic and Maxwell body
configurations which respectively correspond to an elastic and viscous phase. The
model was motivated by the desire to gain an insight into the passive mechanics of
the myocardium tissue during pacing lead perforation. The non-equilibrium energy
in Eq. (97) could have been equivalently defined in terms of internal stress-like
variables Qn.equilibriumk as proposed by Simo [195]. Only in special cases, the
approach based on the multiplicative decomposition of the deformation gradient
is consistent with the one based on convolution integrals [195].

4.5 Softening and Damage

Preconditioning effects are often associated with viscoelasticity [9]. They are linked
to short-term rearrangement of the tissue microstructure and, in some instances,
permanent deformation and/or damage of the microstructure. Preconditioning of
biological soft tissues before in vitro tensile tests is often recommended. On one
hand, it is a way to re-load the tissue into a state closer to in vivo conditions,
on the other hand, depending on the amount of pre-conditioning, this could lead
to microstructural rearrangements going beyond what would be physiologically
experienced by the tissue. Muñoz et al. [196] observed a typical softening effect—
known as the Mullins effect in the context of filled rubber mechanics—during cyclic
uniaxial testing of murine skin at large deformations. A similar effect was reported
by Edsberg et al. [197] for human skin under cyclic pressures. Ehret and Itskov
[198] developed a constitutive framework to capture the Mullins effects observed
in biological soft tissues and fitted it to the experimental data of Muñoz et al.
[196] demonstrating an excellent agreement. Ehret et al. [199] later applied their
constitutive model to porcine dermis and corroborated observations made by Muñoz
et al., namely the occurrence of significant residual deformations upon cycling
loading. Recently, Li and Luo [80] proposed an invariant-based softening damage
and failure constitutive model for human and animal skins. The nine-parameter
model is based on a combination of the GOH model [94] and the energy-limiter
approach of Volokh [200, 201]. The performance of the model was tested on a series
of orthogonal uniaxial tensile tests on human, swine, bovine and rabbit skins and
exhibited excellent results.

The main drawback of the model is its conservative nature: upon unloading the
material would fully recover its original shape and return to its virgin undamaged
state, effectively healing. This shortcoming could easily be rectified [202].
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Considering its soft interfacial and protective nature, it is reasonable to assume
that, at an evolutionary level, the skin of mammals in general, and that of humans, in
particular, must have evolved damage resistance strategies through optimisation of
their ultrastructure. Recently, Yang et al. [156] have discovered four microstructural
mechanisms that explain the extreme tear resistance of rabbit skin by conducting a
very comprehensive multi-modality study (see Sect. 4.3.8).

4.6 Plasticity

Mazza et al. [203, 204] developed a non-linear elasto-visco-plastic model to
simulate ageing of the human face [203, 204]. It is based on the constitutive
formulation of Rubin and Bodner [205] to model the dissipative response of soft
tissues. In this study the dissipative effects were a combination of elastic and
visco-plastic mechanisms. Rubin and Bodner [205] demonstrated the relevance of
their model by capturing very well the cyclic dissipative response of superficial
musculoaponeurotic system tissue. The constitutive equations were implemented
as a user subroutine in the commercial finite element code Abaqus (Simulia,
Dassault Systèmes, Providence, RI, USA) to simulate gravimetric descent of facial
tissue [203]. Mazza et al. [203, 204] extended the model of Rubin and Bodner
[205] by including an ageing parameter equipped with its own time evolution
equation. This ageing-driven parameter was a modulator of tissue. A four-layer
model of facial skin combined with a face-like geometrical base was developed
and highlighted the great potential of this kind of computational models to study the
effects of skin ageing on facial appearance. The Rubin and Bodner’s constitutive
model [205] was generalised by Weickenmeier and Jabareen [79], in terms of the
viscoplasticity equations and hardening parameter, whilst establishing a robust finite
element framework featuring a strongly objective integration scheme. In this paper,
this modelling framework was applied to identify the mechanical properties of
facial skin by combining suction measurements obtained via a Cutometer

R©
MPA

580 (Courage and Khazaka Electronic GmbH, Köln, Germany) and inverse finite
element techniques. The procedure is described in more details in a subsequent
paper by Weickenmeier et al. [48]. With regard to the anelastic behaviour of skin,
recent work from Prof. Mazza’s group highlighted the location dependence of facial
tissue mechanical response using a combination of cutometry tests and ultrasound
measurement of tissue thickness [49]. They observed a more pronounced creep
behaviour in the forehead compared to the jaw and parotid as well as a lack of
positive correlation between skin thickness and tissue stiffness. From this later
observation they suggested that the interplay of the mechanics of collagen fibres
and fluid motion could be a significant factor.
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5 Conclusion

This review has covered what appears to be the largest collection of constitutive
models of skin mechanics which, and of particular significance, are all valid for
finite deformations. Over the last few decades, researchers have demonstrated
creative ingenuity in progressively incorporating important microstructural infor-
mation and physical mechanisms into continuum constitutive models. These models
have now reached a high level of sophistication, and can capture a wide range of
relevant biophysical features. Most of them have been implemented in commercial
and/or commercial finite element codes so that large-scale computer experiments
could be conducted. Nevertheless, as very rightly pointed out by Jor et al. [6]
in their review paper on the computational and experimental characterisation of
skin, a significant limiting factor in the development and adoption of advanced
constitutive theories is the scarcity and relevance of captured experimental data.
Models are as good as the quality and statistical significance of the experimental
data that feed them. Practical, economical and ethical reasons typically limit the
scope and scale of physical characterisation experiments. These constraints are
in direct conflict with many aspects associated with skin biology and biophysics,
namely a large intra- and inter-individual variability of biophysical properties, an
extreme sensitivity of the skin to environmental conditions and the fact that the in
vivo and ex vivo biophysical environments of the skin are fundamentally different.
Moreover, the question of how to best integrate multi-modality/multiscale imaging
and characterisation data together with modelling techniques naturally arises. Intra-
individually, the skin is a complex heterogeneous adaptive structure which varies
according to body location, health status and history, diet, age, lifestyle, external
environmental conditions (e.g. temperature, humidity, pollution level, water quality,
sun exposure, contact with external surfaces) and internal environmental conditions
(e.g. hormones, pregnancy, water and glucose levels, tension lines). Besides intra-
individual variability, there is a significant source of variability, particularly that
associated with sex, age and ethnicity. There are therefore formidable challenges
in representatively characterising the skin ultrastructure as well as its biophysical
properties.

Should the skin be described as an individual-specific system, or rather, as a
statistical system describing particular populations? Or, perhaps, as a combination
of both? This issue is, of course, not unique to the skin, but pervasive throughout
many biological tissues and organs. These questions are of particular relevance
in many practical applications concerned with skin mechanics, for example, pre-
operative surgical planning where one would want to have access to generic
robust tissue models (and fast modelling techniques) whilst also accounting for
patient-specific data (e.g. age and ethnicity-dependent mechanical properties) and
considering patient-specific intervention.

Recent approaches following this line of thought have been applied in soft
tissue [206] and skin mechanics [207] whereby variability is accounted for, and
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uncertainties arising from this variability, propagated through to the resulting
mechanical response.

The reliance of structural and structurally-based phenomenological models on
accurate descriptions of the skin ultrastructure and the associated mechanical prop-
erties of its sub-components, means that imaging and characterisation techniques
needs to span multiple spatial and temporal scales if one wants to capture more
reliably the complex biophysics of the skin. Additionally, and as a corollary to that,
multiscale modelling techniques must be developed in concert with these physical
experimental protocols. This approach has the necessary advantage of avoiding the
“post mortem analysis” of data [208], particularly, if one considers “big data”. Said
otherwise, the focus should be on relevant not big data where a lot of potentially
useless information is collected, and, more importantly, where relevant data might
not be collected.

Computational multiscale methods combining atomistic, molecular and contin-
uum techniques are increasingly becoming common place in the modelling of skin
biophysics [58, 209, 210], whether it is within an academic or industrial context.
Moreover, integration of imaging and physical testing (i.e. in situ imaging) [211] is
a very promising approach that should be followed, as much can be learnt about
microstructural mechanisms under real loading conditions [6] (see also chapter
“Multiscale Characterisation of Skin Mechanics Through In situ Imaging”).

Perhaps, in the same way that statistical information is currently being integrated
into constitutive models (e.g. fibre dispersion, degree of crimp of collagen fibres),
additional stochastic elements could be added into constitutive equations effectively
developing what could be termed stochastic partial differential equations [212].
This would be another approach to encompass variability, directly into the con-
stitutive equations, rather than at the input data level when conducting probabilistic
simulations. Stochastic finite element techniques based on perturbation theory [213]
offer interesting alternatives to computationally-intensive Monte-Carlo simulations
to compute the statistical response of biological tissues featuring stochastic fields
(e.g. material properties, geometrical heterogeneities).

As currently witnessed in the computational mechanics community [214, 215],
data mining and machine learning techniques [216] are likely to play an increasing
role in the future to make sense of large and complex heterogeneous data sets,
whether they originate from physical or computer experiments, expert knowledge
(e.g. anatomists, clinicians, nurses, vets) or from any other means (e.g. patient’s
observations or traditional knowledge). Building upon these techniques, the devel-
opment and adoption of data-driven model-free simulations are to be closely
monitored as these paradigm-shifting scientific methods could make a huge impact
in skin science in the very near future.
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Constitutive Modelling of Skin Growth

Adrian Buganza Tepole and Arun K. Gosain

Abstract Skin, like all biological materials, adapts to mechanical cues. When
expanded beyond its physiological regime over extended time periods, skin grows.
This intuitive knowledge has been leveraged clinically in a widely used surgical
technique called tissue expansion, in which a surgeon inserts a balloon-like device
and inflates it gradually over months to grow skin for reconstructive purposes.
However, it is currently not possible to anticipate how much of the deformation due
to the expander is growth and how much of it is elastic strain, and tissue expansion
protocols remain arbitrary, based on each physician’s experience and training,
leading to an unacceptable frequency of complications. Here we show a continuum
mechanics framework to describe skin growth based on the multiplicative split
of the deformation gradient in to growth and elastic tensors. We present the
corresponding finite element implementation, in which the growth component is
an internal variable stored and updated at the integration points of the finite element
mesh. The model is applied to study the deformation and growth patterns of skin for
different expander shapes, as well as in patient specific scenarios, showing excellent
qualitative agreement with clinical experience. Experimental methods to calibrate
and validate the translation of the model to the clinical setting are briefly discussed.
We expect that the proposed modeling framework will increase our fundamental
understanding of how skin grows in response to stretch, and it will soon lead to
personalized treatment plans to achieve the desired patterns of skin growth while
minimizing complications.
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1 Introduction

Unlike structural materials, living tissues have the capacity to adapt to the envi-
ronment, and in particular to mechanical cues. There are two main mechanisms
by which tissues respond chronically to mechanical input: growth and remodeling.
Growth is the addition of mass, and remodeling is associated to permanent changes
in microstructure [1]. Skin growth is encountered in our everyday lives; we all
probably have noticed changes in skin surface area when we gain or lose weight.
Pregnancy also induces remarkable and evident skin adaptation, both growth and
remodeling [2]. Yet, this intuitive notion about our everyday tissue adaptation had
not captivated our scientific interest or the ambition to systematically control skin
growth for medical applications until recently.

The first reported case of tissue expansion dates to 1957 when Dr. Neumann
implanted a balloon in the neck of a patient who had lost an ear. He then inflated
the balloon with water over a period of 8 weeks. When the balloon was taken out,
skin had grown approximately 50% with respect to the initial area of skin, and the
new tissue was used to reconstruct the ear [3]. This was the first example of tissue
expansion, a technique that has since revolutionized reconstructive surgery [4–6].
At the core of tissue expansion is the ability to leverage the remarkable adaptation
of skin growth in response to stretch beyond the physiological limit for the creation
of skin flaps.

Currently, tissue expansion is used ubiquitously in the field of plastic and
reconstructive surgery, to resurface large portions of skin after removal of giant
birth defects (termed nevus), to reconstruct breasts after mastectomy, to create
new skin for burn patients, and to grow skin needed after the excision of skin
cancer [7, 8]. Tissue expanders are produced by different manufactures and they
come in different sizes and shapes. The popularity of this procedure hinges on
its crucial capacity to grow new tissue that has the same mechanical properties,
appearance, and blood supply as the surrounding skin, making it particularly ideal
for aesthetic reasons [9]. Yet, despite the demand for this procedure, there are still
no tools to predict how skin adapts to stretch, and the current treatment planning
continues to rely extensively on the surgeon’s experience and training rather than
on engineering design tools. Unfortunately, complications and suboptimal outcomes
are still common and there is no gold standard for the treatment strategy of
individual patients. Instead, there are many arbitrary tissue expansion protocols
[10–12].

In this chapter we show the latest progress in modeling skin growth in response
to stretch beyond the physiological regime, how simulations of skin growth can
be used to increase our fundamental understanding of tissue adaptation, and as a
stepping stone towards the incorporation of computational tools in routine clinical
practice with the end goal of aiding in the decision making process and minimizing
complications from tissue expansion.

Figure 1 shows the case of an 11-year old who had a giant nevus in the right
shoulder that was to be resected. Nevi are giant birthmarks associated with increased
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Fig. 1 Complications after tissue expansion. (a) 11-year-old patient with giant nevus. (b) Tissue
expanders were used to grow skin by chronic overstretch. (c) Expanded tissue was advanced to
correct the defect. (d–f) Excessive tension due to insufficient skin growth led to a chronic wound.
(g–h) After full thickness graft there was scarring and contracture at the neck and shoulder

risk of malignancy and constitute a concern for psychological development during
childhood and are hence typically resected early in life [13]. In the case shown, two
tissue expanders were placed and gradually inflated over several months. At the end
of the inflation, the expanders were removed and the newly grown skin was used
to reconstruct the adjacent area. Unfortunately, the amount of grown skin was less
than needed and the resulting flaps were closed under significant tension, leading to
wound dehiscence and necrosis. Ultimately, a full thickness graft was needed, but
the secondary intention healing concluded in a hypertrophic scar with contracture.
Had there been tools to predict and monitor the amount of newly grown skin and the
resulting flap deformation, this patient would have received an uneventful treatment
plan without complications.

Schematically, the underlying biological control of skin adaptation is shown
in Fig. 2. In vivo, the skin is in a homeostatic configuration, possibly with some
residual stress [14]. The tissue expanders, gradually inflated over a long time period,
impose supra-physiological deformations that trigger local adaptation, i.e. growth.
As a result, homeostasis is regained locally. When the expander is removed, the
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Fig. 2 Skin mechanotransduction. In the physiological state the skin is in local homeostasis.
There are two main cell types present in skin, keratinocytes in the epidermis and fibroblast in
the dermis. These cells response to mechanical cues and modify their immediate environment to
regain homeostasis, leading to skin growth

grown skin is used for reconstructive purposes [15]. From the surgeon’s point of
view, the primary challenge in anticipating the amount of new skin comes from the
fact that the observed deformation is a combination of prestrain, elastic deformation,
and growth [16]. The continuum mechanics framework for finite volumetric growth
presented here is an ideal approach to model the interplay between the different
components of the deformation.

While it is evident that skin grows in response to stretch, the underlying
biological mechanisms remain poorly understood. Figure 2 shows our current
understanding of the biological pathways involved in skin mechanoadaptation. As
for all living matter, the cells resident in the tissue are the ones responsible for
sensing the local stress or deformation, transforming these mechanical inputs into
chemical signals, and responding in consequence by altering their proliferation rate
and remodeling their extra cellular matrix (ECM). The process by which cells
interpret stress and strain, turning them into chemical signals inside the cell, is
called mechanotransduction [17]. We emphasize the notion of a local homeostatic
configuration determined by a single cell in their immediate micro-environment. In
other words, as illustrated in Fig. 2, skin growth can be modeled as a local process
determined by the cell response. This assumption aligns well with experimental
evidence showing that growth is greater in zones of higher deformation [16].

The skin is made out of two layers, the epidermis is at the top and the dermis
is at the bottom [18]. Keratinocytes are the most abundant cell population in the
epidermis, while the main resident cells of the dermis are the fibroblasts. At the
interface between dermis and epidermis there is a basement membrane made out
of collagen type IV and laminin that serves as an anchoring matrix for the first
layer of keratinocytes [19]. This initial layer of the epidermis is also called the basal
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layer. Basal keratinocytes are tasked with the constant renewal of the epidermis
[20]. When a basal keratinocyte divides asymmetrically creating a daughter cell
that is not in contact with the basement membrane, this cell continues a process of
terminal differentiation as it makes its way to the outer surface where it is released
by desquamation [21]. Other layers of the epidermis are thus non proliferative.
Not surprisingly, basal keratinocytes are the most important mechanosensitive cells
in the epidermis [22]. Mechanosensing by these cells is associated primarily with
integrin signaling [23]. Integrins are proteins that serve as anchoring points between
the cell membrane and the surrounding ECM, and have been recognized as a general
mechanosensing tool across cell types [24]. In the epidermis, integrins concentrate
in the basal layer [25]. In the rest of the epidermis, cell-cell adhesion is regulated
by desmosomes [26]. There are also indirect mechanotransduction pathways. For
instance, integrin signaling has been shown to crosstalk with growth factor receptors
such as epithelial growth factor receptor (EGF-R) [23, 27]. Both of these pathways
ultimately leads to increase keratinocyte proliferation through mitogen-activated
protein (MAP) kinase signaling [28].

In the dermis, fibroblasts are a hallmark example of mechanosensitive cells [29].
The dermis is primarily made out of collagen type I, and fibroblasts constitute
a scarce cell population in this environment [30]. Fibroblasts sense mechanical
signals through integrins which serve as their attachment points to the ECM.
Upon stretch, integrin signaling is linked to three crucial cell processes needed
for ECM remodeling. First, fibroblasts collagen remodeling is widely regulated
by the transforming growth factor beta (TGF-β) signaling pathway. In response
to applied stretch, TGF-β1 is upregulated [31]. Activation of this pathway then
contributes to the regulation of the collagen network. Collagen production is the
second process of interest. For skin growth, new ECM must be created, which
entails production of collagen by fibroblasts. In response to stretch, fibroblasts show
increased collagen deposition [32]. Thirdly, to facilitate ECM remodeling, matrix
metalloproteinases (MMP) are needed to degrade collagen crosslinking. MMP-2
and MMP-9 are particularly upregulated in response to mechanical loading [33].
The biological control of skin growth is, in summary, a complex process driven by
local cell mechanosensing and action of cells in their immediate microenvironment.

Parallel to the interest in the underlying biological adaptation, modeling skin
growth requires equally assiduous attention to this tissue’s mechanical behavior.
Skin is a nonlinear, transversely isotropic, and hyperelastic material that can undergo
extreme deformations during tissue expansion [34, 35]. The theoretical framework
to describe skin growth for finite deformations is the multiplicative decomposition
of the deformation gradient into growth and elastic contributions within a continuum
mechanics description [36]. This split was initially introduced to model tissue
growth in response to stress by Rodriguez and coworkers just over two decades
ago [37], and it was inspired by the multiplicative split of the deformation gradient
used to model plasticity at finite strains [38]. The multiplicative split into growth and
elastic components has been used to model the growth of tumors, the heart, blood
vessels, and heart valves, to name a few examples [39–42]. An axisymmetric model
of skin growth was first considered 10 years ago [43]. The growth component of the
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deformation reflects the local biological adaptation. The elastic part is associated
with the residual stresses induced by growth, as well as stress and deformation due
to external loading. The application of this theoretical framework to predict skin
growth in realistic scenarios has required the development of novel finite element
methods specifically tailored to growing tissues undergoing extreme changes over
time. In the case of skin, particular attention is needed to account for the mechanical
behavior of this structure as a thin, nonlinear membrane [44].

The rest of this chapter is organized as follows, in the next section we cover
the standard description of volumetric growth theory within continuum mechanics.
Then we introduce the corresponding finite element discretization. Examples are
shown next. We finish the chapter with a conclusions section.

2 Growth Theory

2.1 Kinematics

We start by introducing the reference geometry defined by material coordinates
X ∈ B0 that are mapped by ϕ to the current configuration x ∈ B. The local
deformation is captured by the deformation gradient F = ∂x/∂X. The framework
of volumetric growth assumes the split of the deformation gradient into growth and
elastic contributions

F = F e· F g (1)

Conceptually, this split involves the notion of a microscopic configuration where
additional kinematic assumptions can be made [45]. Cells can change their imme-
diate microenvironment in response to mechanical cues. These permanent changes
in the local ECM define the growth component of the deformation Fg. Seen in this
way, the multiplicative split introduces an intermediate incompatible configuration
[46]. The tensor field Fe is the local deformation required to assemble the grown
differential volume elements into the current, observed, geometry. Therefore, while
F is the gradient of a deformation field, neither Fg or Fe are compatible with a
deformation, i.e., they are not gradients of any field. A complimentary explanation
is to imagine that all we know is the current configuration and we proceed to cut this
geometry into small pieces and remove all external loading. Due to residual stresses
in the material, the individual pieces would deform elastically to achieve their
local equilibrium or, equivalently, their stress-free state. Measuring the deformation
between the stress-free state of each of these individual pieces to the current
configuration would yield Fe. This view of the elastic component of the deformation
has led to experiments to determine the residual stresses in soft tissues. Perhaps
the most well-known example of this investigation is the opening angle experiment
used to determine the residual stress in arteries [47]. The residual stress field,
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however, is not necessarily homogeneous over an entire tissue. In that case, a single
cutting line is insufficient to reconstruct the residual stress distribution. Recent
experiments on skin have characterized a non-homogeneous elastic deformation
field by implementing the thought experiment described above: A sizable skin patch
was cut into multiple small pieces, revealing a spatially-varying elastic deformation
field induced by tissue expansion [46].

The volume change also follows the multiplicative split

J = J eJ g (2)

Where the total volume change is J = det (F), and the elastic and growth
components are Je = det (Fe), and Jg = det (Fg). Skin is a thin membrane and
in response to stretch it grows primarily in plane. Thus, we are interested in the area
change

ϑ = ‖cof (F ) · n0‖ = ϑeϑg (3)

Which can also be decomposed into a growth term ϑg, and an elastic area
contribution ϑe. The operator cof(◦) = det (◦)(◦)T is the cofactor of the second
order tensor (◦), and applied to the surface normal in the reference configuration n0
it yields the area change. In what follows we derive equilibrium equations in the
reference configuration. We introduce the right Cauchy Green deformation tensor

C = F T · F (4)

However, the growth component of the deformation does not produce stress.
Returning to our imaginary experiment in which we cut the current configuration
into small pieces, only the elastic component of the deformation produces stress
[48, 49]. The deformation tensor for the elastic component is

Ce = F g−T · C· F g−1 (5)

We remark that there are three main deformation measures, but only two of
them are independent. In other words, the current configuration described by the
deformation map ϕ is the observed geometry. For instance, in tissue expansion,
this deformation map is a combination of both elastic deformation due to the
inflation of the balloon, and permanent skin growth. Determining one of the two
components of the deformation is enough to fully characterize the local kinematics.
This will be important in the finite element implementation. We also note that we
focus on the deformations measured with respect to the reference configuration.
Alternatively, the strains could be calculated with respect to the current, deformed
state [50].
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2.2 Balance Equations

Mass is not conserved in growing tissues and the analysis of skin as an open
thermodynamic system is required [51]. The permanent changes in volume due to
the growth tensor Fg are associated with an addition of mass. Let ρ0 denote the
material density field. Since mass it is not conserved for this system, we have

ρ̇0 = Div(R)+ R0 (6)

Density can change due to a flux R or a source term R0. The operator Div(◦) is the
divergence operator in the reference configuration. Consequently, the mass-specific
form for the balance of linear momentum balance is

ρv̇ = Div(F · S)+ ρ0b (7)

With v̇ = ϕ̇, S is the second Piola-Kirchhoff stress tensor, and the momentum
flux is then F · S. The momentum source per unit reference mass is b. We remark that
for open systems, the mass-specific version of the dissipation inequality contains
an extra entropy source to account for the growing system, see [52] for a detailed
review of the open system treatment in the context of biological growth.

2.3 Constitutive Models for Skin Growth

The multiplicative split of the deformation into growth and elastic contributions
requires the definition of separate constitutive relations. The momentum flux is asso-
ciated with the elastic deformation, and the biological process of mechanosensing
and adaptation is linked to the growth tensor. To describe the mechanical behavior of
skin we adopt a Neo-Hookean strain energy density function [53]. Other constitutive
models for the elastic part are possible and have been explored. For instance, in
our previous work we have also used a worm-like chain model, as well as the
strain energy function proposed by Holzapfel, Ogden and Gasser, which allows
consideration of skin anisotropy [54, 55]. An increasingly detailed and accurate
understanding of skin mechanical behavior needs to be taken into consideration for
the continuous updating of skin growth models [34]. For this chapter we restrict
ourselves with the Neo-Hookean description.

The Helmholtz free energy ψ = ψ̂ (C,F g), through the use of the dissipation
inequality, yields the definition of the second Piola-Kirchhoff stress tensor as the
thermodynamically conjugate tensor to the right Cauchy-Green deformation tensor

S = 2ρ0
∂ψ

∂C
= 2

∂ψ

∂Ce
: ∂C

e

∂C
= F g−1· Se· F g−T (8)



Constitutive Modelling of Skin Growth 85

For a classical Neo-Hookean solid the free energy takes the form

ρ0ψ = 1

2
λln2 (J e)+ 1

2
μ
(
Ce : I − 3 − 2 ln

(
J e
))

(9)

The strain energy in (9) is parameterized by the Lame constants λ and μ. It can
be further seen from (8) that the elastic deformation is the only one that produces
stress, leading to the definition of elastic second Piola-Kirchhoff stress tensor

Se = 2ρ0
∂ψ

∂Ce
= (
λ ln

(
J e
)− μ)Ce−1 + μI (10)

For implementation of the finite element algorithm, the definition of the elastic
constitutive moduli is also needed

Le = 2
∂Se

∂Ce
= λCe−1 ⊗ Ce−1 + (

μ− λ ln
(
J e
)) [

Ce⊗Ce + Ce⊗Ce
]

(11)

For the growth component of the deformation we postulate that growth occurs
primarily in plane [56, 57]. Recall that the normal to the skin surface is denoted n0,
the growth tensor for area growth takes the form

F g = √
ϑgI +

(
1 − √

ϑg
)

n0 ⊗ n0 (12)

The rate of change of the area growth, ϑ̇g , is used to define the mass source in (6),

R0 = ρ0

(
1 + 2

√
ϑ̇g/

√
ϑg
)

. The area growth variable is defined with a constitutive

law for its rate of change. It is assumed that the rate of area growth is proportional
to the elastic area strain at a point [58, 59]. This form of the growth tensor is
assumed based on our knowledge of fibroblast and keratinocyte mechanosensing
and experimental evidence that skin grows more in areas subjected to larger strains
during tissue expansion [60, 61]. Specifically, we postulate the growth law

ϑ̇g = kg
(
ϑg
)
φg
(
ϑe
)

(13)

In which kg(ϑg) is a weighting function to capture saturation of the growth rate
at higher growth, and the function φg(ϑe) captures the mechanosensing response
and it is thus a function of the elastic area change. The weighting function is further
expanded as

kg
(
ϑg
) = 1

τ

(
ϑmax − ϑg
ϑmax − 1

)γ
(14)
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Where the parameter τ represents a time scale for growth, ϑmax prevents
unbounded growth, and γ characterizes the nonlinearity of the curve. The growth
criterion is

φg
(
ϑe
) =

〈
ϑe − ϑcrit

〉
(15)

The parameter ϑcrit is related to the physiological regime. In our everyday activ-
ities, skin undergoes constant deformation that may not trigger growth. Moreover,
skin is naturally prestrained [14]. Therefore, growth takes place only when the
elastic stretch goes beyond the physiological limits [62, 63]. The notation 〈◦〉 is
used for the Macaulay brackets.

The constitutive equations introduced in this section are clearly nonlinear, and
solution of the equilibrium problem and update of the growth variable require
iterative methods. The discretization and computational algorithm based on the
finite element method are described in the next section. However, anticipating the
need for the consistent linearization of the stress with respect to the deformation
we have already introduced the elastic constitutive moduli Le. We now proceed to
define the constitutive moduli with respect to the initial configuration

L = 2
∂S

∂C
=
(
F g−1⊗F g−1

)
: Le :

(
F g−T⊗F g−T

)
+ 2

(
∂S

∂F g
: ∂F

g

∂ϑg

)
⊗ ∂ϑg

∂C

(16)

The second term in (16) benefits from additional discussion. The second Piola-
Kirchhoff stress is the pull-back of the elastic stress defined in the intermediate
configuration. At constant total deformation F, the derivative of the stress S with
respect to the growth tensor consists of two terms, the derivative of the pull-back
operation itself, which is clearly a function of Fg, but also the derivative of Se,
which can be obtained from the use of the chain rule. We have

∂S

∂F g
= − (F g−1⊗S + S⊗F g−1

)− (
F g−1⊗F g−1

) : 1
2 Le : (F g−T⊗Ce + Ce⊗F g−T )

(17)

The last terms in Eq. (16) relating the growth multiplier ϑg to the total
deformation C, are computed based on the specific form of the growth tensor and
the growth rate [64].

3 Finite Element Discretization

In the development of the theoretical framework in Sect. 2, all quantities of interest
were presented with respect to the reference configuration. To solve the equilibrium
Eq. (7) in a quasi-static approach, a finite element discretization based on a total
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Lagrangian formulation is thus adopted. An alternative framework to simulate the
growth of skin in tissue expansion is an Eulerian description, see [50].

In the finite element formulation, given the split of the total deformation into
two contributions, each with its own set of constitutive relations, two independent
variables need to be considered. Having a constitutive relation for the growth rate,
we naturally choose ϑg as one of the independent variables. Then, considering a
classical finite element methodology in the Lagrangian setting, it is straightforward
to consider the total deformation as the second independent variable.

For the deformation, the degrees of freedom are given by the displacements at
the nodes of the finite element mesh. We note that growth is considered as a local
process, completely specified by the deformation at a point. In consequence, the
growth multiplier is discretized as an internal variable at the integration points of
the finite element mesh [36]. In what follows we distinguish between the solution
of the local problem dictated by (13), and that of the global momentum equilibrium
problem expressed in (7).

3.1 Local Problem: Growth Update

The growth update is done in each element independently. Consider the discretiza-
tion of the time domain into nstp subintervals

T =
⋃nstp

n=1
[tn, tn+1] (18)

For a given time step [tn, tn + 1], we are interested in calculating the update of the
area growth at the end of the time step ϑgn+1, given its value at the beginning of the
time step ϑgn , and the current total deformation F at tn + 1. The subscript (◦)t + 1 to
denote the end of the current time step will be omitted from now on. Recall that the
constitutive equation for growth reported in (13) is the definition of the growth rate
given the growth and elastic area changes. We adopt a backward Euler scheme to
update the growth multiplier such that

ϑg = ϑ
g
n +�tϑ̇g (19)

Since this is an implicit scheme for time integration, and the growth rate is a
nonlinear function of the current growth and elastic area changes, we solve for the
update of the area growth using Newton-Raphson iterations. Recasting (19) into a
residual Rϑ = ϑg −ϑgn −�tϑ̇g .= 0, we then get the derivative needed for the local
Newton iterations

Kϑ = ∂Rϑ

∂ϑg
= 1 −

(
∂kg

∂ϑg
φg + kg∂φg

∂ϑg

)
�t (20)
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Where the functions kg(ϑg) and φg(ϑe) were defined in (14) and (15) above.
Note that the growth criterion depends on the elastic area change, but the residual is
constructed for the new growth multiplier under constant total deformation F, i.e.,
constant ϑ . Therefore, Eq. (3) should be used to introduce ϑe = ϑ /ϑg.

3.2 Global Problem: Total Deformation

We solve for the deformation of the finite element mesh to satisfy mechanical
equilibrium (7). The growth of soft tissues occurs slowly in time such that inertia
effects can be neglected. We thus set v̇ = 0. We also ignore the contribution of body
forces b = 0. Then, consider the weak form of the mechanical equilibrium problem
following integration by parts

∫

B0

∇δϕ : (F · S) dV0 = 0 (21)

Appropriate boundary conditions should also be considered. There is no special
treatment required for the boundary conditions, prescribed displacements or bound-
ary loads can be applied in the same way as for standard finite element formulations
in the finite deformation regime. In (21), the virtual displacements or test functions
δϕ were used to transform (19) into its weak form. To discretize (19) in space we
consider the partition of the domain B0 into nel elements

B0 =
⋃nel

e=1
Be0 (22)

The geometry of each finite element is in turn defined by nodal positions and
nodal basis functions. We apply the isoparametric Bubnov-Galerkin interpolation
such that the deformation field ϕel and the test functions δϕel inside of an element
are interpolated with the same basis functions

ϕel =
∑nen

i=1
Niϕi , δϕ

el =
∑nen

j=1
Njδϕj (23)

Where ϕi, δϕj are the nodal values used to discretize the deformation and test
function fields; Ni, Nj are the nodal shape functions, and nen are the number of nodes
per element. The gradients of the deformation field and the test function inside of
an element follow directly from (23)

∇ϕel =
∑nen

i=1
ϕi ⊗ ∇Ni,∇δϕel =

∑nen

j=1
δϕj ⊗ ∇Nj (24)
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The discretized deformation and test function fields are used in the weak form of
the equilibrium equation to define the global residual

RϕI = Anele=1

∫

Be

∇Ni · (F · S) dVe .= 0 (25)

The operator Anele=1 is called the assembly operator and it links the residual
associated with the node i, local to an element e, to the residual in terms of the
global node numbering I. In order to find the deformation field ϕ that leads to
the vanishing of the residual, a global Newton-Raphson iteration is needed. Note
that the discretized residual (25) is highly nonlinear because of the definition of
the second Piola-Kirchhoff stress in (8), compounded with the nonlinearity of the
growth process. Therefore, we introduce the consistent tangent

KϕIJ = ∂RϕI
∂ϕJ

= Anele=1

∫

Be

[(
∇Ni ·F

)sym·L·
(
F T · ∇Nj

)sym + ∇Ni ·S· ∇NjI
]
dV

(26)

In summary, given the deformation ϕn and the growth ϑgn at time tn, we want to
solve for the total deformation ϕ and the new growth ϑg at time tn + 1. To do so, an
initial guess for the deformation is given ϕ(0). With this guess, the growth multiplier
is updated at every integration point with the local Newton iterations. Then, the
residual and algorithmic tangent defined in (25) and (26) are computed and used
to generate the increment�ϕ = −Kϕ−1

IJ Rϕ . The deformation field then is updated
ϕ(1) = ϕ(0) + �ϕ. This process is iterated until convergence is achieved.

4 Examples

The above modeling framework has been used to study the fundamental mecha-
nisms and implications of the growth process, as well as to showcase its potential
for medical application [50, 65]. More recently, this theoretical framework has been
paired with experiments on large animal models to get an even more in depth
knowledge of the processes at the cellular scale [66]. Computational modeling of
skin growth has helped us gain key insights and rationalize decision making during
tissue expansion [58]. In particular, an important motivation for our work has been
the lack of a gold standard for the expansion protocols [4, 67, 68]. Today, expander
size and shape are chosen arbitrarily, based on the surgeons training and experience.
Hence, in this section we start by presenting the simulation of skin growth for
different expander geometries [54]. Ideal cases are tremendously useful to get
generalizable knowledge and propose protocol guidelines. However, in clinical
scenarios, every patient has a unique geometry and requires an individualized
procedure. Thus, in the second portion of this section we also present the application
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of our modeling framework to study skin growth in a patient-specific case of scalp
reconstruction [69].

4.1 Expander Shape

Tissue expanders come in different sizes and shapes. The most common ones
are spherical, crescent, rectangular and square. Anticipating the relative area
growth from these different expanders has been challenging and, instead, empirical
correction factors have been introduced [70]. Unfortunately, our inability to predict
skin response to chronic hyper-stretch can lead to cases where not enough skin
is harvested at the end of expansion and wound complications ensue [71]. In the
opposite case, expansion can be aggressive and occur over a significant amount of
time, resulting in excess skin that gets discarded at the time of surgery [6]. Here we
present the virtual inflation of different expander shapes and show that even with the
same material parameters and filled to an equal volume over the same time period,
different shapes produce vastly different growth contours and overall area gain.

Figure 3 shows the finite element discretization of four different expanders. In all
cases, the reference configuration was a flat, square sheet of tissue with dimensions
12 × 12 cm2, and with a thickness of 0.2 cm. A total of 1728 trilinear brick elements
were used to discretize the geometry.

The material parameters used in the simulation were the Lame constants
λ = 0.577 MPa, μ = 0.0385 MPa. For the growth constitutive equations, the
critical area strain was set to ϑcrit = 1.01, the maximum area growth was limited to
ϑmax = 2.4, the timescale of growth was τ = 1.0, and the nonlinearity parameter
used was γ = 2. Note that the time used is non-dimensional since we are

Fig. 3 Finite element modeling of different expander shapes. Four different expander shapes were
simulated. The same discretization consisting of 1728 triliniear brick elements was used for all
cases. The shapes depicted are, from left to right: sphere, square, rectangle, and crescent. In all
cases the initial geometry was a flat sheet of tissue [53]
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Fig. 4 Area growth due to tissue expansion. The snapshots show four consecutive time points
during a virtual inflation process simulated with custom finite element tools tailored for skin growth
modeling. The contours depict the amount of area growth. The apex of the expander is stretched
more and also shows the greatest growth. Growth is progressively less toward the periphery of the
expanded area. The same trend in the area growth distribution is seen for different expander shapes.
However, total growth is different across expander geometries. The sphere expander achieves the
most area gain compared to the other shapes [53]

concerned with the relative behavior across different expander shapes and not direct
comparison to a clinical case.

The virtual inflation was prescribed by gradually applying a pressure of
0.002 MPa over 40 loading steps spanning a nondimensional time of t = 4. The skin
is then left to grow under a constant pressure over the next 460 steps of �t = 0.1
until t = 50. Figure 4 shows the relative area gain contours for each of the expanders
over time. The area gain is calculated by measuring the total area being expanded.
The initial area is measured based on the highlighted faces in Fig. 3 and is thus
A0 = NdA, where N is the number of faces that are part of the expanded skin and dA
is the area of each face. In the beginning of the simulation all faces are square and
have the same area. The final area is obtained with the sum of the growth multipliers
as Af = (∑

ϑ
g
e
)
dA, where the subscript denotes area growth per element.

The sphere expander grows the most compared to the other expander shapes,
achieving a relative area gain Af /A0 of 1.59, followed by the square expander
which grows 1.37 in area compared to the initial state. Even though we did not
calibrate the model directly to experimental or clinical evidence, this amount of
growth does align with values reported in the literature. For instance, in the first
tissue expansion performed by Neumann [3], an expander was filled over a span
of 2 months to produce an are gain of approximately 1.5 times the initial area.
The rectangular expander in our simulations grows 1.2 times in area, and the
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crescent expander grows the least, achieving only 1.11 fractional area gain. These
simulations underscore the importance of computational models to guide basic
design principles of tissue expansion treatment. Area gain is not the only factor
considered when deciding a tissue expansion protocol, but anticipating changes in
area gain due to different expanders based on predictive models is a requirement for
the improvement of this technique [66].

Subsequent work from our group has verified experimentally that different
expanders produce different growth patterns, and that the spherical expander induces
greater growth compared to the crescent expander [46]. Furthermore, we have
confirmed experimentally that the growth pattern resembles the elastic and total
deformation fields, with greater area growth in zones undergoing larger deformation
[16]. This validates our phenomenological approach to a certain degree. Clearly,
more experiments are needed to fully calibrate the computational model, especially
regarding the underlying biological control, but even at the current stage, this
framework is able to provide valuable and quantitative insight of how the parameters
of the tissue expansion protocol are connected to the final shape and amount of
newly grown skin.

4.2 Pediatric Tissue Expansion

Undoubtedly, the primary motivation for modeling skin growth in response to
stretch is to transform clinical practice and improve surgery outcomes. The model-
ing framework presented here has been applied to study the growth of skin in patient
specific geometries. In this section we present two cases of scalp reconstruction
concerning the excision of a giant nevus following prolonged inflation of tissue
expanders over the scalp. Reconstruction of birth defects is a common application
of tissue expansion [13]. In the head and neck region, careful planning is essential
but also extremely complicated [6]. In fact, currently, no predictive tool exists to
aid the surgeon during preoperative planning of skin expansion. Therefore, the two
cases shown here are a n important advancement towards personalized planning
of tissue expansion based on computational modeling. The two inflation protocols
presented are particularly interesting because a giant nevus of a similar size and
location needed to be removed in both cases. Yet, despite the similarities between
the two defects, different expansion protocols were performed [8, 72]. We were
interested in comparing both strategies with computational modeling tools in order
to assess if one alternative is more adequate than the other in terms of fractional area
gain.

Starting from CT scan data, we reconstructed the skin geometry and recreated
both procedures virtually with our custom finite element implementation [73].
The same material and growth parameters were used in the two cases, and the
differences in growth patterns and total area growth were quantified. Figure 5 shows
the photographs of the two clinical cases of interest. The top row shows a one-year
old baby girl with a giant nevus in the left scalp [72]. Three tissue expanders were
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Fig. 5 Tissue expansion for nevus resection. Two cases of tissue expansion are shown for two
clinical cases. In the top row, the case of a one-year old baby girl is shown. Three expanders were
placed, one in the forehead and two in the scalp [72]. The bottom row shows the case of a one-year
old boy with a similar giant nevus. In this case, an expander was placed in the cheek, a second
expander was positioned in the forehead, and a third expander was located in the top of the scalp
[8]

placed, one in the forehead, one in the top of the scalp, and one in the posterior scalp.
The second case is a one-year old boy with a similar giant nevus in the right scalp
[8]. Three tissue expanders were used to grow the skin needed for the correction of
the defect. In this case, one expander was placed in the cheek, one in the forehead,
and one on the top of the scalp.

Figure 6 shows the contours of the growth multiplier for several time points of
the simulation. Both cases are depicted in the same figure to allow for side-by-
side comparison. For the case study I, following the clinical scenario, one virtual
expander was placed in the posterior scalp. The skin in this region consisted of 2270
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Fig. 6 Pediatric patient-specific model of tissue expansion. The top row shows the area growth
contours for case I. Three expanders were placed in the forehead and scalp regions. Growth is
greater at the apex of the expanded region and less toward the periphery of the expander. Area
growth increases for the four time points shown. At the end of the simulation a total fractional
area gain of 1.68 is achieved, and the absolute area available for reconstruction is 251.2 cm2. The
bottom row shows four snapshots for case II. A similar defect needed to be resected but in this case
one expander was placed in the cheek. Area growth contours obey the same trends as seen in case
I. The overall fractional area gain in this case was 1.76, however, the absolute area available for
reconstruction at the end of the expansion was 227.1 cm2. Adapted from [50] with permission

trilinear brick elements and spanned an area of 53.1 cm2. Two more expanders were
placed in the top of the scalp and the forehead. The expanded skin in this area was
discretized with 3820 brick elements covering an area of 96.3 cm2. For the case
study II, aligned with the clinical case, one expander was placed in the posterior
scalp, where the area of skin affected by expansion consisted of 2088 elements and
covered 50.5 cm2. An expander in the forehead and one in the cheek were then
placed. The expanded forehead region was 48.8 cm2 in area and was made up of
1800 elements. In the cheek the skin was modeled with 1200 elements and had an
initial area of 29.3 cm2.

Growth in the patient specific geometries follows the trends observed in the ideal
settings of the previous section. As the expanded region is pressurized, the regions
in the apex of the expander experience the greatest deformation. In consequence,
skin grows more at the apex of the expander and progressively less towards the
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periphery. This phenomenon is a consequence of the growth constitutive law, Eq.
(13), itself based on our current understanding of skin mechanobiology.

There is always an interplay between the total, observed deformation, and the
underlying tissue growth. In other words, at the beginning of the expansion process,
most of the deformation is reversible, but as the process continues, skin will grow to
restore the elastic stretch to ϑcrit. The comparison of these two cases highlights the
importance of considering patient-specific geometries when planning a procedure.

Quantitatively, for the top row of Fig. 6 corresponding to case I, the total area
of expanded skin in this case starts at 149.4 cm2, and progressively increases to
190.2 cm2, 207.4 cm2, 220.4 cm2 and reaches 251.2 cm2 by the end of the inflation
process. The total fractional area gain for this case was 1.68. The different expanded
regions grew differently for case I. The posterior scalp increased 1.73 in area, while
the forehead and top scalp regions grew 1.66 in area. The bottom row of Fig. 6,
corresponding to the case II, showed an overall fractional area gain of 1.77. The
initial area of the expanded region for case II was 128.7 cm2, and at the snapshots
shown, the area increased to 176.0 cm2, 191.3 cm2, 202.1 cm2 and 227.1 cm2.
Similar to case I, different expanders induced different area growth. The top of the
scalp contributed 1.74 area gain, the forehead grew 1.82 the original surface, and
the cheek grew by 1.72 times its initial area.

This example shows that placing the expanders in distinct anatomical regions
can increase the overall area gain. At the same time, the absolute area useful for
reconstruction was greater in case I. In other words, case I was not as efficient in
terms of growth rate, but allowed for a greater area to be expanded and ultimately
produced more skin compared to case II. We remark that the parameters used in the
simulation were manually selected to match the clinical experience. A more careful
calibration is needed to make more powerful predictions and impact treatment
guidelines. On the other hand, these simulations were done with the same exact
parameters, thus isolating the contribution of treatment strategy to area gain. This
kind of insight is extremely valuable to design better tissue expansion treatments.

5 Conclusions

The future of reconstructive surgery is tied to new developments in our ability
to predict skin adaptation under non-physiological regimes. Growth is one of the
fundamental processes of skin tissues. Mathematical modeling of skin growth is
particularly relevant in the context of tissue expansion, a reconstructive surgery
technique that leverages the ability of living matter to adapt to mechanical cues
[74]. Despite the popularity of this technique, we are still unable to control skin
adaptation at will in order to grow skin patches of the desired area and shape.
For instance, tissue expanders are the standard treatment for breast reconstruction
after mastectomy, but complications and suboptimal outcomes characterized by
unnatural breast shape are still common and impact cancer survivors’ quality of
life [68]. Tissue expansion is also widely used for reconstruction of large birth
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defects such as nevus. Following skin growth, flap design is done with extreme
care. However, our inability to anticipate the amount of newly grown skin and the
new relaxed configuration of the skin after expander removal, can lead to excessive
mechanical stress after flap closure. Tension in the flap causes delayed healing,
wound dehiscence, necrosis, or hypertrophic scarring [6]. Solving these challenges
relies on our ability to accurately describe skin deformation and adaptation with
computational models. The progress in this area is already leading to personalized
treatment and data-driven approaches in medicine [50, 54].

In this chapter we summarized the modeling framework to describe skin growth
in response to supra-physiological stretch. The theoretical basis of this framework
is the multiplicative split of the deformation gradient into growth and elastic
contributions. This split has been adopted in the biomechanics community to model
a wide variety of tissues with excellent agreement against experimental evidence
[42]. Here we have specialized the general volumetric growth approach to skin
tissues, characterized by area growth. The numerical solution of tissue expansion
cases is achieved with custom finite element formulations [53].

In addition to modeling skin growth for its importance in tissue expansion, skin is
an ideal model system to gain fundamental insight into how living tissues respond
to mechanical cues. This is, at the same, a point for improvement of the current
modeling approaches of finite volumetric growth: new, detailed mechanosensing
models are lacking. Taking a step back, recall that the constitutive models needed to
close the balance equations and fully define the problem involve two contributions.
One set of constitutive relations corresponds to the elastic component of the
deformation. The other constitutive law is needed for the growth component. The
constitutive law for the elastic component has received significant attention over
the past five decades, and many models of skin’s mechanical behavior have been
proposed, see [34] for a thorough and recent overview of skin mechanics. The
biological aspect of growth mechanics remains poorly understood.

In this chapter we presented a phenomenological relationship connecting the
elastic strain to the growth rate at one point. This simple relationship, albeit
phenomenological, is indeed inspired on biological knowledge and clinical obser-
vation, and, while simple, has predicted growth patterns that were later confirmed
experimentally [16, 46, 66]. However, clinical interest is turning towards therapies
that control both the mechanical fields (amount and timing of expansion), as well
as the cellular mechanisms implicated in skin growth due to overstretch [75]. The
potential of these new techniques crucially relies on improving our understanding
of how exactly the resident skin cells are sensing the mechanical cues, and how
these inputs control the cell action on their local microenvironment. This remains
an exciting are of research.

In terms of the computational implementation of the continuum mechanics
framework, here we focused on a finite element formulation. New numerical
analysis tools such as isogeometric methods are an appealing alternative to simulate
skin growth. Isogeometric analysis uses basis functions that are C1 continuous over
the entire domain, enabling novel thin shell formulations for nonlinear membranes
based on Kirchhoff-Love kinematics [44, 76].
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Finally, in addition to sound modeling approaches and robust numerical tools, the
need for extensive experimental calibration of these models cannot be understated.
Work on large animal models such as the swine are currently being stablished
for this purpose. Skin is advantageously exposed to the outside world and its
deformation can be captured with new 3D imaging techniques that are easily
incorporated into the operating room. We have used multi-view stereo to track the
deformation of large porcine skin patches over long time periods. Sacrificing the
animal at the end of the experiment reveals the elastic and growth components of the
deformation [66]. Animal models of tissue expansion were proposed decades ago,
however, they lacked a rigorous framework to distinguish the different components
of the deformation [77, 78]. Our experiments have confirmed that skin grows more
in the apex of the expander, and that different expander shapes induce different
growth patterns. The next step in experimental calibration of the skin growth models
is the acquisition of human data.

In conclusion, modeling of skin growth has advanced tremendously in the
past 10 years. It is currently an exciting field with new challenges in theory,
numerics, and experimentation. Addressing the gaps in the field will help us achieve
personalized and predictive tools for optimal preoperative planning and improved
reconstructive surgery outcomes.
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Constitutive Modelling of Wound Healing

Adrian Buganza Tepole

Abstract Wound healing is a complex process spanning several temporal and spa-
tial scales and requiring precise coordination of cell populations through mechanical
and biochemical regulatory networks. The dermis, which is the load bearing layer
of the skin, is rebuilt after injury by fibroblasts through collagen deposition and
active contraction. Fibroblast activity is controlled by cytokine gradients established
during the initial inflammatory response, as well as by mechanical cues. However,
even though we know the individual components of the wound healing system,
in particular the factors associated with fibroblast-driven remodeling, we are still
unable to achieve perfect skin regeneration and, instead, wounds lead to scars
with inferior mechanical properties compared to healthy skin. Computational
models offer the unique ability to quantitatively analyze the dynamics of wound
healing in order to attain a deeper understanding of this system. Here we show
a continuum framework to describe the essential bio-chemo-mechanical couplings
during wound healing, together with a finite element implementation of a model
problem. We account for nonlinear mechanical behavior and anisotropy of skin
through a microstructure-based strain energy function, as well as the split of the
deformation gradient into elastic and permanent deformations. These microstructure
features evolve in time according to the spatiotemporal evolution of cell and
cytokine concentration fields, which obey reaction diffusion differential equations.
The model problem exhibits emergent features of wound healing dynamics, such
as wound contraction by fibroblasts in the periphery of the injury. Moreover, the
proposed framework can be readily extended to more comprehensive regulatory
networks and used to simulate other realistic geometries. Thus, we expect that the
formulation presented here will enable further advances in wound healing research.
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1 Introduction

One of the most remarkable properties of skin is its ability to heal following injury.
This crucial adaptive mechanism is needed since skin is our first line of defense
against outside harm, and we certainly damage this tissue throughout our life.
Moreover, skin healing is needed following any surgical procedure. In the US alone
there are more than 34 million surgeries each year, and skin self-repair is needed
after each of them [1]. Unfortunately, despite the impressive capability of skin to
regain some of its functionality, wound healing is not perfect and it does not result
in tissue with the exact same properties as healthy skin, but rather it leads to a scar
[2, 3].

The process of wound healing is an orchestra of different cell types, growth
factors, and structural components, which all come together in synchrony to form
the new tissue [4]. Such a complex dynamical system is tuned to restore tissue
function and prevent infection in a timely manner, but the fine balance between
these processes is difficult to achieve. Indeed, excessive inflammation signals are
linked to a fibrotic response by resident skin cells, and lead to hypertrophic scars and
contracture [5, 6]. These complications add up to a 4 billion dollar annual burden
on the US healthcare system [7].

Interestingly, in the fetus wounds heal without a scar [8, 9]. Extensive research
over the past decades has provided valuable information of the different ele-
ments involved in the wound healing process. Inflammation and extra-cellular
matrix (ECM) composition, for example, have been compared between fetuses and
adults [10]. Consequently, numerous scaffolds have been manufactured, controlling
different aspects of the wound milieu such as microstructure or growth factor
profiles that try to mimic the fetal healing environment [11, 12]. Great progress
has been done in the area of skin tissue engineering and wound dressing design.
Yet, we are still unable to control wound dynamics at will. The shortcomings
of current treatment strategies can be explained by the point of view of systems
biologists: the list of elements of a biological process is just a partial picture of
the problem, and the dynamics of the regulatory networks are key to understand,
and eventually control, the wound healing process [13]. Furthermore, given the
complexity of the system, intuition is not enough, and computational models are
particularly important in this context. Mathematical models can be used to tease
out the strength of the interactions between the different elements of the wound
healing regulatory network, test new hypotheses, and pose optimization problems
to improve treatment.

Wound healing spatiotemporal dynamics are particularly fascinating from a
mechanical point of view. Skin is a thin membrane made out of two layers, epidermis
at the top and dermis at the bottom [14]. The dermis is the main load bearing layer.
It is made primarily out of collagen fibers that form an inter-weaving network in
the healthy skin [15]. Fibroblasts are the main resident cells of the dermis and are
responsible for the continuous remodeling of the tissue [16]. Upon wounding, the
collagen network is destroyed and replaced by a fibrin matrix of inferior mechanical
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properties [17]. This temporary matrix has to be remodeled by an influx of new cells
from the surrounding healthy tissue. Incoming fibroblasts are not only tasked with
depositing new collagen, but also have to rebuild the fiber network architecture.
Additionally, they close the wound by pulling on the collagen matrix leading to
contraction and contracture of the tissue [18]. Briefly, as fibroblasts migrate into
the wound, the inflammation-rich environment leads to fibroblast differentiation
into a contractile phenotype called the myofibroblast [19]. Traction forces by these
cells compact the collagen fibers and bring the wound edges closer together. The
acute contraction is coupled with longer-term remodeling, in other words, the
acute changes gradually become permanent. More details about wound mechanics
and mechanobiology are saved for Sect. 4.4 on the model description. Here we
simply emphasize the stunning coupling between the fibroblast population, the
inflammation response, and the mechanical environment.

Mathematical modeling of wounds is not a new field. The seminal work by
Sherratt and Murray dates back to 1990 [20]. In their first paper, these authors intro-
duced the concept of a traveling wave of epidermal cells during re-epithelialization.
Work by Tranquillo and Murray around the same time was also pioneering [21].
These authors explored the role of fibroblast-driven contraction. Wound models
have undergone a steady evolution since those initial efforts. A notable trend
has been the sophistication of the models in terms of the number of cells and
cytokines considered. The consideration of detailed tissue mechanics, however,
has lagged behind these developments. Wound models had considered simplistic
assumptions for the skin mechanical behavior until recently [22]. This chapter is
focused precisely on this aspect of wound healing modeling.

The structure of the chapter is as follows. In the next section we review the
wound healing process and introduce all the different elements of the dynamical
system. In Sect. 4.3 we briefly review the modeling strategies. In Sect. 4.4, we fully
describe a continuum-framework for wound mechanobiology. Section 4.5 deals
with the implementation of the continuum-framework into a custom finite element
formulation. Section 4.6 shows examples and highlights the main features of the
modeling framework. Finally, we conclude the chapter with a conclusions section.

2 Wound Healing in Time and Space

Wounds heal in four overlapping temporal stages. Immediately after injury, a fibrin-
rich clot forms in a process called hemostasis. This fast response occurs in the
order of seconds to minutes and it is aimed at preventing blood loss and creating a
provisional matrix for cell infiltration [23]. The blood clot is rich in platelets which
degranulate, releasing a first wave of pro-inflammatory signals, particularly platelet
derived growth factor (PDGF) [24]. The second stage of wound healing is called
inflammation and takes place from minutes to a few days. Within this phase there are
two waves of incoming cells. Neutrophils are recruited first to the wound site [25].
These cells are equipped to kill pathogens by releasing chemokines such as inter-
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leukins and tumor necrosis factor alpha (TNFα) [26]. In addition to help sterilize
the wound site, cytokines released by neutrophils establish a gradient to direct the
infiltration of the second wave of inflammatory cells : the macrophages. These cells
further contribute to cleaning the fibrin clot by phagocytizing debris, pathogens,
and neutrophils. Concomitantly, macrophages establish yet another chemical signal
gradient, primarily by releasing transforming growth factor beta 1 (TGFβ1). For a
more comprehensive review of inflammation please see these detailed reviews on
the topic [5, 27, 28].

The third temporal stage of wound healing will be the starting point for our
modeling framework in Sect. 4.4. This third phase is termed proliferation and takes
from days to weeks [29]. Our interest in this stage stems from the fact that it is
in the proliferation stage that skin is rebuilt. At the epidermis level, keratinocytes
proliferate and migrate inward in the process called re-epithelialization [30]. At
the dermis level, the fibrin clot is filled with incoming fibroblasts and endothelial
cells. Endothelial cells establish a vascular network in the process of angiogenesis
[31]. The new vasculature is needed in order to guarantee nutrient supply for this
stage of the healing process which, as can be expected, is characterized by a high
metabolic activity and a large number of cells. Fibroblasts, the prime example of
a mechanosensitive cell, are responsible for dermis remodeling in the proliferative
stage [32]. From the point of view of skin biomechanics, fibroblasts’ actions are
the central piece to understand how skin regains its mechanical functionality after
injury.

The last stage of wound healing is remodeling. Fibroblasts are again under the
spotlight for this process. Towards the end of the proliferative phase the skin has
regained its functionality. The epidermis has been restored and the fibrin clot has
been replaced with a collagen ECM. However, the new tissue has properties that
do not match those of the healthy dermis [2, 33]. With the decrease in metabolic
needs, a majority of the cells undergo apoptosis [34]. During this last phase, a
scarce fibroblast population remains in the scar, and it slowly remodels the collagen
network towards a more physiological state. Scar remodeling spans months to even
years [35]. Unfortunately, even after such a long time window, the scar tissue does
not revert completely to the healthy state.

3 Mathematical Modeling of Wound Healing

Given the large number of cells and chemical species present during wound healing,
the different cellular processes that occur, the tissue mechanics aspects, and the
multiple spatial and temporal scales, modeling efforts have been very diverse.
To better dissect the advantages and disadvantages of the different strategies, we
divide the modeling efforts according to three main features. First, we distinguish
between discrete and continuum models. This separation is closely related to the
scale of interest. Discrete models are usually concerned with the cell (microscopic)
scale while continuum models typically deal with the tissue (macroscopic) scale.



Constitutive Modelling of Wound Healing 105

Secondly, we discuss the modeling approaches according to the emergent behavior
of interest, namely, the cellular process being emphasized. Three processes of the
proliferative phase have been the focus of investigation in the past two decades:
re-epithelialization, angiogenesis, and dermis remodeling. Models of inflammation
have also been developed, but they will not be considered here. The reader is
referred to [36, 37]. Lastly, we focus on the complexity of the spatial domain
being simulated. Starting from point (zero-dimensional or 0D) models, other simple
domains considered have been one-dimensional (1D) or axisymmetric (1.5D). Most
of the emphasis has been on two-dimensional (2D) models, and there are a few
examples of three-dimensional (3D) models which are the models of greatest
complexity in terms of domain representation. Table 1 summarizes how different
published mathematical models of wound healing fit within our categories [38].

We start by discussing discrete modeling approaches. As the name suggests,
this strategy is characterized by accounting for individual cells. These formulations
are also called agent-based models (ABMs) and they have been very popular
because, by accounting for individual cell action, they are more closely related to
experimental evidence of cell behavior and cell-ECM interactions. Furthermore, a
fundamental feature of ABMs is that even though only rules for individual cells
are prescribed, the simulations of entire cell populations exhibit emergent behavior
[64, 65].

The discrete modeling framework has been used to study the three differ-
ent processes in Table 1. At the level of the epidermis, modeling individual
keratinocytes, researchers have identified traveling wave patterns consistent with
experimental observations in wound scratch assays. In terms of angiogenesis,
these cell-centered approaches have been able to test hypothesis regarding frac-
tal pattern self-assembly characteristic of microvasculature geometries. Modeling
individual fibroblast migration into a wound has helped test hypotheses of how
cell influx affects collagen network orientation in the scar (see Table 1 for
references).

Table 1 Classification of mathematical models of wound healing

Scale Complexity Re-epithelialization Angiogenesis
Dermis contraction
and remodeling

Cell-discrete 0/1/1.5D
2D [39, 40] [41, 42] [43–46]
3D [47] [48–50]

Tissue-continuum 0/1/1.5D [20, 51] [52–56] [21, 57, 58]
2D [59, 60] [61] [62, 63]
3D [22]

Published models of wound healing can be classified according to three criteria: (i) discrete
or continuum formulations; (ii) emergent behavior of interest (epithelialization, angiogenesis,
remodeling); and (iii) domain or implementation complexity, from zero to three dimensional spatial
dimensions. References to representative publications have been selected. See [38] for a review
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There are advantages and limitations for the discrete approach. As mentioned
already, this modeling strategy is particularly suitable for the microscopic scale
because it accounts for individual cell action. As a consequence, ABMs are not
directly applicable to large domains. Some efforts have been made to link ABMs to
the tissue scale. For example, Ziraldo et al. [66] used rules akin to those applicable to
individual cells, but instead of simulating the cells, they considered mesh elements
(much larger than the cell dimension) as the agents.

Another reason why ABMs are limited to small domains is that the computa-
tional cost increases dramatically as the domain size increases. The algorithmic
complexity is also much greater going from two to three dimensions. Because of this
challenges, discrete models have been used almost exclusively in two-dimensional
simulations, see Table 1.

The alternative to discrete models are continuum descriptions. In the continuum
assumption, the cells and cytokines are described not individually but as concentra-
tion or density fields. The evolution of these fields in time and space is described
with reaction diffusion partial differential equations (PDEs).

The immediate consequence of describing the wound process with continuous
fields is that these descriptions are directly related to the tissue scale, therefore
they enable us to explore hypotheses closely related to real clinical scenarios. The
obvious drawback is that the direct connection to individual cell actions, cell-
cell and cell-ECM interactions, is lost. Therefore, the main challenge for these
descriptions is to link the flux and reaction terms that appear in a reaction-diffusion
PDE system, to cellular events. Several forms of constitutive equations have been
proposed to capture cell and cytokine dynamics. Yet, rigorous up-scaling from the
cell-scale remains an area of active research.

Continuum descriptions are of particular relevance to study wound mechanics.
Re-epithelialization and angiogenesis have been modeled with reaction-diffusion
PDEs (see Table 1 for relevant references), however, it is wound mechano-
adaptation that truly benefits from this modeling strategy. Most ABMs have been
limited to simplified mechanical descriptions. Some efforts have been made to
couple individual cell action from ABMs to accurate mechanical description of soft
tissues [46, 67], but this has been limited to small domains. Continuum models
had also disregarded detailed tissue mechanics until recently [22, 63]. In terms
of algorithmic complexity, similar to discrete approaches, the vast majority of
the work has focused on two-dimensional descriptions and regular geometries.
In contrast to discrete models, extending the continuum framework to arbitrary
three-dimensional geometries is easily achievable through new finite element
discretizations [22].

In this chapter we present a continuum description of wound mechanics. We
present a general description of the healing modeling framework in this setting
and then make particular assumptions for a simple system of only a single cell
population and a single chemical concentration.
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4 Mathematical Framework of Wound Healing
Mechanobiology

A continuum description of wound healing is presented. First, all the relevant
variables are introduced in a kinematics subsection. The variables of interest are
divided into four classes: tissue deformation, tissue microstructure, cell fields, and
chemical fields. Then, the balance equations satisfied for each of the different classes
of variables are discussed. Tissue displacements satisfy momentum balance while
cells and chemicals obey mass balance captured with reaction-diffusion equations.
The microstructure changes locally in time according to ordinary differential
equations that describe local cell-ECM interactions.

4.1 Kinematics

Let X ∈ B0 ⊂ R
3 denote the material coordinates that specify the initial geometry

of the wound. The material points get mapped to the deformed state x ∈ Bt ⊂ R
3

through the deformation mapping x = ϕ(X). The deformation gradient F = ∂x/∂X
describes the local geometric changes. To account for one of the most general
frameworks of biological tissues, here we consider the multiplicative split of the
deformation gradient into growth and elastic contributions

F = F e· F g (1)

Where Fg denotes local permanent volume changes, and Fe is an elastic deformation
tensor that maps the differential volume elements from the intermediate configura-
tion to the current, observed state of the wound at time t. We emphasize that the
multiplicative split of the deformation gradient has been typically used in the context
of growing tissues. Here, however, the phenomenon of interest is permanent wound
contraction, which can be interpreted as a negative growth process.

In addition to tissue displacements, the mechanical behavior of the skin tissue
will be expressed in terms of microstructure variables. In the spirit of a general
description, let � denote the vector of microstructure variables. This vector
includes, for example, mass fraction of collagen or fibrin fibers, orientation and
dispersion of the fiber network, fiber diameter and stiffness, etc. We will introduce
specific quantities later in this section.

In a standard continuum mechanics description, these variables would be enough
to define the problem. During wound healing, however, the mechanical response
changes in time and space due to the action of cells, which is in turn coordinated
by a signaling network characterized by cytokine concentration fields. Let ρ(X, t)
denote the vector of cell density fields, and let c(X, t) correspond to the vector of
chemical concentrations in the domain. In the next section we will particularize the
notation to the fibroblast population only and the TGFβ1 concentration only, but for
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now we will continue with the general model description that could include several
cell types and chemical species.

In order to describe the kinematics of the problem, some of the structural
parameters need to be introduced at this point, specifically, those variables that are
related to a geometric component of the microstructure. We consider the permanent
area changes θg, the preferred fiber orientation in the reference configuration a0,
and the fiber dispersion κ .

The growth tensor introduced through the multiplicative split is both a kinematic
and a constitutive assumption. It requires additional constraints related to the
geometry of the microstructure. In fact, the form of this tensor is specified as

F g = θgIS + N ⊗ N (2)

Where Is = I − N ⊗ N denotes the surface identity tensor, N is the normal to the
skin surface, and I is the standard identity tensor in three dimensions. Thus, as can be
intuited from Eq. (2), we will ignore through-thickness heterogeneity and will treat
the skin as a thin membrane. This approach simplifies the model slightly while at
the same time presents an important improvement to generalize a standard flat two-
dimensional formulation. Some events during healing do require the description of
a three-dimensional domain to capture the complexity of through-thickness cellular
phenomena (such as epidermis stratification) [47]. However, from the point of view
of a description that emphasizes skin mechanics, a thin membrane is very appealing.
Indeed, skin can be described in this way using Kirchhoff-Love kinematics and
discretized with shell elements and surface meshes instead of volume discretizations
[68]. This kinematic assumption allows to capture realistic geometries in a three
dimensional embedding with surface meshes. We have done both volume and plate
simulations [22, 63].

The preferred fiber orientation and dispersion parameters are used to define the
structural tensor in the reference configuration

A0 = κI s + (1 − 2κ) a0 ⊗ a0 (3)

Upon deformation, the push-forward of the structural tensor leads to

A = F · A0· F T = κb + (1 − 2κ) a ⊗ a (4)

With b = F · FT the left Cauchy-Green deformation tensor, and a = F · a0 the
push-forward of the preferred orientation field. The tensor A is, however, not a valid
structural tensor in that it does not specify just a distribution of fiber orientations, but
also contains information about fiber stretching. To obtain a valid structural tensor
in the current configuration we normalize Eq. (4) to get

Â = A

tr (A)
= κ̂is + (1 − 2 κ̂) â ⊗ â (5)
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In which κ̂ is the fiber dispersion in the current configuration, â = a/ ‖a‖is the
normalized fiber orientation in the current configuration, and is is the surface identity
for the deformed surface. It must be noted that the growth tensor defined in Eq.
(2) does not change the fiber orientation or dispersion, and therefore the structural
tensor in Eq. (3) is also the structural tensor for the intermediate configuration.

The total deformation gradient defines a total measure of strain. For instance, the
usual right Cauchy-Green deformation tensor C = FT · F can be used. In the context
of growth and remodeling, it is more convenient to focus on the elastic deformation
changes. We introduce the elastic part of the right Cauchy-Green deformation tensor

Ce = F eT · F e = Ces + λeNN ⊗ N (6)

Which has been decomposed into a surface component and a normal strain
component. The decomposition in Eq. (6) is only valid when transverse-shear is
ignored. As mentioned above, thin biological membranes such as skin have been
deemed appropriate for Kirchhoff–Love kinematics, i.e., the normal to the surface
stays normal throughout the deformation and, hence, no transverse shear occurs in
this setting.

Another characteristic of skin as for most biological tissues, is the notion of
incompressibility. Continuing with the use of the thin shell formulation, the normal
strain can be explicitly calculated to satisfy this constraint

λN = ∥∥F e· N∥∥ = (
θe
)−1 (7)

Where the elastic area change θ e was introduced. Alternatively, the elastic area
change can be directly computed from the surface component of the right Cauchy-
Green deformation tensor

θe =
√

det
(
Ces + N ⊗ N

)
(8)

Other invariants of the surface component of the elastic deformation are also
needed for the definition of the strain energy function. In particular, two invariants
are of interest, one corresponding to the isotropic behavior and one pseudo-invariant
to describe the fiber deformation

I e1,s = tr
(
Ces
)
, I e4,s = a0· Ces · a0 (9)

Note that the fourth pseudo-invariant is calculated using the elastic deformation
tensor but with the reference fiber orientation. This is due to the definition of
the growth tensor which leaves the structural tensor unchanged. In addition to
the surface invariants, the trace of the full right Cauchy-Green deformation tensor
I e1 = tr

(
Ce
)

will appear later on in order to couple the in plane component of the
stress to the normal stress. This concludes the definition of all the essential kinematic
ingredients of our formulation.
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4.2 Balance Laws

4.2.1 Mechanical Equilibrium

To satisfy mechanical equilibrium we impose the balance of linear momentum
which, in the current configuration takes the form ∇ · σ = 0. The stress, continuing
with the aim of keeping the formulation very general, will be composed of a
passive response, a pressure to impose the vanishing of the normal stress and
incompressibility (together with the normal strain), and an active response that is
a consequence of cell action

σ = σ pas + σ act + pI (10)

The passive component of the stress is determined directly by the elastic
deformation tensor. Recall that in the present derivation we treat skin as an
incompressible, thin membrane, with hyperelastic mechanical behavior defined by
a strain energy function. Therefore, the passive component of the stress tensor can
be deduced from the strain energy function

σ pas = 2

J e
F e· ∂ψ

∂Ce
· F eT = 1

J e
F e· Se,pas· F eT (11)

Where the volume change Je = det (Fe) = 1 when incompressibility is enforced,
and we have introduced the strain energy denoted by ψ . Moreover, even though we
have started with the description of stress in the current configuration, it may be of
value to also consider the Lagrangian description. We have accordingly introduced
the passive component of the second Piola-Kirchhoff stress tensor referred to the
middle configuration. To get the stress referred to the initial configuration we can
perform the corresponding pull-back operation

Spas = F g−1· Se,pas· F g−T (12)

The active stress will be defined with a particular form in the following section.
Nonetheless, here we can assume that this stress will be aligned with the structural
tensor since fibers contract the ECM by pulling on the fiber network [69, 70].

σ act = T (�,ρ, c) Â (13)

Where the function T(◦) stands for cell traction, and can be a function of different
structural elements as well as the cell and chemical concentration fields. The
structural tensor used is the one corresponding to the current configuration. For
completeness we pull-back this active stress to the initial configuration

Sact = θg

tr (A)
A0 (14)
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The last component of the stress tensor is the pressure component. In the context
of incompressibility of thin membranes, the normal strain can be analytically solved
to satisfy this constraint. Then, the pressure can also be obtained analytically to
satisfy σ n = 0. The second Piola-Kirchhoff stress tensor, defined in the initial
configuration, is finally assembled as

S = Spas + Sact + pC−1 (15)

Where the passive and active components have been defined in Eqs. (12) and
(14) respectively, and the pressure can be also determined analytically to satisfy
the vanishing of the normal stress in the reference configuration, SN = 0. The
mechanical equilibrium in the Lagrangian setting is ∇X · P = 0, where the
divergence operator is now with respect to the reference coordinates X, and P = F · S
is the first Piola-Kirchhoff stress tensor.

4.2.2 Mass Balance of Biological Fields

The cell populations and the chemical concentrations evolve in time satisfying mass
balance. In particular, reaction and diffusion phenomena are the most important
to consider. We then have that for each of the elements ρi of ρ, and ci of c, the
following reaction-diffusion systems dictate the transient response of the system

ρ̇i + ∇· qρi = sρi
ċi + ∇· qci = sci

(16)

Where ˙(◦) is the material time derivative, ∇ · (◦) is the divergence operator in
the current configuration, and q and s are flux and source terms respectively. In
the general case, the flux of cells can be a function of some or all of the other
biological fields, i.e. qρi(ρ, c), whereas the flux term for the cytokines is going to
be modeled as standard diffusion qci(ci). The source terms could exhibit even more
general couplings. Here we assume that a cell population is influenced by some or
all other cell fields and cytokines, but also the state of stress and microstructure at
a point. In other words, the source term for a cell population will be of the form
sρi(ρ, c, �, σ e). The same will be assumed for the chemical concentration fields.
Cytokines are produced by different cell populations, usually in response to other
chemicals, but their production could also be altered by the state of stress, which
leads us to propose a general source term sci(ρ, c, �, σ e).

Alternative to a description in the current configuration, the reaction diffusion
system of Eq. (16) can be recast in the Lagrangian setting

J ρ̇i = ∇X · Qρi = J sρi

J ċi + ∇X · Qci = J sci
(17)
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Where the divergence operator ∇X · (◦) is now with respect to the reference
coordinates X, and the fluxes in this description are related to the Eulerian
description by Qρi = JF−1qρi, and Qci = JF−1qci. For completeness we can define
the source terms fully in the reference configuration as Sρi = Jsρi, Sci = Jsci, and
the reference cell and chemical fields ρ0i = Jρi, c0i = Jci.

4.2.3 Local Remodeling

The structural and geometric components of the microstructure, all stored in
the vector �, change locally. In other words, these variables change according
to ordinary differential equations. For instance, for the variables that have been
introduced already, θg, a0, κ , the transient response is going to be fully determined
by functions θ̇ g (ρ, c,�, σ e), and so on. Thus, in general we expect functions
�i(ρ, c, �, σ e) for each component �i of the vector �. Explicit definitions will
be presented for the model problem of wound healing which is described next.

4.3 Model Problem of Wound Healing and Constitutive
Equations

The framework described thus far considers potentially several cell types and
chemical fields. Indeed, there are examples of previous work considering multiple
biological variables. For example, in [71], which focuses on the modeling of
angiogenesis, fields for VEGF, PDGF, macrophages, fibroblasts, capillary tips and
oxygen are described with continuous variables which satisfy equations analogous
to those presented in Sect. 4.4.2.2. The model presented here focuses on fibroblast
driven remodeling in response to TGF-β1. We refer the interested reader to [72,
73] for an overview of multiple cells and growth factors present in wound healing.
In the context of healing mechanics, fibroblasts and TGFβ1 are the indispensable
biological variables to be considered, and they offer an excellent model problem
that can be easily generalized to multiple cell populations. Then, we denote ρ(x, t) to
represent the fibroblast density field, and c(x, t) to be the TGFβ1 concentration field.

In addition to narrowing the cell and chemical fields to specific modeling choices,
the structural variables also have to be explicitly defined. Here we restrict our
attention to the collagen mass fraction φ. This is in addition to the variables related
to the geometry of the microstructure that have already been introduced.

In summary, for the model problem we have a reference body defined by the
coordinates X ∈ B0 ⊂ R

3, and a deformed geometry x = ϕ(X, t) ∈ Bt ⊂ R
3 at time

t. The microstructure is described with the vector �(x, t) = {θg, a0, κ ,φ}, where we
have made it explicit that these variables change in time and space as the wound
heals. The evolution of the wound is the result of two biological fields, the fibroblast
populationρ(x, t) and the TGFβ1 concentration c(x, t). These variables satisfy linear
momentum balance, mass balance, and local remodeling laws, as specified in Sect.
4.4.2. To close the problem, we introduce the corresponding constitutive equations.
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4.3.1 Stress

The passive component of the stress tensor follows from the strain energy. Here
we adopt a two-dimensional version of the popular Holzapfel-Gasser-Ogden strain
energy function [74, 75]. This form of the strain energy was originally proposed to
describe the mechanical behavior of arteries but has since then been used to describe
a wide variety of collagen-based materials. Mechanical tests of skin samples have
been successfully fitted with this strain energy function [15, 76, 77]. Other choices
of strain energy function based on microstructure considerations are also possible
[78]. We modify the original description in two important ways. First of all, the
original formulation considers a fiber network distributed in three dimensions. Here,
however, we are restricting the skin to a membrane description. Accordingly, the
structural tensor in our kinematic description is restricted to the tangent plane of the
surface [79]. The second change is the explicit dependence of the fiber contribution
on the collagen mass fraction. We propose

ψ = ψm + φψf (18)

ψm = k0
(
I e1 − 2

)

ψf = k1

2k2
(exp( k2

(
κIe1s + (1 − 2κ) I e4s − 1

)2 − 1

ψm is the strain energy of the isotropic matrix in which the fiber network is
embedded, and ψ f is the fiber contribution. The response of the matrix is controlled
by the parameter k0, while the fiber contribution is parameterized with k1 and
k2. Note that the isotropic part of the strain energy is in terms of the full three-
dimensional invariant I e1 , which is needed in order to being able to solve for the
normal strain that satisfies incompressibility, and then for the pressure that satisfies
the zero normal stress condition.

Given the strain energy, we can immediately obtain the second Piola-Kirchhoff
stress tensor referred to the middle configuration

Se,pas = 2
∂ψ

∂Ce
= k0I + φ

(
ψ
f

1 I s + ψf4 a0 ⊗ a0

)
(19)

Requiring the derivatives of the strain energy with respect to the surface
invariants of the right Cauchy-Green deformation tensor

ψ
f

1 = 2k2κ
(
κIe1s + (1 − 2κ) I e4s − 1

)
ψf (20)

ψ
f
4 = 2k2 (1 − 2κ)

(
κIe1s + (1 − 2κ) I e4s − 1

)
ψf

The active stress in Eq. (13) requires a constitutive equation for the traction by
the fibroblast population. For the model problem we consider that fibroblast can
exert a baseline traction, and this will increase in response to TGFβ1. Specifically
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we assume

T =
(
tf + tcc

Kc + c
)
ρ (21)

Fibroblast thus have the basal traction tρ , and one traction component tc, which is
influenced by TGFβ1. The dependence on the TGFβ1 concentration is nonlinear. In
fact, it is described with Michaelis-Menten kinetics. In other mathematical models
of biological systems besides wounds, Michaelis–Menten and Hill functions are
generally employed to capture cell signaling networks [37, 45, 71]. This approach
reflects the fact that cells sense the chemical concentration through transmembrane
receptors. There is a finite number of these receptors, then, as the input increases,
the sensing process becomes saturated. Furthermore, inside of the cell, a cascade
of reactions, many of them obeying Michaelis-Menten kinetics, occur [80]. The
aggregate of this sequence of reactions can also be captured with Hill functions.

4.3.2 Flux and Source Terms for Fibroblasts and TGFβ1

The mass balance of the biological fields defined in Eq. (16) for the Eulerian
formulation, or the equivalent Lagragian form in Eq. (17), require constitutive
definitions for the flux and source terms. For the fibroblast, we adopt the Keller-
Segel model of chemotaxis [81]

Qρ = −DρρC−1∇Xρ − ρDρcC−1∇Xc (22)

In this model of cell migration, fibroblasts show both diffusion, and advection
in the direction of the chemical gradient. The strength of these two processes is
dictated by the parameters Dρρ and Dρc. The fibroblast source term is here assumed
to be of the form

sρ =
(
pρ + pρcc

Kρc + c + pρeH
(
θe − θecrit

))(
1 − ρ

Kρρ

)
ρ − dρρ (23)

There is a basal proliferation rate pρ , which can change in response to chemical
or mechanical signals. The cell population exhibits self-inhibition dictated by Kρρ ,
and a linear decay given by dρ . TGFβ1 concentration increases proliferation through
Michelis-Menten kinetics with maximum rate pρc. A key mechanobiological cou-
pling is introduced as well, namely, the effect of the elastic stretch θ e which
increases proliferation through a logistic function

H
(
θe − θecrit

) = 1

1 + exp
(−γθ

(
θe − θecrit

)) (24)
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Proliferation rates with self-inhibition are regularly used to describe growing
cell populations. The effect of TGFβ1 also aligns well with previous models. The
mechanosensing term was decided based on the fact that it provides a smooth
switching behavior beyond a critical strain value with a saturation point, similar to
Hill functions used for growth factor signaling. Additionally, logistic functions such
as Eq. (24) have been employed for ion channel activation, which is one mode of
fibroblast mechanosensing [82, 83]. Nevertheless, more sophisticated descriptions
of fibroblast mechanosensing are certainly needed [84].

The chemical concentration flux is standard Fickian diffusion

Qc = −DccC−1∇Xc (25)

The source term for TGFβ1 is much more interesting as it includes key couplings
between the different fields

sc = (
pcρc + pceH

(
θe − θecrit

)) ( ρ

Kcc + c
)

− dcc (26)

Once again, there is a basal production rate of the growth factor by the cell
population pcρ , a saturation controlled by Kcc, and a decay dc. The novelty we
have proposed is to link the mechanical input to the inflammation signal. Persistent
inflammation in response to excessive stress in a wound has been experimentally
reported to be a crucial factor in fibrosis [85, 86], yet, before our recent efforts in
the field, this coupling between the mechanical cues and the inflammation signal
had not been considered.

4.3.3 Remodeling

The mass fraction of collagen is arguably the central component in the healing
wound, as it links the biological fields with the mechanical function of the skin
tissue. The dermis, the middle of layer of skin, is primarily made out of collagen,
and this fiber network is regarded as the main load bearing mechanism of the skin.
Previous modeling efforts that focused on mechanical function have also considered
collagen fraction, for example in [45, 71]. For example, in our previous work we
have proposed a collagen production equation of the form

φ̇+ =
(
pφ + pφcc

Kφc + c + pφeH
(
θe − θecrit

))( ρ

Kφρ + φ
)

(27)

There is a basal production rate pφ by fibroblasts, and a self-saturation controlled
by Kφρ . There are two important couplings. First, TGFβ1 is related to increased
collagen deposition up to a maximum rate pφc, a mechanism widely confirmed
experimentally [87]. Secondly, stretch also induces collagen deposition up to a rate
pφe, a phenomenon which also has ample experimental backing [88]. Note that
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Eq. (27) is focused on collagen deposition only. To obtain the net change in the
collagen mass fraction we add the decay term

φ̇ = φ̇+ − (
dφ + cρdφc

)
φ (28)

Instead of just a standard decay term, we have considered the possibility of
an additional mechanism. It has been determined that the TGFβ1 pathway in
fibroblasts leads not only to an increase in collagen deposition, but, perhaps
counterintuitively at first, to an upregulation of matrix metalloproteinases (MMPs),
which degrade ECM proteins such as collagen [89]. This link is actually reasonable
if we think of remodeling not just as the addition of collagen, but a constant turnover.
An increase in MMPs can facilitate the reorganization of the ECM.

We conclude this section with the permanent area change or contracture. In
response to significant inflammation such as that observed in burn wounds closed by
secondary intention, a major, undesirable feature, is the compaction of the collagen
network and contracture of the scar [90]. This plastic deformation is not just a
minor aesthetic concern; it is associated with loss of mechanical function such as
preventing joint movement or causing psychological sequelae due to disfigurement
[91]. To model the contracture, or permanent area change, we propose

θ̇ g = φ̇+
τg

(
θe − θephys

)
(29)

This negative growth or contracture takes place when the elastic deforma-
tion deviates from the physiological or homeostatic state here described by
θephys.This process occurs in a timescale given by τg. In previous work related
to finite growth using the multiplicative split, the growth rate, or more generally the
rate of the permanent deformation, is simply given by the difference of the elastic
strain with respect to some homeostatic value as in Eq. (29), but the coupling to the
collagen deposition rate is not considered [92–94]. The rationale for including it
here is related to a modeling framework backed by Humphrey, Ateshian, and other
authors [95–97] which postulate that constituent turnover is the essential mechanism
of growth and remodeling processes. These authors model growth with the theory
of mixtures rather than with a kinematic approach. In their formulation, each
constituent, deposited at each instant of time, is followed individually to determine
their contribution to the state of stress and deformation [95]. Since each constituent
element is tracked individually, they can be gradually removed according to their
own decay function. In practice, this idea becomes computationally expensive
for even modest spatial domains. Our choice of the phenomenological equation
(29) is hence inspired by this idea of coupling constituent deposition with gradual
remodeling instead of purely geometric approaches. In this way, the permanent
deformations occur as fibroblasts deposit the new collagen that essentially cements
the elastic deformation in place [19].

This concludes the model description. To summarize, we have introduced the
wound healing in a general way with a continuum approach that is basically made
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out of two main categories. These two categories are, broadly, the mechanics
and the biology fields. Within the mechanics category there are two types of
variables considered, one is the geometry and its deformation, and the other one
includes the variables related to microstructure. These two kinds of variables
satisfy the mechanical equilibrium and describe the evolution of the wound from
the perspective of mechanical function. Within the second category we have the
cell and cytokine fields. The biological fields obey reaction diffusion systems
of equations. The closure of the system is accomplished with the definition of
constitutive equations. For the stress we introduced a well-established description
of skin’s mechanical behavior. The biological fields encapsulate the control of the
wound healing process. Here we use some standard features of the wound healing
regulatory network that can be found in other models, but also include key couplings
between mechanical cues and cell action. The last set of constitutive equations are
those of remodeling, which further link biology and mechanics by describing how
cells change their local ECM. While we restricted the problem to just fibroblast and
TGFβ1 for the constitutive equations, the framework is general and can be extended
to multiple cell and chemical species.

5 Finite Element Discretization

Stepping back to the general formulation, we again consider the possibility of
several cell and chemical fields. The continuum equations introduced in the previous
section are very well suited for the finite element discretization in order to model
arbitrary geometries. We start by formulating the weak form of the balance laws

∫

B0

1

2
S : D (C) [δu] dV −

∫

∂B0

t · δudA = 0 (30)

∫

B0

(
J
(
ρ̇ι − sρi

)
δρi − ∇Xδρi ·Qρi

)
dV +

∫

∂B0

Qρi,nδρidA = 0

∫

B0

(J (ċι − sci ) δci − ∇Xδci ·Qci) dV +
∫

∂B0

Qci,nδcidA = 0

Where the bottom two rows of Eq. (30) should be repeated for all the cell and
chemical species of the model. We seek solutions u(X, t), ρ(X, t), c(X, t) that satisfy
Eq. (30) for all variations δu(X, t), δρ(X, t), δc(X, t). There are some restrictions
on the solution and weighting functions but we will avoid the definition of the
proper spaces to which these functions belong to, see [63]. Initial and boundary
conditions should also be specified. For the microstructure variables no weak form
is necessary since these variables evolve according to ordinary differential equations
and those will be incorporated directly at the integration point of the finite element
formulation. Also note that we have started from the strong form of the Lagrangian
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formulation in order to arrive at Eq. (30). Alternatively, formulations in the Eulerian
description could also be formulated. Lastly, we remark that the weak form for the
mechanical equilibrium problem in Eq. (30) is valid for both three-dimensional as
well as shell descriptions of the body B0.

To discretize the weak form and also the change in time of the structural variables
we first proceed by discretizing in time. Let �t denote the time step. For the
integration of the equations suppose we already know the fields u(X, t), ρ(X, t),
c(X, t) at time t and we want to know the fields at time t + �t. For the sake of
simplifying the notation, the fields at time t + �t are simply going to be refer to as
u, ρ, c; whereas the fields at time t are denoted as u(t), ρ(t), c(t). We adopt an implicit
Euler scheme and discretize the weak form in Eq. (30) in time. The semi-discrete
residuals are as follows

∫

B0

1

2
S : D (C) [δu] dV −

∫

∂B0

t · δudA = 0 (31)

∫

B0

((
ρ0i − ρ(t)0i

�t
− Sρi

)
δρi − ∇Xδρi ·Qρi

)
dV +

∫

∂B0

Qρi,nδρidA = 0

∫

B0

((
c0i − c(t)0i

�t
− Sci

)
δci − ∇Xδci ·Qci

)
dV +

∫

∂B0

Qci,nδcidA = 0

Note that the flux and source terms, as well as the stress, are evaluated at the time
t + �t, hence the implicit nature of the discretization. For the structural variables
a similar time discretization is used. The material parameters at time t are denoted
�(t), whereas the new values at the next time step are simply referred to as �.

To discretize the system in space we use finite elements. Note here that there are
several options, for example, shell, plate, or volume elements can be used. The semi-
discrete weak form of Eq. (31) is not restricted to a planar or a three-dimensional
formulation. In the kinematics description developed in this chapter we did restrict
the formulation to that of a thin membrane. However, we have previously done the
first three-dimensional description of a wound [22]. Then, in [63] we use a planar
discretization with quadrilateral elements.

The spatial domain is discretized with a mesh consisting of nodes {a} and
elements {e}. Inside of an element e, for each node a, there is an associated basis
function Nea . The fields u, ρ, c are linearly interpolated inside of an element using
these basis functions. For example ue = Neau

e
a is the displacement inside of the

element e defined by the sum of the nodal values of the displacement uea multiplied
by the corresponding basis functions. In a standard finite element solver, the global
residual is assembled by integrating the residual over each element. To carry out
the integrals in Eq. (31), the functions are sampled at the integration points of
the element, denoted as b. Gauss integration points, for example, are a common
choice. Importantly, the microstructure variables � are discretized directly at the
integration points. Recall that the microstructure variables are allowed to change



Constitutive Modelling of Wound Healing 119

in space, but their evolution is given by ordinary differential equations because no
diffusion is considered for these variables. Therefore, the residuals obtained from
the finite element discretization of Eq. (31) are

RuA = Anele=1

∫

Be0

∇XNea · (F · S) dV = 0 (32)

R
ρi
A = Anele=1

∫

B0

((
ρ0i − ρ(t)0i

�t
− Sρi

)
Nea − ∇XNea · Qρi

)
dV = 0

RciA = Anele=1

∫

B0

((
c0i − c(t)0i

�t
− Sci

)
Nea − ∇XNea · Qci

)
dV = 0

In Eq. (32), the subscript A in the residual denotes the global node number
corresponding to the node a of element e. Also, the operator Anele=1 denotes the
standard assembly process, i.e., the mapping from the local residual at node a of
element e to the global node number A. The local residuals corresponding to the
microstructural variables are not expanded here. Since the variables � are integrated
locally, their residuals are standard for the integration of a system of ordinary
differential equations with a backward Euler scheme. Nonetheless, we do need to
introduce the corresponding notation. Thus, we denote R�b the vector of residuals
of the microstructure variables at the integration point b.

The corresponding system of equations obtained from Eq. (32) and the residuals
at the integration points completely define the discrete problem. The system is
nonlinear and its solution could be accomplished with more than one strategy.
For example, one approach would be a staggered solution scheme in which the
mechanical equilibrium problem and the reaction-diffusion system are solved
sequentially. Alternatively, a monolithic approach could be done. The advantage
of the monolithic solution is that it explicitly considers all the couplings during time
integration. The disadvantage, however, is that it also requires the linearization of
all the couplings. This has been the approach we have taken in the past, see [38,
63] for the full linearization of the system. Here we will not write down the explicit
form of all the tangent matrices, but there is one aspect of the linearization that we
do wish to emphasize: the coupling between the fields u, ρ, c at the nodes, to the
microstructure � at the integration points.

Consider the displacement field u. The computation of the tangent requires the
derivative of the stress with respect to each of the global (or nodal) degrees of
freedom. The explicit derivative with respect to the fields u, ρ, c discretized at the
nodes is straightforward. However, additional terms are needed. Namely, the
derivatives of the stress with respect to � can also be computed explicitly, but then
the derivatives of � with respect to u, ρ, c are needed. This last step can benefit
from further discussion. Therefore, the derivative of the stress with respect to the
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nodal degrees of freedom can be expanded as

C
uu = ∂S

∂C
+ ∂S

∂�

∂�

∂C
,Cuρ = ∂S

∂ρ
+ ∂S

∂�

∂�

∂ρ
,Cuc = ∂S

∂c
+ ∂S

∂�

∂�

∂c
(33)

Where the explicit derivative of the stress with respect to C, ρ, c, � is straight-
forward. To compute the derivatives of � appearing at the end of the equations in
Eq. (33) from the use of the chain rule, we first note that a Taylor expansion of the
residuals of the microstructure variables at the integration points yields

R�b + K��· d� = 0 (34)

In consequence, the derivative of Eq. (34) with respect to the nodal variables can
be computed. For instance, let us consider the derivative of Eq. (34) with respect to
the right Cauchy-Green deformation tensor

∂R�b
∂C

· ∂�
∂C

+ ∂R�b
∂C

= K��· ∂�
∂C

+ ∂R�b
∂C

= 0 (35)

From Eq. (35) we obtain a linear system from which we solve for the derivative
of the microstructure variables with respect to the right Cauchy-Green deformation
tensor

∂�

∂C
= −(K��

)−1· ∂R
�
b

∂C
(36)

Analogous formulas can be derived for ∂�/∂ρ and ∂�/∂c. To summarize, the
discrete residuals are nonlinear and their solution in a monolithic approach requires
the linearization with respect to the degrees of freedom at the nodes of the mesh.
The explicit derivatives of the residuals defined in Eq. (32) involve a fair amount of
algebra but require standard derivations as in any nonlinear finite element code. The
additional coupling between the microstructure variables and the nodal degrees of
freedom is, on the other hand, not a standard derivation. However, we showed that
doing a Taylor expansion of the residuals at the integration points, we can obtain
formulas for the derivatives of the microstructure variables with respect to the nodal
degrees of freedom.

6 Features of the Continuum Framework of Wound
Mechanobiology

Here we present some of the results that have been obtained with the modeling
framework and finite element discretization reviewed in the last two sections. We
emphasize that the wound healing modeling community has produced a sequence
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of formulations over the past two decades that have continuously pushed the
boundaries of our mechanistic understanding of wound healing. Our contribution
in this field has focused on the specialization of the continuum framework to
three-dimensional domains and a detailed description of the wound remodeling and
contracture via strong couplings between biological and microstructural variables.
For a review of wound healing models please see for example [38, 98].

Figure 1 shows the healing of a circular wound of radius 1 cm in a three-
dimensional domain of dimensions 4 × 4 × 1 cm3. For these simulations, the
permanent volume changes were not considered. Instead, the collagen fraction φ
was the only microstructure variable that was modeled and allowed to change
to capture the recovery of the tissue’s mechanical behavior. The biological fields
simulated consisted of the fibroblast population density ρ, and the TGFβ1 con-
centration c. To showcase the coupling of the biological fields to the mechanical
environment of the wound, we first imposed a prestrain of 10% in the x direction. At
this initial point, all the tissue was considered healthy and the biological fields had
constant values over the entire domain. Absolute values are not reported, instead,
in this example we considered the healthy state to be described by normalized
concentrations ρ = 1, c = 0, φ = 1. After loading the tissue, the wound was created.
This was accomplished by assigning ρ = 0, c= 1, φ = 0 to the wounded region. The
initial state of the wound is depicted in the first column of Fig. 1. In response to the
creation of the wound, the strain shows an intriguing contour. Overall, strains at the
core of the wound are higher than in the surrounding tissue, with some compression
right at the edge of the wound along the x axis.

The columns of Fig. 1a shows the spatiotemporal evolution of the wound as
captured by the fields ρ, c, φ and the strain component Exx. As time progresses, the
TGFβ1 concentration decays exponentially. The cell population invades the wound
over the course of 5 days. The collagen fraction shows a delayed response compared
to the fibroblast and TGFβ1 concentrations, but overall it increases monotonically.
By day 4, the collagen content has gone back to approximately 0.8 of the healthy
value. The bottom row of Fig. 1 illustrates the importance of spatial variations. This
is particularly important for the strain contours. While overall the strain in the wound
decreases as collagen is remodeled, it does not go back to the initial, unwounded
state.

Figure 2 shows the healing of elliptical wounds predicted with our model. The
initial setup of the simulation is analogous to what was presented for the circular
wound. An initial domain of 4 × 4 × 1 cm3 was prestrained by 10% in the x
direction and subsequently a wound was created by setting ρ = 0, c = 1, φ = 0.
However, in this case two elliptical wounds were simulated, with ratios between
the major and minor axis of 3:2 and 3:1 respectively. The fibroblast and TGFβ1
concentration fields are not shown in Fig. 2 but they obey a similar trend to what
was seen in the circular wound. In contrast, the evolution of the strain contours is the
essential feature that can be observed with our formulation which stands out from
what had been previously done.

Upon wounding, the strain in the wound core increases compared to the
surrounding, healthy skin. There is a small region, along the x axis, near the edge
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of the wound, that is under compression when the wound is created. As the wound
heals, the strain in the wound core decreases. This coupling is due to the fact that
the collagen mass fraction is directly linked to the strain energy function, and, at
the same time, it is controlled by the fibroblast population density. Surprisingly,
the strain does not simply decrease homogeneously, but the interplay between the
prestrain and the collagen deposition lead to a complex evolving pattern. It has been
recently reported the fingerprint of the wound is indeed heterogeneous, and that
the wound core may be partially stress-shielded from the surrounding tissue [99].
Additional work is needed to calibrate the model presented here to those recent
results. Nevertheless, we now have a theoretical and computational framework
uniquely suited for this kind of investigation.

The parameters employed to generate Figs. 1 and 2 are reported in [22]. These
parameters were decided based partially on parameters used in previous models, as
well as estimated to match experimental evidence reported in the literature. A more
comprehensive test of the parameters is needed to investigate how sensitive is the
model to the choice of parameters. One of the challenges in model calibration is
that, typically, experimental studies only focus on one or a few aspects of the wound
process, such that an incomplete picture emerges from any one particular study. This
is complicated by the fact that different papers report various experimental setups
and conditions that do not allow for exact comparison. At the same time, this partial
picture made from disconnected experimental reports is precisely one of the greatest
opportunities for computational models. Indeed, a model such as the one shown
here can take pieces of information that seem disjoint and test out the theoretical
implications of bringing these data together under a single framework.

Following our work in three-dimensions, we developed an updated framework
which is the one described in Sect. 4.3 [63]. The most important improvement
was the inclusion of active contraction by fibroblasts and the possibility to account
for permanent deformations or contracture. This was also an opportunity for
us to develop the model within the framework of thin shell analysis. As an
initial numerical investigation, however, we restricted the simulations to a two-
dimensional, planar domain. Figure 3 shows the spatiotemporal evolution of a
circular wound with this updated model.

Similarly to what was shown before, the wound is described with a collagen
fraction φ, a fibroblast cell density ρ, and the TGFβ1 concentration denoted c. As
just mentioned, here we also include the evolution of the permanent contracture
θg. In contrast to the previous simulations which were based on normalized
concentrations, for this case we report absolute values for the cell and chemical
concentrations. The domain is 100 × 100 mm2. The skin was modeled as anisotropic
in this case, with a preferred fiber orientation aligned with the x axis of the domain.
The wound is created just as before by reducing the cell density and increasing
the inflammation signal in the wounded region. In this case however, no prestrain
was initially applied and, instead, we simply fixed the edges of the domain and
observed the contracture process dictated by fibroblast contraction. The bottom row
of Fig. 3 shows precisely the change of the θg contours over time. The coupling of
the different signals leads to a remarkable emergent pattern. Namely, the wound
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Fig. 3 Wound contraction. The framework outlined in Sects. 4.3 and 4.4 was used to simulate a
circular wound of 20 mm diameter in a domain of 100 × 100 mm2. The fields considered were
fibroblast density ρ, TGFβ1 concentration c, collagen mass fraction φ, and permanent contracture
θg. As the fibroblasts infiltrate the wound and deposit new collagen, and the TGFβ1 concentration
diffuses out, a ring of wound contraction gradually appears at the edges of the wound over the first
15 days of healing. This figure was taken with permission from [63]

contracts primarily in a ring around the wounded area, and the contraction is
more pronounced along the x axis compared to the orientation perpendicular to the
fibers. This pattern of wound conctraction is in fact something expected based on
experiments on mice [32].

The last result shown corresponds to the contraction of elliptical wounds. These
simulations are closely related to the elliptical wounds in the three-dimensional
setting we showed in Fig. 2. Here, however, we are interested in the permanent
area changes or contracture θg. The wounds were created in the same manner as the
circular and elliptical wounds of the previous three examples. The initial geometry,
before creating the virtual injury, was also the same as for Fig. 3. Then an elliptical
wound with a 2:1 aspect ratio was created. The wound was position either aligned
or perpendicular to the preferred fiber orientation which corresponds to the x axis of
our domain.

Figure 4-left shows the change in collagen mass fraction φ at t = 0 and t = 15
days for the two elliptical wounds. As can be seen from these contours, there is
not a noticeable difference between these two columns. By day 15, both wounds



126 A. Buganza Tepole

Fig. 4 Contracture of elliptical wounds. Elliptical wounds of aspect ratio 2:1 were created in a
manner analogous to what is shown in Fig. 3. The wound was placed either aligned with the
preferred fiber orientation (along the x axis), or orthogonal to the fiber orientation (along the y
axis). The collagen content φ by day 15 is similar in both wounds, but the permanent contracture
θg shows important differences. In the wound placed orthogonal to the fiber field the wound
shows greater contracture. The elliptical wound aligned with the fiber direction showed the least
permanent area changed (also compared to the circular wound in Fig. 3), and a more uniform θg

contour, although still showing a ring around the edge of the wound. This figure was taken with
permission from [63]

have a collagen fraction of approximately 0.5. The right-most column in Fig. 4
is the permanent contracture θg. Similar to the case of the circular wound, the
elliptical geometries also show the gradual formation of a ring in which contracture
is greatest. This pattern aligns well with the previous observation of the circular
wound, and it similarly follows from the fact that as fibroblast infiltrate into the
wound they face the gradient of TGFβ1 which induces their contractile phenotype.
However, there are also some noticeable differences in the contracture pattern
between the two elliptical wounds and the circular wound in Fig. 3. In the case
in which the elliptical wound is aligned with the y axis, i.e. orthogonal to the fiber
orientation, the contraction is much greater on the sides of the wound, and it is also
greater compared to the circular wound. In the case where the ellipse is aligned
with the fiber orientation (the x axis), the contracture is overall less than in the other
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two cases, and it is also more uniform around the edge of the wound. This matches
well with clinical experience that wounds aligned with the fiber direction show less
contracture [100, 101].

We conclude this section by mentioning that the parameters used for the
simulations shown in Figs. 3 and 4 are found in our paper [63]. The values of
the parameters were assembled from a variety of sources, just as was the case
for the parameters used in the code that generated Figs. 1 and 2. Once again we
highlight the ability of our formulation to capture key mechanobiological couplings,
essential to understand the scar formation process. In particular, our theoretical
and computational framework follows a string of recent publications that have
established how mechanical cues lead to hypertrophic scarring through decreased
apoptosis and increased inflammation [85, 86, 102–104].

7 Conclusions

In this chapter we have presented a mathematical framework for skin wound
healing with an emphasis on soft tissue mechanics and mechanobiology. It has
been increasingly acknowledged that wounds under stress are linked to fibrosis,
and that fibroblast biology and inflammation signaling are key to understand, and
eventually predict, scar outcomes in individual patients [103]. At the same time,
despite the evidence backing the relationship between stress, tissue mechanical
function, inflammation, and fibroblast action, we are still unable to control the
wound healing process at will. There have been many improvements in the treatment
of cutaneous wounds, but the holy grail of scarless wound healing remains elusive
[8].

Wound healing modeling has been an area of research interest for several
decades, dating back to work by Sherrat, Murray, Tranquillo and Olsen, among
others [20, 57, 105]. Mathematical models of wound healing have advanced since
then. We showed here that a useful scheme to categorize the progress in wound
healing modeling started by dividing these models into two main categories: discrete
and continuum formulations. Discrete models are ideal to describe cell behavior at
the microscopic scale and hence align well with in vitro experiments that emphasize
cell biology and cell-ECM interactions [65]. The obvious drawback is the difficulty
in connecting these models to realistic patient scenarios. Continuum models, on
the other hand, are naturally applicable for the tissue behavior at the macroscopic
scale [98]. An essential feature of continuum models is that they lend themselves
perfectly for a detailed description of skin’s mechanical behavior during healing
[22]. Therefore, in this chapter, which emphasized the mechanical function of skin,
we have presented a detailed model of tissue remodeling in a continuum framework
[63].

Despite the excellent progress in wound healing models, coupling of the
biological events to the latest advances in continuum mechanics modeling of growth
and remodeling [94, 106], has been lagging. Models with increasing number of
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cell types and cytokines have emerged [45, 71], but with relatively simplified
models of the skin mechanical behavior. Our main contribution in this aspect
has been to model skin as a hyperelastic material undergoing large deformations
and described with a microstructurally-based strain energy function. Therefore, by
incorporating microstructure parameters, we can explicitly couple the evolution of
biological fields to the mechanical state of the wound. We have also incorporated
the general framework of finite volumetric growth into our multi-field finite element
formulation. A similar model of wound healing with contraction was proposed in
[107], yet, it focused solely on the mechanics aspects and ignored any biological
field.

An important limitation of continuum models is the difficulty to estimate the
model parameters of the biological fields (cells and cytokines). The complexity
of the interactions in the cell regulatory network of wound healing, even when
focusing on a small range of behavior such as dermis remodeling, makes the
model calibration problematic [38, 98]. A second limitation of continuum models
is that going from cell behavior at the microscopic scale, to the continuum
scale, constitutive equations for cell flux and source terms are needed. While
current phenomenological equations for these fluxes and sources are grounded on
experimental observations, more rigorous upscaling is certainly needed.

In conclusion, multi-field models of wound healing mechanics accounting for
cell and cytokine fields can hold the key to understand fundamental couplings
between mechanosensing and scar progression, especially as more data becomes
available [99]. Predictive models based on this approach, especially continuum
models, can potentially lead to the improvement of treatment in order to avoid
or minimize hypertrophic scarring. Moreover, wound healing is not exclusive of
skin but it happens across all connective tissues in a similar manner [108]. Thus,
increasing understanding of cutaneous wound healing can have implications far
beyond skin scarring, for example in the field of tissue engineering.
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Constitutive Modelling of Skin Ageing

Georges Limbert, Damien Pond, and Andrew McBride

Abstract The objective of this chapter is to review the main biomechanical and
structural aspects associated with both intrinsic and extrinsic skin ageing, and to
present potential research avenues to account for these effects in mathematical
and computational models of the skin. This will be illustrated through recent
work of the authors which provides a basis to those interested in developing
mechanistic constitutive models capturing the mechanobiology of skin across the
life course.

1 Introduction

The skin is not only the largest organ of the human body but is also one of the
most complex multi-functional physiological systems in mammalian species [1].
Its main role is to ensure cohesion and protection of the internal body structures
against mechanical, thermal, biological and radiological threats. It also has critically
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important thermo-regulation, biochemical synthesis and sensory functions [1, 2].
Moreover, the skin plays an important social and psychological role as it is a
permanent reminder of our ethnicity, health status, age and past traumas, and
therefore, provides direct and indirect cues to the people we interact with. By
means of a rich library of mechanically-activated facial expressions, from micro-
wrinkles to large macroscopic tissue folds, the skin is a powerful vehicle for
conscious and subconscious communication. From these facts it is straightforward
to conclude that, beyond physiology, the skin is crucial to human life and could
be viewed as a “brain on the outside” [3]. Like any other organ of the body,
the skin inexorably undergoes what is termed chronological or intrinsic ageing;
a series of biochemical molecular degenerative changes occurring as the result of
the mere passage of time and progression into older age. These alterations involve
decreased proliferative capacity which leads to cellular senescence and altered
biosynthetic activity of skin derived cells. Intrinsic ageing is triggered by two main
mechanisms which can operate in concert, namely DNA damage and chromosomes’
telomere shortening [4–7]. The fact that the skin of people of identical ages living
in similar environments may appear younger- or older-looking is a testimony to
the fundamental role of genetics in skin ageing. Genetics conditions the rate of
skin ageing by controlling certain factors such as the biochemistry of skin cells,
immunochemistry and hormonal mechanisms. Intrinsic ageing typically occurs in
combination with extrinsic ageing which is the result of external environmental
and lifestyle factors, particularly exposure to ultraviolet radiations (UVR) from sun
light [8–10], and, increasingly, sunbeds [11, 12], as well as smoking [13, 14] and
air pollution [14, 15]. Extrinsic ageing due to UVR exposure is called photoageing
[9, 10], a term which was first coined by Kligman [10] using the American English
spelling “aging”. These aspects are discussed in more details in Sect. 3.

Ageing affects both the structure and the function of the skin (see Fig. 1). These
alterations have important consequences for skin physiology [4, 16], rheology [17],
surface physics and tribology [18–20]. Aged skin is more prone to developing
disorders such as xerosis and pruritus [21], skin cancers [22] as well as debilitating,
costly and life-threatening skin tears and pressure ulcers [23]. Even in their minor
form, these afflictions can severely impact on quality of life for the elderly
population. These facts must be considered alongside concerning demographics on
the ageing of the population. Between 1984 and 2009 the UK population aged 65
and over increased by 1.7 million people [24]. Between 2001 and 2011, the UK
population aged 85 and over increased by almost 25% (from 1.01 million to 1.25
million) [25]. As of 2016, these two age groups represented respectively 18 and
2.4% of the UK population [26]. By 2039, almost a quarter of the UK population
will be 65 and over [25]. Globally, it has been estimated that the proportion of people
over 60 will nearly double from 12% in 2015 to 22% by 2050 (i.e. 617 million to
1.6 billion) [27].

The significance of these statistics is embodied by two essential aspects: firstly,
the need for medical treatment and care increases with longevity and, secondly,
the ageing process itself results in degradation of physiological functions and
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Fig. 1 Left inner forearm and right hand of an 82 year-old White Caucasian male subject with no
known skin conditions, highlighting the wrinkled and leathery appearance of both intrinsically and
extrinsically aged skin

biophysical properties of organs and tissues. In both cases, this puts an alarming
economic and social burden on governments and healthcare services [28].

Average hospital spending for an 89 year-old man in the UK is roughly three
times the average for a 70 year-old, and nine times the average figure for a 50
year-old, with costs typically escalating more rapidly for men than women [28].
In the case of skin, which accounts for up to 16% of an adult’s total body weight
whilst covering an average surface area of about 1.6 m2 [2], ageing can lead to
potentially life-threatening complications as mentioned previously in this section.
As the skin is the prime line of defence against the external environment, it is clear
that any significant alteration of its mechanical properties that could compromise
its structural integrity and barrier function, has the potential to cause serious
detrimental health effects.

From an economic point of view, both in the UK and globally, the ageing
population is also rapidly becoming a significant market segment across many
industrial sectors, spanning medical devices through consumer goods and personal
care products to sport equipment and consumer electronics. For many of these
products (e.g. wearable electronics, razors, incontinence products) the biophysical
response of the skin, particularly for contact scenarios, is crucial in terms of comfort,
performance and safety. It is therefore essential to engineer products that take into
account altered biophysical characteristics of an aged skin (i.e. “inclusive design”)
so as to optimise their performance in terms of human factors. The goal should be
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to understand how age-related alterations of skin biophysics can be accounted for
in the development of new or improved products that will improve health, quality
of life and enable the aged and ageing population to remain active longer. Particular
research efforts should be devoted to gain a fundamental and quantitative insight into
the mechanisms that drive and govern the ageing process. Unravelling the inherent
complexity of the skin ageing process, firstly by identifying its biophysical drivers,
underlying modulating factors and effects, and secondly, by gaining a mechanistic
insight into their interplay, is a formidable challenge at both experimental and
modelling levels. This stems from the fact that:

1. ageing is a multi-factorial problem which features multiple types of processes
rooted in biology, chemistry and physics, and, more particularly, mechanics;

2. these processes are non-linear and lead to complex non-linear feedback mecha-
nisms;

3. there is a significant intra-individual (primarily due to anatomical location and
sun exposure) and inter-individual (as a consequence of age, sex or genetics)
variability.

The multi-factorial nature of ageing and the complex non-linear interplay of its
biophysical driving factors currently hinder our ability to develop a mechanistic
understanding of ageing, and therefore, a rational basis to design prevention and
treatment strategies against its degenerating effects.

The provision of mathematical and computational models of skin ageing holds
the promise of offering a rational quantitative basis to develop such products whilst
also enabling and accelerating innovation, and alleviating the reliance on animal
models through a better quantitative understanding of human ageing.

The objective of this chapter is to provide a review of the main biomechanical
and structural aspects associated with skin ageing and to present ideas on how to
account for ageing in mathematical and computational models of the skin. This will
be illustrated through recent work of the authors which could provide a starting
point to those interested in developing mechanistic constitutive models capturing
the mechanobiology of skin across the life course. Prior to that, some of the more
popular theories of skin ageing will be briefly presented.

The chapter is organised as follows. The general structural and material proper-
ties of the skin are discussed in Sect. 2. Section 3 presents the key manifestations of
ageing on the skin from the view point of structural biomechanics. Some of the
most popular and accepted theories of skin ageing are also discussed. Finally a
simplified mechanistic description of skin ageing unifying essential features of both
intrinsic and photoageing is presented in Sect. 4. Background ideas and literature
about modelling of ageing from the viewpoint of continuum mechanics are given
in Sect. 5. A brief reminder of the essential equations of continuum mechanics
necessary to describe the mechanical behaviour of skin is provided in Sect. 6.
The structure of the constitutive model used to describe the mechanical response
of skin at a fixed moment in time is presented in Sect. 7. Following the recent
work of the authors [29], a mechanistic constitutive model of the skin linking
microstructural constitutive parameters with intrinsic ageing is described in Sect. 8.
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The intrinsic ageing model is implemented within the finite element method in
Sect. 9 and the constitutive parameters associated with ageing identified. A novel
chemo-mechanobiological constitutive model of skin ageing that includes features
of both intrinsic and extrinsic ageing is developed in Sect. 10. Finally, Sect. 11 ends
with concluding remarks about current and future prospects for the modelling of
skin ageing.

2 Essential Structural and Material Properties of the Skin

2.1 Multi-Layer Nature of the Skin

The human skin is a complex multiscale structure that is often described at the
mesoscopic scale as a multi-layer assembly composed of an epidermis, dermis and
hypodermis (Fig. 2) [2, 30, 31] (see also the chapter “Human Skin: Composition,
Structure and Visualisation Methods” of this book for a more comprehensive
description of the molecular and structural properties of the skin).

The avascular epidermis is a terminally differentiated stratified squamous
keratinocyte-dominated (95% of its composition) epithelium about 200 µm thick
which also contains other cell types (e.g. melanocytes, Langerhans’s cells and
Merkel cells [2]). The epidermis consists of two main substructures, the stratum
corneum and the viable, also called living, epidermis (Fig. 2). The stratum corneum
consists of a one to three cell-thick layer of dead keratinocytes featuring a 10–30 µm
total thickness. A 0.5–1 µm thick epidermal basement membrane (also known as

Fig. 2 Histological section of haematoxylin and eosin stained back human skin sample obtained
from a 30 years-old healthy White Caucasian female volunteer following biopsy (10× magni-
fication, image resolution: 1600 × 1200 pixels, imaged using a modified Nikon E950 camera).
Image courtesy of Dr. Maria-Fabiola Leyva-Mendivil, University of Southampton, UK. The main
skin layers, namely stratum corneum, viable epidermis, papillary dermis, sub-papillary dermis and
reticular dermis are indicated
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basal lamina) [32] separates the viable epidermis from the dermis. Keratinocytes
undergo mitosis at this location before they progressively migrate toward the skin
surface where they die, and eventually form the stratum corneum.

The dermis is 15–40 times as thick as the epidermis [2]. It is generally accepted
that the bulk of the skin’s response to loading is due to the dermal layer [17, 33]. The
extracellular matrix (ECM) of the dermis which is mainly secreted by fibroblasts
is a 3D network of fibrous proteins (mainly type I and III collagen and elastic
fibres—namely, elastin and fibronectin) and glycosaminoglycan-rich proteoglycans
[34]. The ECM provides strength, extensibility and elasticity to the skin and plays
a significant bio-chemo-mechanical role in cell adhesion and regulation of cell
signalling.

The expression of the macroscopic mechanical properties of the skin is due
to its basic building components, their structural organisation and their mutual
interactions. Three distinct zones can be identified within the dermis: the papillary
layer juxtaposed to the epidermis, the sub-papillary layer underneath and the
reticular layer (Fig. 2) which is connected to the underlying subcutaneous tissue.
The papillary layer is defined by the rete ridges protruding into the epidermis and
contains thin collagen fibres, sensory nerve endings, cytoplasms and a rich network
of blood capillaries. The sub-papillary, layer which is the zone below the epidermis
and papillary layer, features similar structural and biological components to those
of the papillary layer.

The subcutaneous tissue is the layer between the dermis and the fascia which is
a band of connective tissue, primarily collagen, that attaches, stabilises, encloses,
and separates muscles and other internal organs. The thickness of subcutaneous
tissue is highly variable intra- and inter-individually. This layer is mainly composed
of adipocytes. Its role is to provide mechanical cushioning, heat generation and
insulation as well as a reserve of nutrients.

2.2 Structural Elements of the Dermis

The ground substance is a gel-like amorphous phase mainly constituted of proteo-
glycans and glycoproteins (e.g. fibronectin) as well as blood and lymph-derived
fluids which are involved in the transport of substances crucial to cellular and
metabolic activities. Proteoglycans are composed of multiple glycosaminoglycans
(i.e. mucopolysaccharides) interlaced with back bone proteins. Dermal fibroblasts
produce glycosamine which is rich in hyaluronic acid and therefore play an essential
role in moisture retention.

Collagen has been found to make up approximately 66–69% of the fractional
volume of the dermis [17], and approximately 34% [35] and 70–80% [36] of the
wet and dry weight of the skin, respectively. Experiments where collagen was
isolated through enzymatic treatment [37–39], conclude that collagen is responsible
for the tensile strength of the skin. Besides a dominant content of types I and III
collagen (respectively 80% and 15% of total collagen content), the reticular layer
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is innervated and vascularised, contains elastic fibres (e.g. elastin) and the dermal
matrix made of cells in the interstitial space. Cells present in the reticular dermis
include fibroblasts, plasma cells, macrophages and mast cells. Collagen fibres in
the papillary and sub-papillary dermis are thin (because of their low aggregate
content of fibrils) and sparsely distributed while reticular fibres are thick, organised
in bundles and densely distributed. Fibrils are typically very long, 100–500 nm in
diameter featuring a cross striation pattern with a 60–70 nm spatial periodicity. The
diameter of thick collagen bundles can span 2–15 µm. Birefringence techniques
have been used to characterise the orientation and supramolecular organisation of
collagen bundles in skin [40]. Contributing approximately 2–4% of the dry weight
of skin [41], elastin fibres are highly compliant with the ability to stretch elastically
to twice their original length [42]. Their diameter ranges between 1 and 3 µm. Their
mechanical intertwining with the collagen network of the dermis is what gives the
skin its resilience and recoil ability. This is evidenced by the correlation between
degradation of elastin, abnormal collagen synthesis associated with ageing and the
apparent stiffening of the dermis [16]. The diameter of elastic fibres in the dermis
is inversely proportional to their proximity to the papillary layer where they tend to
align perpendicular to the dermal-epidermal junction surface.

2.3 Mechanical Behaviour of the Skin

At a macroscopic level, the mechanical properties of the skin are anisotropic and
inhomogeneous, not only due to the complex hierarchical structure and materially
non-linear constituents but also due to the existence of residual tension lines in the
skin (i.e. the so-called “Langer lines”) as first recognised by the Austrian anatomist
Karl Langer in his seminal study [43]. These essential features of skin and their
experimental characterisation are discussed in more detail in chapter “Tension Lines
of the Skin” of this book.

Dispersion of collagen fibres around the main orientation directions and non-
uniform fibre geometry means that under stretch not all fibres are straightened
and stretched. This accounts for the anisotropic stiffness response when load is
applied either along or across the preferential fibre direction. The magnitude of
these directional effects have been the subject of several recent studies. It has been
found that the Young’s modulus parallel to the Langer lines was greater than that
perpendicular by a ratio of approximately 2.21:1 [44]. Similarly, Reihsner et al. [36]
found that the degree of anisotropy differs across anatomical site, an observation
also made by Langer in his original study. In addition, they found that in situ stresses
range from 0.2 to 1.6 N/mg along Langer lines and 0.1–1.3 N/mg perpendicularly,
with the degree of anisotropy differing between principle stress components from
0.1 to 0.3 N/mg. It was shown that when the skin is stretched, the elastin fibres are
the first to bear load [45], indicating that the contribution is important at low strain
levels. Stress-strain curves of elastin-free skin [37] show that elastin supports the
entire load up to 50% strain after which the strength rapidly increases due to the
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collagen. The elastic modulus of elastin has been found at around 1 MPa which
agrees with the Young’s modulus of skin at low strain. Elastin is not strong enough
to provide much tensile strength at higher strains [46]. Reihsner et al. [36] state
that elastin is responsible for the recoiling of the skin and collagen after stress is
applied. Following degradation of the elastin through the use of elastase, Oxlund
et al. [37] found that the large strain response occurs sooner for a given tensile load.
This suggests that in the absence of elastin, collagen fibres take on load at lower
strain levels than when elastin is present.

The ground substance has been shown to play a role mainly on the viscoelastic
properties of the skin because of high-water content and complex time-dependent
interstitial fluid motion. Upon removal of various macromolecules within the
ground substance, Oxlund and Andreassen [38] showed that there was no effect
on the mechanical response of rat skin, while Oomens et al. [47] suggests that
ground substance probably only plays a major role when soft tissue is subject
to compression. Under uniaxial tension, skin exhibits a typical strain-hardening
response, featuring three main characteristic zones (a), (b) and (c). Each portion
of the stress-strain curve can be explained by particular structural deformation
mechanisms associated with the skin dermal constituents. (a) Low modulus portion
of the strain-stress curve: this occurs over the gradual straightening of crimped
collagen fibres. During this stage, the greatest resistance to loading is generated by
the elastin and ground substance, with collagen fibres offering very little resistance.
The low modulus portion can be further divided into two phases: (1) Phase 1: wavy
collagen fibres are still relaxed and elastin fibres take on the majority of the load; (2)
Phase 2: collagen fibres start to uncrimp, then elongate and eventually start to bear
load; (b) Linear region of the strain-stress curve: collagen fibres straighten and align
with the load direction. Straightened collagen fibres strongly resist loading. This
results in the rapid stiffening of the skin. The steep linear stress-strain relation is
due to stretching and slippage between fibrils and molecules; (c) Final yield region
of the strain-stress curve: tensile strength of collagen fibres is reached and fibres
begin to sequentially break.

3 Manifestations of Skin Ageing and Underlying Biophysical
Mechanisms

It is often thought that what one refers to as ageing of the skin is mostly due
to the bio-structural alterations of the skin induced by extrinsic ageing, as a
“well-maintained” skin, in terms of appropriate diet and skin care, and protected
from UVR, exhibits a “remarkable resilience” [48] to intrinsic ageing. Intrinsic
ageing can only be observed in old age subjects, and its extent and magnitude is
strongly dependent upon ethnicity, individuals, even within the same ethnic group,
and body locations. It is also characterised by a very gradual evolution of the
skin appearance over decades, unlike extrinsic ageing which can take place over



Constitutive Modelling of Skin Ageing 143

much shorter periods of time. As would intuitively be expected, both intrinsic and
extrinsic ageing operate in concert and influence each other [48]. For example,
exogenous factors associated with a particular environment such as pro-oxidants
and antioxidants have an impact on cell turnover through neuro-endocrine-immune
biological response modifiers. While intrinsic ageing can be influenced by extrinsic
ageing it could also be defined as a form of purely biological ageing, a process
genetically determined and immutable [49]. Following a similar classifying logic,
factors leading to extrinsic ageing can be split into three main types: environmental
(e.g. effects of UVR, chemical pollution including that induced by the use of tobacco
products, temperature), mechanical (e.g. repetitive muscle actions leading to tissue
plasticity such as squinting and frowning) and lifestyle (e.g. diet and sleep patterns).

Intrinsic ageing is characterised by unblemished, smooth, stiffer, drier and less
elastic skin [48] with fine wrinkles, with occasional exaggerated expression lines
[34, 50], epidermal and dermal atrophy as well a reduction in the population of
mast cells [51]. Extrinsic skin ageing manifests as deep wrinkles and leathery
appearance due to photo-damage, pigmented lesions, actinic keratosis and patchy
hyperpigmentations [52, 53]. The externally visible structural effects of extrinsic
ageing on the skin can be viewed as exaggerated intrinsic ageing effects. It is worth
to point out that UV exposure leads to additional photobiochemical effects which
are not present in intrinsic ageing. Extrinsic ageing is most apparent on sun-exposed
body locations such as the face, neck, chest and the dorsal surface of the arms [8].
It is estimated that 80% of the effects of facial skin ageing are due to chronic UV
exposure.

A review of theories of skin ageing is out of the scope of the present chapter
and the reader is referred to recent excellent review papers such as those by
Gragnani et al. [53], Tobin [48] and Krutmann et al. [54] for detailed descriptions of
established and suspected ageing mechanisms. There is very strong evidence that the
main factors involved in skin ageing are oxydative stress (accumulation of oxidative
damage to cells during their life due to excessive production of reactive oxygen
species (ROS)), cellular senescence and telomeres’ shortening due to apoptosis,
diet, genetics, UV irradiation, smoking, pollution, intracellular signalling and skin
lesions, age-related diseases, disorders and conditions of the skin, hormonal changes
and the production of advanced glycation end products (AGEs) [53].

3.1 Ageing of the Skin Considered as a Homogeneous
Structure

It is generally accepted that skin thickness decreases with age [39, 55]. Pawlaczyk
et al. [56] found that there is an overall loss of 0.7–0.8 mm of thickness in older
skin. It was found that skin thickness reaches a maximum around the fourth decade
for men and third decade for women after which there is a gradual decrease [35],
a result similar to that established by Diridollou et al. [57] who found that after an
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initial increase during maturation (0–20 years), thickness remains constant to about
the age of 60 followed by a decrease according to the following equation:

t = −6 × 10−3 × age + 1.3 , (1)

where t is in mm and the age is in years. Moreover, the rate of decrease is more
significant in female subjects.

It is important to highlight that these observations about skin thickness apply to
the skin as a whole composite structure. Individual skin layers may follow different
trends depending on whether intrinsic and extrinsic ageing effects are considered
separately or assumed to be combined. After 20 years of age, across all layers, the
skin thickness starts to diminish at a rate that increases with age [58]. Between
30 and 80 years, the unexposed skin can lose up to 50% of its thickness and this
effect is accentuated in zones exposed to sunlight such as the face or neck. Overall,
epidermal thickness drops by about 6.4% per decade, and at a faster rate in women
than men. It is generally believed that the reported reduction in dermal thickness is
mainly caused by the loss of dermal collagen and elastin in elderly adults [59]. It was
shown that in post-menopausal women a 1.13% per year skin thickness reduction is
correlated with a 2% decrease per year in collagen content [60]. Besides decreased
elastin and collagen content as well as their structural rearrangement, intrinsic
ageing also has other consequences such as increase in trans-epidermal water loss,
reduction in skin moisture content, diminished sebum production, arteriosclerotic
changes in the small and large vessels, thinning of vessel walls [61], reduction in
mast cells [51], melanocytes, Langerhans’s cells, Meissner cells, Merkel cells and
Pacinian corpuscules [61, 62] and increase in skin surface pH [63] after 70 years of
age [64].

It is also accepted that skin ageing is characterised by an increase in macroscopic
or apparent stiffness [56, 65, 66], although there is little agreement on the magnitude
of the ground state Young’s modulus and age of onset of stiffening. As mentioned
by Xu and Lu [66], there is a sudden increase in the Young’s modulus of the skin
at age 30 of around 50%, whereas others quote an increase from the age of 45. It
was observed by Escoffier et al. [55] that there is an increase of around 20% after
the age of 70, which is backed by the findings of Lévêque et al. [35]. Furthermore,
Alexander and Cook [65] found that the stiffness of skin starts to increase from the
age of 25 but noted that the variation in results increases with age. This suggests
that the process of skin ageing is a highly patient specific and may explain the large
variation in results reported in the literature.

It was found by Escoffier et al. [55] and Lévêque et al. [35] that intrinsic skin
extensibility (i.e. a standardised mean extensibility to account for varying skin
thickness) decreases with age, while Alexander and Cook [65] found that intrinsic
extensibility decreases by around 35% after the age of 65 which agrees with the
findings of Xu and Lu [66] in that maximum skin elongation is found between ages
35 and 55. Similarly, skin elasticity (i.e. recoil ability) decreases with age [55, 66],
which was also found by Henry et al. [67], but this may include the effects of UVR.
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3.2 Ageing of the Epidermis

Intrinsic ageing induces thinning of the epidermis whilst also slowing its turnover.
However, photoageing is manifested as a thickening of the epidermis because of its
disruptive action on keratinocyte differentiation which leads to abnormal keratin
intermediate filament expression. If one then superimposes the drying effect of
photoageing on the stratum corneum, a reduced rate of desquamation is observed.
As a consequence, the epidermis becomes thicker, stiffer and more fragile [68].
Overall, epidermal thickness drops by about 6.4% per decade at a faster rate in
women than men [58]. Based on the observation that in areas of skin under high
levels of external loading, such as on the hands and feet, the epidermis thickens,
Silver et al. [69] suggested that epidermal thickness is controlled by the balance of
external and internal forces acting on/within this layer. Intrinsic ageing slows down
the turnover of keratinocytes and is also accompanied by a reduction in stratum
corneum water content [70] because of alteration in lipid content of the epidermal
barrier [71]. This factor leads to an increase in the stiffness of the stratum corneum
which is correlated with humidity level [72–74]. For the skin to be considered
clinically dry the normal water content of the stratum corneum (about 20%) must
drop below 10% [70].

3.3 Ageing of the Dermal-Epidermal Junction (DEJ)

In young skin, there is an essential network of thin oxytalan fibres anchoring the
papillary dermis to the viable epidermis. During intrinsic ageing, these oxytalan
fibres are progressively shortened and resorbed leading to the disappearance of
dermal papillae [75] and flattening of the dermal-epidermal junction (DEJ) [76–80].
This reduction in the amplitude of the papillae is also accompanied by a decrease
in their density (unit per surface area) [77, 78]. The flattening of the DEJ leads to
a reduction of up to 20% in epidermis thickness [81]. It was suggested that the
flattening of the DEJ could be a facilitating factor in the formation of skin wrinkles
by compromising the structural integrity of the basement membrane which links
dermis to epidermis [82], increasing the likelihood of relative motion between these
two layers. Besides these important structural effects, the flattening of the DEJ
has important metabolic consequences as it reduces the surface area for nutritional
exchange and metabolic byproducts evacuation between the dermis and epidermis.
As a result, epidermal cell turnover is slowed down and free radicals accumulate.
Skin exposed to UVR experiences an accelerated flattening of the DEJ when
compared to sun protected skin [83]. It has also been shown through image analysis
that intrinsically aged skin features the same density of veins and arteries as young
skin but their diameters are reduced. In photoaged skin, the dermal vasculature is
progressively lost and the diameter of veins and arteries is also reduced [84].
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3.4 Ageing of Dermal Matrix

Important differences between the dermis of young, intrinsically aged and pho-
toaged skin pertain to the level of structural organisation of fibrillar collagen which
conditions its mechanobiological interactions with fibroblasts through their integrin
attachments [34]. In young skin, the fibrillar collagen meshwork is made of small
and thin bundles of tightly packed fibres in the papillary dermis while these bundles
are thicker and more spaced in the reticular dermis [76, 85]. Fibroblasts are in a
state of mechanical tension through the alignment along collagen fibres, the effect
of which promotes a healthy homeostatic state for normal collagen fibre synthesis.
The ratio of type III to I collagen increases with age [86, 87]. In intrinsically
aged skin, there is a significantly reduced collagen turnover, thinning of fibre
bundles and disappearance of the meshwork [88]. These structural changes affect
the mechanobiological interactions of fibroblasts with collagen fibres leading to
collapsed fibroblasts [88–90].

Lavker et al. [91] reported an increased density of the collagen network with age
and explained it by the decrease in ground substance which effectively provides
more space to fill in to collagen fibres. This has the effect of reducing dermis
thickness. With age, the collagen and elastin fibre networks in the dermis become
compacted leading to reduction in dermis thickness. Elastin fibres lose their
elasticity while collagen fibres tend to unravel. As a consequence, the skin loses
its extensibility, becomes less resilient and more lax [92]. The reported reduction
in dermal thickness is mainly attributed to the loss of dermal collagen and elastin
in elderly adults, as a result of progressive slowing down of dermal matrix turnover
[59]. This reduced turnover stems from the imbalance between synthesis activity and
degradation which increasingly dominate cell activity during the intrinsic ageing
process.

The key regulators of collagen production are transforming growth factors-β
(TGF-β) and activator protein-1 (AP-1) [93]. TGF-β is a multi-functional cytokine
that helps regulate many biological functions such as cellular growth, differentiation
and extracellular matrix synthesis, such as that associated with collagen and elastin
constituents [94]. AP-1 is a transcription factor that inhibits collagen production and
up-regulates matrix metalloproteinase (MMP) enzymes which act to break down
extracellular matrix constituents. All fibroblasts have the capacity to synthesise
collagen. Thus one of the main contributing factors to collagen synthesis is the
proliferative capacity of resident fibroblasts. Synthesis of collagen is promoted
through mechanical tension applied to dermal fibroblasts. The rate of collagen
synthesis is conditioned by the level of mechanical tension [11].

Platelet derived growth factor (PDGF) is a substance that promotes fibroblast
growth and proliferation, known as mitogen. PDGF binds to cell surface receptors,
which activates mitogen-activated protein (MAP) kinase signalling. The result of
this action is the signalling of downstream effectors, such as the activation of extra-
cellular signal-related kinase (ERK), that promote cell growth and proliferation
[93]. TGF-β is produced within the extracellular matrix and, when in active form,
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is able to associate with TGF-β signalling receptors on the cell surface of dermal
fibroblasts, referred as type I and type II receptors, or Tβ RI and Tβ RII respectively.
This results in the activation of downstream pathways, notably the Smad protein
pathways. Smads 2, 3 and 4 transduce the signals while Smad 7 acts as an
inhibitor. Together with interaction with MAP kinase signalling, collagen synthesis
is promoted [94].

The intrinsic ageing process is accompanied by a reduction of the fibroblast
population [51] which induces a decrease in collagen production and is associated
with an increased build-up of MMPs which can cleave elastic fibre molecules
[93, 95]. MAP kinase activation is an important mediator of MMP production.
Along with activation of the ERK pathways, signalling the jun-N-terminal kinase
(JNK) are necessary for the regulation of MMPs. Activation of the JNK pathways
results in the production of c-jun, while ERK signalling results in the production of
c-fos, both of which are necessary for the production of AP-1. AP-1 is key to the
production of MMP. There exists a class of proteins, known as tissue inhibitors of
metalloproteinases (TIMPs), that control inhibition and regulation of MMPs. TIMP-
1 is prominent in the skin. TIMPs are also regulated by downstream signalling
through the MAP kinase. A simplified schematic representation of the key cellular
mechanisms associated with dermal fibroblasts in intrinsic ageing is provided in
Fig. 3.

Disruption of the homeostatic state between activation and inhibition of MMPs
is a key ingredient in the pathophysiology of both intrinsic and extrinsic ageing. The
ratio of type III to I collagen increases with age [86]. Macroscopically, alterations of
the collagen network manifest themselves as reduced dermal volume and strength.
Moreover, aged collagen fibres undergo non-enzymatic Maillard reactions that
cross-link molecules by glycation [96, 97], and lead to non-degradable abnormal
fibres [85] which belong to the class of advanced glycation end products (AGEs).

Chronic exposure to UV radiations induces a significant and incomplete ECM
degradation. In photoaged skin, there is a massive increase in collagen fibre
degradation. Acute UV exposure activates a key transcription factor in cells,
namely AP-1, which triggers an increase in MMP 1, 2, 3 and 9 synthesis and cell
activity linked to a decreased in type I procollagen synthesis [98]. It has also been
suggested that via the inflammatory response associated with chronic UV exposure,
immune cells could play a role in collagen network degradation [8, 99]. During
the intrinsic ageing process collagen becomes less soluble, sparser and thinner
while photoageing induces thickening, fragmentation and an increased solubility
of collagen [87].

Elastin fibres are highly compliant with the ability to stretch elastically to twice
their original length [42]. Their mechanical intertwining with the collagen network
of the dermis is what gives the skin its resilience and recoil ability, by maintaining
collagen fibres in a crimped state. This is evidenced by the correlation between
degradation of elastin, abnormal collagen synthesis associated with ageing and the
apparent stiffening of the dermis [16, 55]. It has been widely observed that, with
age, there is a decrease in the initial portion of the elongation-stress curve of skin
[36, 65, 100] which means that the onset of stiffening associated with recruitment of



148 G. Limbert et al.

Fig. 3 Simplified schematic representation of the key cellular mechanisms associated with dermal
fibroblasts in intrinsic ageing. A green/red arrow indicates an increase/a decrease [ROS Reactive
Oxygen Species; TGF-β Transforming Growth Factor β; Tβ R TGF-β receptor; AGE Advanced
Glycation End product; JNK Jun-N-terminal-Kinase; MAP Mitogen Activated Protein; MMP
Matrix Metalloproteinase ; TIMP Tissue Inhibitor of MetalloProteinase; AP-1 Activator Protein-1;
ERK Extracellular signal-Related Kinase]

collagen fibres occurs at lower stretch. This is attributed to degradation of the elastin
network and deposition of amorphous elastin [17, 36, 65, 100].

It has been reported that the slope of the linear portion of the elongation-stress
curve tends to increase with age [65]. This suggests an apparent stiffening of the
collagen fibre network with age but not necessarily a stiffening of the collagen fibres
themselves. This aspect is supported by the experimental evidence obtained by Daly
and Odland [100] and Reihsner et al. [36] who note that the final slope of the strain-
stress curve of skin in tension remains constant with age, and that the stiffness of the
collagen remains constant, possibly due to the reduction in the collagen content in
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the dermal layer. There is therefore a suggestion that the alteration of the skin’s
apparent stiffness is not due to a stiffening of the collagen fibres, but rather to
an alteration in the structure of the collagen network [29]. Escoffier et al. [55]
and Reihsner et al. [36] report an increased collagen crosslinking with age, which
would reduce any slippage between neighbouring fibres and stiffen up the collagen
network. This would support the observations of Batisse et al. [72] who reported
a stiffening with age of the whole dermis while noting a reduced density in the
collagen fibres of the papillary dermis of aged skin as this might suggest that other
stiffening mechanisms may be at play (e.g. increased collagen cross-linking with
age [101]).

Anisotropy tends to increase with age suggesting that there is an increase in
alignment along Langer lines with age [102, 103], or at least, a correlation between
age, microstructurally-induced anisotropy and Langer lines, although Tonge et al.
[41] found a decrease in overall anisotropy with age. The magnitude and directions
of the Langer lines [43] are known to vary with age. There is a reduction in
magnitude with age which is linked to the thinning of the hypodermis leading to
a loss of firmness of the skin [101]. Also, with age, the skin tends to lose its in-
plane isotropy [102] because of the strong mechanical effects introduced by dermal
collagen realignment arising in combination with collagen cross-linking and density
alteration.

Chronic UV irradiation spanning many years alters the normal structural and
mechanical characteristics of the skin and ultimately causes premature skin ageing
and cancer [8, 104]. Acute exposure to UV radiation sources trigger photochemical
reactions in the skin which can manifest as sunburn, inflammation, immunity
suppression, modified pigmentation and dermal connective tissue damage [104].
The photons carrying radiative energy quanta (of various wave lengths) are absorbed
by molecules named chromophores in the skin where they create states of energetic
excitations which engender the aforementioned photochemical reactions. These
reactions induce the formation of stable photoproduct molecules [104] which, in
turn, stimulate cellular signal transduction pathways which control cell proliferation
and apoptosis, and also the secretion of cytokines. For most responses to UV and
visible light exposure, the magnitude of the response is conditioned by the exposure
dose at a given wave length. Wavelengths of radiations emitted by the sun shorter
than 290 nm are mostly absorbed by the ozone layer in the stratosphere and do
not reach sea level. Wavelengths in the range of 200–290 nm are strongly absorbed
by DNA and therefore can be lethal to viable cells of the epidermis [104]. The
UVB wave band (280–315 nm) is often referred as mid-UV or sunburn spectrum
and constitutes about 0.5% of the total radiation reaching the Earth’s surface. Most
sunscreen agents reflect or absorb radiations operating in this waveband which is
the testing benchmark upon which the sun protection factor (SPF) is based. Within
the UVB spectrum, certain wave lengths have drastically different effects: radiations
at 297 nm are nearly 100 times more erythemogenic than 313 nm radiations [105]
and more effectively cause DNA damage and photocarcinogenesis [106]. Of the
total amount of UV radiations reaching the Earth’s surface, about 95% is made of
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UVA waves (315–400 nm). The UVAII band (320–340 nm) is more damaging to
unsensitised skin than the shorter wave length band UVAI (340–400 nm).

Extrinsic ageing through UV exposure leads to a partial degradation of existing
elastic fibres by fibroblast and neutrophil elastase from the inflammatory infiltrate
[107]. This is accompanied by higher turnover of tropoelastin and abnormal
synthesis of new fibres [108].

The combined effects of the lysis of existing elastic fibres and synthesis of
abnormal and non-functional elastic constituents provokes the accumulation of an
amorphous and dense elastotic material in the upper and mid-dermis. The process
leading to this altered quality of dermal tissue is called actinic damage [104, 109]
which, superimposed on the loss of normal elastic fibres, has a drastic effect
on the recoil capacity and resiliency of the dermal layer [110]. In photoageing,
glycosaminoglycans (GAGs) which are key to skin hydration [111] are abnormally
located on the elastotic material in the superficial dermis instead of being more
uniformly distributed in the whole dermis. Moreover, hyaluronic acid (HA) and
proteoglycans (versican and decorin) undergo structural alterations with age which
lead to impairment of their water retention abilities [104]. A simplified schematic
representation of the key cellular mechanisms associated with dermal fibroblasts in
photoageing is provided in Fig. 4.

4 A Mechanistic Description of Both Intrinsic Ageing
and Photoageing

It is clear that both intrinsic and extrinsic ageing are extremely complex coupled
biophysical processes which involve a wide range of biochemical species and
interacting cellular processes. Their effects are also modulated within the skin
microstructural constituents which naturally encompass a great intra- and inter-
individual variability. In order to develop a tractable mechanistic model of ageing it
is critical to first extract some of their essential (i.e. dominant) features. Generally,
using a simplified view, two main theories of skin ageing can be put forward: cellular
senescence theory of ageing and free radical theory of ageing.

4.1 Cellular Senescence Theory of Ageing

According to this theory, the ageing process is a result of a combination of decreased
cell proliferation ability, decreased matrix synthesis and increased expression of
degrading enzymes of the collagenous matrix [112]. It has been shown that
keratinocytes, fibroblasts and melanocytes all display an age-associated decrease in
proliferative ability and irreversible cell arrest, which is a process termed as cellular
senescence.
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Fig. 4 Simplified schematic representation of the cellular mechanisms associated with dermal
fibroblasts in photoageing. A green/red arrow indicates an increase/a decrease [ROS Reactive
Oxygen Species; TGF-β Transforming Growth Factor β; Tβ R TGF-β receptor; AGE Advanced
Glycation End product; JNK Jun-N-terminal-Kinase; MAP Mitogen Activated Protein; MMP
Matrix Metalloproteinase; TIMP Tissue Inhibitor of MetalloProteinase; AP-1 Activator Protein-
1; ERK Extracellular signal-Related Kinase]

Essentially, cellular senescence is a change in the state of a cell, and not a
deterioration of cell capabilities with time. Cells undergo a change that reduces,
or completely arrests, cell growth and proliferation. Cell division plays a role in
the gradual loss of replicative ability. On each cell division, there is a shortening of
cellular telomeres. Telomeres are the end bits of DNA strands that have been shown
to play a crucial part in ageing. This gradual change alters the physical expression
of a cell’s genotype, known as its phenotype [113]. As observed in senescent
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fibroblasts, there is a selective repression of genes involved in growth regulation. As
a consequence, this change results in the end of the replicative lifespan as the cell
is no longer able to enter the first stages of mitosis. In pre-senescent fibroblasts, the
level of MMP-1 and MMP-3 have been observed to expressed at very low levels.
Additionally, TIMP levels have been shown to be high, further reducing MMP
expression. The is reversed in senescent skin, where there is increased MMP and
reduced TIMP expression. Coupled to this is the decreased rate of collagen synthesis
in older skin, which further compounds the observed disorganisation and reduced
presence of dermal collagen.

4.2 Free Radical Theory of Ageing

An alternate, and more popular view of ageing is that due to oxidative stress.
Ageing results as an accumulation of oxidative damage due to a build-up of ROS.
This ROS production is a result of aerobic metabolism. There has been significant
research that supports the role of ROS and cumulative oxidative damage as a major
contributor to the ageing process [11, 112, 114]. The main source of ROS in ageing
is through mitochrondrial oxidative energy generation. Over the course of ageing,
damage accumulation due to ROS results in reduced antioxidant capacity through
mitochondrial deterioration which furthers ROS generation. This view of ageing is
backed up by the observed higher levels of ROS in aged skin. Over the last few years
there have been several conflicting results in studies on the effects of ROS [115]. For
example, it was found that increased ROS may prolong the lifespan of yeast cells
and that of Caenorhabditis elegans (a nematode), genetic manipulations in mice
to increase mitochondrial ROS do not accelerate ageing, and mice with induced
increased antioxidant defence do not experience an increased lifespan. There has
also been research in the field of intracellular signalling that provides evidence that
the role of ROS may in fact be as a survival response to physiological signals.

4.3 A Mechanistic Model of Both Intrinsic and Photoageing
of the Skin

In order to consolidate the theories of ageing discussed in this section with the dam-
aging properties of ROS established in previous studies, the following hypothesis is
proposed and adopted for the development of the chemo-mechanobiological model
of skin ageing as described in Sect. 10.

The primary effect of ROS is to trigger homoeostatic responses, such as cellular
proliferation, in response to physiological stress. As chronological age advances,
cellular damage increases while ROS levels increase as well in an attempt to
maintain survival. Beyond a certain threshold, ROS eventually start to aggravate



Constitutive Modelling of Skin Ageing 153

age-associated damage. Whether the traditional theory of oxidative damage is
adhered to or whether this new hypothesis is adopted, the cellular processes are
the same. As a person ages, cells undergo a morphological change similar to that
described in cellular senescence. Through the accumulation of ROS, the structural
and functional capabilities degenerate, which only accelerates with advancing age.
In skin, fibroblasts undergo this morphological change from mitotic cells to ones
that are no longer able to undergo mitosis. This change is likely, as with senescence,
to alter the phenotypical behaviour of the cell, thus negatively affecting type I
procollagen production. Additionally, as mentioned, ROS has a direct impact on
dermal collagen through the upregulation of AP-1 and MMPs

There is further evidence to support reduced antioxidant activity within the
skin. Although results have been conflicting, in general they show that there is
a reduction of antioxidant enzymes with age. It has also been demonstrated that
aged fibroblasts are far more susceptible to the accumulation of oxidised proteins
following oxidative stress, whereas young fibroblasts were able to remove these
proteins more effectively [116].

Although the theory of cellular senescence has value, the free radical theory of
ageing is thought to be far more relevant in terms of ageing in skin. By adopting
this theory, a convenient and logical link is established between intrinsic ageing and
photoageing (Fig. 5). Increased ROS production is a common biophysical process

Fig. 5 Schematic and simplified representation of the underlying mechanisms and effects
associated with the free radical theory of skin ageing in terms of collagen and elastin [ROS
Reactive Oxygen Species; TGF-β Transforming Growth Factor β; Tβ R: TGF-β receptor; AGE
Advanced Glycation End product; MMP Matrix Metalloproteinase; TIMP Tissue Inhibitor of
MetalloProteinase; AP-1 Activator Protein-1]
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to both intrinsic ageing and photoageing. If this process—or its direct/indirect
effects—can be modelled, then its influence on synthesis and degradation of
two fundamental building blocks of the skin dermis affected by ageing can be
approximated, namely collagen and elastin, and one is provided with a basis to
formulate mechanistic constitutive equations of skin ageing that would link ageing,
skin microstructure and macroscopic mechanical properties of the skin. This will be
described in more details in subsequent sections.

5 Modelling of Skin Ageing

As a result of biochemical changes associated with ageing, the mechanical
behaviour of the skin is significantly altered through time-dependent variations in
the structural and mechanical properties of its elemental constituents (e.g. proteo-
glycans, collagen, elastin and keratin). The effects of skin ageing become apparent
under the form of skin wrinkles—particularly on the face and hands—which
are often unconsciously or consciously used as criteria to evaluate somebody’s
age. These morphological changes of the skin surface are manifestations of
complex coupled biophysical phenomena where mechanics is believed to play
a critical role like in many other remodelling and morphomechanical processes
[117, 118]. Unravelling the inherent complexity of the skin ageing process, firstly
by identifying its biophysical drivers, underlying factors and effects, and secondly,
by gaining a mechanistic insight into their interplay, is a formidable challenge at
both experimental and modelling levels. However, building upon the solid body of
work on the constitutive modelling of the skin [119–121], there are opportunities
to extend existing models and develop mechanistic constitutive formulations that
could, first describe, and ultimately, predict ageing effects. These hypothesis-driven
research tools have the potential to enable us to unveil the biophysical complexity of
skin physiology as well as mechanobiological aspects associated with diseases and
the ageing process. Various phenomenological and structurally-based mechanical
models have been proposed and adopted to model the skin at finite deformations.
For a good coverage of the relevant literature see the monograph by Xu and Lu
[66], review papers by Jor et al. [120], Li [121] and Limbert [119] or book chapters
by Flynn [122] and Limbert [30]. Structurally-based models attempt to reflect the
contributions and mutual interactions from the primary constituents of the dermal
layer, i.e. collagen, elastin and ground substance. Developing this type of models is
desirable as it offers the ability to link the microscopic constituent characteristics
(i.e. materials and structures) to the macroscopic response of the tissue
[see 123–125].

Mazza et al. [126, 127] developed a non-linear constitutive model to simulate
ageing of the human face. The elasto-visco-plastic constitutive equations are based
on the constitutive formulation of Rubin and Bodner [128] to model the dissipative
response of soft tissues. The dissipative material model was implemented in a
commercial finite element code to simulate gravimetric descent of facial tissue.
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Mazza et al. [126, 127] extended the model of Rubin and Bodner [128] by including
an ageing parameter equipped with its own time evolution equation. This ageing-
driven parameter was a modulator of tissue stiffness. A four-layer model of facial
skin combined with a face-like geometrical base was developed and highlighted the
usefulness of such a model to study the effects of skin ageing on facial appearance.
Maceri et al. [129] proposed an age-dependent multiscale mechanical model for
arterial walls that effectively coupled elastic nanoscale mechanisms linked to
molecular and cross-link stretching to micro- and macroscopic structural effects.
The model successfully captured the age-dependent evolution of arterial wall
mechanics through alterations of its constitutive parameters including geometric
characteristics of collagen fibres, cross-link stiffness of collagen fibrils and volume
fraction of constituents.

However, to date, with the exception of the recent work of the authors [29], no
mechanistic constitutive models for the skin has been developed that is capable
of simultaneously capturing intrinsic ageing through evolution of its material and
structural constitutive parameters whilst being embedded in the rigorous framework
of non-linear continuum mechanics. The goal of the research presented in the paper
by Pond et al. [29] was to develop an experimentally-based mathematical and
computational model of the skin to study the interplay of its material and structural
properties and their evolution as a result of the intrinsic ageing process. Plausible
mechanisms associated with ageing-induced material and microstructural evolution
were explored in an attempt to explain observed effects associated with ageing
(e.g. macroscopic stiffening of the tissue). This approach is presented in subsequent
sections while a novel chemo-mechanobiological constitutive model of skin ageing
that includes features of both intrinsic and extrinsic ageing is developed in Sect. 10.

6 A Summary of ContinuumMechanics

The macroscopic response of skin to loading is mathematically described here using
a continuum formulation. Prior to describing the model, the notation and key results
from nonlinear continuum mechanics are summarised. For an extensive overview of
continuum mechanics the reader is referred to [130], among others.

Notation

Direct notation is adopted throughout. The scalar product of two vectors a and b is
denoted by a ·b. The scalar product of two second-order tensors A and B is denoted
by A : B. The composition of two second-order tensors A and B is denoted by
AB. The action of a second-order tensor A on a vector b is a vector denoted by Ab.
The unit basis vectors in the Cartesian (standard-orthonormal)basis are {e1, e2, e3}.
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The dyad of two vectors a and b is a second-order tensor and is denoted by a ⊗ b.
Additional notation will be defined when introduced.

6.1 Finite Strain Kinematics

Consider a continuum body representing a portion of the skin. The reference
configuration is defined as the placement of this body at time t = 0, with that
region denoted byΩ0 with boundary ∂Ω0 and outward unit normal N . As the body
deforms, this region takes on subsequent configurations. At a current time t , the
body occupies the regionΩ , referred to as the current configuration with boundary
∂Ω and outward unit normal n. A motion χ is assumed such that each material
point X ∈ Ω0 uniquely maps to a spatial point x ∈ Ω at time t , i.e.

x = χ(X, t) ∀X ∈ Ω0 .

The deformation of the body is characterised by the deformation gradient F , defined
by

F (X, t) := ∂χ(X, t)

∂X
= Gradχ(X, t) .

The determinant of F is defined by J := det F > 0. The right Cauchy–Green tensor
C, defined by

C := F TF ,

provides a stretch measure in the reference configuration. Additionally, the principal
scalar invariants of C are defined by

I1(C) := tr(C) = I : C , I2(C) := 1

2

[
tr(C)2 − tr(C2)

]
, I3(C) := det(C) .

(2)

Consider now the case of transverse isotropy where the material properties
depend on a single given direction—a defining feature of skin. The preferred
material direction at a point X is given by v0. The fabric tensor is then defined by

A0 := v0 ⊗ v0 ,

and an additional invariant characteristic of transverse isotropic symmetry is given
by

I4(C, v0) = v0 · Cv0 = λ2, (3)
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where λ is the principal stretch along vector v0 defined in the reference
configuration.

6.2 Constitutive Relations for Invariant-Based Transversely
Isotropic Hyperelasticity

A hyperelastic material is one for which a free energy ψ acts as a potential for the
stress. For homogeneous materials, the free energy is a function of the deformation
gradient F and any additional tensor agency (e.g. the fabric tensor). As a general
procedure to formulate constitutive equations for hyperelastic materials, one can
postulate the existence of a free energy ψ that is an isotropic function of the
deformation. Hence, the first and second Piola–Kirchhoff stress tensors, P and S,
are defined by

P := ∂ψ(F ,A0)

∂F
and S := 2

∂ψ(C,A0)

∂C
,

where P = FS. The dependence of the free energy on C can be be expressed in
terms of the ninv invariants of C. The second Piola–Kirchhoff stress is thus given by

S = 2
ninv∑
i=1

∂ψ(C)

∂Ii

∂Ii

∂C
. (4)

6.3 Governing Relations

The balance of linear momentum, in the absence of inertial and body forces, and the
natural boundary condition are given by

DivP = 0 in Ω0 , (5)

T = PN = T on ∂Ω0,N , (6)

where Div is the material divergence operator. The Piola traction T is prescribed on
the Neumann part of the boundary ∂Ω0,N ⊂ ∂Ω0. Dirichlet boundary conditions
on the motion χ = χ are prescribed on ∂Ω0,D where ∂Ω0 = ∂Ω0,D ∪ ∂Ω0,N and
∂Ω0,D ∩ ∂Ω0,N = ∅.
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6.4 Weak Form of the Governing Relations

The weak form of the governing equations and the accompanying Neumann
boundary conditions in Eqs. (5) and (6) is essential for establishing the approximate
solution using the finite element method (FEM). Multiplying the strong form of
the equilibrium equation (5) by an vector-valued test function δu, where δu = 0
on ∂Ω0,D, and applying the divergence theorem yields the expression for the weak
form of the equilibrium equation as

∫

Ω0

Gradδu : P dV −
∫

∂Ω0,N

δu · T dA = 0 .

The weak form is the point of departure for the approximate solution of the
equilibrium equation using the finite element method.

7 A Microstructurally-Based Constitutive Model of Skin

Based on the experimental data summarised in this chapter, it is assumed that elastin
and ground substance are the main contributors to the low modulus portion of the
stress-strain curve which is largely linear and isotropic. The second region of the
loading curve is dominated by the mechanical response of collagen fibres. As the
collagen fibres straighten and take on load, they exponentially resist further stretch
which results in a rapid nonlinear strain stiffening behaviour. This behaviour is also
strongly anisotropic due the inherent preferred alignment of collagen fibres along
the direction of extension. As the stiffening response of the skin is dominated by the
response of the collagen network, the formulation of an effective microstructurally-
motivated constitutive model is essential. Hence, it is postulated that the free energy
Ψ describing the overall mechanical behaviour of the dermis, assumed to be that of
the skin because of the negligible contributions of the epidermis, is given by

Ψ = Ψgs + Ψelastin + Ψcollagen, (7)

where Ψgs, Ψelastin and Ψcollagen represent the free energy contributions from the
ground substance, elastin and collagen, respectively.

To capture the behaviour of skin at low stretches, the elastin and ground substance
free energies are given by the following compressible neo-Hookean type free
energy:

Ψgs + Ψelastin = [
αgs + αelastin

] [
I1 − 3 + 1

β

[
I

−β
3 − 1

]]
, (8)
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where

α(•) = μ(•)
2
, and β = ν

1 − 2ν

are constitutive parameters, respectively associated with the shear and volumetric
response, and (•) is either “gs” or “elastin”. The shear modulus is denoted by μ,
and ν is the Poisson’s ratio of the composite material represented by the ground
substance and elastin phases.

The nonlinear, anisotropic and network nature of the collagen response is
captured through a transversely isotropic network eight-chain model proposed by
Kuhl et al. [123]. This model is based on theories related to the micromechanics
of macromolecule mechanical networks [131, 132] and is a particularisation of
the orthotropic eight-chain model developed by Bischoff et al. [133]. In these
mechanical descriptions of macromolecular networks, long molecular chains are
assumed to rearrange their conformation under the influence of random thermal
fluctuations (i.e. entropic forces). These type of idealised molecular chains are best
described using the concept of wormlike chains by Kratky and Porod [134]. Worm-
like chain models have been used to describe the structure and mechanical behaviour
of collagen assemblies in the context of skin modelling [see e.g. 125, 133, 135–
138] and other fibrous biological soft tissues [see e.g. 123, 124, 139, 140]. It is
important to note that, in the development of microstructurally-based constitutive
theories, these macromolecular chains could also be defined by or interpreted as
either tropocollagen molecules, collagen micro-fibrils, fibrils, fibres or fibre bundles.
If considering supra-molecular scales, it is clear that the wormlike chain energy is no
longer associated with the notion of entropic elasticity and true molecular behaviour,
but is rather a microstructurally-motivated macroscopic phenomenological energy
that captures the strain-stiffening behaviour of collagenous structures. In the present
approach, it is assumed that correlated chains represent collagen fibres (see Fig. 7).

The mechanics of macromolecular polymer structures is not only governed by
the mechanical properties of individual chains but also by their electromagnetic and
mechanical interactions which can take the form of covalent bonds, entanglement
and physical cross-links. These combined effects give rise to strong isotropic and
anisotropic network properties which can be implicitly and effectively captured by
network models such as the eight-chain model of Arruda and Boyce [131] or Kuhl
et al. [123]. The essential assumption underpinning these formulations is that there
exists a representative microscopic unit cell able to capture network properties. The
original eight-chain model of Arruda and Boyce [131] assumes that the unit cell
is made of eight entropic chains of equal lengths connected from the centre of the
cell to each of its corners (see Fig. 6), each equipped with their own entropic energy
Ψwormlike. For correlated chains, the wormlike chain energy can be defined by

Ψwormlike = Ψ0 + kθL

4A

[
2
r2

L2 + 1

[1 − r
L
] − r

L

]
, (9)
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Fig. 6 Schematic representation of the transversely isotropic eight chain network model of Kuhl
et al. [141]. The eight polymer chains are governed by a wormlike energy function ψwormlike (see
Eq. (9)). The unit cell dimensions are a and b while unit vector v0, aligned with one of the
principal directions of the unit cell, is the unit vector corresponding to the preferred orientation
of the collagen network in the undeformed configuration [reproduced from 29]

A

r

L

Fig. 7 Wormlike chain assembly. The successive chain link is correlated to the chain before it.
A is the persistence length, r is the effective end-to-end length and L is the chain contour length
[reproduced from 29]

where L, A, r0 and r and are respectively the contour, persistence, initial end-to-
end length and the current end-to-end length of the chain (see Fig. 7), and Ψ0 is the
wormlike chain energy in the unperturbed state. The wormlike chain has the defining
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characteristic that the chain segments are correlated and exhibit a smoothly-varying
curvature along the contour. This correlated form is captured by the persistence
length A. The persistence length can be viewed as a measure of stiffness. Garikipati
et al. [125] refer to it as a measurement of the degree to which a chain departs from
a straight line, while Marko and Siggia [142] interpret it as the characteristic length
over which a bend can be made with energy cost kθ , where k = 1.380,648,52 J K−1

is the Boltzmann constant and θ the absolute temperature.
In order to incorporate such chain models into an invariant-based constitutive

framework it is necessary to relate the individual chain stretch to the macroscopic
deformation. To this end, the principle of affinity is invoked so that the macroscopic
and unit cell principal directions are identical. Due to the symmetry of the chain
structure, the stretch of each chain can be found as a function of the principle
stretches. In Fig. 6, a unit cell arrangement of dimensions a × b × b is depicted.
For the case of anisotropy a �= b. Additionally, the unit cell is characterised by the
unit vector v0 that corresponds to the (local) preferred orientation of the collagen
network. The undeformed end-to-end length of each of the individual chains is given
by

r0 = 1

2

√
a2 + 2b2 .

The deformed end-to-end length r can be expressed using the invariants defined in
Eqs. (2) and (3) by

r = 1

2

√
I4a2 + [I1 − I4]b2 .

The invariants I1, I3 and I4 are measures of the macroscopic deformation of
the polymer. It is assumed that the microscopic stretch along the direction v0 is
captured by the macroscopic term I4. This effectively couples the microscopic and
macroscopic length scales. The relative stretch of a collagen fibre is defined by
λr := r/r0, see Eq. (9).

The final term of Eq. (7), characterising the contribution of collagen to the free
energy, is further decomposed as

Ψcollagen = Ψchain + Ψrepulsive , (10)

where Ψchain reflects the effective assembly of the eight chain energies, i.e.
Ψchain := γ chainΨwormlike and Ψrepulsive is a repulsive energy that ensures the initial
configuration is stress free and that the chain does not collapse. γ chain denotes the
chain density per unit cell. Sáez et al. [140] interprets γ chain as the number of
molecules within a collagen fibril, while Bischoff et al. [133] describes it as the
collagen fibre density. In the context of collagen this measure corresponds to the
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Table 1 Constitutive
parameters of Ψcollagen

Parameter Symbol Units

Poisson’s ratio ν –

Shear modulus μ N m−2

Boltzmann constant k J K−1

Absolute temperature θ K

Chain density γ chain m3

Contour length L –

Persistence length A –

Unit cell dimensions a, b –

number of fibres within a bundle. It follows that

Ψchain = γ chainkLθ

4A

[
2
r2

L2 + 1

1 − r
L

− r

L

]
,

Ψrepulsion = −γ chainkθ

4A

[
1

L
+ 1

4r0

1

1 − r0
L

− 1

4r0

] [
ln
[
I

[a2−b2]/2
4

]
+ 3

2
ln
[
Ib

2

1

]]
.

All stretch quantities have been normalised by the link length L which is the length
of a single link along the wormlike chain assembly.

A description of the constitutive parameters of Ψcollagen is summarised in Table 1.
The expression for the first Piola–Kirchhoff stress P then follows directly from
Eq. (4).

8 Microstructurally-Based Mechanistic Model Indirectly
Accounting for Intrinsic Ageing

A central hypothesis underpinning this study is that the effects of ageing (both
intrinsic and extrinsic) on the mechanical properties of the tissue are directly
linked to alterations in the microstructural characteristics of the collagen and elastin
networks. In this section, some of the constitutive parameters introduced in Sect. 7
are motivated as plausible mechanistic descriptions of the intrinsic ageing process
as evidenced by experimental observations (see Table 2). It is worth emphasising
that, in reality, the material and structural effects of ageing are likely to be coupled
and would therefore lead to a dependency between constitutive parameters. For the
sake of simplicity, and in the absence of relevant experimental data, this interplay
is not accounted for. In addition, the effect of intrinsic ageing on the ground
substance manifests itself as a more pronounced viscoelastic response with age. As
the constitutive model for the ground substance currently only captures the elastic
response it is assumed that ageing does not affect the ground substance related
parameters in Eq. (8).
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Table 2 Description of the constitutive parameters, the evolution of which is associated with
ageing

Constituent Ageing effect Parameter

Ground substance Increased water content results in more pronounced
viscoelasticity

n/a

Elastin Loss of elasticity αelastin

Destruction of elastin network αelastin

Collagen Loss of mature collagen γ chain

Increased crosslinking γ chain

Flattening and unravelling of collagen network a, b

Alterations in anisotropy a, b

The elastin network is observed to degrade with age. The loss of elastic integrity
would logically lead to a reduced contribution from the elastin component to the
composite strain energy function (7). One approach could be to introduce a volume
fraction for elastin, ground substance and collagen. Degradation of the elastin
network would then be modelled as a reduction in volume fraction of elastin.
Instead, here, the value of αelastin is assumed to decrease with age. It should be
noted again that elastin is a highly-stable protein which undergoes little turnover
before the age of 40. Thus αelastin would remain constant for the first four decades.

Within the current model, there is no natural parameter that explicitly describes
the level of collagen crosslinking at any point in time. It is believed that the increased
crosslinking with age is one factor responsible for the increased stiffness of the
skin. Through increasing γ chain, it is expected that a stiffer response will be elicited.
Although γ chain describes the number of fibres within a bundle, it represents the
closest link to the observed increase in crosslinking with age. It would be expected
that a decrease in collagen density would contribute to a decrease in the overall
stiffness of the skin as the collagen network loses integrity. Thus it is reasonable to
assume that a decrease in γ chain with age could describe a loss of collagen.

As discussed previously, the slope of the linear region of the stress-strain curve
for skin, as a composite structure, remains constant with age but the onset of strain
hardening occurs at lower strains. This suggests that there might be a mechanism
that simply alters the structural characteristics of the collagen network and not the
mechanical properties of collagen microfibrils. In their unloaded states collagen
fibres are crimped. It is believed that this conformational state is due to the presence
of highly cross-linked elastic fibres—mainly elastin fibres [143]—and is also the
result of active tensions exerted by fibroblasts. Any reduction in fibroblast density
in the collagen dermal network would have an effect on these active forces and on
the rest state of collagen fibres. Such a reduction would tend to relax the residual
strain/tension in the dermis. This would make collagen fibres less crimped and
therefore their apparent length would be closer to their fully-taut length. Thus, when
the skin is macroscopically loaded in tension, the dermal tissue will not exhibit
a very pronounced toe region—corresponding to the progressive uncrimping of
collagen fibres—but will rather reach the stiffer linear region more quickly. The
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corollary of this observation is that for a given applied macroscopic strain, the
response of the intrinsically-aged dermal collagen network will be stiffer. With age,
due to dermal flattening and the loss of elastic recoil, the collagen fibres are observed
to uncrimp [16]. In the chain network structure of the model, this is captured by
adjustments to the end-to-end length of the collagen fibres through the parameters
a and b. By increasing a and b there will be a reduction in the range of strain of the
low modulus portion prior to the onset of the collagen response at lower stretches.
Thus by increasing a and b the model should be capable of capturing the stiffening
response. Additionally, the anisotropic response of the skin is observed to change
with age. Tonge et al. [144] reports a loss of anisotropy in experiments using a
bulge test. As the model developed here will be compared to the bulge test results
at various ages, it is this behaviour that is intended to be captured. By reducing the
ratio of a/b , either by increasing b or decreasing a or a combination of both, this
should be achieved.

Undeniably, there is a reduction in the thickness of the skin with age (see Eq. (1)).
Such an observation is backed by numerous sources in the literature [39, 55, 57],
but there is still much debate over the exact relationship between age and skin
thinning. The changes in the dermal thickness with age will be captured directly
in the geometry of the computational model.

9 A Microstructurally-Based Model of Skin Intrinsic Ageing
with Age-Dependent Constitutive Parameters

The objective is to now identify how the subset of constitutive parameters assumed
to be associated with intrinsic ageing, identified in the previous section, can be
determined at specific times in the ageing cycle using a combined experimental
and computational approach.

9.1 Parameter Identification

Multiple mechanical skin tests have been proposed to characterise the skin response
to loading. The variety of skin tests and different methods to perform them, as well
as the natural skin variation that exists through factors such as ethnicity, gender,
age and anatomical site, have resulted in a broad and varying characterisation of
skin behaviour. In general, in vivo, in both physiological and supra-physiological
conditions, the skin exhibits material nonlinearity, anisotropy, viscoelasticity and
near incompressibility and can also sustain large deformations [119]. However,
elicitation and relevance of these characteristics is highly variable. Although there
are many experimental techniques to characterise certain aspects of skin mechanics
[120], bulge tests are considered here. Performed in vitro, the bulge test applies a
positive pressure to the underside of an excised skin sample. The skin sample is
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fixed at a specified diameter aperture which allows for “bulge-like” deformation of
the sample under pressure. Deformations are measured and linked to the state of
stress so that constitutive parameters can be identified [41, 144]. The choice of the
bulge experiment as a test-bed for the constitutive and computational and models
developed here is motivated by the following factors:

• As the experiments are performed in vitro, the boundary conditions of the
numerical model are simpler to define and impose.

• The large deformations induced in the physical tests ensure that the various
components of the constitutive model are activated. At small deformations the
elastin and ground substance will assume the dominant role, and ultimately, as
macroscopic strains increase, the collagen fibres will become active and dictate
the majority of the response at large deformations.

• The specimens were taken from the back of the patients, thus minimising any
photoageing effects such as those observed on sun-exposed regions (e.g. the
face).

• The experimental results published by Tonge et al. [41, 144] provide a broad
range of kinematic measurements with which to compare the models.

• Crucially, the experiments by Tonge et al. [41, 144] were conducted on skin
samples harvested from donors featuring a broad range of ages. This allows the
correlation between age and mechanical properties (i.e. constitutive parameters)
to be studied.

In the bulge test follows performed by Tonge et al., several 10 × 10 cm skin
specimens were procured from the back torso of donors, ages ranging from 43
to 83 years. After excision, the adipose tissue was removed and tissue thickness
measured. The thickness, gender, age and anatomical site of the samples are listed
in Table 3. Thickness was measured at the middle of each edge of the sample and
the average taken. This average was used as the uniform thickness of the sample in
the numerical model.

The specimens were glued to a 7.5 cm diameter ring. The ring serves to constrain
the skin specimen. The skin interior to the ring is subject to pressure loading while
that exterior is fully constrained. The coordinate system for the samples was set
such that the y-axis corresponded to the vertical body axis and the x-axis to the
horizontal body axis, as shown in Fig. 8. Fibre and perpendicular directions can thus
be defined by the angleΦ from the horizontal axis. Controlling for relative humidity

Table 3 Donor and
specimen information from
Tonge et al. [41]

Age Gender Site Thickness [mm]

43 Male Lower back 4.86

44 Male Lower back 4.38

59 Female Unknown 5.18

61 Male Left upper back 2.01

62 Female Unknown 2.95

83 Male Unknown 2.43
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Φ x

y

Fig. 8 Body axes: the y-axis corresponds to the vertical body axis and the x-axis to the horizontal
body axis. Recreated from [144]

t

boundary ring             

10 cm

10 cm

Fig. 9 Finite element mesh used for the bulge tests [adapted from 29]

and temperature, samples were inflated through a controlled applied pressure, with
a maximum pressure of 5.516 kPa. Upon inflation the skin samples deformed to an
elliptical dome. The dimensions of the ellipse are used to determine the dominant
fibre direction with Φ defined accordingly.

A finite element updating technique [see e.g. 120, 145, 146] is used to identify
the constitutive parameters of the transversely isotropic eight-chain model of the
skin for various ages. Figure 9 shows the discretisation of the skin sample. The skin
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thickness is set to the dermal thicknesses as specified in Table 3. The geometry is
discretised using 8-noded hexahedral trilinear elements, with five elements through
the thickness. Through a mesh sensitivity study, it was found that 46,416 nodes
ensured a sufficiently converged solution. The nodes on the upper surface outside
the boundary ring and the outer edges are fully constrained. The pressure loading
condition is applied to the bottom surface. As proposed in the previous section,
only the original network dimensions a and b, γ chain and αelastin are assumed to
be variable. The rest of the parameters are assumed age invariant and are given by
L = 2.125, A = 1.82, γ gs = 100 Pa, β = 4.5, θ = 310 K. Furthermore, only the
tests for male specimens are simulated in order to exclude the influence of variations
between genders.

In Fig. 10 the profile of the skin obtained from the finite element simulation
of the bulge test on the 44 year-old male specimen is given at monotonically-
increasing pressure loading from 34.37 Pa to 5.52 kPa. The profiles are given along
and perpendicular to the fibre direction v0 as illustrated by the arrows in each
subfigure. The bulge specimen undergoes a rapid initial displacement while the
stress state is still within the low modulus portion of the stress-strain curve. This
can be seen in the plot of the pressure versus the in-plane stretch where a small
increment in pressure induces a large change in stretch (Fig. 11). During this phase,
the elastin and ground substance contributions dominate the mechanical response
and offer little resistance to inflation. The divergence of the pressure-stretch lines
indicates the activation of the anisotropic collagen network. In terms of the material

Fig. 10 Displacement profiles for the 44 years-old male skin specimen: (a) pressure = 34.37 Pa;
(b) pressure = 206.4 Pa; (c) pressure = 502.1 Pa; (d) pressure = 1840 Pa; (e) pressure = 5520 Pa
[reproduced from 29]
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Fig. 11 Plots of in-plane stretch as a function of inflation pressure for the experimental measure-
ments of Tonge et al. [144] overlaid over the theoretical curves obtained from the identification of
constitutive parameters [reproduced from 29]. (a) Age 43. (b) Age 44. (c) Age 61. (d) Age 83

model, the collagen energy contribution is no longer negligible as the end-to-end
chain length r undergoes significant stretch and approaches the contour length L.
For the age 44 specimen, further stretch parallel to the fibre direction above 400 Pa
does not occurs whereas perpendicular stretch continues to increase with pressure.
This results in the response shown in Fig. 10c where at 502 Pa the profiles along
the perpendicular and parallel directions differ. Mechanical anisotropy is amplified
with increased pressure as the perpendicular stretch increases. As the specimen
is deformed, exponentially more pressure is needed to attain further deformation
which is characterised by the locking-type limits. In Fig. 10d and e displacement at
high pressure occurs laterally in the perpendicular fibre direction.

The 8-chain model is now used to simulate the stretch behaviour of the skin
at increasing pressure for increasing age, and the results summarised in Fig. 11.
The stretch is measured parallel and perpendicular to the dominant fibre direction.
In general, the stretch behaviour with increasing age is reasonably captured. The
fit at age 43 is notably poor which suggests that there is an additional directional
dependence not captured by the model or a missing constituent contribution (i.e. an
incomplete constitutive model), or experimental error.
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Table 4 Wormlike 8-chain model parameter values for the age 43, 44, 61 and 83 bulge test

Parameter Age 43 Age 44 Age 61 Age 83

a 3.58 3.45 3.55 3.65

b 0.5 0.8 1.25 1.287

γ chain(×1022) 6 m−3 0.856 m−3 0.0856 m−3 0.856 m−3

αelastin 1000 N m−2 1300 N m−2 1000 N m−2 500 N m−2

Excluding the response of the age 43 test, the identified parameters shown in
Table 4 are in agreement with the hypotheses advocated in Sect. 8. Note, γ chain does
not vary monotonically with age, with the same values obtained for age 44 and 83.
This suggests that γ chain is not age dependent. The difference in the initial end-to-
end lengths as dictated by the increased values of a and b allows for the difference
in maximum stretches observed in the experiments. Additionally the ratio between
the two changes with age with a:b = 4.313:1, 2.84:1, 2.836:1 at age 44, 61 and 83
respectively. This reduction, especially between age 44 and 61, is indicative of the
expected reduction in anisotropy. The value of αelastin decreases almost linearly with
age, with an approximate reduction of 100 N m−2 every 5 years.

9.2 Evolution of the Parameters in the Microstructurally-Based
Mechanistic Model with Intrinsic Ageing

The factors discussed in the previous sections provide a means by which the skin
constitutive model (and its associated finite element model replicating bulge tests)
can capture ageing effects in a continuous sense through the modification of a few
selected parameters. Using the a and b parameter values as found from the age 44,
61 and 83 fits, general ageing trends were established. It is clear that a mere three
data points is insufficient in order to conclusively determine an ageing trend, but they
are adequate for the current proof of concept. Shape-preserving fitting algorithms
were used to find a continuous evolution of a and b as shown in Fig. 12a and b.
As expected, there is a general increase in both parameters with age: a evolves
almost linearly with age whereas b undergoes a large increase between age 44 and
61 followed by a plateau. This suggests that between age 44 and 61 there is a more
significant loss of anisotropy due to a realignment or redistribution of the collagen
fibres as a network as compared to later in life.

The skin thickness data as presented in Table 3 was used to determine a linear
equation for the skin thickness as a function of age. From Fig. 12c it can observed
that a very rough linear fit can been established as

t = −0.0047[mm/year] × age [years] + 0.59 [mm] . (11)
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Fig. 12 Network dimension and skin thickness trends with age as found through bulge test fits
[reproduced from 29]

Table 5 Modification of age
dependent model parameters
with intrinsic ageing

Age a b αelastin

49 3.483 0.984 1200

54 3.513 1.14 1100

59 3.54 1.236 1000

64 3.564 1.26 900

69 3.587 1.273 800

74 3.613 1.282 700

79 3.634 1.287 600

84 3.654 1.288 500

89 3.671 1.285 400

This should be compared with Eq. (1). The overall decrease in skin thickness is
consistent with experimental values found in the literature.

With the established trends, bulge test simulations were run at 5 year increments.
Table 5 contains the adjustments to the parameters of interest. As mentioned, αelastin
decreases from 1300 N/m2 at age 44 by 100 N/m2 every 5 years.

In Fig. 13 the simulated evolution of the stretch behaviour with age is given,
and compared to the experimental data at ages 44, 61 and 83. As expected, the
general ageing-induced trend is captured as the skin stiffens with age. The maximum
stretch obtained drops significantly between ages 44 and 59, with less significant
drops thereafter. This is to be expected primarily due to the trend in parameter b
as given in Fig. 13b, where there is an initial sharp increase followed by a plateau.
The convergence of the stretch values between ages 59 and 89 is due to the initial
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Fig. 13 Stretch at the apex of the pressurised skin as a function of applied pressure for 9 age
values (see Table 5); (a) parallel to the fibre direction; (b) normal to the fibre direction [reproduced
from 29]
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Fig. 14 Plots of deformed profile for the bulge test coloured by the various components of the
displacement [mm]. The simulations are compared to the experimental results of Tonge et al. [144]
for various different ages (I–III) [reproduced from 29]

end-to-end length r0 approaching the contour length L. As r0 increases with age,
the amount of allowable macroscopic stretch is reduced.

The contour plots of the displacement components for the age 44 specimen are
displayed in Fig. 14I, with the fibre direction along the x-axis. A comparison is
given with the experimental results obtained by Tonge et al. [144]. As expected,
the contour profiles for each displacement component are comparable and the
overall behaviour of the simulations matches the experimental results. The age 44
simulations accurately capture the displacement along the x-axis (see Fig. 14Ia), but
the displacements along the y- and z-axes, shown in Fig. 14Ib, Ic, are slightly over-
estimated by approximately 0.5 mm and 2 mm, respectively. This overestimation
arises from a constituent contribution not captured in the model. It is also possible
that the effect of the rig set-up is not appropriately captured in the simulation.
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The guard ring may introduce a compressive force through the thickness that would
limit the extent of the deformation.

Figure 14II and III shows the simulated contour profile of the bulge test for
samples according to the proposed “ageing” of the various parameters. These
profiles are compared to experimental results at approximately the same age, as
extracted from the data obtained by Tonge et al. [144]. It is important to note that in
the experimental specimens the Langer lines were not aligned with the body axes.
The Langer lines were oriented at 64◦ and −24.6◦ to the x-axis for the age 61 and 83
specimens, respectively, as indicated in the figures. This alteration in the orientation
is reflected in the simulated results.

The profile comparison between the age 64 simulated and age 61 experimental
results are very similar to those of age 44. The alteration in the fibre orientation is
captured quite satisfactorily, with the resulting axial assymmetry in the components
of displacement along the x- and y-axes represented accurately. The z component
of displacement in the out-of-plane direction is acceptably captured, although there
seems to be an overestimation in the level of anisotropy in the simulated results. In
terms of the magnitude of the displacements, the y-axis components of the age 61
experiment and age 64 simulation are similar, but the simulations overestimate the
other two components. This is not too surprising considering the unsatisfactory fit
with the pressure-stretch data at age 61 as shown in Fig. 13.

The age 84 simulations were orientated at −24.6◦ to the positive x-axis in order
to replicate the age 83 experimental contour plots. There is sufficient agreement in
the general profile of the simulated results when compared to the experimental data.
The only discrepancy lies in the component along the x-axis of the experimental
data as shown in Fig. 14IIIa, where the lack of symmetry suggests a possible defect
in the skin specimen, such as a non-uniform skin thickness or an irregularity on a
constituent level, such as an inconsistent collagen distribution or dispersion. Despite
this, the displacements along the x- and y-axes of the age 84 simulated results are
comparable to the experimental results, but there is again a minor overestimation in
the z-axis component.

10 A Microstructurally-Based Chemo-Mechanobiological
Model of Skin Ageing

A microstructurally-based model that attempts to capture the contribution of key
constituents on the overall mechanical response of the skin has been presented
in Sect. 7. An ageing type response was introduced in Sect. 9 by extending the
mechanical model via the modification of parameters motivated to be involved.
The proposed ageing model did not however incorporate the mechanisms directly
involved in the turnover of collagen and elastin that occur during the ageing
processes.



Constitutive Modelling of Skin Ageing 173

One extension to the skin model is now presented as a possible framework
to describe a continuous ageing response. Evolution equations for the nano-
constituents and their influence on collagen and elastin are proposed. With reference
to Fig. 5, the focus here will be on chronological ageing, while further ideas will be
given for an extension that incorporates photoageing.

10.1 Biological Remodelling

Continuum models that account for changes in the volume and constitutive prop-
erties of biological materials—key features of ageing—can be broadly classified
as:

• Continuum models for growth, i.e. a change in volume [see e.g. 141, 147, 148].
• Continuum models for remodelling, i.e. a change in constituent density and

constitutive parameters.

A remodelling approach to ageing is proposed here. Continuum models for remod-
elling were originally developed for hard tissue (bone) using the framework of
continuum damage mechanics [see e.g. 149, 150]. These models have been extended
to describe softening behaviour in soft biological tissue [see e.g. 151]. Evolution
equations for the density field and the elasticity tensor follow from thermodynamic
arguments.

An alternative remodelling framework not based on damage mechanics is open-
system thermodynamics. This allows for isotropic remodelling via the introduction
of density sources and fluxes [141, 148, 152]. The free energy Ψ has added
dependence on the density thereby allowing for strengthening or weakening of
the material microstructure. Anisotropic remodelling has been considered by Waf-
fenschmidt et al. [153]. The general structure for remodelling is described by two
coupled governing relations: one for the momentum balance (see Eq. (5)) and one
for mass conservation. This framework has been successfully employed to different
biological systems undergoing remodelling and more recently to soft tissue. Of
particular relevance is the work on turnover in arteries by Sáez et al. [140], Lafortune
and Aris [154]. The work by Sáez et al. is especially useful here in the context
of skin ageing, as a theoretical and computational model for collagen turnover as
a result of hypertension is proposed. The model focused on the variation of the
nano-constituent factors, such as TIMP, MMP and TGF-β. This variation is driven
by mechanical stimuli as a result of the muscular contractions. The remodelling
framework of Sáez et al. thus provides a basis for an ageing model. The framework
is now discussed in more detail prior to developing the ageing model for skin.

Hypertension is a chronic vascular disease where blood pressure becomes
elevated. The increased pressure results in an increased mechanical load on the
vasculature. In an attempt to maintain a homoeostatic stress state, smooth muscle
cells (SMCs) start to grow. This causes thickening of the vessel walls. Thickening
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is the result of alterations within the extracellular matrix (ECM) of vessel walls,
primarily through changes in the deposition and degradation of collagen.

Extensive studies have shown that collagen deposition increases with hyperten-
sion. SMCs produce TGF-β and due to the added mechanical stress on the SMCs,
there is increased expression of TGF-β. This results in the up-regulation of collagen
deposition.

In terms of degradation of collagen, the ratio of MMP to TIMP is of primary
concern. In hypertension, TIMP has been reported to increase, decreasing the total
amount of MMP. Ultimately, collagen turnover increases as a result of hypertension
and the mechanical loading imposed on the SMCs.

A key aspect of the model is how the collagen density ρ evolves. Density
evolution introduces a mass source term R to the balance of mass. As proposed
by Kuhl et al. [123], R takes the general form:

ρ̇ = R :=
[
ρ

ρ∗

]−m
Ψ − Ψ ∗ , (12)

where Ψ ∗ and ρ∗ are the energy in the homoeostatic equilibrium state (also know
as the attractor stimulus) and the initial density, respectively, and m is a parameter.

Additionally, Ψcol takes on a density dependence, Ψcol = Ψcol(C, v0, ρ) similar
to that in Eq. (12). This either strengthens or weakens the collagen contribution to
the overall mechanical response according to the presence of collagen within the
soft tissue.

Through activation of the SMCs, TGF-β and TIMP pathways are activated. It
is these constituents that evolve according to Eq. (12). As mentioned, the system is
driven by the mechanical loading on the SMCs which is captured through an energy,
ΨSMC and source terms for TGF and TIMP given by

RTGF−β = γTGF−β
[
ρTGF−β
ρ∗

TGF−β

]−mTGF−β
ΨSMC − Ψ ∗

TGF−β ,

RTIMP = γTIMP

[
ρTIMP

ρ∗
TIMP

]−mTIMP

ΨSMC − Ψ ∗
TIMP ,

where γ ∈ R
+ quantify the relative contribution to the SMC energy.

TIMP acts to inhibit and regulate MMP. Thus MMP evolves inversely to TIMP
as

RMMP = γMMPRTIMP ,

where γMMP ∈ R
−.

With the collagen sources defined, collagen evolves as

Rcol = γ+RTGF−β + γ−RMMP ,
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Table 6 Evolution equation parameters for collagen turnover in hypertension [140]

Parameter Symbol Units

TGF-β sensitivity to SMC energy γTGF−β –

TIMP sensitivity to SMC energy γTIMP –

MMP sensitivity to TIMP γMMP –

Collagen sensitivity to TGF-β γ+ –

Collagen sensitivity to MMP γ− –

mTGF−β TGF-β nonlinear remodelling –

mTIMP TIMP nonlinear remodelling –

ρ∗
TIMP initial TIMP density µg ml−1

ρ∗
TGF−β initial TGF-β density µg ml−1

ρ∗
MMP initial MMP density µg ml−1

ρ∗
col initial collagen density µg ml−1

Ψ ∗
TGF−β homoeostatic equilibrium state of TGF-β N m−2

Ψ ∗
TIMP homoeostatic equilibrium state of TIMP N m−2

where γ+ and γ− characterise the sensitivity of collagen to TGF-β and MMP
respectively.

The above system of time-dependent nonlinear equations can be solved using a
time discretisation scheme and linearised through a Newton scheme to establish the
collagen density evolution. The parameter units and interpretation are summarised
in Table 6.

10.2 A Model for Skin Ageing

The model of Sáez et al. [140] provides a framework that can be extended to
account for collagen and elastin remodelling due to intrinsic and extrinsic ageing.
The interplay between factors such as TGF-β and MMP are critical for the ageing
model. The primary difference between the model presented by Sáez et al. and an
ageing model is how the processes are driven. In Sáez et al., the stimulus is related
to the elastic energy density where changes in collagen turnover occur due to the
mechanical loading of the SMCs of the vascular tissue. This offers a very natural
driving process captured by the SMC free energy ΨSMC. The ageing process does
not offer such an easy analogue.

Ageing, and accordingly the effects on collagen and elastin turnover, do not
evolve with mechanical loading but instead evolve due to a more innate process.
Additionally, in the Sáez et al. model the system is driven toward a state of
equilibrium through the inclusion of the homoeostatic equilibrium terms, Ψ ∗

TGF−β
and Ψ ∗

TIMP. Within an ageing context, it does not make sense for the system to be
driven to a state of equilibrium as this would be analogous to saying that ageing
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stops. Due to these differences, and in order to develop a meaningful ageing model,
several adjustments need to be made.

A primary challenge is the introduction of an alternative driving factor. In
Sect. 4.3, the link between the loss of antioxidant defence with age and the increase
in the the level of ROS was described. Accordingly ROS was found to be the
common factor in the evolution of the primary constituents that related to collagen
and elastin turnover (see Fig. 5). Therefore it is proposed that ROS provides a
mechanism with which to drive the ageing process.

With reference to Eq. (12), the evolution equations are postulated to be of the
form

ρ̇rel = R ,

where R represents the source term as before. As no initial values could be found in
the literature for all the constituents that play a role in collagen and elastin turnover
in the skin, relative quantities ρrel will be used to describe the constituent evolution,
where the relative quantities are the current values normalised by the value at time
t = 0 denoted by ρ∗. Hence

ρrel = ρ

ρ∗ . (13)

This normalisation further avoids any dimensional and scale issues. Accurate
initial values are also not of concern (especially as this is an exercise in model
development) as the relative initial value is always unity.

The proposed ageing model is now assessed by its ability to replicate key
processes depicted in Fig. 5, with ROS as the independent variable driving the
evolution equations. The primary factors that are dependent on ROS are TGF-β
and TIMP. TGF-β levels have been found to increase with ROS accumulation in
the extracellular matrix, while TIMP levels show a decline with ROS accumulation
within the fibroblast cells. Thus their respective proposed source terms are given
by

RTGF = γ+
TGF

τ+
TGF

[
ρmax

TGF − ρrel
TGF

ρmax
TGF − 1

]nTGF [
ρrel

ROS − 1
]
,

RTIMP = γ−
TIMP

τ−
TGF

[
ρrel

TIMP − ρmin
TIMP

1 − ρmin
TIMP

]mTIMP [
ρrel

ROS − 1
]
.

Additionally, through ROS and TIMP evolution, MMP levels will be affected. In
order to simplify and reduce the number of the equations, the dependence on AP-1
as a governing factor in MMP turnover is absorbed into the dependence on ROS,
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giving a source term for MMP as

RMMP =γ
−
MMP

τ−
MMP

[
ρmax

MMP − ρrel
MMP

ρmax
MMP − 1

]mMMP [
ρrel

TIMP − 1
]

+ γ+
MMP

τ+
MMP

[
ρmax

MMP − ρrel
MMP

ρmax
MMP − 1

]nMMP [
ρrel

ROS − 1
]
.

Thus, the relative collagen and elastin mass density sources are given by

Rcol = γ−
col

τ−
col

[
ρrel

col − ρmin
col

1 − ρmin
col

]mcol [
ρrel

MMP − 1
]

+ γ+
col

τ+
col

[
ρmax

col − ρrel
col

ρmax
col − 1

]ncol [
ρrel

TGF − 1
]
, (14)

Relas = γ−
elas

τ−
elas

[
ρrel

elas − ρmin
elas

1 − ρmin
elas

]melas [
ρrel

MMP − 1
]

+ γ+
elas

τ+
elas

[
ρmax

elas − ρelas

ρmax
elas − 1

]nelas [
ρrel

TGF − 1
]
. (15)

In order to capture the reduction in collagen sensitivity to TGF-β, a ROS-
dependent modification to γ+

col is proposed as

Rγ+
col

= γ−
γ col

τ−
γ col

[
ρrel

ROS − 1
]
.

The various model parameters are summarised in Table 7. τ is introduced as
an adaptation speed parameter to allow for control over the reaction rate of one
constituent relative to another, as well as to ensure dimensional consistency.

In the literature, it has been consistently reported that the features common to
chronological ageing begin to manifest at around 40 years of age. Within the first

Table 7 Evolution equation parameters

Parameter Symbol Units

TGF-β sensitivity to ROS γ+
TGF−β –

TIMP sensitivity to ROS γ−
TIMP –

MMP sensitivity to TIMP γ−
MMP –

MMP sensitivity to ROS γ+
MMP –

Collagen sensitivity to TGF-β γ+
col –

Collagen sensitivity to MMP γ−
col –

Elastin sensitivity to TGF-β γ+
elas –

Elastin sensitivity to MMP γ−
elas –

m, n Remodelling factors –

τ Adaptation speed years

ρmax Constituent relative maximum –

ρmin Constituent relative minimum –
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Fig. 15 Relative ROS
evolution with time
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four decades, ROS levels are relatively stable, where ROS production is balanced
through oxidative defence. Thereafter, due to decline in the oxidative defence
capabilities of the skin, ROS levels have been shown to gradually increase, with
levels up to 4 times greater in aged skin as compared to young skin. As a simple
model, a relative ROS evolution is proposed as depicted in Fig. 15 and governed by

ρrel
ROS =

{
1 t ≤ 35

0.1(t − 35)+ 1 t > 35
. (16)

That is, ROS is chosen to remain stable until age 35, whereafter it increases linearly
with age.

The chosen parameter values are given in Table 8. All τ values were set to 1 year
and the remodelling factors m and n to 0.8. Choices for the relative minimum and
maximum values of the various constituents were determined from the literature
discussed in Sect. 4. Where values could not be found, reasonable values were
estimated to replicate the expected constituent response. In the absence of evolution
data from actual experiments with which to calibrate the model, the proposed
sensitivity parameters merely provide a proof of concept.

In Fig. 16, the simulated evolution of TGF-β, TIMP and MMP are shown. Within
the first simulated 35 years, there is no change in the relative amounts of each factor.
Thereafter, there is a gradual decline in the level of TIMP, while MMP and TGF-β
increase. In Fig. 16d, the sensitivity of collagen to TGF-β is shown to reduce due to
a decline in γ+

col.
Through the dependence on MMP and TGF-β, collagen and elastin levels decline

as depicted in Fig. 17a and b, respectively. As discussed previously, collagen has
been shown to decline with age to approximately half the amount when compared
to younger skin. As captured in Fig. 17a, despite the increase in TGF-β, the
combination of increased MMP and reduced TGF-β sensitivity results in the relative
amount of collagen declining towards the proposed relative minimum. As the
relative minimum of 0.5 is approached, the rate of collagen degradation decreases.
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Table 8 Evolution equation
parameter values

Parameter Value

γ+
TGF−β 0.005

γ−
TIMP −0.005

γ−
MMP −0.02

γ+
MMP 0.1

γ+
col 0.005

γ−
col −0.02

γ+
elas 0.005

γ−
elas −0.01

γ−
γcol

−0.00003

ρmax
TGF−β 4

ρmin
TIMP 0.7

ρmax
MMP 4

ρmax
col 1.5

ρmin
col 0.5

ρmax
elas 3

ρmin
elas 0.8

The evolution of elastin mimics that of collagen, although due to the inherently
stable nature of elastin, the relative loss of elastin is not as severe.

Figures 16 and 17 provide an example of the evolution profile of the various
constituents that have been identified to play a role in the ageing process. With this,
it is essential to link the evolution of collagen and elastin back to the mechanical
model. In order to accomplish this, inspiration is taken from that of the theory of
constrained mixtures.

In the constrained mixture theory adopted here, the evolving constituent compo-
sition and organisation are innately linked to the overall mechanical behaviour of
the soft tissue. The primary idea behind a constrained mixture formulation is to pay
attention to the individual constituents within a tissue by accounting for the turnover
rates of the constituents of interest, rather than focusing on the overall change of the
tissue. For a detailed overview, the reader is referred to [155–159].

Denoting ρk(s) as the mass density of constituent k at time s, the free energy is
proposed to take the form

Ψ = Ψ (F, ρk(s)) ,

where any anisotropic behaviour has been omitted for simplicity. This structure of
the free energy follows the general rule of mixtures where weighted contributions
are used to predict the mean response of a composite material. That is,

Ψ (F, ρk(s)) =
∑
k

ρk(s)

ρ(s)
Ψ k,
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Fig. 16 Evolution of nano-constituents TGF-β, TIMP and MMP according to evolution equations.
(a) Simulated TGF-β evolution with time. (b) Simulated TIMP evolution with time. (c) Simulated
MMP evolution with time. (d) Simulated γ+

col evolution with time
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Fig. 17 Simulation evolution of collagen and elastin with time. (a) Evolution of collagen with
time. (b) Evolution of elastin with time

where ρ(s) = ∑
k ρ

k(s) and Ψ k is the free energy contribution of constituent
k. ρ(s) is generally assumed to be constant [157]. Each constituent mass density
ρk(s) can thus be allowed to adapt in time according to some stimulus. Evolution
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equations for each constituent can be proposed, in a manner similar to that proposed
for the constituent evolutions. Thus, as an extension to Eq. (7), each constituent free
energy is weighted by the corresponding relative mass density (Eq. (13)), that is

Ψ = ρrel
gs Ψgs + ρrel

elasΨelas + ρrel
colΨcol . (17)

The choice of using relative density weightings is motivated by the idea that in
the absence of constituent remodelling, Eq. (17) reduces to Eq. (7). Equations (14)
and (15) can be used as evolution equations for the relative collagen and elastin
contributions, respectively, while ρrel

gs evolves to ensure the overall density remains
constant.

As mentioned, the model as presented in Eq. (7) does not have a natural
connection to the amount of collagen and elastin present in the skin. This mixture-
theory motivated extension addresses this issue. Additionally, with the form of the
collagen free energy as presented in Eq. (10), this allows γ chn to be a representation
of the level of crosslinking within the collagen network.

10.3 A Model for Photoageing

In Sect. 4.3 photoageing was presented as a processes that not only compounds the
effects of chronological ageing, but often induces structural changes more severe
than those observed under normal ageing. Due to this, the extension of the mixture-
type model to a one that accounts for photoageing is the logical next step.

From Fig. 5, the processes involved in chronological and photoageing are very
similar, which makes the extension to account for photoageing a very natural one.
The primary difference is the formation of what is referred to as elastotic tissue.
This is similar to elastic tissue but highly-disorganised and irregular. Thus a simple
extension of the free energy (17) would be

Ψ = ρrel
gs Ψgs + ρrel

elasΨelas + ρrel
colΨcol + ρrel

elastoticΨelastotic, (18)

where Ψelastotic is an elastotic free energy. The form of Ψelastotic could be similar
to that presented for the elastin free energy Ψelas, but experimental data would be
needed to make an informed decision. The evolution process would similarly be
driven by ROS generation, where ROS would take on a form such as

ROS = ROSchrono + ROSUV .

Here ROSchrono and ROSUV are the ROS generated by the chronological and UV-
exposure, respectively. ROSchrono would take on a form as proposed in Eq. (16)
whereas ROSUV would be motivated by actual UVA data obtained from measure-
ment.
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The evolution equations for TGF-β, TIMP and MMP would accordingly need
to include terms dependent on ROSUV. Additionally, an evolution equation for
elastotic tissue would need to be proposed which would be very similar to that of
the elastin evolution equation (15). Through such a framework, photoageing could
be accounted for.

11 Discussion

In Sect. 8 of this chapter, a simple conceptual approach to implicitly capture
intrinsic ageing of the skin through variation of age-dependent constitutive param-
eters has been presented. This method was implemented and described in Sect. 9
where a subset of microstructural parameters associated with intrinsic ageing were
identified from experimental characterisation data available in the literature. A
microstructurally-motivated constitutive formulation featuring distinct free energy
contributions from the ground substance, elastin and collagen phases was devised.
The mechanical behaviour of the ground substance and elastin was modelled by
an isotropic, coupled, and compressible neo-Hookean strain energy. For collagen,
the primary load-bearing constituent of skin in tension, a wormlike eight-chain
model motivated by the fibrous and intertwined nature of the collagen network was
selected. This approach captures well the inherent nonlinearity and anisotropy of
the skin under finite deformations.

A subset of the constitutive parameters whose age-dependent variation has the
most physically-justified influence on the response was identified. The effects of
ageing were successfully replicated through experimentally-informed alterations
of these constitutive parameters. The reduction in skin stiffness at low stretches
(i.e. when the equivalent Young’s modulus is low) through degradation of the
elastin network was well captured through modification of the elastic strain energy
associated with elastin. Results show that degradation of the elastin mesh work
and variations in anisotropy of the collagen network are plausible mechanisms to
explain manifestations of ageing in terms of macroscopic tissue stiffening. Whereas
alterations in elastin affect the low-strain region of the skin stress-strain curve, those
related to collagen have an impact on its (large strain) linear region.

Despite the ability of the constitutive model to capture ageing effects, some
limitations can be identified and form the basis for future improvements.

Only three sample points from experimental bulge test data were used, corre-
sponding to ages 44, 61 and 83. This limited sampling space does not represent an
adequate range of data with which to make a conclusive parameter fit. Therefore,
for a more comprehensive ageing model to be developed, it would be necessary to
include data from a statistically significant number of specimens and over a larger
range of age groups. Moreover, skin specimens would need to be controlled for
several factors so as to limit variability, or at least, to characterise it so it could be
accounted for in the modelling. Of significant importance would be control over
anatomical site. Not only should skin from the same site of the patients be tested,
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but also controlled for segregating the respective influence of intrinsic ageing and
photoageing by considering photo-protected and photo-exposed zones.

The model does not explicitly account for the existence of crosslinks within
the collagen network, and therefore, cannot provide a mechanistic description of
their effect. Crosslinks prevent slippage between fibres and accordingly contributes
toward the stiffness elicited by the collagen network under stretch [160]. With age,
crosslinking has been observed to increase and this has often been considered as a
possible reason for the increase in macroscopic stiffness [101]. It is worth pointing
out that, in general, crosslinking of collagen might rather be a by-product of UV
radiation exposure and/or glycation associated with diabetes [16] rather than the
consequence of intrinsic ageing per se. Modifications of crosslinking properties are
implicitly captured in the eight-chain model but modelling approaches explicitly
accounting for crosslinks could also be considered. For example, for a more explicit
description of fibre-to-fibre and matrix-to-fibre mechanical/physical interactions
one could use dedicated tensor invariants [161, 162] that segregate deformation
modes associated with such interactions, or one could use multiscale mechanistic
micromechanical constitutive models that explicitly describe these interactions
[163–166]. Micromorphic continuum models are also well suited to capture these
effects [167, 168]. Other types of microstructurally-motivated strain energy function
for the individual chains of the unit cell could also be used [169, 170].

Because the dermal layer is the main mechanical contributor of the skin under
states of tension it was reasonable to model the skin as single homogeneous layer.
In order to build a more realistic model, valid for different load cases (e.g. surface
shear), it would be sensible to incorporate individual skin layers with realistic
structural geometries [20, 119] and associated constitutive properties.

Although the ageing skin undergoes significant alterations of its mechanical
and biostructural properties, other body tissues, structures and organs undergo
comparable ageing processes. As a result, they can alter the mechanical environment
experienced by the skin. For example, thinning/atrophy of adipose and muscular
tissues [101], or even bone resorption, are factors that can modify the complex
mechanobiology and associated residual strains of the skin as an organ covering
the entire body, and more particularly on the face. This is consistent with variations
of Langer lines’ tension and direction with age, reported in the literature [43].
These aspects were not directly accounted for in the present constitutive model
and. Also, with age, the skin tends to lose its in-plane isotropy [102] because of
the strong mechanical effects introduced by dermal collagen realignment arising in
combination with collagen cross-linking and density alteration. These effects are
also linked to the relaxation of tension in Langer lines with ageing.

At this stage, the model presented in Sect. 9 does not account for ageing-
triggered enzymatic degradation of elastic fibres, abnormal collagen deposition and
remodelling. This was addressed in Sect. 10 where, in the framework of open-system
thermodynamics and mixture theory, a biochemo-mechanical model of skin ageing
was formulated based on a simplified mechanistic description of the biochemo-
mechanics of both intrinsic and extrinsic ageing (Fig. 5) that was established in
Sect. 4 of this chapter. The multiphysics constitutive model considered ROS, TGF-
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β, TIMP, MMP as biochemical species whose interplay modulated the homeostatic
state of collagen and elastin phases. ROS were taken as the main triggers to initiate
ageing of the skin. Density of ROS was the independent variable driving the ageing
process. Of particular significance in this model, disruption of the homeostatic state
between activation and inhibition of MMPs—through modulation of ROS and TIMP
levels—was a key ingredient in describing the pathophysiology of intrinsic skin
ageing and photoageing by controlling the degradation of collagen and elastin in the
skin.

This prototype model should be viewed as a first attempt at partly deconstructing
and simplifying the systemic characteristics of skin ageing. Here, we have laid
down the foundation of a thermodynamically-admissible constitutive formulation
embedded in the rigorous framework of continuum mechanics that capture ageing-
induced evolution of fundamental biochemical species associated with ageing. The
chemical interplay of these quantities (ROS, TGF-β, TIMP, MMP) modulates the
evolution of microstructural characteristics of the skin, namely its collagen and
elastin content. The model’s ability to describe the evolution of collagen and
elastin relative levels as a function of enzymatic factors and cytokines levels,
themselves modulated by ROS levels, was demonstrated. It should be noted that,
in its current formulation, the constitutive model does not encompass a two-way
coupling between mechanics and biochemistry. This was an intentional feature,
justified by the absence of suitable experimental data to calibrate such a model. The
one-way coupling means that, although changes in collagen and elastin (relative)
density as a by-product of ageing implicitly alter the composite properties of the
skin, mechanics does not influence evolution of collagen and elastin levels or
that of other biochemical constituents (ROS, TGF-β, TIMP, MMP). Moreover,
a constrained mixture theory extension (Eq. (17)) was considered to effectively
link evolution of collagen and elastin content to their respective contributions to
the strain energy density defined in Eq. (7). Finally, a possible extension of the
constitutive model to specifically include the effects of photoageing under the form
of a weighted elastotic tissue component to the strain energy density (Eq. (18)).

Naturally, at this stage, much work remains to be done. Particular research
efforts should be directed toward the design of physical characterisation experiments
aiming to provide qualitative and quantitative evidence to support the formulation
and validation of chemo-mechanobiological constitutive models of ageing. In
Sect. 10 simple rate equations were chosen to describe the density evolution of all
chemical species present in the mixture model. Equations of this type do not present
any conceptual difficulty and more sophisticated analytical forms could have been
used. However, the main challenge in developing, testing and validating biophysics-
based model lies in the (limited) availability of experimental data, particularly
biological fields (e.g. concentration of TIMPs as a function of age) to derive
constitutive parameters.

The multiscale aspects of tissue structure — both in length and time scales than
span several orders of magnitude—coupled to evolution of biochemical species
present a significant technical challenge for modellers, particularly if considering
computational coupling techniques [171].
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In the light of this review of the main biomechanical and biostructural aspects
of skin ageing, and despite a synthetic and simplified outlook, one is still left
with a sense of overwhelming complexity. The number of processes and driving
factors, their interplay, their multiphysics nature and the scales at which these occur
make the understanding and description skin ageing a very challenging task, at both
the experimental and modelling levels. Additionally, the effects of intrinsic ageing
are generally compounded by the influence of extrinsic ageing (e.g. photoageing),
which only serves to add complexity to the problem.

Here, in this chapter, we have outlined possible modelling approaches to capture
the static or dynamic effects of ageing through the formulation of simple constitutive
models of ageing. It is hoped that they will form the basis for the design of new
physical characterisation experiments for skin ageing and more advanced multi-
physics material models that will be calibrated with data produced in the context
of such experiments. We strongly believe that only inter- and multidisciplinary
approaches integrating experimental characterisation, imaging, clinical observation
and modelling from the outset will have a real chance to deliver predictive tools to
account for skin ageing in the design of treatment solutions and products.
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Inverse Methods

Johannes Weickenmeier and Edoardo Mazza

Abstract The mechanical properties of skin have been studied for several decades;
yet, to this day reported stiffness values for full-thickness skin or individual layers
such as the epidermis, papillary dermis, reticular dermis, and subcutis vary drasti-
cally. In vivo and ex vivo measurement techniques include extension, indentation,
and suction tests. At the same time, several new imaging modalities emerged that
visualize tissue microstructure at length scales ranging from the cell to the organ
level. Informed by the experimental characterization of mechanobiological skin
properties, computational skin models aim at predicting the soft tissue response
under various physiological conditions such as skin growth, scar tissue formation,
and surgical interventions. The identification of corresponding model parameters
plays a major role in improving the predictive capabilities of such constitutive
models. Here, we first provide an overview of the most common measurement
techniques and imaging modalities. We then discuss popular methods used for
model parameter identification based on inverse methods.

1 Introduction

Skin mechanics has been studied for several decades [1]. The medical field is
interested in diagnosis, monitoring, and treating skin diseases [2], preventing
excessive scar tissue formation [3], and facilitating fast wound healing in wound
care [4, 5]. Biomechanics aims at characterizing mechanical properties to model
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skin deformation behavior, to provide criteria for developing artificial skin, or to
simulate skin behavior in facial animations [6], skin wrinkling [7], analysis of
congenital skin defects [8, 9], and personalized reconstructive surgery [10].

The multilayered anatomy of skin can be represented in corresponding biome-
chanical models and this leads to the requirement of determining layer specific
constitutive equations [11]. Previous research provided a wide range of constitutive
model formulations for skin, but to this day no generally accepted theory exists
that translates microstructural tissue properties into corresponding model equations
[12].

The comparability of models proposed in the literature is often limited due to
significant differences in the representation of skin anatomy. Large discrepancies in
predicted mechanical response are also linked with differences in the deformation
modes considered for model development. In fact, model parameters are often
determined based on data obtained from one specific experimental configuration.
The range of validity of such parameter sets is inherently limited, in that an
optimization may well reproduce the experiments for a particular loading condition
but is likely to provide poor predictions for any generalized multiaxial, time depen-
dent deformation state [13]. Skin literature presents several dedicated parameter
identification schemes that combine a particular mechanical testing method with a
skin model formulation representative of that experiment.

This review presents different procedures for skin characterization and associ-
ated model parameter identification schemes and discusses their limitations with
regard to the development of a skin model of more general validity. The chapter
briefly summarizes skin anatomy and outlines experimental methods suitable for
a quantitative analysis of skin constituents at different length scales. We then
describe common testing protocols for characterizing skin mechanical properties
and outline corresponding structural and phenomenological models used for their
analysis. Finally, we discuss inverse analysis procedures presented in skin literature
addressing problems associated with the variability in experimental data, the
contribution of individual skin layers, and the inherent coupling between model
parameters.

2 Experimental Anatomy of Skin

The anatomy of skin has been studied extensively, and histochemical staining and
dissection have led to a comprehensive description of cells and microstructure of
individual skin layers; yet, to date the characterization of skin microstructure across
spatial and temporal scales in its natural in vivo environment remains an active field
of research. Many visualization techniques have been developed to study skin and its
individual layers for a rich set of medically relevant applications and experimental
investigations. Ultrasound and magnetic resonance imaging of skin at the organ level
are common diagnostic tools in clinical practice and microscopy-based visualization
methods are often used in research to study skin at the tissue and cellular level [14].
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In view of skin modeling and the identification of corresponding parameters, it is
relevant to differentiate between an anatomical description of skin and the actually
experimentally observable microstructure with its associated properties [15]. Each
imaging modality is generally limited to a specific length scale and it remains a
major challenge to visualize skin anatomy in vivo from the organ level down to the
cellular level [16].

In the following, we present a brief description of skin anatomy and summarize
imaging modalities that visualize skin at the organ, tissue, and cellular level.

2.1 Anatomical Description

Figure 1 shows a representation of skin that consists of three main layers [18]: the
outermost epidermis is typically 100 μm thick. The layer underneath, the dermis,
is around 500 μm thick and consists of two sublayers: the papillary dermis and the
reticular dermis. The deepest layer is the hypodermis with a thickness of around
1 mm. The actual size and microstructure of these individual layers varies with
location in the body in order to provide optimal functionality, such as resilience in
feet, grip in palms, and barrier function around the core body.

The epidermis protects the body against mechanical and microbacterial hazards
and prevents the body from dehydration. The outermost layer, the stratum corneum,
consisting of 5–10 layers of dead, keratin rich, and flat cells, represents a barrier
impermeable to most biochemical and toxic compounds. The four additional
layers underneath, often referred to as the viable or living epidermis, consist of
cells that migrate from the dermal-epidermal junction and gradually die, whilst
accumulating keratin and losing their nuclei. The dense cell layering gives the
epidermis significant mechanical strength and often plays an important role in the
response observed in skin tests.

stratum corneum
stratum lucidum
stratum granulosum

stratum spinosum

stratum basale
basement membrane
dermis

epidermis

papillary dermis

reticular dermis

hypodermis

hair

blood vessels

Fig. 1 Representation of the anatomical structure of skin. Skin has functionally different layers
that contribute to the overall mechano-biochemical properties of what is the largest organ in the
human body. Full thickness skin, left image, generally consists of three layers: the epidermis,
dermis, and hypodermis. The epidermis, right image, is the outermost barrier between body and
environment, and consists of five sublayers. Adapted from [17]
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The dermis is the load-bearing layer in skin and is richly perfused with blood and
lymph vessels, and hosts nerve endings. Cutaneous appendages, including sensory
receptors, glands, and hair follicles, reside in the dermis which is mostly made up
of type I and III collagen. The papillary layer has ridges consisting of thin collagen
fibers and provides nutrients to the dermal-epidermal junction. The reticular dermis
consists of a dense matrix of collagen bundles and elastin which gives skin its
characteristic elastic extensibility.

The hypodermis, the deepest skin layer, primarily serves as a shock absorbing
and insulating layer with a location-dependence specialized microstructure. It is
located between the dermis and the fascia, which is a thin but strong membrane
of connective tissue that encapsulates bones, muscles, and other organs underneath
the skin. Fibrous septa running through the hypodermis anchor the dermis to fascial
membranes and provide some degree of shear stiffness to the superficial layers of
skin. The hypodermis itself contains primarily adipocytes and consists mainly of fat
lobules embedded in a loose collagen network.

2.2 Imaging Modalities

In-vivo imaging modalities may generally be categorized by the length scales they
resolve and their ability to identify individual pathologies [19]. MRI and US resolve
organ and tissue structures at a submillimeter scale [20] and provide a full-thickness
representation of skin [21]. High resolution ultrasound [22] and magnetic resonance
imaging (MRI) at the organ-level [20] is used to determine layer thicknesses in
different body regions and is gaining importance in clinical examinations, due to
increased resolution of superficial tissue layers like epidermis and dermis [23]. The
echogenicity of individual structures across full-thickness skin is proving useful to
diagnose and monitor cysts, scleroderma, and solid, malignant, or inflammatory
lesions [24]. It is important to note, however, that individual layers visible in
MRI and ultrasound images may differ from medical anatomy. In sonography, and
visible in the second row of Fig. 2, skin is often separated into the hyperechoic
epidermis, the subepidermal low echogenic band (SLEB) representing the papillary
dermis, the dermal echogenic band (DEB) showing reticular dermis, and the mostly
hypoechogenic subcutis.

Imaging modalities that visualize skin features down to the cellular level are
generally based on the reflective behavior of individual tissue constituents and use
either light or lasers as a source for penetrating superficial skin layers [2]. Such non-
invasive methods are limited to a penetration depth up to 1000 μm and are therefore
primarily used for in vivo characterization of the epidermis and the dermis [28].
Most commonly used methods include reflectance confocal microscopy, optical
coherence tomography (OCT), multi-photon microscopy, two-photon fluorescence,
and second harmonic generation (SHG).

The characterization of the structural anatomy of the epidermis and dermis -and
of the dermal collagen network in particular- is an active field of research [29]. The
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Fig. 2 High resolution magnetic resonance images of deformed skin in the forehead, top row;
high resolution ultrasound images in facial regions, middle row. Each skin layer plays a particular
role in providing skin its characteristic extensibility and region-specific mechanical response [25,
26]. Second harmonic generation visualizes the collagen network in excised skin samples: The
bottom row shows collagen fibers undulated in the excised reference, and progressively aligned in
approximated in vivo, and large deformation states [27]

assembly of collagen fibers into a highly functional network provides skin tissue
its characteristic viscoelastic and anisotropic response [30]. The literature reports a
rich set of studies investigating microstructure with respect to skin architecture [31,
32], inflammatory and blistering conditions [33], fiber orientation [30, 34], bundle
thickness [35], tissue remodeling and skin diseases [36], and cutaneous vasculature
[28, 37]. Acute changes of these properties cause structural alterations that may
result in reduced extensibility, damage, and patient discomfort [14, 38].
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3 Quantification of Mechanical Properties of Skin

Literature provides a rich body of work that investigated the mechanical behavior
of skin or individual dermal and subdermal layers [1]. The range of data presented,
however, has not led to a complete or consistent description of mechanical skin
properties, and the findings continue to show a significant dependence on the testing
method used. The biophysical response of skin is just too complex for a single
experiment-or the aggregate of experimental data- to fully uncover the mechanisms
governing the in vivo relation between local forces and deformations as a function of
relevant biomarkers. Thus far, mechanical and biochemical properties are collected
at a temporal and spatial scale most relevant to each individual application in
medicine, biomechanical engineering, or for cosmetic industry. A comprehen-
sive representation of the hierarchical structure of skin requires investigating the
mechanical response across all relevant length and time scales and formulating
model equations that allow bridging these scales.

Biomechanical testing methods are generally categorized as either in vivo, in
vitro, or ex vivo. They are suitable for the characterization of intact skin or individual
layers thereof. Traditionally, skin testing focused on ex-vivo measurements of global
force-displacement curves under different loading conditions; recent experiments
combine full-field deformation analysis, or tracking of complex 3D deformation of
tissue structures, combined with local force measurement. These rich data sets are
used to inform skin models of increased complexity which reflect microstructural
characteristics. Measurements in many locations across the body illustrate the
variation in skin compliance with varying microstructure. One major open question
is the rationalization of skin stiffness measurements across several length scales
which have provided values ranging from kPa, e.g. [40], to several MPa, e.g. [41].

The most common in vivo and ex vivo measurement methods in skin testing are
suction, indentation, and (multiaxial) extension tests (see Fig. 3) and are discussed
in the following.

suction testing indentation testing skin extension testing

in
viv
o

ex
viv
o

shear & torsion testing

Fig. 3 The most common skin testing methods are suction, indentation, extension, shear, and
torsion testing. Experimental setups for each method vary significantly across literature. In recent
years, full-field in vivo methods have emerged, enabling the characterization of intact skin in its
physiological state. Images adapted from [39]
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3.1 Suction

Suction measurements are used to determine in vivo and in situ skin properties [1].
The negative pressure draws tissue into the probe opening where an optical system
measures bulge height. The resulting relation between pressure and bulge height
is directly related to the probe opening size and loading protocol. Most suction
devices presented in literature use a 2–8 mm probe opening diameter and apply
a negative suction pressure of up to 500mbars [11, 26]. Due to a wide range of
possible loading profiles, suction measurements are particularly useful to determine
the nonlinear, viscoelastic, and time- and location-dependent behavior of skin [11].
Immediate compliance, elastic recovery, creep, and permanent deformation are
represented in corresponding parameters, which are used to quantify the influence
of fatigue [42], ageing [43–45], sex [46], and body location [11, 26, 43, 46–
49]. Commercially available devices, such as the Cutometer (Cutometer R© MPA
580; Courage+Khazaka, Cologne, Germany), come with multiple probe types and
a computer interface to prescribe customized loading protocols. Several custom-
built devices apply the same principle and might have larger probe openings, like
the Aspirator [11, 50], opening shapes [51], or include ultrasound imaging for
a visualization of tissue deformation [52]. Although suction data are affected by
significant variability, they demonstrate that skin properties vary across the body
and are determined by local microstructure. Devices integrating the suction test
with ultrasound imaging/optical coherence tomography visualize skin deformation
during tissue loading [46, 53]. The results demonstrate that epidermis and dermis
are tightly connected and are primarily responsible for skin’s local stiffness [6, 53].
Variable probe opening size allows for the recruitment of individual skin layers [11,
54]. Small probe opening size of around 2 mm recruit the most superficial layers
of skin, i.e. epidermis and the papillary dermis, while larger opening diameters of
about 6–8 mm involve deeper layers, including the reticular dermis as well as the
hypodermis or SMAS (superficial musculo aponeurotic system) [26, 53]. Inverse
methods, which will be discussed further below, suggest stiffness ratios between
superficial and deep skin layers of up to three orders of magnitude difference [11,
53].

Measurements across the body have shown that regions with a loose hypodermis
or fatty subcutis, i.e. jaw, cheek, and neck, tend to respond more elastically [26,
44] than regions with a dense dermal matrix that connects the deep fascia with
superficial skin layers, i.e. hands, forearm, and forehead [11, 44]. In fact, the face
is a representative region of the body for which functionally driven microstructure
characteristics can be linked with differences in skin mechanics, with the forehead
being stiffest, followed by the parotid region and the jaw [26].

Suction experiments have well-known limitations. First, the mechanical analysis
is based on the simplifying assumption that skin is isotropic. In fact, given the
circular opening of typical suction probes, it is impossible to characterize the
anisotropic properties of skin from these tests. Second, the measured response
is dominated by the characteristics of the superficial layers, while the influence
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of deeper layer diminishes with their distance from the surface, in particular for
small probe openings. Third, the repeatability of suction measurements depends on
accurate probe handling, especially for hand-held devices such as a the Cutometer.
Repeated probe placement-including proper alignment of probe and skin and control
of contact pressure are paramount to ensure reliable measurement results [55, 56].
The development of an experimental setup that minimizes movement between probe
and skin surface and maintains constant contact pressure improved measurement
results for multiple repetitions per measurement site and probe diameter size
[11, 26].

3.2 Indentation

Indentation is another widely used in vivo testing method as it enables a non-
invasive measurement. Unlike the suction method, indentation testing is restricted
to flat body regions, such as the volar forearm or the calf [57, 58]. Direct mechanical
interpretation of indentation tests is restricted to a linear analysis of the quasi-static
or linear viscoelastic properties of skin. Combination of nonlinear analysis and
an inverse scheme are necessary to inform more complex models [59]. A major
challenge in indentation of soft biological tissues is the reliable identification of the
initial contact point between indenter tip and skin surface during loading as well
as the assessment of adhesion effects during unloading. Lastly, in-vivo indentation
tests do not allow for a quantification of the anisotropic tissue response, since the
unidirectional registration of force and displacement does not allow to detect a
direction-dependent tissue response.

Indentation tests have shown that volar forearm skin softens with age and
progressively loses elasticity, most likely due to microstructural changes in the
dermis and hypodermis [58, 60, 61]. The same experimental setup was used
to measure the dynamic response of superficial skin at an indentation depth of
200 ± 3 μm in a range of 10–60 Hz. At these low indentation depths, skin stiffness
and viscosity were found to be frequency independent [57], which may suggest that
the dermal matrix is not activated at a relevant length scale.

A more recent study investigated stiffness and viscosity in reconstructed skin
[62]. A series of quasi-static, force-controlled indentation / creep experiments
(including a hold time of 100 s after reaching a maximum indentation force of
0.5 mN) were conducted to assess differences in tissue properties at critical stages
during the in vitro reconstruction of skin. It was found that skin substitutes stiffen
significantly once keratinocytes are seeded on top of the reconstructed dermis to
form an epidermal layer. This finding is very insightful in view of the generally
accepted claim that skin stiffness is primarily originating from the dermis.

Atomic force microscopy (AFM) is an indentation-based measurement method
and has been used to quantify the impact of hydration on the mechanical response
of the stratum corneum and epidermis [60, 61]. Indentation depths of up to 200 nm
are three orders of magnitude smaller than the previously described indentation
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tests and therefore capture the mechanical response at a much smaller length scale.
General observations from studies using AFM are that scar tissue is generally stiffer
than healthy skin [63] and that the Young’s modulus of stratum corneum is roughly
twice as high as for the epidermis [64]. Latter study reported stiffness values in the
range of 1–2 MPa in comparison to values reported for “skin” (varying due to age)
between 5–10 kPa by [40, 57, 58]. Indentation experiments thus provide compelling
evidence of the length scale influence on the mechanical properties of skin.

3.3 Skin Extension Tests

Skin extension tests have been used to characterize ex vivo mechanical properties of
skin and individual layers thereof. Unlike suction and indentation, extension testing
allows investigating the anisotropic response of skin as it relates to the Langer lines
distributed across the body [65, 66]. Further, it is used to characterize the time
and history dependent behavior of skin through monotonic and cyclic creep and
relaxation experiments, e.g. [67].

In most studies, samples are cut from excised skin and clamped inside a
uniaxial or multiaxial loading rig [41]. Inevitably, mechanical properties change
upon excision and strongly depend on storage duration, storage conditions, and
temperature. Sample preparation, often in the form of removing the epidermis as
well as adipose tissue to isolate the dermal layer, represents a major interference
with the physiological state of alive skin tissue [41, 68]. In fact, cutting away or
peeling off of individual layers might damage the structural connections between
individual layers. Extraction of skin from the body leads to the loss of in vivo
multiaxial pre-tension, so that the peculiar in vivo tensioned configuration of
collagen and elastin networks is lost thus leading to unphysiological stress-strain
measurements.

Most skin extension studies interpret the experimental data on the basis of linear
elasticity theory, extracting the slope of the linear regime of the overall nonlinear, J-
shaped force-displacement curve [41, 69]. The most frequently reported parameters
from uni- or multiaxial measurements are the ultimate tensile strength and the elastic
modulus of the dermis [41]. Fewer studies derive non-linear model parameters
through a finite element based inverse analysis [70]. Finite strain models usually
require an inverse scheme to identify model parameters that match prediction and
observation. Time-independent models are typically associated with quasi-static
loading conditions, in the form of slow loading rates.

Flynn et al. [71] presented a setup to measure the three-dimensional force-
displacement response of in vivo skin in multiple directions. The system captures the
nonlinear and viscoelastic skin behavior at different measurement sites and allows
to determine the anisotropic properties of skin by gradually changing the loading
direction. As one of the few studies found in literature, the resulting data set is used
to fit an anisotropic material model [72].
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Recent studies were able to visualize local microstructural tissue deformation,
often using Two-Photon Excited Fluorescence or second harmonic generation
(SHG), while gradually loading the sample [29, 30]. Bancelin et al. [30] show that
mice dermal collagen matrix undergoes three characteristic mechanisms in uniaxial
tension experiments: (i) realignment of collagen fibers along the principal direction
of stretch during the early loading phase; noticeable levels of stretch at low loads
and low stiffness, (ii) tissue stiffening due to the recruitment of load bearing fibers
aligned with the primary direction of loading, and (iii) a linear regime in the stress
strain curve due to intra-and interfibrillar sliding in collagen fibers. Tissue loaded
beyond its fracture point leads to widespread breakage of fibrils and their immediate
recoil [70]. The distribution of fiber orientation is strongly coupled to the stiffness
regime of the tissue and highlights the relevance of properly accounting for in vivo
stress.

Pensalfini et al. [29] analyzed excised mice skin samples including a previously
induced excisional wound. Uniaxial tension tests were performed to visualize the
heterogeneity within the strain field of the wound region [29]. It was observed that
skin tissue around the wound can be divided into mechanically distinct regions
displaying microstructurally motivated stretch patterns. While skin in the core
of the wound showed little extensibility, a highly compliant zone next to the
wound accommodates the majority of tissue deformation. Concomitant histological
analysis and SHG imaging demonstrated that the presence of the compliant region
avoids the recruitment of newly deposited collagen fibers in the early phase of
healing.

3.4 Other Testing Methods

Other, less common, skin testing methods include torsion testing, the bulge method,
and static and dynamic shear load methods. Torsion experiments were among the
earliest applied to characterize the in vivo response of skin [73, 74] and inspired
the development of suction devices in later years. Bulge tests performed by [75]
provided information on the macroscopic biaxial response of skin and reported
stiffness values of around 11 MPa for the linear regime of the stress-strain curve;
strikingly, a tenfold increase in skin stiffness was observed from the toe region to
the linear regime with an average transition stretch value of 1.1. And lastly, full
thickness shear measurements indicated a large variation of around 100% in the
shear modulus depending on depth [76]. Epidermis was found to be almost two
times stiffer than dermis in these large amplitude shear oscillatory tests, which is in
contrast with the common claim that the mechanical response of the epidermis has
negligible influence [53].
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3.5 Summary

The review of experimental data on in vivo and ex vivo human skin highlights
the complex nature of skin biophysics. Its mechanical behavior is nonlinear,
viscoelastic, and anisotropic. Significant differences between in vivo and ex vivo
measurements exist, and they might be linked with the level of in vivo tension
of skin, which is difficult to quantify or reproduce in ex vivo settings. This poses
a significant limitation, as most computational models assume a stress-free initial
state. Knowledge of the physiological loading state of skin is relevant also for the
assessment of the mechanical biocompatibility of tissue engineered skin substitutes
and their scaffolds [27, 77].

4 Constitutive Modeling

Modeling of the mechanical behavior of skin has been the objective of biomechanics
studies for several decades and remains an active field of research [1]. Given
the highly complex mechanical response of individual skin structures as well as
the interaction at the interface of sublayers, skin modeling requires not only the
formulation of a material model, but a corresponding representation of skin anatomy
as well. In most studies reported in literature, skin is homogenized into a single
layer including epidermis, dermis, and potentially even hypodermis. Fewer studies
apply a multilayered representation and differentiate between epidermis, papillary
and reticular layer of dermis, and hypodermis or SMAS [11, 78].

The interpretation of experimental data using inverse analysis depends on the
chosen mathematical description of the stress-strain relation, as well as on the
anatomic reconstruction. Very often, application specific skin models are developed,
such as e.g. for the simulation of skin response to cosmetic products [79], the role
of skin in facial expressions or mastication [6, 7], or the prediction of scar tissue
formation due to suture tension [80]. Chapter “Constitutive Modelling of Skin
Mechanics” reviews constitutive model formulations for skin. In this section, we
will briefly discuss the different type of material model equations, their parameters
and how they relate to the inverse analysis of experimental data.

Early models focused on integrative strategies to represent the mechanical
response of individual constituents of the extracellular matrix [81]. Such collagen-
based models represent the degree of fibers undulation and its progressive reduction
as the matrix deforms. Evidence based implementation of these models requires a
thorough characterization of the microstructure for each sublayer of the skin. For
most specific applications such level of detail is unknown, and experiments may not
provide the information relevant to respective length scales and structures. Hence,
most material models proposed in literature generally homogenize the tissues
response and aim at reproducing the experimentally observed stress-strain curves
[12]. Next to physically motivated formulations for structural models, commonly
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used constitutive models are often based on phenomenological parameters. A com-
mon assumption is that skin behaves as incompressible, although no experimental
evidence was reported on this property. Corresponding measurements are needed,
since recent findings indicates that interstitial fluid motion might lead to significant
volume changes in soft collagenous tissues [82]. The most relevant model equations
applied for the analysis of experiments on skin are listed below. Many of these
material models include a large number of parameters which cannot be measured
directly and require an inverse identification scheme, as will be discussed in the
following section. Table 1 summarizes material models frequently found in skin
literature.

5 Parameter Identification Methods

Constitutive model parameter identification is a broad field of research and a variety
of optimization schemes were proposed in the literature. Within the specific context
of skin modeling, there are a few popular approaches that have proven useful for the
identification of potentially large parameter sets. The following section provides a
summary of these optimization schemes specific to skin models.

On the most abstract level, the choice of the appropriate optimization scheme
depends on the availability of an analytical expression for the relation between
stress and strain of the experiment providing the data. If skin is treated as a linear
or nonlinear solid, such analytical solutions exists for all commonly applied loading
conditions including uniaxial and planar biaxial tension/compression experiments
[97]. Model parameters are then identified by a least-squares fit analysis which
minimizes the sum of squared differences between the experimentally observed
force-deformation (or stress-strain) curve and corresponding model predictions.
These tests are usually performed on ex vivo or in vitro skin tissue samples. In vivo
skin tissue measurements usually involve more complex deformation patterns for
which no analytical expression exists. In these cases, the relation between material
constants and experimental data is implicit and requires a numerical approach to
determine a set of material parameters that minimizes the difference between the
observed and predicted tissue response [11].

Optimization schemes minimize an objective function which may or may not
explicitly depend on the model parameters. Two general classes of optimization
algorithms exist: In one case, algorithms require an analytical or numerical evalu-
ation of the objective function’s gradients in the model parameter space [98]; the
second class are derivative-free methods and include so called simplex algorithms
[99].

Derivative-free methods have proven most useful in skin mechanics because
they provide robust schemes for multidimensional parameter spaces [97]. Most skin
models discussed in chapter “Constitutive Modelling of Skin Mechanics” have a
large number of model parameters and assume a geometrically and structurally
complex representation of skin, and therefore require the use of heuristic search



Inverse Methods 205

T
ab

le
1

C
om

m
on

co
ns

ti
tu

tiv
e

m
od

el
s,

m
ai

n
m

od
el

fe
at

ur
es

,n
um

be
r

of
pa

ra
m

et
er

s
m

,a
nd

ac
co

m
pa

ny
in

g
ex

pe
ri

m
en

ts
to

id
en

ti
fy

m
od

el
pa

ra
m

et
er

s

M
od

el
M

ai
n

fe
at

ur
es

m
A

cc
om

pa
ny

in
g

ex
pe

ri
m

en
ts

N
eo

–H
oo

ke
an

,M
oo

ne
y–

R
iv

li
n,

an
d

O
gd

en
(1

)
Is

ot
ro

pi
c,

hy
pe

re
la

st
ic

2–
6

In
vi

vo
su

ct
io

n
[5

3,
83

];
in

vi
vo

in
de

nt
at

io
n

[5
9]

;i
n

vi
vo

m
ul

ti
ax

ia
le

xt
en

si
on

[7
1,

72
,8

4]
To

ng
an

d
Fu

ng
(2

)
A

ni
so

tr
op

ic
,n

on
li

ne
ar

13
E

x
vi

vo
un

i-
an

d
bi

ax
ia

lt
en

si
on

an
d

re
la

xa
ti

on
[8

5,
86

];
in

vi
vo

m
ul

ti
ax

ia
le

xt
en

si
on

[8
7]

L
an

ir
(3

)
A

ni
so

tr
op

ic
,v

is
co

el
as

ti
c

>
11

E
x

vi
vo

un
i-

an
d

bi
ax

ia
lt

en
si

on
an

d
re

la
xa

ti
on

[8
5,

86
];

in
vi

vo
un

ia
xi

al
te

ns
io

n
[8

8]
W

ei
ss

(4
)

T
ra

ns
ve

rs
el

y
is

ot
ro

pi
c,

hy
pe

re
la

st
ic

14
E

x
vi

vo
te

ns
il

e
te

st
s

[8
9]

B
is

ch
of

f–
A

rr
ud

a–
G

ro
sh

(5
)

A
ni

so
tr

op
ic

,v
is

co
el

as
ti

c
15

E
x

vi
vo

bi
ax

ia
lt

en
si

on
an

d
re

la
xa

ti
on

[8
5,

86
]

R
ub

in
–B

od
ne

r
(6

)
A

ni
so

tr
op

ic
,e

la
st

ic
-v

is
co

pl
as

ti
ci

ty
14

E
x

vi
vo

bi
ax

ia
lt

en
si

on
an

d
re

la
xa

ti
on

[8
5,

86
];

in
vi

vo
su

ct
io

n
[1

1,
47

]
L

im
be

rt
(7

)
T

ra
ns

ve
rs

el
y

is
ot

ro
pi

c,
vi

sc
oe

la
st

ic
23

E
x

vi
vo

bi
ax

ia
lt

en
si

on
an

d
re

la
xa

ti
on

[8
5,

86
]

Fl
yn

n–
R

ub
in

–N
ie

ls
en

(8
)

D
is

cr
et

e
fib

er
m

od
el

11
E

x
vi

vo
bi

ax
ia

lt
en

si
on

[8
5,

86
]

ex
vi

vo
un

ia
xi

al
te

ns
io

n

L
ab

el
s

in
m

od
el

co
lu

m
n:

1—
R

iv
li

n
[9

0]
,

O
gd

en
[9

1]
;

2—
To

ng
an

d
Fu

ng
[9

2]
;

3—
L

an
ir

[8
1]

;
4—

W
ei

ss
et

al
.

[9
3]

;
5—

B
is

ch
of

f
et

al
.

[9
4]

;
6—

R
ub

in
an

d
B

od
ne

r
[6

7]
;7

—
L

im
be

rt
[9

5]
;8

—
Fl

yn
n

et
al

.[
96

]



206 J. Weickenmeier and E. Mazza

optimization scheme
[i.e. fminsearch]

numerical simulation
[i.e. finite element model]

evaluation of the
numerical model

evaluation of the
objective function experiment vs. simulation

residual f

sim output

initial
parameter set

updated
parameter set

final parameter set

model prediction

experimental data

Fig. 4 Common implementation of inverse analysis algorithms (e.g. the fminsearch algorithm)
for skin parameter identification schemes. The optimization scheme iteratively determines a model
parameter set that minimizes the error between experimental data and the associated numerical
simulation. During each iteration, a finite element simulation is necessary to predict the model
response based on the updated parameter set

methods that are more likely to find a minimum of the objective function. Several
implementations of derivative-free optimization schemes exist, and the fminsearch
function in Matlab (The MathWorks Inc., Natick, Massachusetts, US) is widely
used throughout skin literature. The fminsearch function uses the Nelder-Mead
simplex algorithm [100, 101]: in an n-dimensional parameter space, the algorithm
maintains n + 1 test points arranged as a simplex. The behavior of the objective
function measured at each test point is used to extrapolate new test points and to
replace those, that provide the worst response. Different strategies exist to update
the test points and the algorithm will stop if the sample standard deviation of
the objective function falls below a prescribed tolerance. As shown in Fig. 4, an
initial parameter set is iteratively updated through an optimization algorithm, i.e.
the fminsearch function, to minimize the error between experimental data and the
associated numerical simulation. During each iteration, a finite element simulation
is necessary to determine the model response based on the updated parameter set.
The number of parameters, the number of simulations necessary per iteration, and
the degree of coupling between parameters determine the required computation time
and the uniqueness of the final parameter set.

Several groups working on skin mechanics have developed specialized opti-
mization schemes, that range from a simultaneous fit of all model parameters to
a sequential determination for individual layers and loading conditions. Weick-
enmeier et al. [11] performed suction experiments with varying probe opening
diameters to recruit superficial and deeper skin layers individually. An initial
sensitivity analysis of the accompanying multi-layered finite element skin model
revealed strong coupling between material parameters as well as a significant
influence of individual layers on the deformation field for different probe opening
diameters. Sequential fitting of individual layers resulted in a stiffness ratio between
the superficial and deep layer corresponding to two orders of magnitude difference
[47]. The simultaneous fitting of superficial and deep material parameters using four
different loading conditions to capture the instantaneous and transient response of
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skin, provided more homogeneous results [11] which seem more reasonable in view
of previously reported ex-vivo mechanical analysis of dermal tissue and SMAS [67].

Hendrik and co-authors presented a series of suction based skin experiments and
corresponding model parameter fits [52, 53, 102]. While initially working with a
single layer model [53, 102] and later extending skin to a two-layer model, Hendrik
et al. used a constrained nonlinear optimization function based on Sequential
Quadratic Programming (SQP), to determine all material parameters in parallel.
Their two-layer model predicted three orders of magnitude difference between
superficial and deeper layers. This outcome is motivated by the finite element model
implementation and the weight of individual measurement curves on the overall cost
function.

Flynn and co-authors’ in vivo multi-axial skin loading device requires a finite
element model for data analysis [96]. In a process similar to previously presented
schemes, model parameters of a single layer skin model-including in vivo stress-are
determined based on a nonlinear least-squares curve fitting algorithm. Based on the
trust region method, a set of initial parameters is iteratively improved to minimize
the error between experiment and model, while running a finite element simulation
at each iteration to evaluate the model-based tissue response. Two different models
were tested: an isotropic Ogden model [91] and the anisotropic Tong and Fung
model [92]. The total number of parameters fit simultaneously were 4, 6, and 8,
depending on the model formulation. The error function was calculated as the sum
over all measurement directions and the in vivo stress level was used to represent
the anisotropy of the tissue response. Jor et al. [103], using the same experimental
setup, aimed at fitting a microstructurally motivated constitutive relation with 7
parameters.

With the emergence of experimental methods combining force measurements
with video imaging of the accompanying deformation field, more elaborate and
localized inversion schemes are presented in literature. The quantitative assessment
of the heterogeneity of the deformation fields allows to determine material parame-
ters at a local scale and are based on so called full-field methods. Avril et al. [104]
presents an overview of corresponding inverse analysis schemes. In comparison to
the above-mentioned methods, the new approaches solve the nonlinear elasticity
equations based on the pointwise experimentally observed deformation field. This
procedure allows using derivative-based methods, which are more reliable in that
they are more likely to provide a global minimum. The associated increase in
computational cost to evaluate the derivative of the objective function is often linked
with the requirement of increased computational power.

6 Outlook

Skin is a complex biological system that is characterized by an intricate interplay
between individual tissue layer and ECM components at different length scales. The
interaction of the different components of the extracellular matrix and the different
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layers depends on the state of deformation imposed to the skin, with different
mechanisms influencing in-plane tension, in-plane or out-of-plane shear, and skin
bending. Although a large number of mechanical tests has been conducted, our
understanding of full-thickness skin behavior remains incomplete. New integrative
testing methods, i.e. simultaneous visualization of tissue and microstructure kine-
matics during mechanical response to a wide range of loading conditions, as well as
the analysis of skin properties in relation to observable microstructural parameters,
represent promising approaches to improve our understanding of skin mechanics.

The range of mechanical properties reported in literature and the dependence of
the mechanical response on the testing method used continues to represent a major
challenge in determining a universal description of skin mechanics. In this context,
a specific problem is represented by the mismatch in stiffness reported for different
tissue length scales interrogated in the different experiments. The quantification of
in vivo stress represents another critical question in skin mechanics: As most compu-
tational models assume a test specific stress-free initial state, existing parameter sets
proposed in literature are likely to grossly misrepresent the actual in-vivo response
of skin tissue.

Anatomy based skin models used in parameter identification schemes will
become more reliable as we continue to improve our understanding of the relation
between local microstructure and mechanical response. Essential input will be
obtained through in vivo and ex vivo application of full field methods and the
associated model parameter identification procedures. The systematic combination
of computer-based modeling and multiscale experimental data acquisition will
facilitate the development of biomechanical and mechanobiological models with
enhanced predictive capabilities. Improved understanding of skin biomechanics will
allow future research to focus on highly relevant medical questions, such as impaired
wound healing, skin suturing, reconstructive surgery, skin tissue engineering, as well
as diagnosis and monitoring of specific skin diseases.
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Experimental Characterisation: Rich
Deformations

Cormac Flynn

Abstract Human skin is a complex material that exhibits a non-linear stress-
strain response, anisotropy, and viscoelasticity. In addition, skin in vivo is under
an anisotropic pre-stress, which varies according to location and person. While
several methods have been developed to measure the in vivo mechanical response
of skin, many of these are incapable of characterising the anisotropy. Few also
attempt to measure the in vivo stress. To quantify the anisotropy, it is necessary to
apply deformations to the skin in a number of directions. This chapter provides an
overview of a method where a rich set of deformations are applied to the surface of
the skin and the nonlinear, anisotropic, and viscoelastic response is characterised
using finite element analyses and nonlinear optimisation. The in vivo stress is
also estimated. Different constitutive models were tested as to their suitability to
represent skin. Material parameters and pre-stresses were identified for points on
the anterior forearm, upper arm, and the face.

1 Introduction

The mechanical characterisation of human skin is driven by its application in a broad
range of disciplines. Better knowledge of skin properties would lead to improved
identification and treatment of certain diseases [7, 20, 26]. The development of
consumer products, such as razors, sanitary pads, nappies, and sticking plasters
would benefit from better mechanical knowledge of the skin they are in contact with
[8, 24, 42]. More recently, wearable sensors and trans-dermal patches are required
to adhere to, stretch and deform with the skin they are attached to for long periods
[22, 28]. Characterisation of facial skin is particularly important for the development
of realistic computational social agents [37] and social-care robots [25]. A challenge
for both these fields is the development of facial models that cross the ‘uncanny
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valley’—a phenomenon that proposes the more realistic artificial faces become the
more eerie and repulsive to a perceiver they are [31].

There are many studies in the literature that characterise some aspects of the
mechanical response of skin. The approaches taken are manifold including applying
suction, normal indentation, torsion, in-plane shear, uniaxial and biaxial tension to
the skin surface. Several of these methods, including suction and normal indentation
are unable to characterise the anisotropic nature of skin due to their axisymmetrical
loading. To capture the multi-directional properties of skin, it is necessary to apply
deformations to the skin in a number of directions.

Reihsner et al. [36] derived elastic constants for in vitro skin samples by
stretching them in-plane in a multi-axial tester. The six elastic constants were
determined for each of the 16 skin sites sampled. Jor et al. [23] estimated the
material parameters for a structural model of porcine skin by a combination of
multi-axial in vitro stretching and digital image correlation (DIC). Affagard et al.
[1] proposed an experimental protocol to improve the identification of material
parameters for a single skin assay ex vivo. The protocol included uniaxial loading,
equibiaxial loading, and alternated biaxial loading all combined with DIC. DIC
combined with bulge tests have been recently used to characterise the anisotropic
mechanical properties of ex vivo human skin [41].

While in vitro or ex vivo tests are valuable in determining detailed relationships
between microstructure and mechanical response, it is of interest to characterise
the skin in vivo. For instance, a clinician may want to measure the mechanical
response of a patient’s skin to track the progression of disease such as lymphoedema.
Kvistedal and Nielsen [27] used a similar experimental set up as Jor et al. [23]
to characterise in vivo forearm skin of several volunteers. They used nonlinear
optimisation techniques to estimate the material parameters that best fit the Tong
and Fung [40] model to each volunteer’s skin. This protocol included attaching the
skin to 16 pads, each of which were attached to an actuator. It is the opinion of the
author that this protocol would be difficult and time consuming to use in the clinical
setting.

Coutts et al. [7] used a uniaxial extensometer in two directions to characterise the
in vivo skin anisotropy in breast cancer related lymphoedema. More recently, Then
et al. [39] used an extensometer device in multiple directions to characterise the
in vivo response of facial skin. The use of an extensometer has the disadvantage
of having to reconfigure the apparatus for each direction. The reconfiguration
introduces a delay in the acquisition of the data and uncertainty of the position at
the skin site. Evans and Holt [11] pulled a wire attached to in vivo forearm skin in
different directions and tracked the displacements using digital image correlation.
Optimisation using a finite element model estimated Ogden material parameters
and the in vivo strain. Multi-view stereo techniques have also been used to track
deformations and growth of living skin [38]. These approaches have the distinct
advantage of not having to reconfigure the instrumentation to measure the response
in different directions.

This chapter presents an approach to characterise in vivo human skin using
a micro-robotic device. Firstly, details of the force-sensitive micro-robot are pre-
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sented. Secondly, the protocols for applying a rich set of deformations to areas of
the arm and face are detailed. Thirdly, the constitutive models, finite element model,
and non-linear optimisation techniques used to identify material parameters and in
vivo stresses are introduced. Results from these experiments are detailed. Lastly,
current challenges in determining the mechanical properties of in vivo human skin
are discussed and future opportunities are identified.

2 Multi-Directional Characterisation of Skin
Using a Micro-Robotic Device

This section presents details of the force-sensitive micro-robot and how it is used
to measure the force-displacement response of different points on the face and arm.
The finite element model used to simulate the experiments is introduced along with
the constitutive models used to represent the skin. The section concludes with the
non-linear optimisation procedure to identify model parameters.

2.1 Method or Applications

2.1.1 Force-Sensitive Micro-Robot

The micro-robot consisted of three parallel axes, which were driven by voice-
coil actuators (BEI KIMCO LA10-12-027A) Fig. 1. These moved a platform in
three-dimensional space. The axes were guided by precison linear slides (IKO BSP
730SL). On top of each axis there was a vee-jewel bearing. Inside each bearing sat
a steel pivot, which was connected to the platform via a linear slide. Small springs
prevented the steel pivots from lifting out of the bearings.

Three force-transducers (FSS1500NC, Honeywell, Freeport, IL, USA) were
fixed to the moving platform at the apices of a 15-mm equilateral triangle. The
legs of a rigid frame sat upon each force transducer. Two neodymium magnets on
the frame and platform kept the frame in place on the force transducers.

On the tip of the frame sat a 4-mm-diameter cylindrical probe. The force
acting on the probe was determined from the measured forces acting on the force
transducers according to the relation:

⎡
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RY

RZ

⎤
⎦ =

⎛
⎝

−√
3w/2h 0

√
3w/2h

−w/2h w/h −w/2h
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where RX, RY , RZ are the components of the probe tip reaction force. FA, FB , FC
are the measured forces,w is the distance from the centroid to an apex of the triangle
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Fig. 1 Force-sensitive
micro-robot. Reprinted by
permission from Springer:
Computer Methods in
Biomechanics and
Biomedical Engineering.
Lecture Notes in
Bioengineering, Gefen A.,
Weihs D., 2018

formed by the three force transducers, and h is the perpendicular distance between
the probe tip and the base of the rigid frame.

Linear position transducers (RDC1014, ALPS, Campbell, CA, USA) measured
the displacements of the parallel axes. Using a forward kinematics algorithm,
the displacement of the probe tip was calculated. A LabView software interface
(National Instruments, Austin, USA) controlled the motion of the probe and
recorded the position and force data. Axes position feedback signals provide closed-
loop position control. The integrated PID controller on the motion control card (NI
7358, National Instruments, Austin, USA) was used. The resolution of the probe tip
displacement was 50 μm and the resolution of the measured force was 6 mN.

2.1.2 In vivo Experiments

The micro-robot applied a rich-set of deformations and measured the force response
of different skin areas of the arms and faces of volunteers. On the right arm, areas
on the posterior upper arm and anterior forearm were tested (Fig. 2a). On the face,
six areas were tested: the centre of the right-hand cheek, the centre of the right-
hand jaw, on the right-hand cheek near the lips, the right-hand parotideomasseteric
region, the right-hand zygomatic region, and the centre of the forehead (Fig. 2b).

For each test, the relevant area of the face or arm was rested on a support
plate positioned above the probe of the micro-robot. A hole in the support-plate
allowed the probe to be attached to the skin using cyanoacrylate adhesive. A visual
inspection after the tests indicated that the probe remained fixed to the surface of the
skin throughout. For the arm experiments, double-sided tape was placed around the
edge of the whole. As a result, skin in contact with the support plate did not move.
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Fig. 2 Locations where the
micro-robot probe was
attached. (a) Arm locations;
(b) face locations. X and Y
axes indicate probe
displacement coordinate axes
(see Fig. 4). The orientation
of the axes is the same for all
locations on the face.
Reprinted by permission from
Springer: Computer Methods
in Biomechanics and
Biomedical Engineering.
Lecture Notes in
Bioengineering, Gefen A.,
Weihs D., 2018

(a)

(b)

This was verified through visual inspection. This provided a boundary condition
for the finite element analyses described later. For the facial skin experiments, a
boundary ring was attached using double-sided tape to the volunteer’s face, centring
it on the region of interest. The boundary ring slotted into a corresponding hole on
the support plate in only one orientation. This ensured that the orientation of the face
with respect to the micro-robot was known. Similar to the arm experiments, facial
skin in contact with the boundary ring and support plate did not move (Fig. 3).

For all skin areas tested, the attached probe moved according to a rich set of
deformations. For each direction, the probe moved according to three triangular
wave cycles of frequency 0.1 Hz. Three cycles were used to precondition the skin.
This was done to get a consistent skin response. It was found that the skin was pre-
conditioned after one cycle. The probe was first moved in the plane of the skin
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Fig. 3 Experimental set-up.
(a) Arm experiments; (b) for
the facial skin experiments,
the boundary ring is attached
to the volunteer’s face and
centred at one of the locations
indicated in Fig. 2b.
Reprinted by permission from
Springer: Computer Methods
in Biomechanics and
Biomedical Engineering.
Lecture Notes in
Bioengineering, Gefen A.,
Weihs D., 2018 (a)

(b)

surface in a direction θ = 0◦ (Fig. 4). The amplitude of the displacement was
approximately 1.2–1.4 mm depending on the local stiffness of the skin. The angle
of the displacement was then increased in steps of 10◦, 20◦, or 30◦ up to θ = 180◦
for the arm locations and θ = 330◦ for the facial locations. Next a series of out-of-
plane displacements were applied to the areas of interest, where θ = 0◦, 45◦, and
90◦, and φ = 45◦. The final displacement was in a direction normal to and away
from the surface of the skin (θ = 0◦, φ = 90◦). There was no wait time between
each direction.

The time, probe displacement, and probe reaction force was recorded for all tests
on the arms and faces.

2.1.3 Finite Element Models

Finite element models simulated the in vivo arm and facial skin experiments. Dif-
ferent packages were used in the various studies. ABAQUS Version 6.7 (SIMULIA,
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Fig. 4 The probe was displaced in different in-plane and out-of-plane directions. For the arm skin
there were in-plane directions with θ = 0◦, 30◦ . . . 180◦ and φ = 0◦. For facial skin there were
12 in-plane directions with θ = 0◦, 30◦ . . . 330◦ and φ = 0◦. For all regions, there were three
out-of-plane directions with θ = 0◦, 45◦, 90◦ and φ = 45◦, and one normal direction with θ = 0◦
and φ = 90◦. d ≈ 1.2–1.4 mm for all directions. See Fig. 2 for orientation of axes at the arm and
face locations. Reprinted by permission from Springer: Computer Methods in Biomechanics and
Biomedical Engineering. Lecture Notes in Bioengineering, Gefen A., Weihs D., 2018

Providence, RI) was used for the arm studies, and ANSYS (Canonsburg, PA, USA)
and FEBio [30] were used for the face studies. Different packages were used
according to their availability in the institutes where the studies were conducted.
There were some differences in the models due to functional differences between
the packages. For example, the *INITIAL CONDITIONS keyword in ABAQUS
allowed us to define a stress field in the reference configuration. This facility was
not available in the other packages. The model for the facial skin study in Flynn
et al. [14] is described here.

A square domain of side 50 mm represented the skin (Fig. 5). The inside edge
of the hole in the support plate and the outside edge of the probe were represented
by two circular partitions. The domain was meshed using 2432 quadrilateral shell
elements of thickness 1.5 mm, which is representative of the thickness of skin in the
relevant areas of the face and arm [18, 36]. Underlying layers of skin were ignored
in this model. The implications of this assumption are addressed in the conclusions.

Two static analysis steps were performed. The first step applied a pre-stress to
the skin. All four edges were fixed in the Z direction. Boundary conditions were
applied to two adjacent edges such that they only shortened along their length
when the domain was stretched (Fig. 5). Loads were applied normal to the edge
of the opposite sides. The loads were linearly ramped from zero to the full load
in 5 s. The magnitude of the loads varied according to the location on the body
and were determined through the non-linear optimisation procedure described later.
As it was assumed the skin outside the hole in the support plate did not move
in the experiments, in the second static analysis step all nodes outside the larger
circular partition were fixed in all degrees of freedom. The nodes inside the smaller
circular partition were displaced according to the displacement of the probe in the
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Fig. 5 Finite element model of the in vivo experiments. Reprinted by permission from Springer:
Computer Methods in Biomechanics and Biomedical Engineering. Lecture Notes in Bioengineer-
ing, Gefen A., Weihs D., 2018

experiments. The magnitude and direction of the sum of the reaction forces within
the probe region were calculated at each step.

2.1.4 Constitutive Models

For both arm and facial skin studies, several constitutive models were tested as to
their suitability in representing skin. The models are briefly described here.

For the arm studies, the Ogden [32] model and the Tong and Fung [40] model
were used to represent the skin. For the facial skin studies, in addition to the
Ogden model, the Bischoff et al. [4] model, a frame invariant version of the Fung
constitutive equation [2], and the Gasser et al. [17] model were tested as to their
suitability to represent skin.

The Ogden [32] model was used to both represent arm and facial skin. Using
this isotropic model with an anisotropic pre-stress field can capture the anisotropic
response of skin in a manner similar to Bischoff et al. [3].

WOgden =
2∑
i=1

μi

αi

(
λ
αi
1 + λαi2 + λαi3

)+ U(J ) (2)

where μi , and αiare material parameters.
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The volumetric component of the strain energy function is

U(J ) = B

2
(ln J )2 (3)

where B = 1 MPa is the bulk modulus representing the near incompressibility of
skin and J = detF is the volume ratio. F is the deformation gradient.

The anisotropic Tong and Fung [40] model was used to represent arm skin.

WTong = α1E
2
11 + α2E

2
22 + α3E11E22 + ceA1E

2
11+A2E

2
22 + U(J ) (4)

where E11 and E22 are components of the Lagrangian strain tensor and α1, α2, α3,
c, A1, and A2 are material parameters. α1, α2, α3, and c control the stiffness at low
strains, while A1, and A2 control the stiffness of the response at high strains.

The Bischoff et al. [4] model was used to represent facial skin and was
implemented into FEBio using the user material plug-in facility.

WBischoff = nkθ

4
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P 2
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(5)

where a, b, and c are the lengths of a cell, n is the number of fibres per unit volume,
k = 1.38 × 10−23 JK−1 is Boltzman’s constant, and θ is the absolute temperature.

λ̄a =
√
aT C̄a, λ̄b =

√
bT C̄b, λ̄c =

√
cT C̄c are the principal fibre stretches along

the principal material axes of the cell, (a,b, c). C̄ is the deviatoric right Cauchy
tensor.
P = 1

2

√
a2 + b2 + c2 is the undeformed length of a fibre in the cell, while ρ(i)

is the deformed length of the ith fibre. β(i)ρ = L −1
(
ρ(i)

N

)
, with L (x) = coth x− 1

x

being the Langevin function.
A frame invariant version of the Fung constitutive equation proposed by Ateshian

and Costa [2] was also tested for facial skin.

WFung = c

2
(eQ − 1)+ U(J ) (6)

Q = c−1
3∑
a=1

[
2μaa0

a ⊗ a0
a : Ē2 +

3∑
b=1

λab(a0
a ⊗ a0

a : Ē)(a0
b ⊗ a0

b : Ē)
]

(7)

where c is a parameter representing the stiffness, and λab, μa are Lamé parameters.
All parameters have units of stress. Ē = 1

2 (F̄
T F̄ − I) is the deviatoric Green-

Lagrange strain tensor. a0
a defines an initial direction of a material axis a, which is

prescribed in the X direction (Fig. 5). For the purposes of simplifying the parameter
optimisation procedure, λ11 = λ12 = λ23 = λ31, λ22 = λ33, and μ2 = μ3.
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An anisotropic model proposed by Gasser et al. [17] was the fourth model used
for facial skin.

WGasser = μ

2
(Ī1 − 1)+ k1

k2
{ek2[Īn(θ)−1]2 − 1} + U(J ) (8)

whereμ, k1 control the stiffness of the skin at small strains and k2 is a dimensionless
parameter that controls the stiffness at large strains. Ĩn(θ) = NC̄N is the fibre stretch
squared of the nth family of fibres orientated in the direction N in the reference
configuration.

In all the studies, a quasi-linear viscoelastic model proposed by Fung [15]
characterised the time-dependent properties of skin.

T(t) = Te(t)+
∫ t

0
Te(t − τ )∂gR(τ)

∂τ
dτ, (9)

where T(t) is the total Cauchy stress at time t , Te = 1
J
F ∂W
∂E

FT is the elastic Cauchy
stress, and gR(t) is a Prony series relaxation function.

gR(t) = 1 − ḡP1 (1 − e−t/τG1 ) (10)

where ḡP1 = 0.4 is a viscoelastic parameter and τG1 = 0.8 s is the relaxation time.
The same Prony parameters were used for all locations. The values were chosen
such that the hysteresis level in the model matched the hysteresis level measured in
the experiments.

2.1.5 Framework for Identification of Model Parameters

Constitutive material parameters and the pre-stress field that best fit the model
probe reaction forces to the measured probe reaction forces from the in vivo
experiments were determined. The optimisation procedure used the lsqnonlin
function in MATLAB 2016a (The Mathworks, Inc., Natwick, MA, USA). This
function minimised the following objective function in a least squares sense using a
trust region method

F(x) =
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where x is the model parameter set, and Ni is the number of data points recorded
for the ith probe direction (16 directions for the face experiments and 8 directions
for the arm experiments).RmodelXj

(x), RmodelYj
(x), and RmodelZj

(x) are the model probe

reaction forces in the X, Y , and Z directions at the j th data point. RexpXj , RexpYj , RexpZj
are the experiment probe reaction forces in theX, Y , and Z directions at the j th data
point. A customised MATLAB script assembled the input files for the finite element
analyses. Upon completion of the analyses, the results were read and the objective
function in Eq. (11) was calculated. The lsqnonlin function adjusted the material
parameters and pre-loads and updates the input files for another round of finite
element analyses. This iterative procedure continued until a local minimum in the
objective function was found. Parameter sets were identified that fit the model data
to the in vivo data for different points on the arm and face. The variance accounted
for (VAF) was calculated for each set.

VAF = 1 − F(x)
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2.2 Results

For both the arm and face experiments, the mechanical response of the skin was
nonlinear, anisotropic, and viscoelastic (sample results shown in Figs. 6 and 7).
The experimental method demonstrated good repeatability with force-displacement
responses from multiple tests on the cheek of one volunteer differing by less than
10%.

There were notable differences in the stiffness of the response between volun-
teers. The anisotropy of the skin of volunteers was similar. In general, the directions
of the stiffest responses for all tested locations between volunteers were the same
(Fig. 8). The stiffest response on the forearm was along the length of the arm,
while for the upper arm the stiffest response was approximately perpendicular to
the longitudinal axis of the arm. For the central cheek area, the stiffest response was
approximately in the X direction indicated in Fig. 3b.

All six facial locations exhibited anisotropic characteristics (Fig. 9). For the
central cheek, central jaw, near ear, and zygomatic regions, the in-plane force-
displacement response was stiffest approximately along the 150–330◦ axis and least
stiff approximately along the 60–240◦ axis. At the near lip and forehead locations,
the in-plane responses were stiffest along the 0–180◦ axis and least stiff along the
90–270◦ axis.

The Ogden [32] model simulated the response of the anterior forearm with VAFs
ranging from 98% to 99% (table 1). The Tong and Fung [40] model simulated the
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(a)

(b)

Fig. 6 Experimental and model force-displacement response for the stiffest anterior forearm skin.
(a) In-plane response; (b) out-of-plane response. Experimental data indicated by symbols; Tong
and Fung [40] model indicated by solid lines; Ogden [32] model indicated by dashed lines. See
Table 1 for model parameters and pre-stresses. Reprinted by permission from Springer: Annals
of Biomedical Engineering, Modeling the Mechanical Response of In Vivo Human Skin Under a
Rich Set of Deformations, Cormac Flynn, Andrew Taberner, and Poul Nielsen, 2011
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(a)

(b)

Fig. 7 Experiment and Bischoff et al. [4] model probe reaction-displacement response for
forehead region. (a) In-plane response; (b) out-of-plane response. VAF for Bischoff et al. [4]
was 94%. See Table 2 for model parameters and pre-stresses. Reprinted by permission from
Springer: Computer Methods in Biomechanics and Biomedical Engineering. Lecture Notes in
Bioengineering, Gefen A., Weihs D., 2018
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(a) (b)

(c)

Fig. 8 In-plane force reaction for different directions for volunteers at (a) 0.9 mm displacement
for anterior forearm; (b) 1.3 mm displacement for upper arm; (c) 1.1 mm displacement for central
cheek. Note that forearm data was recorded up to 150◦ and upper arm data was recorded up to
180◦. 0◦ is in the direction of the X-axis, which is defined for each location in Fig. 4. (c) Reprinted
from Journal of the Mechanical Behavior of Biomedical Materials, 28, Cormac Flynn, Andrew J.
Taberner, Poul M. F. Nielsen, and Sidney Fels, Simulating the three-dimensional deformation of in
vivo facial skin, 484-494, 2013, with permission from Elsevier

response with similar VAFs. Both models simulated the response of the upper arm
with a VAF of 98%.

The Ogden [32] model simulated the response of the facial skin with VAFs
ranging from 93% to 96% (Table 2). The Bischoff et al. [4] and Ateshian and Costa
[2] models simulated the response with similar agreements. The Gasser et al. [17]
model had the smallest VAF (79%) when used to simulate forehead skin (Table 2).
As a result, it was not used to simulate other regions of the face.
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Fig. 9 In-plane force
reaction at 0.7 mm
displacement for different
locations on one volunteer’s
face

3 Current Challenges and Future Directions

This chapter presented a method of characterising the mechanical response of in
vivo human skin by applying a rich set of deformations using a micro-robotic device.
The resulting force-displacement response from different points of the arm and face
of volunteers exhibited non-linearity, anisotropy, and viscoelasticity. Qualitatively,
the response of each volunteer’s skin was similar. The direction of stiffest response
corresponded, in general, to the direction of relaxed skin tension lines (RSTLs) in
that area [5]. This in agreement with [34] in the central cheek region. However,
the magnitude of the stiffness varied significantly according to volunteer [11]. This
highlights the importance of getting patient-specific data for developing volunteer-
specific models.

Using finite element analyses and non-linear optimisation, parameter sets were
identified that best-fit the model responses to the experimental responses of different
skin locations and different volunteers. VAFs ranging from 92% to 99 % were
achieved for all the constitutive models tested except the Gasser et al. [17] model,
which only achieved a VAF of 79% for the forehead region. The force-displacement
response was too linear using this model. Overall, the anisotropic constitutive
models did not perform better compared to the isotropic Ogden [32] model. Better
knowledge of the structural characteristics of the skin through appropriate imaging
in each case may guide the selection of anisotropic parameter values.

The optimisation procedure also estimated the in-vivo pre-stresses at the different
locations. The pre-stresses ranged from 5 to 92 kPa, which is greater than values
reported in the literature [9, 10, 21]. While this difference may be attributed to
variations between individuals, it can also be due to the protocol used. Flynn et al.
[12] demonstrated the importance of using out-of-plane deformations to estimate
pre-stresses in skin. The normal response of skin is more dependent on the pre-
stress than on the material parameters. With an application to cerebral aneursyms,
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Table 1 Identified arm region material parameters, in vivo pre-stress field, and variance accounted
for (VAF)

Region Model Model parameters (σx , σy) (kPa) VAF (%)

Anterior forearm
(stiff)

Ogden [32] μ1 = 29.16 kPa; μ2 = 2.15
Pa; α1 = 1.71; α2 = 40.09

(84, 61) 98

Anterior forearm
(stiff)

Tong and Fung
[40]

c = 0.0107 Pa;
A1 = 40.636; A2 = 21.837;
a1 = 12.754 kPa;
a2 = 6.057 Pa; a3 = 38.046
kPa

(92, 49) 99

Anterior forearm
(medium)

Ogden [32] μ1 = 19.40 kPa; μ2 = 0.03
Pa; α1 = 1.00; α2 = 54.02

(48, 39) 97

Anterior forearm
(medium)

Tong and Fung
[40]

c = 0.0207 Pa;
A1 = 34.167; A2 = 54.740;
a1 = 19.676 kPa;
a2 = 0.008 Pa; a3 = 53.306
kPa

(51, 31) 98

Anterior forearm
(supple)

Ogden [32] μ1 = 10.06 kPa;
μ2 = 0.001 Pa; α1 = 1.43;
α2 = 37.62

(39, 28) 98

Anterior forearm
(supple)

Tong and Fung
[40]

c = 0.0221 Pa;
A1 = 26.772; A2 = 40.846;
a1 = 20.956 kPa;
a2 = 0.390 Pa; a3 = 31.675
kPa

(38, 16) 98

Upper arm Ogden [32] μ1 = 27.04 kPa; μ2 = 2.77
Pa; α1 = 3.79; α2 = 39.38

(22, 48) 98

Upper arm Tong and Fung
[40]

c = 0.1000 Pa;
A1 = 51.089; A2 = 7.962;
a1 = 1.563 kPa; a2 = 8772
Pa; a3 = 12.355 kPa

(17, 45) 98

The parameters are originally from Flynn et al. [12]. Reprinted by permission from Springer: Com-
puter Methods in Biomechanics and Biomedical Engineering. Lecture Notes in Bioengineering,
Gefen A., Weihs D., 2018

Lu et al. [29] showed that a normal load on a membrane structure can determine the
wall tension without requiring accurate knowledge of the wall elastic properties.
For the facial skin locations, some of the pre-stresses predicted using different
constitutive models were similar. For example, using the Bischoff et al. [4] model
the estimated pre-stress in the forehead region was 25 kPa, 23 kPa while using
the Gasser et al. [17] model estimated the pre-stress in the same region to be 26
kPa, 18 kPa. The normal responses using both these models were similar to the
experimental response [14]. In contrast, the Ateshian and Costa [2] model estimated
a lower pre-stress of 7 kPa, 3 kPa for the forehead region but the predicted normal
response was much lower than the experimental response. The pre-stress estimation
may be improved by ensuring all the applied deformations have an out-of-plane
component. The objective function would then have a greater weighting of out-of-
plane responses.
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Table 2 Identified facial region material parameters, in vivo pre-stress field, and variance
accounted for (VAF)

Region Model Model parameters (σx, σy) (kPa) VAF (%)

Forehead Bischoff et al.
[4]

n = 6.632 × 1011 (mm−3);
(a, b, c) =
(0.8529, 1.272, 1.386)

(25, 23) 94

Forehead Ateshian and
Costa [2]

c = 0.3118 kPa; λ11 = 0.9982
kPa; λ22 = 1.005 kPa;
μ1 = 7.169 kPa; μ2 = 7.142
kPa

(7, 3) 94

Forehead Gasser et al.
[17]

μ = 14.08 kPa; k1 = 11.01 kPa;
k2 = 0.09188; θ = 30.82o

(26, 18) 79

Forehead Ogden [32] μ1 = 53.95 kPa; μ2 = 0.3012
Pa; α1 = 1.868; α2 = 69.00

(34, 27) 94

Near lip Bischoff et al.
[4]

n = 5.690 × 1011 (mm−3);
(a, b, c) =
(0.6952, 1.276, 1.529)

(9, 8) 94

Near lip Ateshian and
Costa [2]

c = 0.3291 kPa; λ11 = 1.0 kPa;
λ22 = 6.387 kPa; μ1 = 4.556
kPa; μ2 = 2.352 kPa

(9, 7) 91

Near lip Ogden [32] μ1 = 41.29 kPa; μ2 = 0.16 Pa;
α1 = 1.658; α2 = 54.964

(24, 16) 93

Central cheek Bischoff et al.
[4]

n = 1.246 × 1012 (mm−3);
(a, b, c) =
(0.7880, 1.246, 1.446)

(53, 46) 92

Central cheek Ateshian and
Costa [2]

c = 0.4421 kPa; λ11 = 1.0 kPa;
λ22 = 1.0 kPa; μ1 = 6.121 kPa;
μ2 = 4.353 kPa

(10, 5) 93

Central cheek Ogden [32] μ1 = 58.27 kPa; μ2 = 0.14 Pa;
α1 = 2.334; α2 = 33.081

(89, 72) 93

Central jaw Bischoff et al.
[4]

n = 8.922 × 1011 (mm−3);
(a, b, c) =
(0.8406, 1.224, 1.413)

(37, 32) 96

Central jaw Ateshian and
Costa [2]

c = 0.5010 kPa; λ11 = 1.000
kPa; λ22 = 1.000 kPa;
μ1 = 3.322 kPa; μ2 = 5.919
kPa

(20, 16) 95

Central jaw Ogden [32] μ1 = 57.73 kPa; μ2 = 0.42 Pa;
α1 = 2.265; α2 = 34.689

(81, 75) 96

The parameters are originally from Flynn et al. [13] and Flynn et al. [14]. Reprinted by permission
from Springer: Computer Methods in Biomechanics and Biomedical Engineering. Lecture Notes
in Bioengineering, Gefen A., Weihs D., 2018

The uniqueness of the parameter sets needs to be established. For simple uniaxial
and biaxial tests on natural rubber, it is possible to identify several optimum
parameter sets that result in the same quality of fit of model data to experimental
data [33]. Using a richer set of deformations as was done for the arm and
facial skin studies increases the identifiability of the material parameters and pre-
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stresses. Flynn et al. [12] demonstrated improved identifiability when out-of-plane
deformations were applied to the skin. This could be improved by enriching the data
set further by tracking the displacement of the skin around the probe using DIC.

There are several opportunities to improve the finite element model used to
simulate the experiments. For all the locations, the skin surface was assumed to be
flat and underlying layers and connections were ignored. This assumption is weak
in certain areas such as the zygomatic region of the face, whose surface is curved
and is also the location of the zygomatic ligament, which anchors the facial skin to
the underlying bone [16]. It is likely with probe displacements of 1.2–1.4 mm and
an assumed skin thickness of 1.5 mm that the underlying layers of the skin would
influence the force response. The influence of the underlying connections also may
explain why the in-plane force in diametrically opposed directions differ (e.g. 330◦
and 150◦ in Fig. 8c). If there were no underlying connections, the response would
be expected to be the same. Including the sub-dermal layers and ligaments is likely
to improve the normal response of the skin. In general, the model simulated the
response of arm skin (97–99%) better than the response of facial skin (91–96%).
This could be attributed to the model assumptions being more realistic for arm skin
than for facial skin.

The quasi-static loading of the skin surface is limiting in terms of full mechanical
characterisation. Recently, Parker et al. [35] have used a revised version of the
micro-robot to characterise the dynamic response of skin of the anterior forearm and
hand using nonlinear stochastic system identification methods. Chen and Hunter [6]
also used stochastic identification techniques with a dynamic indenter that needed
to be reconfigured for each applied load direction.

The experimental protocol using the micro-robot and support plate is time
consuming and sometimes uncomfortable for the volunteer. This is particularly true
when testing facial skin. It is unlikely that this approach would be suitable for
use in a clinical context where the comfort of the patient is important. Hand-held
devices such as that proposed by HajiRassouliha et al. [19], which measures three-
dimensional strain fields of skin, are likely to point the way forward to accessible
characterisation of a patient’s skin in the clinic.
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Multiscale Characterisation of Skin
Mechanics Through In Situ Imaging

Jean-Marc Allain, Barbara Lynch, and Marie-Claire Schanne-Klein

Abstract The complex mechanical properties of skin have been studied intensively
over the past decades. They are intrinsically linked to the structure of the skin
at several length scales, from the macroscopic layers (epidermis, dermis and
hypodermis) down to the microstructural organization at the molecular level.
Understanding the link between this microscopic organization and the mechanical
properties is of significant interest in the cosmetic and medical fields. Nevertheless,
it only recently became possible to directly visualize the skin’s microstructure
during mechanical assays, carried out on the whole tissue or on isolated layers.
These recent observations have provided novel information on the role of structural
components of the skin in its mechanical properties, mainly the collagen fibers in
the dermis, while the contribution of others, such as elastin fibers, remains elusive.
In this chapter we present current methods used to observe skin’s microstructure
during a mechanical assay, along with their strengths and limitations, and we review
the unique information they provide on the link between structure and function of
the skin.
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1 Introduction

Skin mechanics has been studied for over 50 years [1–3]. The mechanical properties
of skin can be measured experimentally either ex vivo or in vivo.

Ex vivo measurements have covered almost all classical mechanical testing set-
ups, and have been performed on humans as well as many types of animal. The
references given here are just a few examples, as a complete review is out of the
scope of this chapter. The tensile properties of skin have been extensively studied,
in uniaxial, biaxial and multiaxial tests. Some examples can be found in [1, 3–
6]. Less commonly used are the inflation [7], compression [8], shear [9] and even
delamination [10] tests.

Despite an abundance of publications, no unique set of mechanical parameters
has been determined since skin’s mechanical properties vary strongly as a function
of many factors, including but not limited to: species, age, anatomical location, ori-
entation, but also sample preparation and storage, hydration level and even clamping
set-up. Therefore, an enormous variability in skin’s mechanical parameters has been
reported in the literature.

Ex vivo tests present some serious advantages. They allow for the exploration
of a wide range of parameters, up to breakage if so wanted. Skin is isolated from
the subcutaneous tissues and can thus be studied as a material on its own. Ex vivo
testing also permits to modify samples with chemicals to evaluate separately the
contribution of each structural component. This method has been exploited for
example to modulate the proportions of elastin [11] or proteoglycans [12] and study
the resulting impact on mechanical properties.

The main drawback of ex vivo studies is related to their main advantage. Because
the tissue is separated from the body, it is isolated from its natural environment and
in particular natural pre-stress and hydration control and may be damaged during
the isolation process.

In vivo measurements have been developed to characterise the mechanical
properties of skin in its natural environment, mostly on humans. Four main
categories of tests have been performed: torsion [13], tension [14], suction [15] and
indentation [16]. For a more complete review of the literature on this subject, the
reader may refer to [17]. Torsion and tensile assays apply mechanical stimulation
in the skin surface’s plane, while suction and indentation assays deform the skin
perpendicularly to its surface. A small deformation will be selected to optimize
sensitivity to the mechanical properties of skin upper layers (stratum corneum,
epidermis, upper dermis), while a larger deformation will involve the whole
thickness of skin and even some subcutaneous tissues.

From all these studies, a good knowledge of skin’s mechanical properties at the
macroscopic level has been acquired. These properties are comparable to those of
other collagen-rich tissues, such as tendon [18], cornea [19] or aorta [20], although
each of these tissues present very different microstructures.
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For a wide range of applications, a sound and precise understanding of the
mechanical properties of skin is essential in explaining causes and effects. For
example, in the study of the etiology of alterations arising from genetic diseases
(e.g. Ehlers-Danlos syndrome, Marfan syndrome, Cutis laxa) or from ageing, to
study impact [21], to improve wound healing outcome [22], to improve drug and
vaccine transepidermal delivery [17], to develop robot-assisted surgery [23], and to
improve dermatological and cosmetic products and procedures [24].

Skin is a complex material because of its architecture as a layered structure
and highly multiscale organization (e.g. fibrils form fibers, which form bundles
and so on) (see chapter “Human Skin: Composition, Structure and Visualisation
Methods” for a more detailed review of skin’s hierarchical structure). From this
observation, it is straightforward to infer that, in the mechanical aspects of the
applications mentioned in the previous paragraph, the interplay of microstructural
constituents within and across individual skin layer plays a pivotal role. Thus, the
question of the relationship between microscopic organization and macroscopic
mechanical properties has been raised from the very first studies of skin’s mechanics
[3]. However, technical difficulties in the observation of the microstructure during a
mechanical assay have for a long time restricted the answers that could be provided
to this “multiscale question”. Hence, many studies have been limited to infer the link
between microstructure and mechanics from separated mechanical measurements
and static images of the tissue in an unloaded state. Two notable studies included
a few SEM observations of samples observed post mortem in a given stretch state:
one sample is stretched to a given stretch, fixed and then observed [25, 26]. The
process is then repeated at different stretch levels with different samples. Due to
the complexity of the protocol and inter-sample variation, these early approaches
were however limited to a qualitative observation of the reorientation of collagen
fibers.

Yet, a complex multiscale interpretation of skin mechanics is increasingly needed
to link the microscopic scale, relevant to cells, proteins and chemicals to the
macroscopic scale, relevant to patients and consumers.

Furthermore, the expanding field of mechanobiology has showed that the
mechanical properties of tissues can greatly influence cell behavior and has
opened up new research and translational opportunities in all the fields mentioned
above.

Appropriate micro-mechanical experiments have been developed only in the
last decade or so as the result of miniaturization of mechanical testing devices
and improvement of imaging methods. As will be developed in this chapter,
in situ imaging has proven useful for three main purposes: as a way to deter-
mine local strains, either to validate the mechanical testing protocol or to study
the local response of the tissue, to identify the relative contribution of each
layers and to identify the relative contribution of each microstructural compo-
nents.
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2 Skin Structure and Mechanical Properties

2.1 Skin Structure

Skin is a complex multilayered organ (see also chapter “Human Skin: Composition,
Structure and Visualisation Methods” for a more complete description). It also
encompasses hairs, sweat and sebaceous glands, nerves and blood vessels. The
main part of the organ is usually separated into three layers. The following short
description applies to human skin and is usually generalized to other mammalian
species, up to a scale factor.

The outermost layer of skin is the epidermis. Its thickness ranges from 0.05 mm
on the eyelids to 1.5 mm on soles and palms. The epidermis is made of layers of
cells, called keratinocytes, stacked onto each other. These cells originate from the
basal layer, at the junction between the epidermis and the dermis. This is where
melanin is added to the keratinocytes by cells called melanocytes. No blood vessel
goes through the epidermis. Some immune cells, such as the Langerhans’ cells,
migrate through the epidermis to detect antigens. The epidermal cells migrate from
the basal membrane to the skin’s surface while filling with keratin, a very resistant
fibrous protein. The outermost layer of the epidermis is called the stratum corneum
and is entirely composed of dead cells glued together with lipidic cement. The cells
from the stratum corneum detach progressively with friction and cleansing, leaving
space for new cells. The mean turnover time of the epidermis, required to renew the
cells completely, is roughly 39 days. This time can be affected by various diseases,
psoriasis for instance [27].

Under the epidermis lays the dermis, ranging from 0.3 to 3 mm in thickness. The
epidermis-dermis junction presents a finger-like wavy structure, known to facilitate
both adhesion of dermis to epidermis and exchange of nutrients. The cohesion
between the two layers is ensured by anchoring filaments of proteins: proteoglycans
(called hemidesmosomes) and type IV and VII collagen fibrils. The dermis is the
most important layer of the skin for structural integrity and mechanical resistance.
A few cells, called fibroblasts, can be found in the dermis. Their role is to synthetize
the components of the extracellular matrix which constitutes the major part of the
dermis. These components are collagen fibers of different types (mainly I but also
III, V, VI, XII, XIV and XVI), elastic fibers and ground substance. The ground
substance encompasses everything in the extracellular matrix that are not fibers,
including, but not limited to, proteoglycans. The main component of the ground
substance and of the dermis in general is water, which represents 64% of the whole
skin. Sebaceous and sweat glands lay in the dermis. Small blood vessels run through
the dermis and especially at the epidermis-dermis junction, to bring nutrients to the
epidermal basal cells.

Under the dermis lays the hypodermis, the deepest layer of the skin, also called
“sub-cutaneous” tissue. It is composed of loose connective tissue and lobules of fat.
The hair follicles initiate there, and blood vessels run through the hypodermis.
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The thickness of each layer, the geometry of interfaces, and the mechanical
properties of skin are known to vary as a function of body site, age, gender, and
lifestyle (UV exposure, moisturization, etc.). In animal skin, it also varies a lot
depending on the species, which affects, amongst many other parameters, hair
density.

2.2 Mechanical Properties of Skin

Skin can sustain large strains, of tens of percent. It presents a non-linear stress-
stretch response: a typical example of stress-stretch curve for skin is shown on
Fig. 1. This so-called “J-curve” is commonly separated into three regions: a toe-
region, in which large stretches result in very little force, a heel-region, in which
the force increases non-linearly with the stretch, and a linear-region, in which the
force increases linearly with the stretch. After the linear-region, the skin breaks
progressively. The stress-stretch response of skin is highly anisotropic [1].

Skin is also a viscoelastic material. An example of viscoelastic behavior is rep-
resented by the strong strain rate dependency of the non-linear mechanical response
of skin [29] so that when a loading-unloading cycle is performed, hysteresis can be
observed. The viscoelasticity of skin also leads to creep and relaxation responses: if

Fig. 1 Stress–stretch response of adjacent samples from the upper back of human cadavers with
the same orientation (N = 10). Colors indicate different subjects while solid and dashed lines
indicate samples to the right and left of the spinal line respectively. This illustrates the inter-subject
and intra-subject variations between adjacent samples with the same orientation. Figure from Ní
Annaidh et al. [28]
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Fig. 2 Normalized force versus strain curves of skin showing the progressive shift towards a limit
cycle after successive loading and unloading cycles. The experiments were performed in situ on
canine cadavers. Figure from Bismuth et al. [31]

the stress is held constant, the strain increases with time (creep) while if the strain
is held constant, stress decreases with time (relaxation) [30].

Another well-known macroscopic mechanical property of skin is the so-called
preconditioning. When the skin is subjected to repeated cycles at the same loading
level (in stretch or stress), the response will shift progressively (see Fig. 2), a
clear demonstration of dissipative mechanisms. It is classically admitted that the
response will converge towards a limit-cycle, and many authors consider that ten
cycles are sufficient [31, 32], even if the convergence seems quite slow [33, 34]. The
preconditioning effect is very similar to the Mullins effect observed in elastomers
[35].

In vivo, skin is subjected to a natural pre-stressed state. This is manifested
through a complex network of tension lines across the body whose orientation can be
determined by puncturing circular holes in skin: the resulting holes are ellipsoidal as
a consequence of the relaxation of the prestress. A mapping of the main directions of
these tension forces in human cadavers was described in 1861 by K. Langer: these
are the so-called Langer’s lines [36], which are still used by surgeons nowadays
[21] (see chapter “Tension Lines of the Skin” for a more detailed discussion of this
topic).



Multiscale Characterisation of Skin Mechanics Through In Situ Imaging 241

2.3 Contribution of the Different Layers to the Mechanical
Properties

The relative contribution of each of skin layers to the overall macroscopic mechan-
ical properties strongly depends on the mechanical solicitation considered.

The dermis is usually considered to be skin’s main load bearing layer and
its mechanical behavior is indeed similar to that of the skin as described above.
From a mechanical point-of-view, the dermis main function is to provide sufficient
flexibility to allow movement while maintaining a very high resilience to protect
the internal organs. Due to their small thicknesses, the stratum corneum and viable
epidermis are mainly involved when the mechanical solicitations are targeted at the
surface, for instance in tribological properties [37–40]. The main mechanical role
of the hypodermis is considered to be that of a shock absorber, which dissipates
excessive energy.

To study independently the mechanical properties of each layer, the most
straightforward approach is to isolate each layer, which is obviously only possible
in ex vivo experiments. This technique has been employed very commonly to
characterise independently the stratum corneum [41], and the combination of
dermis and hypodermis [42], and even to separate the dermis sublayers: papillary
and reticular dermises [43]. Less often, it has also been used to evaluate the
association of stratum corneum and viable epidermis (hence making it possible to
isolate the properties of the viable epidermis on its own—[44]), and hypodermis
[45].

Isolating skin layers presents one major drawback, which is the risk of damaging
the tissue during the isolation process. In situ imaging of the whole skin can offer
an interesting alternative to assess the relative contributions of different layers
tested simultaneously, as illustrated by the ingenious combination of a shear test
with digital image correlation by Gerhardt et al. [46, 47], in which the mechanical
properties of the epidermis and dermis could be identified as a function of depth,
see Fig. 3.

In vivo, it is particularly difficult to decorrelate the relative contributions
of each layers. This has been done recently through two different approaches.
The first one is to combine multiple mechanical tests at different solicitations
with numerical methods [48]. The second one consists in using simultaneous
mechanical loading and in situ image acquisitions, both being compatible with
in vivo experiments [15, 46, 49]. In both approaches, the mechanical parameters
of the different layers can then be determined through inverse methods assuming
a particular formulation for the constitutive behavior of each layer (see chapter
“Inverse Methods” for a review of inverse methods applied to skin characterisa-
tion).
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Fig. 3 Displacement fields of porcine skin under shear (left: undeformed image, right: 10%
global deformation). Full thickness skin is placed between two steel plates, the lowest one being
moved by an eccentric rotation stage. The images were obtained through a stereo-microscope. The
displacement was obtained by Digital Image Correlation. One can observe less deformation of the
upper skin layers (quantified in the original paper). Figure from Gerhardt et al. [46]

3 Dermis

The dermis is by far skin’s most studied layer from a mechanical point of view
since it is considered to be the main contributor to the mechanical properties [50].
The dermis is mainly composed of collagen and elastic fibers (elastin and fibrillin,
often referred together as elastin), surrounded by a water-rich disorganized matrix
of biomolecules (proteoglycans, etc.). The dermis is separated in two parts based on
morphology of the collagen network: the papillary dermis and the reticular dermis.
The papillary dermis is closest to the epidermis and consists of fairly small, curled
and crimped collagen fibers, that are quite loosely arranged. The deepest layer of
the dermis is called reticular dermis: it consists of fibers that are arranged in thick
bundles stacked densely onto one another. The papillary dermis is much thinner than
the reticular dermis, with a ratio of approximately 0.2/0.8. The dermis contains very
few cells, the fibroblasts, which play a critical role in regenerating and repairing the
tissue. The microstructure of the dermis changes drastically with time, as a result
of both age (intrinsic ageing) and exposure to external factors such as UV light or
pollution. The reader is referred to [51] for a comprehensive review of these changes
or chapter “Constitutive Modelling of Skin Ageing”.
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To investigate the effect of each microstructural component on the skin’s
mechanical properties, two main types of approaches are possible: post-mortem and
in-situ observations.

3.1 Role Classically Attributed to Each Microstructural
Component of Skin

Hypotheses on the role of each of the dermis’s microstructural components in
the overall macroscopic mechanical properties have been discussed as early as
the 1970s [3, 32]. At that time, the structure of some collagen-rich tissues had
already been observed quite well, in particular that of tendons, which have a simpler
structure than skin and no elastic fibers, and that of aortas.

Ever since, it has been classically considered that the main contributor to the
mechanical properties of the dermis are the collagen fibers. These fibers are initially
more or less randomly distributed in the skin plane and present a very wavy and
coiled structure. In the toe region of a typical uniaxial tensile test stress-stretch
curve, the fibers are believed to unfold gradually. The classical interpretation then
states that in the heel region, they become progressively more and more aligned in
the direction of traction. In the linear region, they are then mechanically loaded and
stretched, leading to a strong increase of the reaction force.

Elastin is considered to play an important mechanical role at low forces and
stretches, while at that point the collagen fibers are still undulated and thus unable
to sustain load. However the main contribution of elastin is believed to be in giving
skin the ability to recoil after being stretched, something the collagen network alone
is not believed to be able to do by itself [11, 43]. The authors of the studies on elastin
emphasize the key role of the entanglement of the elastin and collagen networks: it
is because the elastic fibers are interconnected with the collagen fibers that they are
able to pull back the collagen in its original configuration.

There is no classically accepted interpretation of the role of other non-fibrillar
molecules, such as proteoglycans, in the dermis’ mechanics. On one hand, a trypsin
treatment degrading the non-fibrillar matrix has been found to have no effect on the
mechanical properties [43]. On the other hand, a large part of the literature attributes
to proteoglycans a key role in the change of mechanical properties with ageing [52,
53]. Alterations of the non-fibrillar matrix through genetic modifications has also
been shown to change the mechanical response of skin [42], and in particular its
preconditioning [12]. To this day, it remains difficult to understand the molecular
origin of these changes in mechanical properties. The lack of consensus comes
partly from the difficulty to image the organization of proteoglycans. In most
modeling attempts, the contribution of the non-fibrillar matrix is either neglected
or reduced to a pure incompressible medium or very soft incompressible elastic
matrix.
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3.2 Post-mortem Studies of the Relationship Between
Microstructure and Mechanics

In post-mortem experiments, the microstructure is characterised at different stretch
levels by observing different samples at each stretch level. However, due to intra-
specimen variability, two different samples have different microstructural features,
and thus the main drawback of this technique is that it can only be used to
achieve statistical consideration. However, post-mortem observations do allow to
use any imaging technique, including the most powerful ones. Destructive imaging
approaches, such as histological cross-sectioning and scanning electron microscopy
(SEM) are generally selected.

Histological cross-sectioning is the most classical approach to observe the
microstructure of a biological tissue. A biopsy of the tissue is fixed, embedded in
paraffin, and thin slices are cut (a few micrometers thick). The sections are then
deparaffinised, colored with a chosen stain or combination of stains specific to the
components sought and observed under an optical microscope. This approach allows
for an easy identification of the various constituents of skin, for instance using
hematoxylin-eosin staining of transverse sections. However, it remains strongly
invasive, and limited to 2D sections. It has been used mainly to characterise
the tissue in an unloaded state, and to infer the mechanical properties from the
composition, for instance comparing skin from young and aged donors, from
different ethnicities or different anatomical locations [54].

In scanning electron microscopy, the sample is imaged using an electron beam.
SEM allows for incredible resolutions of about a few nanometers over a small field
of view, and thus very small details can be observed at the surface of the sample.
The price of that resolution is the need to put the sample into a vacuum environment,
meaning that the sample has to be fixed, and the very small field of view and
imaging depth. The obtained images are in grey levels and difficult to interpret for
novice users. SEM has been performed on skin as early as the seventies to observe
the rearrangement of collagen fibers under stretching [25, 26]. These observations
agreed with the classical interpretation of the role of the collagen fibers in skin
mechanics described above. Note that transmission electron microscopy (TEM) can
also been used in ultra-thin sections and provide typically the same resolution and
field of view.

The main limitation of the post-mortem approach is that it is not possible to track
a unique region of interest during the mechanical assay. Thus, it cannot be used to
quantify the evolution of the microstructure. This is why in situ approaches have
been developed recently, taking advantages of the progresses of optical imaging
techniques.
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3.3 In Situ Exploration of the Relationship Between
Microstructure and Mechanics

Quantifying the evolution of the microstructure during a mechanical assay requires a
method that doesn’t destroy the sample. Ideally, this method should also necessitate
no staining, or only a simple one, so that the mechanical properties are not altered.
It should also permit to observe a relatively large field of view, to correlate the
observations with the macroscopic mechanical properties. Finally, it has to be fast
enough so that it remains possible to preserve the sample during the whole assay,
meaning that the whole experiment should last no more than a few hours.

Very few methods are compatible with all these criteria: X-rays and optical
methods. However, skin is not sufficiently organized to be observed using X-rays,
contrary to tendons [55] or muscles [56]. Optical methods can be applied to skin,
which is partially transparent to light. The difficulty is then to observe specifically
different constituents. Four types of optical methods can mainly be considered:
confocal microscopy, polarimetric imaging, optical coherent tomography and mul-
tiphoton microscopy. We will present mainly studies performed with multiphoton
microscopy, as it is the technique that has shown the most interest to study the
dermis. We will afterwards briefly discuss the other three methods as possible
alternatives.

3.3.1 Principle of Multiphoton Microscopy

Multiphoton microscopy is a laser-scanning imaging technique that uses non-
linear optical effects as a source of contrast in biological samples. It means
that it relies on the combination of two or more photons into one photon by
the tissue, hence the term “non-linear”. To image skin tissues the most adapted
multiphoton techniques are second harmonic generation (SHG) microscopy and
two-photon excited fluorescence (2PEF) microscopy. The two types of signals can
be obtained simultaneously on the same microscope and both ex vivo and in vivo.
They require an important light power to exploit the non-linear response of the
material. Thus, pulsed lasers are typically used, with around 100 femtoseconds pulse
duration, which deliver a high peak power for a low mean power and therefore low
invasiveness for the tissue.

The principle of multiphoton microscopy is illustrated in Fig. 4a through
electronic states diagrams (simplified Jablonski diagrams). The laser light excites
the molecules of the tissue, which under the proper physical conditions emit light
in return. SHG and 2PEF signals require two inbound photons for the excitation.
Hence, the probability of occurrence of photon emission increases strongly with the
number of photon present (precisely with the square of the number of photons). As
the number of photons is maximal in the focal point of the laser, the multiphoton
signal will be generated exclusively in this part of the laser beam, as shown for
2PEF on the right side of Fig. 4b. This so-called optical sectioning ensures an axial
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Fig. 4 Non-linear imaging.
(a) Simplified Jablonski
diagrams of (i) 1-photon and
(ii) 2-photon excitation
signals (left: 2PEF, right:
SHG). Figure from Lynch
[57]. (b) Spatial distribution
of the emitted signal of a
fluorescein solution, for (i)
1-photon and (ii) 2-photon
excited fluorescence. Figure
from Zipfel et al. [58]
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resolution and enables three-dimensional imaging: once the signal is collected from
a given point (voxel), a 3D image can be reconstructed by scanning the focal point at
all the wanted positions. In contrast, for classical fluorescence, the signal intensity
is proportional to the number of photons, as illustrated in the left image of Fig.
4b: the signal spreads everywhere in the beam path. Three-dimensional imaging is
then obtained by imaging the focal volume on a pinhole in front of the detector,
resulting in so-called confocal imaging (see below). In practice, both techniques (1-
photon and 2-photon excited fluorescence) result typically in the same resolution:
around 0.3 μm in the lateral direction and 1–2 μm in the axial direction, depending
on the excitation wavelength and on the numerical aperture of the objective lens.
However, the intrinsic 3D resolution obtained by optical sectioning in multiphoton
microscopy is more robust than confocal imaging in scattering tissues such as
skin. Micrometer resolution is therefore better preserved in depth and multiphoton
microscopy advantageously ensures 3D imaging with better depth penetration than
confocal microscopy.

The depth penetration of multiphoton microscopy strongly depends on the tissue
optical properties. In a transparent tissue such as cornea, the full thickness of
the tissue may be scanned. In skin however, scattering and absorption ultimately
limit the imaging depth. Firstly, absorption reduces the quantity of laser light that
penetrates the tissue, limiting the emission per focal point, and also reduces the
quantity of photon reaching the detector. Similarly, scattering spreads the focal
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point, reducing the emission and deteriorating the resolution in depth. In vivo, the
whole epidermis can be imaged, as well as the very superficial layer of the dermis,
typically a few tens of micrometers [59]. Ex vivo, when removing the epidermis,
it is possible to image the dermis with good resolution up to a depth of typically
100–200 μm.

The second harmonic generation signal is generated when two photons of the
same wavelength are combined to create a single photon of half that wavelength
(see Fig. 4a). At the molecular scale, this signal originates in the excitation of
electric dipoles along the peptide bonds. As such, it is an instantaneous and coherent
process, which means that the phase of the emitted electric field is related to
the phase of the excitation electric field and to the orientation of the dipole. The
consequence of this coherence is that the signal is strong for dense and aligned
objects, in which constructive interferences build up the signal quadratically. It is the
case for collagen fibrils where all the peptide bonds are aligned in the same direction
and exhibit a high density. On the contrary, the signal coming from random structure
will not be amplified: destructive interferences will annihilate the signal because
of centro-symmetry. Thus, fibrillar structures such as collagen fibers, cellulose or
microtubules, will be easily visible with SHG, while a disorganized network will be
lost in the background. This specificity allows SHG to have an excellent contrast for
collagen fibers in skin (see Fig. 5).

Another strength of SHG is that the signal is not subject to photobleaching,
contrary to fluorescence. This means that the signal doesn’t decrease with time,
making it perfect for repeated images. Moreover, it does not imply any absorption
process and is therefore a low-invasive technique.

To the advantages of SHG, one can also add the possibility of using polarized
light to obtain information on the local organization of the fibers in the focal volume.
For linearly polarized light, the more aligned with the excitation light the fibers are,
the lower the signal in the perpendicular direction will be. Despite the simplicity of

Fig. 5 Typical image of mice
skin in rest state obtained
with SHG microscopy. The
SHG signal appears in green
(false color). Black holes are
hair follicles. Image from
Lynch et al. [30]
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this principle, extracting quantitative information from the polarization signal has to
be done carefully because the light polarization may be affected by strong focusing
and by in-depth propagation into heterogeneous and/or anisotropic tissues [60].

Of course, SHG also suffers from some limitations. The first one is that it is
difficult to extract a quantitative information directly from the magnitude of the
SHG signal. This magnitude is strongly related to the local organization of the
molecules in the focal volume; fibrils oriented in an anti-parallel way in the focal
volume exhibit no signal for instance. As a consequence, SHG images are often
processed in a semi-quantitative way, exploiting only the pattern of the SHG signal
rather than the intensity in every pixel. The second drawback is the acquisition time,
as at each point the signal has to be acquired for long enough (few μs) to obtain a
significant signal from endogenous molecules. Typically, it will take 1–4 s to scan
a 2D area of 512 × 512 pixels, and a few minutes to scan a 3D volume with 100
different planes. During this time, the tissue has to be kept immobile. Thus, SHG
can only image a small part of a tissue during a mechanical assay.

These limitations are clearly not important enough to outweigh the advantages
of the SHG technique, and this type of microscopy has become more and more
popular to study the mechanics of soft tissues since it was first used almost 10 years
ago on tendon [61]. It has then been applied on many other biological tissues: aorta
[62, 63], cornea [64], fetal membrane [65, 66], liver capsule [67, 68] or pericardium
[69]. It is also classically, and has been for a longer time, used to study low density
collagen gels [70, 71].

The two-photon excited fluorescence (2PEF) signal arises from the simultane-
ous absorption by a molecule of two photons of a given wavelength. In response, the
molecule will emit a single photon at a wavelength slightly higher than half of the
excitation wavelength (see Fig. 4a). The 2PEF signal is thus slightly red-shifted with
respect to the SHG signal in terms of emitted wavelength, which makes it possible
to separate the two signals.

The 2PEF signal can be generated by endogenous molecules in cells or in extra-
cellular matrix, mainly in elastin or collagen. It is usually acquired on skin to
observe the organization of elastin. 2PEF can also come from exogenous molecules,
and most of the many fluorescent probes available for confocal microscopy do emit
2PEF signal. However, dying the tissue in depth is quite difficult, except by using
fluorescent proteins expressed directly in genetically-modified animals. It is possible
to target specific molecules in a cell, but the low number of cells in the dermis
doesn’t make this process effective, with the exception of inflammatory regions, in
which cells are more numerous.

Contrary to SHG, the intensity of the 2PEF signal can be taken as a quantitative
measure of the number of molecules, albeit with great caution: the magnitude of the
signal is also dependent on the absorption properties of the tissue, which can change
with depth or when the tissue is mechanically loaded, and it may vary with time due
to photobleaching.

Photobleaching and phototoxicity are the main drawbacks of 2PEF microscopy.
As the tissue photobleaches, the intensity of the signal decreases, which means that
the observation of low-density structures such as elastin may be difficult after a
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Fig. 6 Typical
photobleached grid on a
human liver Gilsson’s capsule
observed with multiphoton
microscopy. The
photobleached squares are on
the 2PEF signal (magenta),
emitted by elastin, while the
SHG signal (green), emitted
by collagen fibers, is not
subjected to photobleaching
and remains visible
everywhere. Image from
Jayyosi et al. [67]

while. High excitation power may also damage the tissue. However, these effects
can be mitigated by use of low excitation power. Notably, photobleaching has been
exploited in tendon and Gilsson’s capsule to draw patterns on the tissue, which were
then monitored during mechanical loading to measure the local strain field [72, 73],
as illustrated in Fig. 6.

3.3.2 Quantitative Multiscale Mechanics of the Dermis with Multiphoton
Microscopy

Collagen Network
SHG has been used to observe the rearrangement of the collagen network during
a tensile test on skin [42, 74]. These experiments were performed on ex vivo skin
from the back of mice. After preparation, including removal of hairs and removal
of the epidermis to isolate the dermis, samples were attached to a uniaxial traction
device placed under the microscope (see Fig. 7a, b), with a drop of immersion gel
on top to preserve its hydration state.

The sample was then progressively stretched. The stretching was incremental and
was paused during the SHG image acquisition. This resulted in a relaxation of the
force, as expected from a viscoelastic material. Figure 7c shows a typical example
of loading path and recorded force versus time curves. The strain rate has to be very
slow (less than 10−4 s−1) so that it is possible to follow the same region of interest
(ROI) with the microscope. Indeed, even with a symmetric traction device, the ROI
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Fig. 7 Experimental set-up combining multiphoton microscopy with a uniaxial traction device.
(a) Schematic representation and (b) photo of the set-up: a mice skin sample is maintained
between the two grips of the symmetric traction device (c) Nominal displacement (green) and
force (blue) versus time curves of a typical experiment, showing the incremental stretching of the
skin sample and corresponding image acquisition after each displacement step (red arrows). Figure
from Bancelin et al. [42]

will move slightly during stretching. These displacements have to be compensated
manually.

Figure 8 shows typical SHG images obtained at different stretch levels. Qualita-
tively, the reorganization of the collagen network seems close to the one obtained
with a post-mortem approach using SEM [25, 26]. The fibers appear more and more
aligned in the direction of traction as the stretch increases. The holes of the hair
follicles become more and more elliptical and aligned in the direction of traction.

Quantitative information can be extracted from such images. Firstly, local strains
can be determined. Local strains quantification is useful to validate the testing set-
up, evaluate the local homogeneity of the strain and observe the behavior of the
sample in the direction perpendicular to traction (compressibility). [74] performed
Digital Image Correlation (DIC) to measure a local strain field at different distances
from hair follicles, as well as the strain at the scale of the field of view. As SHG
image acquisition can only be performed semi-continuously, DIC is difficult to
implement for large stretches, because the pattern of collagen fibers changes greatly
between two stretch levels, hindering the correlation. Bancelin et al. [42] tracked
the center of the hair follicles to measure the strain at the scale of the field of
view. This approach is more robust for large stretches but doesn’t allow to probe
smaller scales. In the direction of stretching, the mesoscopic strain, at the scale of
the field of view, was found to be similar to the imposed macroscopic one (see Fig.
9a), which means that the sample is homogeneous at this scale. In the direction
perpendicular to traction, the stretch was found to be constant for small stretches,
despite the mechanical loading imposed on the sample (see Fig. 9b). Surprisingly,
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Fig. 8 Typical SHG images of a unique mice skin sample at different indicated stretch levels. The
SHG signal is in green. Black holes are hair follicles. The traction is applied in the horizontal
direction. The unstretched image is the same as Fig. 5

Fig. 9 Stretch measured at the scale of the SHG image versus applied macroscopic stretch on
mice skin. (a) Stretch in direction of the traction. (b) Stretch in the perpendicular direction. Figure
adapted from Bancelin et al. [42]

when the epidermis was removed the strain was even found to increase, meaning
the sample swelled in the direction perpendicular to traction [42]. After a certain
stretch level, the strain perpendicular to traction decreased linearly with the imposed
stretch. This effect, attributed to a poroelastic phenomenon, has been reported since
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Fig. 10 Fiber orientation measured from the SHG images through a rotating element (a) Orien-
tation map extracted from Fig. 5. (b) Associated orientation histogram at different stretch levels.
Adapted from Lynch et al. [30]

the earliest measurement of skin’s macroscopic mechanical properties [3]. No shear
was observed.

More interestingly for a multiscale approach, another information that can be
acquired from the SHG signal is the orientation of collagen fibers. To determine
the collagen fiber orientation, Nesbitt et al. used a fast Fourier transform (FFT)
analysis [74]. This approach is commonly implemented to analyze the orientation
histogram of fibers. However, it presents the limitation of measuring all the spatial
scales at the same time. This means that it is not possible to determine whether the
increased organization observed has been generated by changes at smaller scales,
for example due to fibers straightening, or larger scales, by fibers reorganizing at
the scale of the image. Bancelin et al. [42] used a morphological approach: with a
rotating element, one can determine the direction closest to the fiber orientation,
pixel by pixel to obtain orientation maps (see Fig. 10a). This approach is more
complex to implement and has a lower angular resolution. However, the selected
size of the rotating element imposes the actual length scale that is probed. In these
two approaches, the fiber orientation distribution is characterised by an orientation
histogram (either extracted from the FFT or reconstructed from the map), which
can be easily followed at different stretch levels (see Fig. 10b). It is even more
convenient to use a scalar, the orientation index (OI), which is related to the width
of the distribution. A reduction of this width, resulting in a higher OI, can be
understood as an increase of the fraction of fibers aligned in the direction of traction.

During a typical uniaxial tensile test, the OI appears to evolve similarly to the
stress (see Fig. 11). In the toe and heel regions of the stress-stretch curve it remains
fairly constant, while it increases linearly with the stretch in the linear region.

This observation seems in contradiction with the classical interpretation of
the role of the collagen network in the overall mechanics of the dermis. In this
interpretation, the fibers realign with the direction of traction in the heel region while
they are elongated in the linear part. Following this microstructural interpretation,
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Fig. 11 Nominal stress
(black) and Orientation Index
(blue) versus the global
stretch applied to mice skin.
Figure from Bancelin et al.
[42]

the OI should increase in the toe and heel regions and saturate in the linear part,
resulting in a plateau. Some new interpretation appears to be needed to account
for these experimental data, probably involving a more complex response of the
network, such as a global contribution of the connected fibers and/or a plastic
response of the fibers [30].

All microstructural mathematical models of skin include information about the
collagen network orientation and mechanical contribution. For examples of the
possible models, the reader is referred to the following references [6, 20, 75,
76], while a more complete description can be found in chapters “Constitutive
Modelling of Skin Mechanics”, “Constitutive Modelling of Skin Growth”, “Con-
stitutive Modelling of Skin Wound Healing” and “Constitutive Modelling of Skin
Ageing”.

These mathematical models all rely on the so-called affine assumption, which
states that fiber stretches and rotations follow the deformations of the surrounding
volume. This assumption has the major advantage to be purely kinematics. In SHG
images one can measure simultaneously the strain and the fibers orientation at
the scale of the field of view. Thus, it is possible to test the affine assumption
by computing the theoretical evolution of the initial orientation histogram under
the applied mechanical loading. The affine assumption satisfactorily predicts that
the OI should remain almost constant in the toe and heel regions and should
increase linearly in the linear part [67]. However, it systematically overestimates
the OI in the linear part (see Fig. 12), implying that it overestimates fibers
alignment. Consequently, the affine assumption is valid for the toe and heel
regions but should be taken with caution in the linear region of the stress-stretch
curve.

The combination of SHG and traction assays has also been adapted to altered
skin states, for example, when skin is affected by genetic diseases [42], age [77]
or wounds [48]. It explains, at least partially, how microstructural changes can
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Fig. 12 Evolution of the OIs
measured (dotted black line)
and calculated (dashed black
line), and their difference
(measured minus calculated)
(red), as a function of applied
strain. Figure from Jayyosi et
al. [67]
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be associated with observable changes in the macroscopic mechanical proper-
ties.

Elastin Network
The 2PEF signal has been used to image the evolution of the elastin network during
a mechanical loading in aorta [78], as illustrated on Fig. 13. The advantage of this
signal is that it can be recorded simultaneously with the SHG signal, so that the two
images can also be superimposed.

In skin, to the best of our knowledge, no experimental work has been carried out
to follow the elastic network during a mechanical assay. This is likely due to the fact
that the elastic network is not as dense in skin as it is in the aorta, making it difficult
to observe without any labelling, at least in murine skin.

3.3.3 Other Types of Microscopy

Confocal Microscopy
Confocal microscopy is now widespread in biology since this technique allows
for fluorescence or reflectance imaging in three dimensions. It typically offers
the same 3D resolution as that obtained in multiphoton microscopy, and similar
acquisition times (both of them being laser-scanning techniques). It often requires
that the collagen fibers be stained, which can be complex for thick tissues and
not perfectly specific or uses reflectance signals that are not specific. Moreover,
confocal microscopy is more sensitive to scattering than multiphoton microscopy
and therefore suffers from lower penetration depth in highly scattering tissues such
as skin. In skin, examples can be found of combining confocal microscopy with
collagen staining to determine the initial collagen organization [6]. In tendon, this
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Fig. 13 Arterial microstructure imaged with a multiphoton microscope (adventitia layer). (a) Free
load state and (b) diagonal load (stretch λ = 1.9). The collagen is colored in grey (left) and the
elastin in red (right). Figure adapted from Krasny et al. [78]

approach has been used to determine the local strains during a mechanical assay
[72, 79].

Optical Coherent Tomography
Optical coherent tomography (OCT) is an interferometric technique sensitive to the
contrast of reflectance (due to variation of the refractive index). Thus, it allows
imaging the interfaces between skin’s different layers in 3D.

Different approaches can be used to obtain OCT image. Mainly, one can list the
full field OCT (FF-OCT) and the spectral domain OCT (SD-OCT). SD-OCT uses a
spectral decomposition of the optical signal to determine the information in depth:
one acquisition point gives access to the information on the whole accessible depth.
Then, the image is reconstructed by moving the acquisition points on the surface.
The main advantage of the SD-OCT is that it is very fast. However, its resolution
is typically limited to 10 μm in the axial (depth) direction, and few micrometers
(around 3–4) in the lateral direction. FF-OCT images directly one horizontal plane
of the sample through a camera. The reconstruction in depth is obtained by changing
the lengths of the interferometer arm. This approach requires a very good signal to
noise ratio, and thus is significantly slower than the SD-OCT. However, it allows to
use objectives with high numerical aperture, and thus has much better resolutions
(typically, 1 μm in each direction).



256 J.-M. Allain et al.

OCT has the drawback of being non-specific, so that it can observe only the
different skin layers, and doesn’t give access to the microstructure. However, it
has strong advantages for in situ experiments, in particular the SD-OCT. Firstly,
it has a good spatial resolution, even with lenses with long working distances and
not immerged. It could even be used to image individual cells or their aggregates
in the stratum corneum (see Sect. 4). Secondly, it is cheap (with respect to other
optical methods) and fast. These advantages are of great interest for in situ assays
and especially in vivo ones.

To the best of our knowledge, it appears that OCT has not been used in skin
for the measurement of strain fields, but it has already been used to measure skin’s
thickness and surface shape during suction experiments [80].

Polarimetric Imaging
In its basic implementation, polarimetric imaging uses linearly polarized light to
investigate the optical response of the tissue in this specific orientation. If the
oriented light interacts with a non-aligned medium, it will be partly deviated,
creating a light signal split between the initial orientation and the perpendicular
one. Then, by rotating the initial orientation, it is possible to determine the effect
on all orientations [81]. In a more complex implementation (Mueller imaging),
different states of polarization are used, including circular and elliptical ones,
and the reflected light is also analyzed along all these states. These complex
implementations provide more information than the basic one, at the expense of
an increased acquisition time and complex image processing [82].

In uterine cervical cones, another type of collagen-rich tissue, it has been shown
that the main orientation determined through polarimetric techniques is related to
the collagen fibers orientation [82]. Polarimetric imaging has also been performed
on skin for cancer diagnostic [83].

This approach is a reflection technique limited to bi-dimensional surface images,
while the polarimetric signal still comes from the light penetration along a certain
depth in the sample. Thus, it is not straightforward to determine the origin of the
evolution of the polarization without other analysis methods. However, it is a bright-
field technique that allows for short acquisition times (depending on the number of
images acquired at different polarizations). If used complementarily to more specific
imaging methods, the short acquisition time of this technique could be very useful
for in vivo observations as each image only requires a few seconds.

4 Viable Epidermis and Stratum Corneum

The epidermis plays a fundamental role in skin physiology and biomechanics. In
particular, its outermost layer, the stratum corneum, has to be an efficient barrier
against injuries and pathogen invasion. The stratum corneum also maintains skin
hydration by limiting water evaporation.

Because it is the most external layer of skin, the stratum corneum is easily
accessible for in vivo experiments. And because it is a rather stiff layer, it is also
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Fig. 14 Stratum corneum topography (grey) and force distribution (arrow). Forces are generated
after drying the stratum corneum from 99 to 54% relative humidity. Figure from German et al. [84]

easy to isolate for in vitro experiments. Thus, quite a few studies have reported
in situ experiments to measure the mechanical properties of the last few layers of
skin, with a special focus on the impact of the hydration level [84–86]. For large
scale measurements of displacement, multiphoton microscopy (2PEF) and confocal
microscopy were also used. Much more local information was obtained through
Raman spectroscopy [87], in order to relate hydration level to molecular structure
and mechanical properties.

From these studies, we know that the stratum corneum is homogeneous at
macroscopic scales but that heterogeneous strain fields can be observed at the
scale of cell aggregates, around 100 μm, during the drying process (see Fig.
14). The stratum corneum shows strong variations in stiffness with the relative
humidity, and thus presents a depth gradient: the stiffness is almost similar to the
subjacent epidermal layers when saturated in water, while it strongly increases when
approaching the skin surface.

5 Hypodermis

The hypodermis is mainly made of fat lobules, surrounded by weakly organized
collagen-rich structures, called septa. Thus, it has a low stiffness (a few kPa to
100 kPa) and is difficult to separate from the dermis. As a consequence, the
mechanical properties of the hypodermis have barely been studied [23, 88–91].
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To the best of our knowledge, the link between mechanics and microstructure has
never been explored in ex vivo hypodermis. However, a few interesting ideas have
been tested in cultivated in vitro adipocytes, in particular by using atomic force
microscopy (AFM) to locally probe the stiffness of adipocytes [92] or by using
magnetic resonance imaging (MRI) to measure deformations in the subcutaneous
tissue in vivo when applying a macroscopic strain [93].

6 Conclusion

Skin mechanical properties are considered to be deeply related to the micro-
structure of its layers, with a main contribution of the dermis. While many
techniques are available to image skin’s microstructure, it remains difficult to
attribute a specific contribution to each microstructural component without observ-
ing them simultaneously during a mechanical assay. This limits the range of
suitable imaging techniques to non-destructive approaches, which also need to have
sufficient resolution and specificity in identifying particular structural components
(e.g. collagen fibers).

This explains why the number of in situ multiscale mechanical studies has been
limited in the past. However, nowadays, this trend is reversed with the advent
of novel advanced optical microscopy. In particular, the combination of second
harmonic generation microscopy with mechanical assays made it possible to probe
the specific role of collagen in the mechanics of the dermis. This approach also
highlighted limitations associated with the assumption of affinity of deformations,
which is used in most constitutive models of skin mechanics.

Still, despite notable progress, much work remains to be done. In the dermis, the
roles of the elastic network and that of other non-fibrillar components remain to be
explored. Similarly, very little information is available on the epidermis and hypo-
dermis. These layers are considered less important for skin’s overall macroscopic
mechanical properties but do play key roles in the biological functions of the skin.
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Tension Lines of the Skin

Aisling Ní Annaidh and Michel Destrade

Abstract Skin tension lines are natural lines of tension that occur within the skin
as a result of growth and remodeling mechanisms. Researchers have been aware of
their existence and their surgical implications for over 150 years. Research in the
twentieth century showed clearly, through destructive mechanical testing, that the
orientation of skin tension lines greatly affects the mechanical response of skin in
situ. More recent work has determined that this anisotropic response is, at least
in part, due to the structural arrangement of collagen fibres within the dermis.
This observation can be incorporated into mathematical and mechanical models
using the popular Gasser-Ogden-Holzapfel constitutive equation. Advances in non-
invasive measurement techniques for the skin, such as those based on elastic wave
propagation, have enabled patient-specific identification of skin tension lines in an
accurate and rapid manner. Using this technique on humans, we show that there
is considerable variation in the level of anisotropy as the skin ages. Furthermore,
we identify that both the structural arrangement of fibres and the in vivo levels of
pre-strain play a significant role in the anisotropic behavior of skin.
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1 Historical Beginnings and Clinical Significance

As is the case for most biological soft tissues, an inherent residual stress exists in the
skin [1–3]. It is due to growth and remodelling mechanisms [4] and is, in general,
very complex to model and evaluate [5]. In human skin, the presence of residual
stress has important implications for surgical planning and forensic science, as it
can affect significantly the extent of gaping following a cut, and then the resulting
healing time. The so-called Langer Lines are often considered to be the lines of
maximum in vivo tension in the skin. They form an involved map over the body. To
minimise the likelihood of excessive wound tension, wound rupture and subsequent
unsightly scars, surgical incisions should be made parallel to Langer lines, which lie
along the path of maximum skin tension [6].

The discovery of tension lines in skin is widely attributed to a nineteenth Century
Austrian surgeon, Karl Langer, after whom the lines are named. The conventional
wisdom is that Langer identified the existence of skin tension lines in 1861. In
fact, Guillaume Dupuytren, a French anatomist and military surgeon, had made this
observation earlier, as early as 1834. Langer’s contribution was to systematically
puncture the skin of cadavers with multiple circular wounds and indicate the major
axes of the resulting ellipses [7]. When viewed together, these ellipses form a
map of the natural lines of skin tension, see Fig. 1. Kocher explicitly linked
the direction of Langer lines, or cleavage lines, to recommended orientations for
surgical incisions and observed that incisions made along these lines will cause little
or no scarring, whereas incisions transverse to them will gape and result in unsightly
scars [9].

While Langer lines are the best known skin tension lines, many variations on
the original lines proposed by Langer have been made over the years. In 1951, for
example, Kraissl [10] suggested that surgeons should incise along natural wrinkle
lines rather than along the Langer lines. In 1984, Borges [6] defined the Relaxed

Fig. 1 (a) Original circular wound geometry and deformed ellipsoidal wound geometry due to
skin tension (b) Langer Lines of the face created by joining the major axis of each deformed
wound. Reproduced from [8]
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Skin Tension Lines (RSTL). These lines follow furrows when the skin is relaxed
and can be identified visually by pinching the skin. In his historical account,
Carmichael [11] identified a non-exhaustive list of no less than 46 different types
of skin lines, folds and planes of the skin recorded in the literature from 1861 [7]
to 2004 [12]. Most of these lines have similarities with the original Langer Lines
in that they are related to the natural lines of skin tension and seek to assist in
surgical planning to ensure the best outcomes in terms of the aesthetics of the
resulting scar. To avoid confusion, for the remainder of this chapter, we will use
the term “skin tension lines” (STL) to refer to the orientation of maximum skin
tension.

Until recently, the orientation of the STLs could not be identified with certainty
unless the skin was punctured by a circular punch, an option which is generally
neither feasible nor practical. In the first part of this chapter, we show how
destructive, invasive techniques have been used to determine the orientation of the
STLs and to develop a fundamental understanding of the skin’s structure. By now,
it is well accepted that the STLs vary with location on the body, age, ethnicity, body
mass index, health, gender, etc., and that no fully universal pattern of maximum
tensions exists [13]. Given the importance of STLs on the mechanical properties
of skin and wound closure, there is a pressing need for patient-specific maps to
be established in vivo and in real time. In this respect, recent advances in elastic
wave propagation techniques have facilitated non-invasive, in vivo identification
of skin tension lines [14, 15]. In the second part of this chapter, we show that a
simple device, based on elastic wave propagation, can perform these tasks without
damaging the skin.

2 Invasive Investigation of the Skin Tension Lines

2.1 Mechanical Behaviour with Respect to Skin Tension Lines

Early tensile tests suggested that the deformation characteristics of skin are depen-
dent on specimen orientation with respect to the STLs. Ridge et al. [16] carried
out uniaxial tensile tests on human cadavers both parallel and perpendicular to
the STLs and found that the samples parallel to the STLs had higher stiffness,
as shown in Fig. 2a. On the basis of this observation, an idealised collagen fibre
mesh structure was proposed, as shown in Fig. 2b. The fibres were assumed to
form an interweaving lattice structure with a mean angle less than 45◦. Later, Lanir
and Fung [17] performed biaxial tests on skin samples taken from the abdomen
of rabbits, confirming that skin is strongly anisotropic and probably possessing
orthotropic symmetry. It was also reported that during stress-relaxation tests there
were considerable alterations to the transverse dimensions, indicating that relaxation
behaviour may also be orthotropic. On the basis of these findings, researchers now
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Fig. 2 (a) Load-extension curve along and across the Langer lines. (b) The proposed lattice
structure of collagen fibres. Reproduced from [16]

commonly use the plane containing the STLs as a reference plane, as opposed to
e.g., the sagittal plane.

While uniaxial tensile tests alone are not sufficient to determine multi-
dimensional material models for soft tissues, they remain important because they
serve to evaluate the level of anisotropy and provide data which can later be used
as validation for models constructed using more complicated testing methods
[18]. Moreover, constitutive model parameters can be determined directly from
a histological study of the collagen fibre alignment in the dermis, which allows for
reasonable determination of material responses [19].

In [20] human skin was excised from the backs of seven human subjects: three
male, four female, with the average age of the subjects being 89 ± 6 years. A total
of 56 specimens were excised in various orientations with respect to the perceived
orientation of STLs, shown in Fig. 3a, and each sample was grouped into one of
three categories: parallel, perpendicular, or at 45◦ to the STLs. Uniaxial tensile tests
were performed at a strain rate of 0.012/s. A number of characteristics from nominal
stress vs. stretch ratio curves were identified as descriptive parameters. They are
illustrated in Fig. 3b.

A multiway analysis of variance found the orientation of STLs to have a
significant effect on the ultimate tensile strength (P < 0.0001), the strain energy
(P = 0.0101), the elastic modulus (P = 0.0002), the initial slope (P = 0.0375), and
the failure stretch (P = 0.046). The interaction between orientation and location was
also tested i.e., whether the effect of orientation was dependent upon location. This
interaction between orientation and location was found to be significant only for the
failure stretch (P = 0.0118). These results are illustrated in Fig. 4 and reproduced in
Table 1. From these experimental studies, it is clear that the mechanical behaviour
of skin varies with respect to the STLs.
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Fig. 3 (a) Orientation of samples from the back with respect to the STLs [7]. (b) Typical stress-
stretch graph for uniaxial tension experiments. The ultimate tensile strength is the maximum stress
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the linear portion of the curve shown by B. The failure stretch is the maximum stretch obtained
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Fig. 4 Influence of orientation on the initial slope, elastic modulus, failure stretch, strain energy
and ultimate tensile strength (UTS). Values given include mean and standard deviation [20]

2.2 Shrinkage and Expansion with Respect to Skin Tension
Lines

It is known that both shrinkage and expansion of specimens can occur upon excision
from the body [16, 17, 21, 22]. This is due to the release of residual stresses within
the skin. What remains unclear is the level of residual stress present within the
skin and how this may vary with the orientation of specimens. Upon excision of
skin samples from the body, Ridge and Wright [16] observed that the greatest
shrinkage occurred in the direction of Langer lines, with a shrinkage of 9% parallel
to the Langer lines and 5% perpendicular to the Langer lines. They also observed a
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Fig. 5 (a) Sample locations of circular samples removed from dog cadaver (b) Illustration of
average contraction and expansion levels with respect to the skin tension lines for (1) an isolated
excised sample (2) an originally excise wound [14]

large difference in the level of shrinkage between males and females. Reihmer and
Menzel [23] carried out multiaxial tension tests using a customised device, where
excised circular samples were radially stretched by a ring of pullers placed at 30◦
intervals around the circumference, restoring the in vivo shape of the excision. They
confirmed that the axes of minimum and maximum shrinkage after excision were
correlated with the orientation of STLs and that the in vivo were determined by
restoring the original shape of the specimen.

More recently, Deroy et al. [14], using a dog cadaver model, showed that the
average area expansion of the circular wounds was 9%, corresponding to a line
expansion of 16% parallel to the STLs (by image analysis), but a line contraction of
10% perpendicular to the STLs. Similarly, the area of the excised sample shrank by
33% overall, shrinking 23% parallel to the STLs and shrinking 10% perpendicular
to the STLs. Figure 5 provides a summary of the levels of expansion and contraction
of both the excised skin sample and the resulting wound.

2.3 Structural Basis of Skin Tension Lines

Cox [21] and Stark [24] both illustrated that the orientations of STLs are preserved
even after the skin is removed from the body and the skin tension released,
and concluded that the lines must have an anatomical basis. However until the
publication of papers by Ní Annaidh et al. [25] and Deroy et al. [14], it was
unclear in the literature whether the STLs had a structural basis, and to the authors’
knowledge there was no previous quantitative data published on this point. Van
Zuijlen et al. [26] and Noorlander et al. [27] used Fourier analysis to measure
the level of anisotropy of collagen in the skin but failed to provide information
on the mean orientation of the fibres. While in Jor et al. [28], histology techniques
provided quantitative results on the orientation of collagen fibres in porcine skin,
but results were presented in the plane normal to the epidermis/skin surface (i.e.
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through-the-thickness direction) while the preferred orientation of collagen fibres in
skin is known to be parallel to the epidermis surface [5, 25].

It is well known that collagen fibres govern many of the mechanical properties
of soft tissues, in particular their anisotropic behaviour (at least partly, as strain-
induced anisotropy can also play a role, as we will see later.) A number of authors
have sought to incorporate their influence in constitutive models of soft tissues.
Gasser at al. [29] developed a now widely accepted structural model for arterial
layers which includes a parameter representing the dispersion of collagen fibres.
The inclusion of the collagen dispersion factor is particularly useful for application
to human skin, since the orientations of collagen fibres there are more dispersed
than say in the tendon or media layer of the artery [25]. The corresponding Gasser-
Ogden-Holzapfel (GOH) strain energy function, Ψ , is given by

 = μ

2
(I1 − 3)+ μ

k1

k2

{
ek2[κI1+(1−3κ)I4−1]2 − 1

}

where μ, k1 and k2 are positive material constants, κ is the dispersion factor, and I1
and I4 are strain invariants, with I1 related to the isotropic behaviour of the tissue
matrix and I4 related to the anisotropic behaviour due to the fibre contribution.

Using automated image processing of histological skin sections summarised in
Fig. 6, Ní Annaidh et al. [25] determined the quantitative structural parameters of
the GOH model for the human dermis. Two distinct peaks are evident from Fig. 6c.
It is assumed that these two peaks correspond to the preferred orientation of two
crossing families of fibres and are distributed according to a π-periodic von Mises
distribution. The standard π-periodic von Mises distribution is normalized and the
resulting density function, ρ(θ ), reads as follows,

ρ (θ) = 4

√
b

2π

exp [b (cos (2θ))+ 1]

erf i
(√

2b
)

Fig. 6 (a) Original histology slide sectioned parallel to the epidermis and stained with Van Gieson
to highlight collagen fibres as pink. Scale bar is 1 mm. (b) After morpholigical operations, the
predominant orientations of fibres bundles are identified by determining the orientation of best fit
ellipses. (c) The predominant orientations of fibre bundles are plotted on a histogram and fit to a
π-periodic Von Mises distribution
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Sample μ 
(MPa)

k1 k2 γ 
(°)

Θ
(°)

κ R2

(%)
Parallel 0.2014 243.6 0.1327 41 88 0.1535 99.5
Perpendicular 0.2014 243.6 0.1327 41 0 0.1456 98.0

Fig. 7 FEA simulation of tensile test compared with experimental data of sample parallel and
perpendicular to the STLs. Material parameters used in the simulation. Note that structural
parameters ( γ , θ , κ) were evaluated from histological data [25]

where b is the concentration parameter associated with the von Mises distribution
and θ is the mean orientation of fibres. The parameters b and θ were evaluated
using maximum likelihood estimates (MLE) and κ was calculated by numerical
integration of the integral given by [29],

κ = 1

4

∫ π

0
ρ (θ) sin3θdθ

The fibres were assumed to form an interweaving lattice structure as first
postulated by Ridge and Wright [30]. Those authors suggested that the mean angle
of the two families of fibres indicates the direction of the Langer lines. More
recently, in vitro [28] and in vivo [31] studies have also supported this hypothesis.
The lattice structure proposed by Ridge and Wright [30] is an idealised one, and
the adoption here of the dispersion factor creates a more realistic scenario. Using
the identified structural constitutive parameters for both a sample parallel and
perpendicular to the STLs, Fig. 7 illustrates the potential of the GOH model to
predict the mechanical behaviour of a sample, given known structural parameters.

3 Noninvasive Investigation of the Skin Tension Lines

In this second part of the chapter, we will see how the orientation of STLs can
be determined accurately, locally, rapidly, non-destructively, and non-invasively.
This possibility is highly desirable for planned surgery, because STLs are known
to be patient-specific and can depend on a multitude of factors, including location,
age, health, body mass index, ethnicity, hydration, gender, corpulence, etc., and of
course, differ from one species to another. Minimizing scalpel cutting force, wound
healing time, and scar tissue extent are goals of prime importance to surgeons
and patients alike. Here we show how a small acoustic device can determine the
directions of STLs, based on some simple principles and on logic.

We use the Reviscometer R© RVM600 (Courage & Khazaka Electronic GmbH,
Köln, Germany), a commercial device aimed primarily at the cosmetic and derma-
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tology industry [31–33], and based on a simple operating principle. Basically it is
a probe consisting of two small indenters, 2 mm apart, coming into contact with
the skin. One hits the skin with a force of 1 N, and the other receives the resulting
mechanical signal generated and travelling in the skin. The machine returns the time
it took to travel the 2 mm distance, the so-called RRT (“resonance running time”),
although this measurement is provided in arbitrary units and its relationship with
standard units, i.e. seconds, is not provided by the manufacturer. The probe can then
be rotated by 10◦ increments, to give the variations of the RRT with angle. With this
information, we can actually address the following questions, using experimental
observations and logic:

• Is the skin anisotropic?
• How many directions of preferred orientation does it possess?
• Do the mechanical properties of skin change with age?
• What is the orientation of the STLs at a given location?
• Is the anisotropy due to stretch alone, to fibres alone, or a combination?
• How many families of parallel fibres are there?

First, we conduct a series of 36 measurements on the lower volar forearm area of
a 21 year old human female. Figure 8 shows the apparatus and displays the results
given by the measurements, averaged over the 36 series.

This simple experiment clearly shows that skin is anisotropic. On inspection, we
see that the results reveal two preferred directions: one where the acoustical signal
generated by the probe travels at its fastest in the skin (blue minima at 60◦ and at
60 + 180 = 240◦) and another where it travels at its slowest (green maxima at 150◦
and 330◦). Those two directions are at right angle to one another.

Next we may use the Reviscometer R© to investigate the influence of age and
gender on the mechanical properties of skin. The measured values of the RRT
are not useful from the point of view of physics, because it proves difficult to
calibrate the Reviscometer against an engineering material with known properties.
Nonetheless, we can use the ratio A = RRTmax/RRTmin of its highest to its smallest
value as a dimensionless measure of the skin anisotropy, and track if and how it

Fig. 8 The Reviscometer applied on skin in the lower volvar forearm area. Its measurements
clearly show two directions at right angle one to the other, where the acoustic signal travels at
its fastest and at its slowest



Tension Lines of the Skin 275

Table 2 Age distribution of the cohort of 78 volunteers tested on their volar forearm skin

Age (years) 0–10 10–20 20–30 30–40 40–50 50–60 60–70 70+
Sample size 7 10 16 11 7 10 7 10

Fig. 9 (left) Variation of the anisotropic index RRTmax/RRTmin with age for the skin on the volar
forearm skin of 78 volunteers. (right) Variation of the anisotropic range RRTmax-RRTmin with age,
with gender distinction (circles: females, squares: males)

evolves with age and gender. To this end, we tested a total of 78 volunteers (37
female, 41 male), aged 3–93 years of age, see Table 2. We conducted the tests at
University College Dublin, having secured ethical approval (LS-15-65-NiAnnaidh).

We found a significant linear relationship between the Anisotropic Index, A
(where the Anisotropic Index refers to the ratio of the maximum RRT: minimum
RRT about a full 360◦ for a given site) and age (P < 0.0005), as shown in Fig. 9.
An R2 value of 0.59 indicates that age accounted for a significant amount of
the explained variability in the Anisotropic Index, but it suggests that the linear
model is merely adequate. There were a number of unusual observations with large
standardised residual values, as some outliers (in red) do not fit the model. We noted
that these outliers belong to Asian ethnic groups while the remainder of the cohort
were Caucasian Irish, but we did not have enough volunteers to account for this
factor. When we accounted for gender, we did not find significant differences for
the data on the volar forearm skin.

So far, we have seen that the Reviscometer R© indicates two distinct orthogonal
on in vivo skin, but how are these directions of fast and slow mechanical wave
propagation related to the Skin Tension Lines? To address that question, we simply
compare those directions to those resulting from the original protocol devised by
Langer.

For these experiments, we used the skin of dog cadavers. Although designed to
work optimally on human skin, the Reviscometer R© also works well on dog skin,
even though dog skin is known to be stiffer and somewhat thicker than human
skin [14, 20]. We performed the testing at the University College Dublin School
of Veterinary Medicine on the cadavers of two healthy young adult dogs. First, we
drew circles on the skin of one dog, and used the Reviscometer R© to determine the
direction of fastest wave at each location. Then we excised 6 mm circular discs from
the skin at those locations and watched them change shape due to the in situ skin
tension. Using image analysis, we fitted the wounds to ellipses and determined the
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Fig. 10 Comparing the local lines of fastest mechanical wave propagation given by the Revis-
cometer (black arrows) to the orientation of the Skin Tension Lines (red arrows) as determined by
Langer’s original protocol of cutting a circular hole out of the skin and recording the direction of
the major axis in the resulting elliptical shape. The experiments were conducted on a 5-year-old
female, mixed-breed, medium sized dog cadaver at University College Dublin

orientation of their major axis. We found a significant statistical correlation between
the orientation of the major axes of the resulting elliptical wounds and the direction
of fastest wave propagation. In other words, the Reviscometer R© device provides a
non-invasive, non-destructive way of determining the STLs locally. Of course, this
study is limited in its scope and the experimental uncertainty is still an issue, but
these limitations can be addressed with further and wider trials. The results of the
two techniques are compared directly in Fig. 10.

At this stage, we can contemplate several scenarios to explain the anisotropy of
the RRT response. It could be due to

i. Fibres only;
ii. Strain only;

iii. A combination of both.

We can safely exclude (i) straightaway, because it is obvious that skin is stretched
in the body, as shown by our and Langer’s experiments, and as attested by anyone
who has cut themselves and seen their wound gape open. On the other hand,
deciding between the second and third possibility is not so obvious.

Resorting now to modelling, we can make the reasonable assumption that the
probe is sensitive to vertical displacements only, based on its working principle. To
model these vertical motions, we focus on homogeneous, linearly polarised plane
waves, for which the components of the mechanical displacement u are of the form

u1 = 0, u2 = 0, u3 = aeik(n.x−vt),

where a is the amplitude, k is the wavenumber, n = cos θ i + sin θ j is the unit
vector in the direction of propagation, and v is the wave speed. Here we took the
skin to be normal to the x3-axis, and the x1, x2 axes to be aligned with the principal
axes of strain. We assume that the fibres, if they exist, are lying in the (x1, x2)
plane. Because the surface of the skin in the upper arm volar area and on the
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chosen locations in the dog cadaver is flat and smooth, we can also assume that
it is deformed homogeneously and not subject to shear forces, which would create
wrinkles at rest [34]. It follows that if there is only one family of parallel fibres, then
they must be aligned with one of the principal directions of strain. If there are two
families of parallel fibres, then they must either be at right angle and aligned with
the principal axes, or be mechanically equivalent with their bisectors aligned with
the principal axes [25]. Whether the anisotropy is due to strain only or to a mixture
of strain and fibres (Cases ii and iii above), the wave speed is given by the same
formula, as follows,

ρv2 = A01313(cos θ)2 + A02323(sin θ)2,

where ρ is the mass density and the A0’s are the instantaneous shear moduli,
computed from the second derivatives of the strain energy density with respect to the
strain [35]. In either case—whether fibres are present or not—the variation of RRT
with angle resulting from the equation above is compatible with the RRT profiles
found, see Fig. 8.

To settle the question, we rely on the Reviscometer R© again. On the skin of the
second dog cadaver, we repeated the procedure of identifying the Langer Lines by
determining the fastest wave direction and matching it to the principal minor axis
of the resulting elliptical wound. This time, however, we cut out larger discs (6 cm
diameter). Then, on those ex-vivo discs, which were completely free of initial stress
and had turned into ellipses, we again made measurements with the Reviscometer R©
device. The results were again anisotropic, see Fig. 11, and this observation can only
be attributed to the presence of oriented fibres.

The other insight that came out of the latter experiments was that we found
the directions of anisotropy for the unstressed discs to be the same as those noted

Fig. 11 RRT measurements before (red) and after (blue) excision of a 6 cm disc. The excised
sample displays anisotropy and thus demonstrates the presence of fibres in the skin. Both samples
indicate the same direction of fastest wave, and thus show that fibres are aligned with Langer lines
in situ
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when in situ. This observation is proof that in the body, fibres are aligned with the
principal axes of strain. Hence we can exclude the possibility of anisotropy due to
two families of parallel fibres, mechanically equivalent, with their bisectors aligned
with the principal axes of strain. We also recorded that the amplitude of the RRT
anisotropy was noticeably reduced once the discs had been removed, while the RRT
itself had increased, confirming that in vivo tension plays a significant mechanical
role in the skin, of the same order as the contribution from the fibres. The only
question that our investigation could not address was whether there was one or two
families of parallel fibres aligned with the principal axes of strain. Here we must
rely on the indications given by the destructive testing described in the first part of
the chapter, which tell us that there are indeed two families of parallel fibres in the
skin. Making the reasonable assumption that the fibres orthogonal to the directions
of tension are contracted, we can ignore their mechanical contribution and conclude
that in the body at rest, active fibres are aligned with the Langer Lines.

4 Conclusion

Assessing the body of literature examining destructive testing of skin, we have
confirmed that its mechanical properties, in particular the stiffness and the level
of shrinkage once excised from the body, depend heavily on their orientation
with respect to skin tension lines. Histological investigations have supported the
hypothesis that the STLs have a structural basis, while recent non-invasive testing
of skin has shed further light on this matter. It is now clear that in the body, fibres
are aligned with the principal axes of strain and that both the alignment of collagen
fibres and the in vivo strain play a significant role in the mechanical response of
the skin. Since it is non-invasive, in vivo evaluation techniques such as elastic wave
propagation offer significant potential in the investigation of the ageing of skin and
in the patient specific planning of surgical procedures. Further research should seek
to develop models to accurately reflect the mechanical environment.
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Experimental Tribology of Human Skin

Marc A. Masen, Noor Veijgen, and Michel Klaassen

Abstract The interaction behavior of the human skin is of relevance for the func-
tional performance of a wide range of products and, as a result, the topic is widely
studied in both industry and academia. However, the key underlying mechanisms
determining the interaction behavior of skin are at present not well understood.

Skin is a living material and thus will respond and may adapt to mechanical
interaction, for instance by producing sweat, releasing biomarkers and even devel-
oping a blister or a wound. In addition, the properties of skin strongly depend
on personal traits and characteristics. This makes predictive modelling of the
interaction behaviour of skin challenging, and therefore there is a continued need
for experimental investigations.

In literature a large range of experimentally obtained friction values have been
reported. These have been measured using a wide variety of tribometers. When
commencing tribological testing it is essential to ensure that the investigations are
performed using the appropriate tribo-system, meaning that contact conditions such
as pressures, sliding velocities and environmental conditions are representative for
the final application, as any of these factors will have a significant effect on the
obtained tribological result. Additionally, many studies use the volar forearm as
measurement site; whilst this area provides ease of measurement, it may not always
be highly representative of the actual skin site of interest.

Because of the complex nature of skin interactions, much of the underlying
fundamental physical mechanisms remain to be discovered. Focused in-depth
experimental investigations will be key to achieving a better understanding in skin
tribology.
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1 Introduction

Our skin is the outermost layer of the human body and is in continuous interaction
with the outside world. This interaction comes in the form of a large range of cues,
of which the field of tribology covers those aspects related to contact mechanics.
This includes normal and shear forces and the resulting pressures as well as shear
stresses and friction.

Tribology is defined as the science and engine?ering of interacting surfaces in
relative motion, and in that respect ‘skin tribology’ can be loosely defined as the
study of interacting surfaces in which one of the interacting surfaces is the human
skin or, alternatively, a substitute for human skin. The latter is pertinent when
investigating damage mechanisms. The tribological behavior of skin is important
for a wide variety of applications, ranging from touch perception and haptics of
products such as consumer electronics and personal care and cosmetics, to the
prevention of damage following more intense contact conditions, such as in the case
of a sliding tackle during sports or the in the contact of skin with medical devices.

2 Tribological System

It is essential to recognize that the tribology of skin, or any other material, is not
a material property, but depends strongly on the entire system of two materials
in contact, the presence of a lubricating medium (gaseous, liquid or solid), the
loading conditions in terms of forces and sliding velocities as well as the (micro-)
environment in which the contact operates. For a skin tribo-system this is schemat-
ically illustrated in Fig. 1.

As briefly mentioned before, output parameters of the tribological system include
shear forces that are the result of the friction between the two bodies, and the

Inputs
- personal characteristics
- characteristics of the skin

- contact parameters
- environmental conditions

- properities of the counter body

Outputs
- shear forces
- tissue deformation

- comfort & touch-feel perception
- skin irritation and/or injury

- functional interaction with products

Environment

Lubrication
and local
micro-environment Human skin

Counter
bodyShear

force

M
oti

on

Applied
load

Fig. 1 The tribological system for skin-object interaction; the observed interaction phenomena
depend on a multitude of inputs that include the mechanical and geometrical properties of both
bodies in contact, the motion and loading characteristics and the surrounding environmental
conditions, both globally and locally (after Veijgen [1])
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Fig. 2 Effect of temperature and humidity on friction [2]

response of the tissue to interaction. Other outputs are more affective and perception
based and include touch/feel as triggered through strains and vibrations in the
mechanoreceptors in the skin, and related to these, the perceived comfort or lack
thereof. Another possible output is irritation and or damage to skin. It needs to be
noted that any of these effects can be triggered as a result of either static friction,
which is sometimes referred to as ‘grip’, or in medicine as ‘shear’, and dynamic
friction, which involves macroscopic sliding and relates to the rubbing contact
between two bodies.

An illustrative example of the importance of this system approach is the effect
of the environment on skin interactions: compare the stickiness experienced during
a hot and humid summer day to the dryness of a cold day in the winter. Whilst the
skin and the counter surface may be (more or less) the same, the contact and friction
behavior has completely changed due to the change in temperature and humidity.
This is also illustrated in Fig. 2, from Klaassen [2], which shows the measured static
coefficient of friction (represented as a heat-map) as a function of the temperature
and the relative humidity.

An additional factor to consider when dealing with living tissue is the response
of the tissue to the physical contact. Such responses may occur at the subject level,
the tissue level as well as at the cell level: the subject may respond to interaction by
preventing it from (re-)occurring, such as when someone feels discomfort because
of a blister developing and subsequently adapts their gait. The response of the tissue
to interaction will be deformation, possibly resulting in the restriction of blood flow
through the capillary vessels, but also in the release of sweat. At the cells level the
response to loading could be an anti-inflammatory reaction Cornelissen [3]. Any
of these will have a marked effect on the tribo-system and thus on the output as
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they affect the loads, sliding velocities, the (micro-environment in which the contact
operates and/or the characteristics of the two interacting bodies.

3 Experimental Methods Used in Skin Tribology

The main focus in most published skin tribology studies has been on friction, even
though friction itself (maximizing, minimizing or optimizing) is hardly ever the
main topic of interest in skin interactions. However, in many cases, friction is
seen as a key determining component of the final objective, which could be the
perception and comfort experienced whilst handling a product, the grip between
the hand and a grabrail or the prevention of damage to tissue during prolonged
contact.

A wide range of tribometers with corresponding have been utilized for tribolog-
ical studies of the skin. Some examples are shown in Fig. 3. These tribometers can
be classified into four groups based on the type of relative motion they employ, as
listed below and shown in Fig. 4:

• Linear sliding or linearly reciprocating tribometers, as shown in Fig. 4a and the
top row of Fig. 3. Naylor [4] was one of the first to use a linear reciprocating
probe sliding against the skin. In such a configuration the alignment of the skin
with the plane of motion may present a challenge, however this can be overcome
to a certain degree by measuring the friction in both directions of motion.
Obviously, the length of a stroke is limited. Additionally, this reciprocating
configuration allows studying the point at which full sliding motion is initiated,
and as such the possible occurrence of a static friction peak.

• Rotating tribometers with the axis of rotation perpendicular to the skin surface,
Fig. 4b and the second row of Fig. 3, see e.g. Prall. Early versions of these
tribometers were based on rotational rheometers. An obvious characteristic of
such a measurement set-up is that the in-plane anisotropy of the skin cannot
be assessed. Additionally, the sliding velocity in the contact increases with
radial distance from the centre of motion with a zero-velocity pole at the
centre of rotation. An annulus or ring-shaped specimen will prevent this from
happening. Two examples of small hand-held versions of such a configuration
were presented by Comaish [13] and Hendriks [9].

• Rotating tribometers with the axis of rotation parallel to the skin surface, Fig.
4c and the third row of Fig. 3. Highley [10] employed a configuration where
the probe rotates against the skin with the axis of rotation parallel to the
surface of the skin. Such a setup allows for continuous motion in one direction,
meaning the in-plane anisotropic properties of the skin can also be taken into
account. Veijgen [1] built a small, handheld version for use outside of the
laboratory.

• A fourth type of set-up was introduced in the early nineties by Dinç [14], who
employed a force transducer to measure the friction between the tip of the finger
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Fig. 3 A selection of skin tribometers reported in literature. (a) Naylor [4]. (b) Adams [5].
(c) Polliack [6]. (d) Comaish [8]. (e) Hendriks [9]. (f) Veijgen [1]. (g) Lewis [11]. (h) Derler
[12]

sliding over a flat sample of material. Often a specimen made of a certain material
is fixed onto the force transducer and the subject is asked to slide or rub the
skin (often the finger, but hand, arm and feet have also been tested) against the
specimen. The force transducer measures both the applied load and the resulting
shear load. The input conditions such as applied load and the sliding velocity
in these set-ups depend strongly on the subject and are therefore typically not
very accurately controlled, or constant during the test. This means that such
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(a) (b)

(c) (d)

Fig. 4 Various contact configurations used in tribometry [1]. (a) Linear contact. (b) Perpendicular
rotating contact. (c) Parallel rotating contact. (d) User controlled motion

a set-up is less suited for investigations focused to understanding of the basic
interaction phenomena. However, they provide a testing methodology that is
often somewhat closer to the application that the previously mentioned three set-
ups, and therefore can provide highly relevant information. Similar setups have
been successfully applied in psychophysics investigations, see e.g. Smith [15]
and Gee [16].

Next to these tribometers, which are often based on traditional tribometers,
but customized for use on skin and on life subjects, e.g. by reducing the applied
load and velocity as well as enabling insertion of body parts, a range of com-
mercial tribometers, in various states of development are now available for use
on skin and artificial skin substitutes. A prototype version of a ‘BioTriboMeter’
(BTM, PCS Instruments Ltd., London, UK) is shown in Fig. 5. Biotribometers
typically allow more complex motion profiles than traditional tribometers, whilst
allowing a dynamic applied load and recording forces at high (>100 Hz) temporal
resolution, to match the triggering frequencies of the mechanoreceptors in the
skin.

Given the wide range of set-ups used by various researchers, results reported
in the literature for skin friction measurements are obtained using a large range of
measurement conditions: besides the possible variations in the motion type of the
tribometer that were discussed above, a fairly large range for both the applied load
and the sliding velocity have been used. Loads vary between 10 mN and 100 N
whilst velocities range from the order of 100 μm/s to several metres per second. As
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Fig. 5 Prototype biotribometer for use on a variety of tissue and tissue mimics, Porte [17]

discussed by Sivamani [18, 19], Derler [20] and Veijgen [1], coefficient of friction
values for skin reported in literature range from less than 0.2 to over 2.

4 Key Factors Affecting Dynamic Friction

An excellent overview of the key factors and their effects on the friction behavior
of skin that have been reported in literature has been provided by Derler [20]. A
brief overview of their findings is provided in Table 1. From this overview it can be
concluded that many of the key underlying factors in skin tribology are at present
still not very well understood, and that many investigators obtained conflicting
results.

5 Hydration of the Skin

Although there currently is no clear consensus between researchers on which
parameters are affecting the tribological behavior of skin, most researchers agree
that the moisture content, or the hydration, of the skin appears to be one of the
most important parameters determining friction. This also aligns with intuition
and everyday experience that, preventing full film lubrication or ‘aquaplaning’,
the friction under moist or damp conditions is significantly higher than in dry
conditions.

A range of researchers, including Comaish [13], Highley [10], Wolfram [21],
Johnson et al. [22] and Adams [5] studied the friction under ‘dry’ and ‘wet’
conditions and found a significant increase in wet conditions. El-Shimi [23] and
Sivamani [18, 19] observed a correlation between the hydration level and the
coefficient of friction. Gerhardt [24] showed that this correlation was indeed valid
for individuals when the moisture content of the skin is carefully controlled, but also
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Table 1 Factors affecting the friction of skin, as reported in a review paper by Derler [20] and
experiments by Veijgen [1]

Factor Effect on friction
Derler [20] Veijgen [1]

Hydration
of the skin

Increase or increase up to a
maximum, followed by a decrease

Positive
correlation

Temperature of the
skin

Not mentioned Negative correlation

Ambient temperature Not mentioned Positive correlation
Amount of sebum on
the skin

No effect or a slight increase No significant effect

Skin surface
roughness

No effect Not included

Roughness of counter
body

Unclear: Decrease, increase or decrease until a
minimum followed by increase all reported

Negative
correlation

Surface free energy of
counter body

Unclear, both increase and
decrease reported

Positive
correlation

Age of subject No effect, constant Positive correlation
Height of subject Not mentioned Negative correlation
Body region High: Forehead and behind ear Finger pad

significantly higher
than other sites

Volar forearm and upper back
Dorsal forearm
Ankle and palm
Lower back
Thigh

Low: Abdomen Temple
significantly lower
than other sites

that the moisture content of a person’s skin as measured using capacitive methods
appears not to be a generally applicable predictive parameter for the friction of the
skin. This is further evidenced by the large deviations for the friction for each value
of the moisture content in Fig. 6.

It appears reasonable to suspect the moisture content of the skin to be one of
the driving factors behind friction. Indeed, Johnson [22] already identified the role
of water, and Adams investigated the effects of occlusion to the friction. Klaassen
[2], suggested that the amount of water available to the contact drives the observed
friction coefficient. Klaassen [25] employed an alternative characterization of the
moisture content of skin, based on the work of Bomannan [26] and Lucassen [27]
in which he employed Fourier Transform InfraRed (FTIR) spectroscopy using an
Attenuated Total Reflectance (ATR) crystal to ensure appropriate measurements on
the skin.

They found a high correlation between the friction and the moisture content of
the skin as expressed in terms of the ratio of the Amide I and Amide 2 peaks in
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Fig. 6 Skin moisture content
or hydration related to
friction for 50 people, as
reported by Veijgen [1]
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an ATR-FTIR spectrum of the skin (Fig. 7). The coefficient of friction correlates
well to this skin moisture factor, with a coefficient of determination of R2 = 0.61.
Whilst for most engineering application this value would be considered fairly low,
for applications involving living subjects, this value is reasonable.

6 Static Friction and Dynamic Friction

As stated before, the static friction has a close relationship with aspects such
as grip and the contact between medical devices and skin, whereas the dynamic
friction relates to rubbing and the perception of touch and feel. There is an ongoing
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Fig. 8 Measured friction force signal obtained in a linear reciprocating tribometer, and the second
time derivative of the friction force to define the onset of macroscopic sliding

debate if skin actually exhibits a ‘traditional’ static friction peak and if so, how
to define this phenomenon unambiguously. As a result, many researchers develop
their own definition of a static and a dynamic friction and how to deduce this from
a measured signal. At present, there appears a significant amount of ambiguity, and
any differences in values for the coefficients of friction reported in literature based
may very well be based on non-similar definitions, compare e.g. Gitis [28], Koudine
[29] and Klaassen [25]. A more firm definition of the reported friction values would
be extremely useful.

Gitis [28] defined the static coefficient of friction as the maximum value in their
measured signal and take the mean value as the dynamic coefficient of friction.
They also use the ratio between the amplitude and the mean as a measure for
the ‘stickiness’ of the skin. Koudine [29] refers to the fluctuation in the frictional
force which they attribute the variation to the non-uniformity of the skin’s surface
Klaassen [25] suggests defining the transition between the static and the dynamic
regime by taking the second time derivative of the friction signal (Fig. 8), and
defining the maximum static friction as the maximum friction value measured in
a period of 0.2 s around this transition point. Although the use of a 0.2 s band might
be random, this is a fairly unambiguous definition.

Finally, Veijgen [30] observed that the dynamic coefficient of friction for
skin contact is on average 0.85 times the static coefficient of friction, as shown
in Fig. 9.
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Fig. 9 Statistical relationship
between static and dynamic
coefficient of friction
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7 Concluding Remarks

Interest in the tribology of skin is growing and over the past two decades an
abundance of research papers has been published discussing the frictional behavior
of skin. However, much remains to be discovered as the key underlying mechanisms
are still not well understood. A large range of friction values have been reported in
literature. In various cases the volar forearm has been assumed to be representative
for skin on other body sites, but this appears to be an assumption that is mainly
focused towards an ease of measurement. Recently, several small tribometers have
been developed that can be used on multiple body sites, and a small selection was
shown in Fig. 3. Additionally, a number of commercial tribometers allow testing
of tissue and tissue mimics under a wide range of conditions. These devices also
allow friction measurements to be recorded at high temporal resolution, typically in
the order of 1000 Hz, linking the measurement with the typical trigger rates of the
mechanoreceptors that are distributed in the skin.

A complicating factor in skin friction research is that many studies do not
fully define the tribological system in unambiguous terms: many studies will lack
information about the subjects, normal load or pressure, the relative velocity, the
properties or finish of the contact material and the environmental conditions. Quite
often the skin is rather simplistically described in terms of the anatomical location
and the age of the subject. However, the skin is a living material and its properties
depend on many more variables, including, but not limited to the thickness of the
skin layers, gender, ethnicity, dietary habits, the season as well as the ambient
temperature and the humidity. Indeed, scientific literature shows a broad range of
results with a variety of, often conflicting, conclusions. It seems likely that this may
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result from differences in materials, methods and/or experimental conditions. It is
rather obvious that two studies cannot use the exact same skin samples, as even
when experiments are done on the same subjects, a range of other parameters will
have changed. Therefore, it is impossible to exactly reproduce studies and results,
even when measured under the same circumstances.

When commencing tribological testing it is absolutely essential to ensure that
experimental investigations are done using the appropriate tribo-system, meaning
contact conditions such as pressures, sliding velocities and environmental condi-
tions are representative for the final application, as any of these factors could have a
significant effect on the tribological result.

Because of the complex nature of skin interactions, much of the underlying
fundamental mechanisms remains to be discovered. Focused in-depth experimental
investigations will be key to achieving a better understanding in skin tribology.
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