N
N

N

HAL

open science

Modeling hydro-mechanical couplings between
interstitial fluids and human skin soft tissues in vivo

Marie-Angele Abellan, Jean-Michel Bergheau, Hassan Zahouani

» To cite this version:

Marie-Angele Abellan, Jean-Michel Bergheau, Hassan Zahouani.
plings between interstitial fluids and human skin soft tissues in vivo. CFM 2015 - 22éme Congres

Frangais de Mécanique, Aug 2015, Lyon, France. hal-03445003

HAL Id: hal-03445003
https://hal.science/hal-03445003

Submitted on 23 Nov 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Modeling hydro-mechanical cou-


https://hal.science/hal-03445003
https://hal.archives-ouvertes.fr

22™Congrés Francais de Mécanique Lyon, 24 au 28 Ao(t 2015
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Résumé :

La peau humaine est formée de cellules, de tigsds systémes circulatoires baignés par des fluides
physiologiques interstitiels qui leur apportent lemitriments et qui emportent les déchets.
L’homéostasis est maintenue par les échanges cmtdirentre ces différentes entités. Ces échanges
sont influencés par la réponse globale de la peauchargements extérieurs. La compréhension des
mécanismes mis en ceuvre lors de ces échangeseau ninterstitiel est importante pour I'étude de
I’évolution de la peau humaine in vivo. Ce papissgmse I'extension d’un travail précédent en vue de
la modélisation mathématique des flux de fluidesrgtitiels couplés a la réponse mécanique des
tissus souples de la peau. Basé sur une approcBaopiénologique thermo-hydro-mécanique et
physico-chimique de milieu hétérogéne (THMPC), teai@nt le modeéle tri-phasique de peau
humaine in vivo considére la peau comme un milteatiteé déformable comportant 4 couches, 4
solides dans la phase solide, 4 fluides interdsitdans la phase fluide et un composé ionique. Dans
chaque couche, le solide est décrit comme un sbiidaire élastique isotrope et le fluide interigtit

est supposé étre un fluide visqueux newtonien liBegour ce modéle, une relation est élaborée pour
estimer la pression du fluide interstitiel de chagqiouche couplée au comportement mécanique dans
la couche et entre les couches. Des simulationgrigones d’essais d’'indentation sur peau humaine
in vivo sont présentées et comparées aux obsengadisponibles dans la littérature. L'étude conduit
a l'estimation des paramétres mécaniques de chade® couches de peau prenant en compte
I'influence des flux des fluides interstitiels ettdansport d’'ions a travers ces couches.

Abstract:

It is now well established that human skin consi$tsells, tissues, circulatory systems all batired
interstitial fluids providing them with nutrientsnd removing their waste products. Homeostasis is
maintained by continuous exchanges between th#fseedt entities influenced by the overall answer
of human skin to external loads. The understandifhgnterstitial transports is important when
studying the evolutions of human skin in vivo. Plaiger proposes to extend a previous work to derive
a mathematical modelling for describing interstitifluid flow propagation coupled with the
mechanical answers of skin soft tissues based ere#laluation of the interstitial fluid pressures
within a tri-phasic model of skin in vivo. This nebts based on a general phenomenological thermo-
hydro-mechanical and physico-chemical (THMPC) appio of heterogeneous media. The skin is
seen here as a deforming stratified medium compo§édur layers, four solids in the solid phase,
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four interstitial fluids in the fluid phase and @&nic component. In each layer, the solid is dedseuli

by its own linear, elastic isotropic law while timgerstitial fluid is treated as a Newtonian viscou
fluid. Moreover for this model, a relation is degd for estimating the interstitial fluid pressuréhin
each layer and its couplings with the mechanicahdwior within the layer and between layers.
Numerical simulations of in vivo indentation testfprmed in the laboratory on human skin in vivo
are given and compared with typical observationgndénted human skin available in the literature.
The discussion leads to quantitative estimates©i@fmechanical parameters of each layer of human
skin soft tissues taking into account the influesiceterstitial fluid flows and ions transportsrdugh
these layers.)

Keywords: biomechanics, multi-phase media, fluid 6w propagation,
human skin, transport of ions, indentation test, nmerical simulation,
interstitial fluid, mechanical parameters.

1 Introduction

The human skin is the largest organ of the humaty.bth has a major role in providing a barrier
against the external environment. The skin prevertessive water loss from the aqueous interior
when exposed to sun or in case of injury, the isg@ undesirable chemical substances and micro-
organisms in case of pollution. It provides strénand stiffness to resist mechanical loadings. Huma
skin interfaces with cosmetic products like creamgersonal care devices such as shavers. The skin
can be threatened and need to resist to diseasespa, medical problems, clinical or aesthetic
treatments. It plays an important role in the ragah of the internal temperature of the human body
Human skin is composed of several layers, eachavithique structure and function. These layers are
from the skin outer surface inward: the stratumneam, the viable epidermis, the dermis and the
hypodermis [1, 2]. The evolutions and the answéthie barrier vary considerably among the layers
and depend on the person, the site on the bodygéethe health, the nutritional status and @gest
(intact or damaged) [3]. For these reasons, thewehof the human skin is complex to understand
and to model.

The stratum corneum is a dense coating of deasl whlle the viable epidermis is an epithelial ot so
living cells. The dermis is made up of a networlstvbng collagen fibres and elastin fibores embedded
in a matrix of ground substances. Usually the @tnatorneum is quite dry compared with the
subsurface hydrated by the interstitial tissuedflaf the underlying dermis. This tissue fluid is a
solution that bathes and surrounds the cells of st tissues.

Since the pioneering work of [4] on fluid filtrahp developing researches show that the directibns o

movement of water and solutes through skin lay®rsand across blood micro-vessels and lymphatic
micro-vessels and their contribution to tissue hostasis are influenced both by hydrostatic and

oncotic (hence protein concentration) pressureeidiffces across the microvasculature walls and by
the actively regulated permeability and contragiileperties of these vessel walls [5, 6, 7, 809, 1

These changes can only be evaluated in an in Vivat®n. Various techniques have been developed
for fluid isolation, as reviewed by [11] and moexently by [12], in search to quantify interstitial
Starling forces, as well as the tissue fluid cotradion of signalling substances. To a large extent
based on Darcy’s law, data on the physiologicalpprites of the extracellular matrix and the
interstitial transport properties can be found @&ference [13]. With respects to mathematical
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modelling forunderstanding interstitial transport, several dedamodels of transport properties have
been developed [14, 15, 16].

Moreover studies of the mechanical behavior ofsia have shown that the human skin is a stratified
non-homogeneous, anisotropic, non-linear viscaelasaterial which is subjected to a pre-stress in
vivo [17, 18, 19]. This leads to difficulties in t@ming quantitative descriptions of mechanical
properties of the skin. Different non-invasive teicjues have been developed in the past to evaluate
the mechanical properties of skin [20, 21, 22,228, Indentation tests are considered here as suppo
for characterizing in vivo equivalent parametershaman skin. They are conducted on the LTDS
indentation device which is able to apply a norioald onto the outer surface of the human skin
without pre-stressing the skin before the teswithout changing its natural stress state [25, 26]

For the simulation of these indentation tests, théper proposes to extend the theoretical-
experimental-numerical set-up proposed in referei2d@. Now in the mathematical model, the
interstitial fluid pressures are considered to lee driving forces coupling the interstitial fluitbivs
and the mechanical behavior of the different layadrskin tissues when subjected to a mechanical
external load in presence of a NaCl solution. Atieh is derived to follow the evolutions of these
interstitial fluid pressures.

We will first present the context of this paperkia to the histology of human skin in vivo. Them th
governing equations for a deforming tri-phasic rmediare given and the relation describing the
interstitial fluid pressure of the interstitial ftliis derived. The non-invasive experimental devie
briefly presented. A finite difference analysiscirried out for a specimen of skin and the obtained
numerical results are discussed. Some concludmgnies end the paper.

2 Histology of skin

Typically, an organ like skin consists of parenchycells, the circulatory system (including thedao
and lymphatic systems), the loose connective tsS@so called the extracellular matrix that
constitutes the framework in which the circulateggtem is embedded) and the interstitial fluidt(tha
fills the interstitium i.e. the space located betwéhe capillary walls and the cells and/or betwiben
cells). The amount of interstitium is about 50%a@ft weight in skin [10, 28]. The parenchymal cells
of skin are classified into four main different &ggiving skin its stratified structure consistofgour
main layers, which are from the skin outer surfimeeard: stratum corneum, viable epidermis, dermis
and hypodermis (Fig. 1). In this complex structtine, following points are retained for the purpoe
this paper [1, 29, 30].

2.1 Stratum corneum

The stratum corneum is the most superficial skyedaThis layer is a 10-2Bm thick layer composed

of corneocytes held together by lipid bridges aatheosomes in what is commonly referred to as a
brick-and-mortar structure. The corneocytes areagemral flat non-viable cells rich in hard insoluble
keratin proteins. They migrate from the underlyiple epidermis. The intercellular spaces are abou
0.1-0.3um and only 10% bounded water is found in the lipidrtar. Because of its structure and
composition, the stratum corneum acts as a preeebarrier.
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Epidermis

FIGURE 1: Schematic view of the cross-section ahan skin showing the distinct layers.

2.2 Viable epidermis

The viable epidermis is a stratified squamous epih(10-100um). The bulk of epidermal cells are
the viable keratinocytes, which migrate upwardheoskin surface and become dead corneocytes. The
viable epidermis is a non-vascular structure wtitdo contains melanocytes, Langerhans cells and
Merkel cells. Cells are surrounded, nourished aaithddl by the interstitial fluid originating in the
underlying dermis and transported across the ep@edermal junction. The cells are communicating
by very strong desmosomes in this very compaatéisthe intercellular spaces occupy less than 2%
of the volume. Therefore, the mechanical integrityhe viable epidermis is considered to be stronge
than other soft tissues.

2.3 Dermis

The dermis is a 1 to 4 mm thick layer which cordamicrostructures like blood vessels, lymph
vessels, nerve endings, sweat glands, sebacemdsgad hair follicles. It is largely composed of a
very dense fibre network of collagen, elastin andute quantities of reticulin within a significant
amount of amorphous ground substance, all bathethtarstitial fluid. The amorphous ground
substance combined with the water of the inteas$tftuid acts as a viscous gel-like material, which
does not leak out of the dermis, even under higisgure [30]. This viscous gel combined with the
fibrous network contributes to the protection oésels and cells against mechanical insults [29].

2.4 Hypodermis

The hypodermis is the adipose tissue layer foundden the dermis and the muscles. This adipose
tissue is a loose association of lipid-filled cetle white adipocytes, which are held in a framdwvad
collagen fibres. Stored fat is the predominant coment of the adipocytes, where the lipid droplet ca
exceed 5qum. Adipose tissue has little extracellular matrdmpared to other connective tissues and
acts as an insulating layer and a protective cashitich can be some millimetres thick.
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2.5 Interstitial fluid

The interstitial fluid is the main component of teracellular fluid which also includes plasma and
trans-cellular fluid. It consists of a water solv@ontaining sugars, salts, fatty acids, amino scid
coenzymes, hormones, oxygen, neurotransmitters edls as waste products from the cells. The
particles dissolved in water are referred to asteah the remaining of this paper. The interdtitisid
provides a means of delivering materials to théscels well as removal of metabolic waste and
transport of immune cells. The solute concentratiof interstitial fluid are very variable between
tissues and within the same tissue, depending updiinctional state. This means that interstitial
fluid as a different composition in the differeayérs of skin soft tissues.

2.6 Sub-cutaneous layers

The underlying sub-cutaneous layers and entitiash(sas muscles, bones and tendons) are more
resistant than the cutaneous layers. The orderaghitude of their mechanical parameters are found
in the literature to be above ®1Pa in average. These values are bigger than & expected for the
mechanical parameters of the cutaneous layersefidrerthe choice is done here to consider them as
undeformable materials. This means that they appased to be non-affected by the outside
mechanical load applied onto the outer surfacehefskin during the indentation test presented in
section 4.

2.7 Consequences on the skin model

As shown in Sub-section 2.1 to 2.5, skin soft g#ssare heterogeneous materials consisting of devera
components. Moreover, [17] speaks of non-lineas@mpic hyper-elastic and viscoelastic materials.
The choice is made here to model skin as a sudtifiaterial with four layers. Each skin layer is a
different solid material. Based on the observatiwat each layer has a different composition for its
interstitial fluid, it is proposed to consider fodifferent interstitial fluids, one for each layer.
Moreover, each solid material is supposed to beratd by its interstitial fluid i.e. in the solitie
interstitial fluid is at its normal content in noainife conditions (edematous cases are not takin i
account here) and dissolved gases are considepattad the interstitial fluid.

The specimen of skin studied in the following paagdps and given in Fig. 2 considers that:

- the skin specimen is a stratified tri-phasic matewith four layers, four solids in the solid @&
four fluids in the fluid phase and an ionic compane

- The four layers are: layer 1 accounts for thatsin corneum, layer 2 for the viable epidermisetay
3 for the dermis and layer 4 for the hypodermiseyrare respectively denoted, IL,, Ls and L in the
following.

- The four solids for the solid phase are: solsirulates the corneocites and the lipid mortareaes
in the stratum corneum, solid 2 simulates the @mgleells of the viable epidermis, solid 3 simusate
the different cells of the dermis including thedfitnetworks, the lymph and blood vessels as well as
the others skin microstructures and solid 4 sinesldhe fatty connective tissue of the hypodermis.
They are respectively denoted $, s and g in the following.

- The four fluids for the fluid phase are: fluid Trsilates the 10% bound water in the lipid mortar of
the stratum corneum, fluid 2 simulates the intgastfluid in the viable epidermis, fluid 3 simuést
the interstitial fluid in the dermis and fluid 4wilates the interstitial fluid in the hypodermisiely are
respectively denoted,ff,, f3 and f; in the following.

- An ionic component (i) deposited at the outefate of the skin and of which it can be interestmg
follow the penetration.
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3 Theoretical model

Based on the general phenomenological thermo-hyearchanical and physico-chemical approach of
heterogeneous media described in reference [3&]skin model detailed here after considers non-
ideal constituents i.e. the behavior of each imtlisl component depends on the behavior of all the
other components present in the human skin spedintexduced in paragraph 2.6 (Fig. 2). Therefore
interactions need to be taken into account andfighé equations are derived under the following

assumptions:

- the overall material behavior of the studied #pea of skin is a combination of the behavior oflea

individual component;
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FIGURE 2: Schematic view of the cross-section efgkin specimen showing the four layers: stratum
corneum, viable epidermis, dermis, and hypodersisell as the 9 components: the 4 solids, the 4
fluids and the ions.

- in each infinitesimal volume of heterogeneous iomacda finite number of components are present;

- each component contributes to the total maté&eéalavior in the same proportion as its volumetric
participation given by its volumic ratio;

- all the components are extended to the totalestiughit volume of the human skin specimen.

- the reference domain of the human skin specinércitles with the initial configuration of the skin
solids.

- all physical quantities are represented by staiables which are scalars or vectors or tensors
function of the Euler variableg,(t) where t is the time and x is the spatial ved&fining the position

of the material particle in the current configuoatiat time t;

- the nine constituents, introduced in paragragh &e referred to with the subscripand the four
layers with the subscriptrt In the remaining of the papet: s, S, S, S, f1, T2, fa, T4, i @nd L= Ly,

Lo, Ls, L4 if it is not stated differently.

- all the constituents are inert which means thatd is no mass transfer and no chemical reactions
between the constituents. Therefore the source afsnof one constituent coming from the other
constituents present in the specimen equals zero;

- each solid is treated as isotropic linear solatarial described by its own behavior law;

- the four layers are supposed to be made of HBatdrated materials, i.e. there is only a solid and
fluid phase in each layer, no gas;

- each layer is saturated by its own fluid matesieén as a Newtonian viscous fluid with its own
behavior law.
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- the solute in the interstitial fluids may inducet negligible electrical effects within the skin
specimen. In spite of that, we make the choicehig $tudy to focus first on the mechanical ions-
fluids-solids couplings and not to take the eleetreffects into account;

- the constituents are considered as intrinsidalbpmpressible which means that the absolute mass
densityp’, (x, t) of constituenttin kg.m?® is constant for all constituents;

- the temperature is supposed to be constantaiahe study. This assumption is reasonable with
respect to the experimentation procedure which gapa constant ambient temperature in the room
all along the tests.

3.1 Balance equations

For inert constituents, as it is the case hereb#t@nce of mass for each constitugsimplifies to:

0 .
Epn + div [pn 17”] =0 (1)

with v (x, t) absolute velocity of constituerttin m.s?, p,,(x, t) relative mass density of constituent
in kg .m° defined by

Pr = Ny p,r[ (2)

wheren,(x,t) is the volumic ratio of constituent Further, the sum of volumic ratios over the
constituents present in the medium should equal one

Mgy + Ny +Ng3 +Ngy + Ny + Ny + 03+ Ny +1m; =1 3)

Neglecting inertia forces, convective terms and gmavity acceleration, the balance of linear
momentum for each constituemteduces to:

div o, +p'z =0 4)

with g, (x, t) the Cauchy stress tensor of constitueim Pa, p',(x,t) the source of momentum for
constituentrt coming from the other constituents in kg.sf, which takes into account the possible
local drag interactions between the solids, thel$lland the ions and which satisfies the momentum
production constraint:

P's1+D's2+P's3+p'sat p,fl + P’fz + p’f3 + p'f4 +p,=0 (5)

3.2 Material relations

Although supposed to be chemically inert in the eiptihe fluids, ions and solids interact togethest a
there is the need of material relations in additionthe above balance equations. The relations
expressing the chemical potentials of the intéastituids 1t (for 1=f4, f,, f5, f5) encompass these ions-
fluids-solids interactions and read

Ure=Pr— I+ v, (6)

wherep, (x, t) is the interstitial fluid pressure of the intetiali fluid T in Pa,y_(x,t) is the matrix
potential for the interstitial fluidt accounting for fluids-solids interactions (capylaand adsorptive
effects) in Pall,(x,t) is the osmotic pressure for the interstitial flaichccounting for fluids-ions
interactions in Pa. The chemical potentials offthiels are in J.n. All these quantities (the interstitial
fluid pressurep, (x, t), the matrix potential,_(x, t) and the osmotic pressurg, (x, t) of fluid tneed

to be experimentally determined in order to writelase mathematical problem. But it is quite
difficult to obtain informations on these physiaglantities for the entire specimen of skin when
considering it as a homogeneous medium. It is evere difficult to characterize them separately for
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each interstitial fluid independently of the othmmes. In this paper we propose to deal with by
assuming:

- first, a unigue form of relation for the matriotgntial valid for each interstitial fluid (for 1=fy, f,,
fs, f4). Following reference [32], the matrix potentigpdnds on the concentration of the ions per unit
fluid volume

M,=T=2RTc¢ @)

with R the universal gas constant in 3.Kol*, T the absolute temperature in °K(x,t) the
concentration of the ions per unit fluid volumemol.m?®,

- then the following relation (8) giving the sy + y_as a function of the volumic ratig, of the
interstitial fluid 1t (for 1=f4, f,, 3, f4). This proposal is based on the observation (setos 2) that the

size of the interstitial space is really differdram one layer to the other and can be taken as a
characteristic of the interstitial fluid of one &y Following [32], this relation reads

(9.7).1075
ng

prt y = (exp ((9.7).107%) - exp( )) (9.84).101° (8)

For the ionic component, the chemical potentjék, t) is defined as
Wi = pio + RT In(c;) 9)
with p;, chemical potential of the ions in a referenceesitat).n.

When neglecting couplings between velocity and fieed, fluid flow through a saturated porous
medium with an ionic component is governed by aegalized Darcy’s law. It expresses the velocity
of the interstitial fluidrt (for T=f,, s, f3, f4) in terms of the gradient of the chemical potdntigx, t)

of the interstitial fluidrtand the gradient of the chemical potentigk, t) of the ions:

Ny (Vn — Vsp) = —Ky. [vﬂn + :_;V#i] (10)

with v, velocity field of the solid present in the layefl the studied interstitial fluidt K, (x,t)
second-order permeability tensor, it has the urfitNths®. The permeability tensor appearing in
equation (10) depends on the interstitial flaifor 1=f,, f,, f5, f5), the permeability of the solid of the
layer and the permeability of the capillary and pyratic walls within the tissue. It has been obsgrve
that fluid migration parameters are of varying magie by tissue type and vascularization i.e. they
are very low in poorly vascularized adipose tisane high in well vascularized porous tissue [15].

The diffusion of ions through the fluid phase gi@ous medium is taken into account through Fick's
law. The velocity of the ions is governed by théoegy of the interstitial fluid filling the intetgial
space of the skin layer through which the ionsteaesported and depends on the chemical potential
of the ions. Fore=fy, fs, 3, f4, this relation reads:

n(v; —v) = —Dip Vi (11)

with D;,(x,t) second-order diffusion tensor of the ions diffgsihrough the interstitial fluidt It has
the unit M.s™.

The stress-strain relations for the solids, thesstrelation for the ions and the stress-veloeitgtions
for the interstitial fluids are elaborated under thassical assumption for heterogeneous medidttbat
Cauchy stress tensor of the total heterogeneougimesl composed of a solid and a fluid part:

0 = 051 + 053 + 053 + 054 + Op1 + Op, + Op3 + 054 + 0; (12)
with ¢ the Cauchy stress tensor of the total heterogeneadium in Pa.
» Stress-strain relations for the solidss;, $, S, S under the assumption of small displacements

and small strains, the solids are considered asaiiisotropic elastic materials and a Hooke’s stres
strain relation is taken for each solid
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o =DE: &, (13)
with DE(x, t) the elasticity tensor of the solitin Pa,e; (x, t) the strain tensor of soli (for T=s;, S,
S, &) defined by

er = Vu, (14)
with u(x, t) the displacement field of solidin m. The superscript s denotes the symmetric gfart

the gradient operator. For later use in paragramg6ation (13) can be rewritten more conveniently
with matrix-vector notations:

&x = Ep: op (15)
with
Ep = (D)~ (16)

whereE,; (x, t) is the matrix of the elasticity compliances defirgedthe inverse of the matig (x, t)
of the elasticity coefficients. Each compongpt;;(x,t) for i, j € {x, y, z} of the elasticity compliance
matrix E;; (x, t) is with unit P4. In vector notations, for constituent(for =3, $, S, &), the Cauchy
stress and the strain are given by:

(O (%, D)
Oryy, (X, 1)
On,, (%, )
or(x,t) = 17
77.’( ) O.T[xy(x’ t) ( )
O-T[yz(xl t)
|07, (%, 0) |
and
_ETL'xx(x' t)_
Eryy (X, 1)
En,, (%, 1)
e(x,t) = 18
T[( ) gnxy(x’ t) ( )
£y (%, 6)
_Ean(xl t)_
with the elasticity compliance matrix in matrix-¥ecnotation:
[ 1 Vn Vn
En Eg En
Vo 1 Vm
"Ep  Eg Egn 0
Vo ZVn L
En Eq En
E (x,t) = " (29)
o 0 0
Er
0 0 == 0
0 0o =
Ep

whereE(x,t) is the Young modulus of the solidandv,; (x,t) is the Poisson’s ratio of the solid

* The stress relation for the ions assumes the Castbgs tensor of the ions to model a static
isotropic stress state defined as
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o, =—p;il (20)

with p;(x, t) the pressure of the ions in Ba(x,t) is equal to the opposite of the osmotic pressure
determined by the ions summed to the pressure atinguor solids-ions interactions.

» Stress-velocity relations for the fluidsf,, f,, f3, fs: from now onmrefers to the fluids and equals
fi, f, f3, T4 except if it is stated differently. In our anabysi,; is the Cauchy stress tensor of the
interstitial fluid Tt It represents the surface forces applied onid farticle. For interstitial fluids in
skin, the Cauchy stress tensor of the interstitiadl 1tis a symmetric tensor which can be usually
decomposed as

Op = 0r + a7 (21)

wheres?®” is the reversible part of the Cauchy stress teatine interstitial fluidrt anda ™ is the
irreversible part of the Cauchy stress tensor efititerstitial fluidrt

As for the ions, it is assumed that the reversiidet of the Cauchy stress tensgf’ is a static
isotropic stress state that would exists if thalfiwis at rest and which is usually defined as

o5 = = pel (22)

where the scalar; is the interstitial fluid pressure of the intetisti fluid Tt Interstitial fluids in skin
soft tissues are supposed to be in thermodynamniditaégum with the thermodynamic fluid pressure
function of the relative mass density and the teaipee of the interstitial fluidt In the more general
case, it is then necessary to solve an equationcdmservation of thermal energy along with
momentum and mass conservations. With the assumepticonstant temperature, this is not needed
here. As a direct consequence it is then posstlieldntify the interstitial fluid pressugsg, of the
interstitial fluid Ttwith the thermodynamic pressure of fluid.e. the hydrostatic pressure of liquid in
small pores within a matrix of cells, proteins amicro vessels that make up the tissue. This
hydrostatic pressure is maintained in a dynamidrenment by fluid transfers between the vessels
and tissues governed by Starling forces, the cdilraforces of cells within the tissue, the
microanatomy of the tissue, and the complex mechaproperties of the tissue as a whole [15].

The irreversible part of the Cauchy stress tea$@ris a viscous stress tensor, corresponding to the
part of the stress due to the fluid motion. Addiddy, let us consider the interstitial fluids te b
Newtonian fluids with shear stresses linearly prtipoal to the velocity gradient in the direction
perpendicular to the plane of shear. In this césea compressible Newtonian viscous fluitthe
relation between the viscous stress tensor andeloeity gradient given by [33] reads

ol =2 A Vv + 77 (V-vp)l (23)
with 7z (x, t) dynamic viscosity of the interstitial fluitt in Pa.sj7_(x, t) viscosity coefficient of the
interstitial fluidtin Pa.s defined as [34]

P 2
77,; = - 5 Uy (24)

In our model, we need a relation to calculate titerstitial fluid pressurg,; of each interstitial fluid
TL Let us consider that each layer is subjectednteexternal hydrostatic logal,.cnanicar Lr (fOr
Lr=L,, Ly, Ls, Ly) applied by the interstitial fluid around combin&dh the surrounding cells and soft
tissue elements. From now on, for simplificatiortted notations =L, L,, Ls, L4 except if it is stated
differently. For each layertt, this mechanical pressure can be expressed as [35]

_ 1
Pmechanical Lt = — 3 tr o, 256

or equivalently

_ 1
Pmechanical Lt = — 3 tr (Gsn + Ofn + Uin) (26)
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with o, Cauchy stress tensor of the solid of layey &, Cauchy stress tensor of the interstitial fluid

of layer Lt andag;, Cauchy stress tensor of the ions present in layerReworking relation (26),
taking into account relations (20), (21) and (223ds to

_ 1 1 i
Prr = Pmechanical Ln + 3 tr (Usn) + 3 tr (O'fl? — Pin (27)

This relation (27) illustrates the differences #rig between mechanical and thermodynamic
pressures for a layerri In presence of solids and ions, the thermodynaréssure inside a fluid is
not equal to the force applied by the fluid on éiéerior surface. The differences come from thasol
and the ions stresses and also whether the fluslipposed ideal or viscous. In reference [15], a
similar result is found for a solid saturated bylid in case of compression of the fluid. This
hydrostatic load may result in a variation of vokiof the layer due to possible combined changes in
volume of its cells and/or its interstitial fluitkor the cell's wall of layer 11, it is then possible to
define the change in volume per unit voluepg, called the volumetric strain as

4
€Ln = ﬁ (28)
wheredV is the change in volume of the cells of layeranddV is the initial volume of the cells of
layer Lt Further, for isotropic linear elastic solids,the cell's wall of layer Iox are seen here, this
volumetric straire, is defined by the trace of the strain tensgrof the solid of layer ftand can be
written as

eLy = tr €q, (29)

Let us note that for deriving relation (29), thegucts of the strains have been neglected since the
strains are supposed very small here. Making uskeeofieneralized Hooke's law defined by eq. (15),
we can write the volumetric stragp, in terms of the stress statg, of the solid present in layermL

and get

eLg = tr (Esn : Usn) (30)

whereE,,; is the matrix of the elasticity compliances of thaid present in layer it Rearranging
terms in equations (27) and (30) yields for layar L

tr ( a};r) + Pin (31)

tr (Esg: Osyr) tr (Esg: Osyr)

Pmechanical Lw __ Pfr _ l tr (osy) _ l
3

€Ln - tr (Esg: Osp) 3 tr (Esg® 0sp)
The terms on the right consist only of the matepiaperties. It is equal to the ratio of the normal
StreS®mechanicar L 10 the volumetric straia; ;. We recognize in relation (31) the definition bet
bulk modulus of elasticit,, of the solid present in layemL

Pmechanical Lx _
= =k (32)
€Ln

It gives an indication on the stiffness of the woki of material. This bulk modulus needs to be
experimentally determined and can be highly vaeiabid quite difficult to obtain. Relation (32) can
be reworked taking into account relation (14) amitten for layer Lt

Pmechanical Ln = — Esn tr (Vsusn) (33)

with ug, displacement field of the solid present in layar Using relations (13), (14), (23), (24), (27),
(29) and (33), it comes for layeri.

7 1 2 —
Pfr = — ksn tr(vsusn) + 3 tr(Dsen : Vsusn) + Eﬂfﬁ{tr(vvfn) - (V ! Ufn)} — Pin (34)

Whereﬁf‘ﬂ andvy,, are respectively the dynamic viscosity and theaig} field of the interstitial fluid

present in layer tt Hence this relation (34) makes it possible tcwale the interstitial fluid pressure
within a linear isotropic elastic material, providenowledge on the displacement field of the said,
the bulk mechanical properties of the solid, onhicity field of the interstitial fluid and on ¢h
mechanical properties of the interstitial fluid.
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The field equations, i.e. the balance of massHergolids, the fluids and for the ions, the balapice
momentum for the solids, the fluids and the iohs,raterial relations for the solids, the fluidsl #me
ions, are complemented by the boundary conditiohg&lwhold on complementary parts of the
boundary in terms of prescribed external tractioprescribed displacement for the solids, presdribe
outflow of fluids or prescribed chemical potentfat the fluids and prescribed outflow of ions or
prescribed chemical potential for the ions respebti The initial conditions which specify the
displacementsa,, for the solidsr=s;, S, S, S, the velocities,, for the solidsr=s;, $, %, S and the
chemical potentialg,, for the fluids and the ionic componemt f;, f,, f3, fs, i at time t=0 close the
initial value problem.

4  Experimental device

The original LTDS-indentation device (Fig. 3) deyetd by the team of Prof. H. Zahouani is used
here to evaluate the mechanical properties of tfierent skin layers. The main advantage of this
indenter is to be fixed to a rigid arm able to mavigh respect to a fixed rigid heavy support.
Therefore it is not necessary to tie the indentethe human body during the experiments and to
disturb the natural stress state of the skin bedpmication of the mechanical load. The experiment
set-up is presented in Figure 4 [26].

FIGURE 3: Original LTDS-indentation device.

Human skin

FIGURE 4: Experimental set-up of the LTDS-indematdevice.

During an experiment, the indenter is manually gmsed near the skin outer surface. Then a
controlled normal force Fload is applied onto the#eo surface of the skin by means of the rigid
spherical indenter (diameter 6 mm) of the indeatatievice.

Fload

— indenter 3 SE—
i h
skin ;

FIGURE 5: Typical contact profile developed durindentation: h is the indentation depth, Fload is
the applied load [30]

The use of a spherical indenter insures that tisen® deterioration of the skin surface and theeefo
no penetration of the indenter. The total respafsthe skin will be the composite response of the
individual contributions of the stratum corneung thable epidermis, the dermis and the hypodermis.
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A contact profile of the overall answer of the diint skin layers develops of the form given in ¥ig
with possible sink-in or pile-up of the skin at tieinity of the indenter given in Fig 6.

Pile-up gFl"ad Sink-in

/ BN 8 ]
P Y\ indenter

skin

FIGURE 6: Typical contact profile developed durindentation when the surface of the skin sinks in
or piles-up: h indentation depth, Fload appliedl|aacontact radius.lcontact depth [30]

The indentation depth h of the spherical indergeecorded as a function of this normal applieddor
Fload, during loading-unloading experiments. Tredrded curve for an indentation test performed on
the volar forearm zone of a volunteered young hgaddult is given in figure 7. The chosen location
makes the indentation tests less tiring for theintder because of the position of the arm resting o
support during the test and therefore the recodddd are less disturbed by the natural movement of
the body. The indentation test is realized for astant indentation speed of 50Quf/s at ambient
temperature and without surface treatment on sifarb the test. Figure 7 displays a quite revessibl
loading-unloading experimental curve with a verw lbysteresis. In addition, no residual print was
seen onto the surface of the skin after the exmarinThese observations are coherent with the ehoic
made for this analysis to model human skin safuts as elastic materials in this load range.

6,0E-2 7
5,0E-2 =
= 4,0E-2 A
Z 4 7
T 3,0E-2 Z
2 20E-2 //
1,0E-2 ,A
0,0E+0

0,0E+0 5,0E-7 1,0E-6 1,5E-6 2,0E-6 2,5E:6
Indentation depth [m]

FIGURE 7: Recorded curve for a loading-unloadirdgimation test performed on the volar forearm
of a young adult.

The numerical simulations, presented here aftpanagraph 5, aim to reproduce this experimentation
in order to help characterizing in vivo equivaleméchanical parameters of human skin soft tissues.
The recorded curve will provide the loading-unleadsteps of the numerical simulations as well as
physically admissible boundary and initial conditso For that purpose, the recorded experimental
curve (Fig. 7) is reworked to obtain a curve of #pplied mechanical load Fload versus time (Fig. 8)
During the loading steps, the load is applied gadlgdrom O N to 6.0E-2 N from O s to 4.8E-3 s.
Then for the unloading steps, the load is decreakmgly from 6.0E-2 N to O N from 4.8E-3 s to
9.6E-3 s.

6,0E-2

5,0E-2
Z 40E-2

B 3,0E-2

o

L 2,0E-2
1,0E2

0,0E+0
0,0E+0 2,0E-3 4,0E-3 6,0E-3 8,0E-3 1,0E-2

Time [s]

FIGURE 8: Applied mechanical load Fload versus tforehe loading-unloading steps
of the numerical simulations



22™Congrés Francais de Mécanique Lyon, 24 au 28 Ao(t 2015

5 Numerical simulation
5.1 Finite difference model

The nine non-linear systems of equations writtesdation 3 for all the nine constituents of thenski
specimen are dealt with by a 1-dim finite differeramalysis. It provides insights in the couplingd a
influences of fluid flows triggered by ions transponder applied mechanical loads. The spatial
derivatives appearing in the field equations amdrtiaterial relations are approximated with a second
order accurate finite difference scheme. ExpligitMard finite differences are used to approximhee t
temporal derivatives, which are first-order accerdthe fundamental unknowns are the displacement
of the solids, the volumic ratios of the fluids atht concentration of the ions. The incremental
material relations for the solids, the fluids ahd tons give directly the increment of their asatud
variable.

All calculations are carried out for a specimerskih for which an estimate of the thickness of the
skin inner forearm zone is needed. This has nat bemasured during the experimentation. Therefore
it is assumed in the numerical simulation thattthekness of the skin at this part (stratum corneum
viable epidermis + dermis + hypodermis) is appratigty 1516um (12 um for the stratum corneum
+ 102 um for the viable epidermis + 10Q#n for the dermis + 400 um for the hypodermis). This
estimation is coherent with respect to [36, 29]isT8kin specimen is meshed with 380 elements (Fig.
9). The space increment equalgid and is assumed to be uniform within each layel fan all the
skin specimen. The time increment needed to mduelldading-unloading steps is taken equal to
1.6E-4 s. As remarked in a previous work, the ahoicthese increments is motivated by convergence
needs [37]. A set of material parameters, takemimeaan values for human skin available in the
literature [32], complements the model except amnads of the mechanical parameters for which a
mechanical parameters estimation procedure isechout in paragraph 5.2.

Flgad - P=POD
€ =0,15 [M] NaCl

15316 mm —
stratum cormenm =39 fq

i = B
Viable epidermis =

ER i

:

ERR

u=0m. p=p(nf)
C =0 [M] NaCl

FIGURE 9: Finite difference mesh and boundary ctoows

5.2 Mechanical parameters estimation procedure

The mechanical parameters, here the elastic m&gduliEs,, Essand E, for respectively the stratum
corneum, the viable epidermis, the dermis and gpodlermis, are estimated by fitting the loading



22™Congrés Francais de Mécanique Lyon, 24 au 28 Ao(t 2015

branch of the experimental load-displacement c\Rig. 7) following an iterative procedure. The
input file provides the finite difference progranithva set of parameters including trial mechanical
parameters as well as the applied load (Fig. 8gnTime calculus runs. The computed skin surface
displacements during the loading steps are exttafiem the calculated numerical results and
compared with the experimentally obtained axiaplisement of the skin surface under the indenter.
Figure 10 displays the comparison between the erpatal displacement curve and the numerically
obtained surface displacements curves for varionsbtations of discrete values of the mechanical
parameters for all layers. The curve “SC1925000 201 DE4000 HY2000" corresponds to a
simulation carried out with elastic moduli 0§;E1925.0E3 Pa for the stratum corneurg=E.2E3 Pa

for the viable epidermis,d=4.0E3 Pa for the dermis and£&2.0E3 Pa for the hypodermis and where
SC, VE, DE and HY refers respectively to the stratorneum, the viable epidermis, the dermis and
the hypodermis. The curve “SC2475000 VE1200 DE4BO®R000” corresponds to a simulation
carried out with elastic moduli ofsE=2475.0E3 Pa for the stratum corneurg=&.2E3 Pa for the
viable epidermis, &=4.0E3 Pa for the dermis and;&2.0E3 Pa for the hypodermis. The curve
“SC2925000 VE1200 DE4000 HY2000" corresponds tinaukation carried out with elastic moduli
of Es;=2925.0E3 Pa for the stratum corneurg,=f.2E3 Pa for the viable epidermiszE4.0E3 Pa for
the dermis and &=2.0E3 Pa for the hypodermis. A least squares agpr@ives the minimum
difference between experimental and numerical tesufhe comparison shows a best fit at
approximately the curve “SC2475000 VE1200 DE400®BIG0O".

v

6E-2
5E-2 /
/ ——Recorded displacements

Z 4E-2 // /

B 3E2 ——SC1925000 VE1200

g // DE4000 HY2000

~ e SC2475000 VE1200
7 DE4000 HY2000

1E-2 §7% ——SC2925000 VE1200
DE4000 HY2000

OE+0
0,0E+0 5,0E-7 1,0E-6 1,5E-6 2,0E-6 2,5E-6

Negative displacements [m]

FIGURE 10: Comparison between numerical displacésneurves and the experimental displacement
curve for various combinations of mechanical patanse

5.3 Numerical model

The four layers of skin soft tissues are modelledsatropic linear elastic materials saturated by a
Newtonian viscous fluid with the following materjgdrameters [32]:

- as found in sub-section 5.2, an elastic modulu€4=2475.0E3 Pa for the stratum corneum-
simulating solid s1, £=1.2E3 Pa for the viable epidermis-simulating se®j &=4.0E3 Pa for the
dermis-simulating solid s3 and;,£2.0E3 Pa for the hypodermis-simulating solid s4.

- the dynamic viscosities are taken equa@fpz 1.002E-3 Pa.s for the stratum corneum-simulating

interstitial fluid fl,[z?z =2.0E-3 Pa.s for the viable epidermis-simulatinggistitial fluid f2,/2;3
=3.0E-3 Pa.s for the dermis-simulating interstifiald 3 and,d;:4 =3.5E-3 Pa.s for the hypodermis-
simulating interstitial fluid f4;

- an absolute mass dengity, =1330 .0 kg.rﬁ is assumed for each soligts;, $, &, S

- an absolute mass density=1000.0 kg.ri1 is adopted for each of the four interstitial flsid

- for the ions, an absolute mass dengity1549.0 kg.r is taken.
- in the calculations, the permeabilkF1.98E-21 MN™.s* and the diffusion coefficier?;=3.3E-11
m’.s* are adopted.

The boundary conditions deduced from the experiat@mt are given in Figure 9 and translated here
after in terms of the physical variables of theotle¢éical model:
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- For the external upper skin surface: a forcepjdiad at the outer upper skin surface node egemtal

to the imposed indentation load obtained from tkgeeeimental curve (Figure 8), fluid pressures equal
to the atmospheric pressure are imposed, the skiace is in contact with a 0.15 [M] NaCl solution
[32] with no continuous supply.

- For the inward skin surface: the inward lowerfate node is subjected to a displacement condition
of 0 mm displacement, fluxes of fluids are setéooz a zero flux of ions is imposed. These boundary
conditions on the fluids and the ions expressttiege constituents are prevented from flowing detsi
the skin specimen. This means that here inteldfiti@s are supposed not to flow freely througke th
inward skin surface downward through the undegyimuscle.

In the initial state, all layers are considered enaalit of fully saturated material with no ionic
component i.e. the volumic ratio of the ions isesptal to zero for all the layers in the initiatst The
calculus starts with an initial state based on grpntal data or fit given in [32].

6 Results and discussion

At the end of the computation, the numerical sirmoies give the evolutions of all the state variable
for all the constituents with respect to space time. They are given and discussed here after for
some variables in terms of profiles along the speai of skin in vivo for five steps of calculatioins
3.2E-4 s, 2.4E-3 s, 4.8E-3 5, 7.2E-3 s and 9.6E-3 s

The volumic ratios of the ions are given in Figtidefor 3 steps of calculations t = 3.2E-4 s, 2.4&-3
and 4.8E-3 s for the upper sub-layers of skin 8s$ues where the ions have penetrated. The other
layers are still without ions. The ions depositétha outer upper surface of the stratum cornewam ar
penetrating through the stratum corneum and alsugfh the first sub-layers of the viable epidermis
till sub-layer with node with coordinate 13.92E-4 Wihile the ions are penetrating, the volumic &tio
are increasing with time with for example a volumatio equating 3.89E-8 at time 2.4E-3 s and
1.24E-7 at time 4.8E-3 s for the sub-layer-simatatiode with coordinate 15.04E-4 m.

Depth [m]

1,38E-3 1,42E-3 1,46E-3 1,50E-3
® 0,0E+0 bbbk IYYYYYYTIYYYYYISS—
2 1,0E-6
Q n
£ 2,0E-6 = #3.2E-4s
o -
o 3,0E-6 W2.4E-3s
b= 4.8E-3s
; 4,0E-6 >
5 5,0E-6 i
£ 6,0E-6

FIGURE 11: Volumic ratio of the ions
(zoom on the upper sub-layers where the ions hametpated)

The velocity of the ions are given in Figure 12 thoe same 3 steps of calculations t = 3.2E-4 £-3.4

s and 4.8E-3 s for the upper layers of skin sefiues. The other layers are remaining without ithns.
appears that while the ions are penetrating, tideroof magnitude of the absolute value of their
velocity is decreasing quite a lot. For instanbe, telocity passes from - 5.74E-4 that time 2.4E-3

s to - 2.55E-4 ni* at time 4.8E-3 s for the sub-layer-simulating nadté coordinate 15.04E-4 m.
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Depth [m]
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FIGURE 12: Velocity of the ions
(zoom on the upper sub-layers where the ions hametpated)

Velocity of the ions [m/:

Figure 13 displays the linear profiles of the volanmnatios of the fluids for the five steps of
calculations. The curves are overlapping becauseigf small evolutions with respect to time. For
example for the sub-layer-simulating node with caowaite 15.04E-4 m, the volumic ratio equals
131.167E-3 at time 2.4E-3 s and 131.194E-3 at 8r6E-3 s.

Depth [m]
0,0E+0 5,0E-4 1,0€-3 1,5E-3
0,12

—3.2E-4s
4 —2.4E-3s
022 4.8E-3s

7 —7.2E-35
027 s 9.6E-3s

0,17

fluids

0,32

Volumic ratios of the

0,37

FIGURE 13: Volumic ratios of the fluids

The associated profiles of the velocities of th@d are given in Figure 14. They exhibit very
different kinetics with respect to time and depegdbn the layer. This has a significant influenoe o
the displacements of the solids. During the meda@nrbading steps (from 0 s to 4.8E-3 s), the
velocities are negative for all nodes of the méste fluids are flowing inward from the upper outer
surface of the stratum corneum till the bottom kwers of the hypodermis. For example velocities
equal — 2.55E-4 mi’sfor the sub-layer-simulating node with coordinafe16E-4 m and — 1.08E-6
m.s* for the sub-layer-simulating node with coordin@®O0E-6 m at time 4.8E-3 s. Then the
velocities are becoming positive for all nodes lné imesh during the mechanical unloading steps
(4.8E-3 s to 9.6E-3 s). This change shows fluidwifhg back in the opposite direction. For example
velocities equal 10.20E-4 rit.dor the sub-layer-simulating node with coordind®16E-4 m and
3.51E-6 m.§ for the sub-layer-simulating node with coordinat@0E-6 m at time 9.6E-3 s.
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FIGURE 14: Velocities of the fluids

Figure 15 shows the interstitial fluids pressuressus the volumic ratios of the fluids at the bagig

of the loading steps i.e. before any external meichiload is applied at the top outer surfacehef t
skin specimen. It is worth to remark the order aigmtude of these pressures varying between [-
6.6E+7 ; -1.6E+7] Pa depending on the sub-layettsiting node. This means that the presented
model is able to translate the initial conditioreddced from the experimentation procedure and to

Velocities of the fluids [m/s]

o2}
m
A
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give non-zero interstitial fluids pressures allrgjahe skin specimen with order of magnitude in the
range found in [32].

Volumic ratios of the fluids
0,12 0,16 02 0,24 0,28 0,32 0,36
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FIGURE 15: Interstitial fluids pressures versusvbkimic ratios of the fluids at the beginning bét
loading steps
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Moreover, Figure 16 displays the profiles of theeratitial fluids pressures along the skin specimen
for the five steps of calculations. The pressunes reot remaining constant during the loading-
unloading steps. They exhibit very small variationth respect to time. For example pressures equal
6136.9544E+4 Pa at time 3.2E-4 s, -6124.7379E+4tRene 2.4E-3 s, -6116.5502E+4 Pa at time
4.8E-3 s, -6121.4119E+4 Pa at time 7.2E-3 s ang-@8828E+4 Pa at time 9.6E-3 s for the sub-layer-
simulating node with coordinate 14.84E-4 m. In epif the couplings with the other variables

appearing in the model, the pressures are facidldbtuations of these variables and remain id tie

limits. The order of magnitude of these interstifiiaids pressures are similar to the ones givef32j.
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FIGURE 16: Interstitial fluids pressures

The negative displacements of the solids are pteddn Figure 17. During the mechanical loading
steps (0 s to 4.8E-3 s), the solids tend to cotatdiall along the specimen of skin soft tissuesth@
contrary during the mechanical unloading (4.8Et8 8.6E-3 s), the different layers expend in ad th
specimen of skin. Both for the loading and the ading steps, different orders of magnitude are
found depending on the layer. For example the atgphents equal — 20.349E-8 m at time 3.2E-4 s, -
15.910E-7 m at time 2.4E-3 s, - 24.481E-7 m at #h8E-3 s, -17.340E-7 m at time 7.2E-3 s and —
20.354E-8 m at time 9.6E-3 s for the sub-layer-&atmg node with coordinate 15.04E-4 m. It should
be noted that thanks to the relation (34) derivaddiescribing the interstitial fluid pressure otlea
interstitial fluid, in this analysis with the cheiwf isotropic linear elastic behavior for the er#nt
skin tissues-simulating solids, the state at thek @the unloading steps has come back to theiniti
one (curve at time 3.2E-4 s and curve at time @@&Eare overlapping each other).
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FIGURE 17: Displacements of the solids

In vivo, in its initial state before experiment,rhan skin is the place of physiological influencesls

as transports of small solutes through membranaterflows from high concentrations to low ones,
variations of permeability, ... This makes that pbimjical fluids are constantly flowing, equilibrium

is never reached. Because of this net movementhg$iplogical fluids, the studied specimen of
human skin is not in equilibrium at the beginnirfgh®e loading steps with respect to the fluids.sThi
has an important consequence on the interstitigddl pressures which are not equal to zero at the
beginning of the calculations. Thanks to relati4)( the present model is able to compute these non
zero interstitial fluids pressures as shown in Fedlb.

Moreover, Figure 18 gives the comparison between dlperimental displacement curve, the
computed surface displacements curve obtained thigthmodel without relation (34) as given in
reference [27] and the computed surface displaceEm@nve obtained with the present model with
relation (34). The model with relation (34) is aldehandle non-zero interstitial fluids pressuned &
retrieve that a zero applied mechanical load Fleads to a zero computed numerical penetration
depth as found experimentally.
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FIGURE 18: Comparison between numerical displacésneurves and the experimental displacement
curve for the skin model with and without relati@4).

The determined estimates of the mechanical parasneteesach layer, i.e. £&=2475.0E3 Pa for the
stratum corneum, &&=1.2E3 Pa for the viable epidermissz&#.0E3 Pa for the dermis and£2.0E3
Pa for the hypodermis lead to qualitatively phyljcadmissible evolutions for the specimen of
human skin subjected to mechanical loadings, wioenpared with other observations of indentation
tests [26, 29]. Moreover it is worth to notice thia¢se values remain the intervals that can be
found in the literature [18, 19, 20].

With its strong tensile strength coming from the&lkand-mortar structure of hard keratinized dead
cells and lipid, the stratum corneum reacts tratisigithe received external mechanical load. At the
same time, ions start penetrating through the wstratorneum. Parts of the mechanical load are
transmitted to the souple viable epidermis. Thet diving cells of this layer experiment a
consolidation-type behavior, taking a big parthef transmitted mechanical load. This behavior ef th
viable epidermis influences the driving forces goimg the transport of the ions which will penetrat
till the viable epidermis. Although the ions ard going further inward in spite of the skin surfati#l

in contact with the remaining of the NaCl solutidime ions will tend to accumulate and to exchange
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with the surroundings in this sub-layer. A partrainsmitted mechanical external load is now argvin
to the dermis. There, the gel combines with théageh and elastin fibers to protect the soft living
cells from being damaged. First the gel acts asotegtive cocoon till a yield pressure. Then the
interwoven collagen fibers and the rubber-like thafsbers will provide strength and elastic belmayi
These coupled behaviors of the solid of the deemisthe gel lead to a consolidation-type behavior o
the dermis with a magnitude lower than the onenefwiable epidermis. The last part of transmitted
mechanical external load ends to be handled byoihee fatty cells of the hypodermis. This layer
reacts almost like a rubber matress with a reviersibhavior. With respect to the physiological dkuii
bathing the different layers of skin soft tissubg, obtained numerical results show physiologiltadl
pressures influenced by the couplings between flords-solids behaviors as well as by the external
mechanical applied load and the presence of the BalGtion because they face small evolutions.
However these physiological fluid pressures are képt between physically admissible limits. They
do not exceed living pressures that can be recatdedg in vivo experimentations [32].

7 Conclusion

This paper has presented a tri-phasic skin modelevbkin is composed of four solids, four intelestit
fluids and an ionic component. In this model, tkim Soft tissues are treated as elastic lineardpat
materials while the interstitial fluids are consel® as Newtonian viscous fluids. A relation is
proposed for estimating interstitial fluid pressur@his model makes it possible to follow the
interstitial flow of fluids coupled with the transg of ions influenced by external mechanical loads
and also to study their influence on the defornmatiof the solids describing skin soft tissues. The
numerical simulation of indentation experiment g estimate of the Young modulus of each layer,
i.e. E5;=2475.0E3 Pa for the stratum corneurg=f.2E3 Pa for the viable epidermisss&#.0E3 Pa
for the dermis and &2.0E3 Pa for the hypodermis. These estimateshangght to be physically
reasonable when compared to values available ifiténature because they lead to qualitatively good
agreement between experimental observations anduttmerical descriptions of the overall response
of the skin specimen obtained here.
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