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29 . EXPERIMENTAL AND THEORETIC 1. COMPRESSION STUDIES ON
PORCINE BKIN
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1. INTRODUCTION

Skin can be viewedzupon as a biphasic material, consisting of a solid
with a free movable fluid in it (Reddy et al., 1981). The solid matrix con-
sists of collagen and elastin fibers, embedded in a ground substance that
binds most of the water. The movable, interstitial fluid is not chemically
bound and can flow when a pressure gradient is present. The biphasic charac-
ter can explain a number of time dependent properties of the skin. In view
of the above a model has been developed, which is based on the theory of
mixtures (Bowen, 1976). The goal of the present study was to find a method
to measure material properties of porcine skin, using a biphasic concept and
to compare the results with theoretically obtained values. A suitable ex-
periment which has been used with success on articular cartilage (Mow et
al., 1984) is a confined compression test. It appears from this study that
this test can be used for skin also and that it confirms our hypothesis

about the biphasic nature of skin.

2. THE MODEL '

The solid which constitutes the porous matrix is considered to be intrin-
sically incompressible and purely elastic. The fluid is assumed to be
Newtonian and also incompressible. By means of an averaging procedure we are

able to define a continuum for which the following set of equations hold:

equilibrium equations: V e Segg ~ VP = 0 (1)
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continuity equation: V e v Ve (KevVp) =0 (2)

In order to solve (1) and (2) these equations are written with reference
to the undeformed configuration. A Galerkin weighted residual method is used

to find an integral form suitable for a finite element model. After writing

the equations in an incremental form they are solved with a Newton-Raphson
iteration procedure.

As a constitutive model for the solid phase an expression for the strain

enexrgy 2% is used which is an exponential function of the Green strain

pression is given by:

2 + 1 B exp (C Ez) (3)

AE 3

NI >

For articular cartilage it has been shown that there exists an exponential

relation between the permeability of the tissue and the volume change (Mow
et al., 1984).

XK = KO exp{M(J3~1)} g (4)

Because we did not have similar data available for porcine skin we have as-
sumed that (4) can also be applied to skin. Mow et al. (1984) have published
an asymptotic solution for the transient problem just after load application

4+ A

for small displacements and for a linear solid:

K
_ - _ _2H ¢ _MP
u/uEND = B8/t with: 8 = Lof" (IE—T exp( wH) (5)
/ and : H= A + BC

It can be seen that B is an exponential function of P, which we will use
later to determine K0 and M.

B,
’T;\‘%m\w»

=g,
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3. THE CONFINED COMPRESSION TEST

In a confined compression test a stegwise load is applied (Fig. 1) to a
disc-shaped sample of porcine skin (radﬁus: 3.70 + 0.05 mm., thickness: 1.7
- 2.0 mm). The skin with the epidermisfﬁn top is placed in a tight fitting
ring on a porous filter, so fluid can.&low away in only one direction.
Because of the ring the deformation is one-dimensional. We have cut 24
samples out of a square piece of skin (10 x 10 cm) out of the regio
scapularis of a fully grown pig. The samples were kept frozen (—35°C) until
they were used. Just before the experiment is started the sample and ring
are being placed in a saline solution. Then the loading shaft is lowered on
the sample by means of a small weight (1 gf). The tissue swells in the
saline solution for about 4 hours. To obtain unified conditions we have used
the position of the loading shaft after 4 hours as a measure for the
average, initial thickness of the sample. Then a stepwise load is applied
between 30 and 500 gf during 18 hours.

The deformation after this time period is used for the determination of A, B
and C in (11). The displacement curves during the first 120 seconds of the

experiments are used for the determination of KO and M in (12).
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4. RESULTS

In Fig. 2 the effective 2nd-Piola-Kirchhoff stress is given for the 24
tissue samples as a function of the Green strain after 18 hours. Because of
the shape of'the curve we have done a regression analysis, assuming that A
0. This leads to the following values of B and C with their 95-% confidence
intervals: B = (0.648 + 0.006) x 104 N/m2 ; C=14.6 + 2.5. Fig. 3 shows
that in a time period immediately after load application a linear relation-

ship exists between u/uend and /t, even for high loads. For low loads this

has already been predicted by Mow et al. Our numerical calculations have

shown that theory predicts that this linearity also exists for high loads.

Fig. 3 also shows that there is an initial displacement which cannot occur

in an ideal confined compression experiment. This can be caused by deflec-

tions from the perfect disc shape, a not exactly fitting ring or a not per-
fectly smooth surface of the porous filter. It is also not certain whether

the solid matrix is really intrinsically incompressible. The striking

exudation

THE REDUCED DISPLACEMENT AS A FUNCTION OF THE 47 %

SQUARE ROOT OF TIME.
= - 25 - 7=18.6 «Pa

- 17 - 1=189.5 «Pa )
®-11-1=71 KPA
4-14-T=117 «Pa
] T 0-19-T=23%  «Pa .

e

END

FINITE
/ T ELEMENT
—f
MESH
‘ £
j £
i S -4 r"
5 10 H 1
SV IZ

Fig. 3 Fig. 4



231

linearity after the initial deformation points out that we still have a
confined compression experiment, but with an initial deformation which is
not one-dimensional. Unfortunately thisileads to a rather large systematic
error in B and C. In Fig. 5 the tangents B of the reduced displacements with
their 95-% confidence intervals are gyven as a function of the load. It can
be seen that for low loads B descends!rapldly but at higher loads becomes

nearly a constant. We have done some numerical calculations, using the

gecmetrically non-linear theory and an exponential strain energy law. We

have used the measured values of B and C and estimated values of KO and M of
-14

1.4 x 10 Nm /s and 10 respectively. Te latter estimates have been deter-

mined by combining theoretical and experimental results. The element mesh is
given in Fig. 4. These calculations lead to the dotted line in Fig. 5. If we
substitute the same values of KO and M in the analytical solution, based on
the geometrically linear theory and a linear strain energy we obtain the
solid line. It is obv;ous that for porcine skin introduction of additional

non-linear aspects such as a non-linear constitutive law for the solid,
changes the obtained material properties.
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CONCLUSIONS

The confined compression experiments seem to confirm the biphasic nature

of porcine skin. Because of its mathematical simplicity confined compression

is an attractive way to determine some material properties of biphasic

material, but the diffi¢ulties to approach the ideal experiment make it a

rather inaccurate one for skin. However from the performed experiments it

has become evident that a fair agreement can be found between theory and ex-

periment and a first estimate of some material properties has been made.
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NOMENCLATURE
: gradient operator with regard §u : deformed position vector of
to the deformed configuration phase «.
stress in the solid matrix due gq : bulk volume averaged or
to elastic contact. apparent stress tensor of phase.
Q.
: real volume average of the p : real volume average of the
velocity of phase «. hydrodynamic pressure.
: Helmholtz free energy for the Qs : apparent density |
solid matrix.
: Green strain K : permeability
: time Iyt third strain invariant
: the load devided by the original LO : original thickness of tissue

sample.
1st-Piola-Kirchhoff stress

crosssection.
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