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Purpose: In wound ballistics, skin has obvious blocking effect in the biological target penetration of projectiles. An analytical de-
scription of skin mechanical properties under compression can set the basis for the numerical simulation and the evaluation of blocking
effect. Methods: In this study, an improved three-parameter solid visco-elastic model was proposed to describe the skin creep phenome-
non. And then combined with Maxwell and Ogden model, a new nonlinear skin constitutive model, consisting of hyper-elastic unit, creep
unit and relaxation unit in parallel, was established. Here, we examine the material properties of freshly harvested porcine skin in com-
pression at strain rates from 0.01/s to 4000/s. Results: The model is verified by comparison with the experimental results by our test and
that in the literature at different strain rates. Conclusions: It shows that calculated results of the constitutive model agree well with the
experiment data at extremely low to high strain rates, which is useful for the description of the heterogeneous, nonlinear viscoelastic,

relaxation and creep mechanical response of skin under compression.
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1. Introduction

Skin is the outermost layer of the body and acts as
a first protective barrier against external agents such as
light, heat, infection, and injury. In wound ballistics,
the blocking effect of skin on projectiles has been con-
cerned in the research, such as penetration threshold
velocity [7], [24], [33] and skin wound morphology [8],
[9], [16]. However, the above-mentioned factors are
insufficient to evaluate the blocking effect of skin be-
cause of the difference of skin, and assessing it by re-
searching the mechanical properties and constitutive
model of skin could be an effective method.

At present, a large amount of experiment has been
devoted to the mechanical characterization of the skin

in various biomedical areas. In 1966, Ridge et al. [28]
first conducted the uniaxial experiment on excised skin
which showed skin’s anisotropy. Then, in 1974, Lanir
and Fung [19] established an experimental setup for
the tests of rabbit skin which can perform two-dimen-
sional relaxation and stretch tests. After that, Schneider
et al. [30] used the same setup for the characterization
of excised human skin in 1984. Afterwards, a few stud-
ies based on the uniaxial and biaxial experiments has
shown that the properties of skin is nonlinear, aniso-
tropic, and viscoelastic (time-dependent) [1], [27], [29].
Due to the discovery of strain rate sensitivity of skin
by Finlay [10] earlier in 1970, the different strain rate
experiments of skin have attracted the attention of
many researchers. According to high and low speed
tensile failure experiments of rat skin, Haut RC [13]

* Corresponding author: Susu Liu, School of Mechanical Engineering, Nantong University, Nantong 226019, China. E-mail:

liususu1006@139.com
Received: October 3rd, 2021
Accepted for publication: January 3rd, 2022



162 X. ZHANG et al.

observed that the tensile failure properties depend on
location, orientation, age and strain rate. In 1989, Wu
et al. [35] found that the Poisson ratio of pig skin is
dependent on the loading and strain rate in 2003. The
uniaxial compressive experiments were conducted by
Shergold in 2006 [31] at low strain rates and high
strain rates which were performed using a split Hop-
kinson pressure bar, showing that pig skin has a big-
ger strain rate sensitivity compared to silicone rubbers
which are regarded as skin substitution. Application of
SHPB is effective extremely to measure the compres-
sive mechanical response of skin at high strain rates.
In order to measure the tensile respond of skin under
dynamic loading, Lim et al. [22] modified a SHTB to
conduct the dynamic experiments which also show the
rate sensitive, orthotropic, and non-linear behavior of
pig skin. In addition, a great many researchers [18],
[25], [32] took dynamic shear tests which show the
highly nonlinear viscoelastic behavior, and Soetens
et al. [32] developed a constitutive model that capture
the experimentally observed strain stiffening, soften-
ing and increasing viscous dissipation. In summary,
based on the mechanical respond of the skin, it showed
that skin is an anisotropic, non-linear elastic material
that exhibits viscoelasticity and loading history depend-
ence.

For the mechanical properties of skin, many re-
searchers have proposed a constitutive model to repre-
sent these properties. Hyperelastic model is a currently
used skin constitutive model, which is a strain energy
density function model developed on the basis of rub-
ber model and can describe the hyperelastic response
of skin. Shergold et al. [31] compared the Ogden and
Mooney—Rivlin model by the uniaxial compressive
experiments of silicone rubber and pig skin and found
that the latter is unable to describe solids with a strong
strain hardening characteristic. The Ogden hyperelastic
model was also regarded as the suitable choice to de-
fine the nonlinear mechanical behavior of skin tissue
in tension [15], [17], [20]. However, in order to fully
characterize the mechanical behavior of skin under
impact, its viscoelastic properties must also be deter-
mined [11]. Holt et al. [14] established a viscoelastic
constitutive model to describe the mechanical proper-
ties of human skin under low shear loads, which can
describe the strain hardening phenomenon of skin.
Soetens et al. [32] established a visco-hyperelastic
model of human skin under oscillating shear with large
amplitude, which can accurately capture the phenom-
ena of nonlinear viscous dissipation between skin. In
addition, some scholars tried to establish semi-structural
models which take into account the constituents of the
material and include their respective mechanical be-

haviors, and potentially their relative interactions.
Weiss et al. [34] proposed a transversely anisotropic
hyperelastic model of collagenous tissues for the de-
scription of ligaments, accounting for the uncrimping
process of collagen fibers. This formulation was later
adapted for skin by Groves et al. [12] in an attempt to
fit their data on uniaxial tensile tests on human and
murine skin.

As the research moves along, single viscoelastic
and hyperelastic models are not enough to character-
ize the mechanical properties of skin. Note that more
complete representations of skin’s behavior can be
obtained by coupling different constitutive models
[26]. Therefore, it is absolutely imperative that estab-
lishing a coupling constitutive model which considers
different respond of skin. In this study, considering
the skin strain rate sensitivity, nonlinear viscous dissi-
pation and relaxation and creep phenomenon, a rela-
tively complete phenomenological model of skin is
proposed to describe its stress—strain response under
compression. Here, we examine the material proper-
ties of freshly harvested porcine skin in compression
at strain rates in the range of 0.01/s—4000/s and verify
this constitutive model based on the experimental
results which include our experiment data and cited
literature about pig skin. This study establishes a ma-
terial constitutive model for skin which can be used as
a reference to research the blocking effect of skin
substitutes and mimics in the field of wound ballistics
hopefully.

2. Materials and methods

2.1. Experimental setup

Pig skin was investigated to avoid the ethical is-
sues associated with testing human skin and pig skin
is one of the substitute materials for studying human
skin due to its similarity in material response to human
skin. In addition, the thickness of the human and pig
dermis is similar: for human skin, the dermis thickness
ranges from 1mm on the face to 4 mm on the back [31],
whilst the dermis of the pig varies from 1 to 6 mm in
thickness. In addition, by contrast with in vivo meas-
urements, the excised experimentation usually ensures
a better control of the boundary conditions and elimi-
nate the effect of muscle under the skin.

We have done the mechanical tests about pig skin
from the belly of landrace (Parallel to the direction of
spine) in the previous research [2]. After the residual
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Fig. 1. Schematic representation of the SHPB

fat on the hypodermis was removed, the cylindrical
specimens were cut using a corneal ring. The pig skin
specimens were submerged in Krebs—Ringer solution
for storage before the tests. Soft tissue remains active for
more than two weeks when placed in Krebs—Ringer
solution without significant changes in mechanical
properties [6].

Quasi-static compression tests were carried out in
an MTS universal testing. Samples were tested at dif-
ferent strain rates ranging from 0.01/s to 0.1/s. Right
cylinders with dimensions of 2.5 mm in thickness and
20 mm in diameter were used. A sketch of the SHPB
used for measuring the compressive uniaxial stress
versus strain response of pig skin, at strain rates of
between 2000/s and 4000/s, is given in Fig. 1. A low
specimen aspect ratio was chosen to minimize the
time required to reach force equilibrium along the axis
of the specimen in the high strain rate compression
tests. Previous studies using a SHPB indicate that the
constraint on the specimen is negligible for aspect
ratios within the range of 0.25—0.5 [5]. The specimens
for high strain rate tests are § mm in diameter and the
same thickness as in low strain rate tests (2.5 mm), as
shown in Fig. 2.

Fig. 2. Cylindrical specimens [2]

2.2. Constitutive models

Table 1. Symbols and meanings

Notations
o relaxation time
k; elastic coefficient of elastic element
; sticky coefficient of sticky pot
& strain
& strain rate
o stress
o the stress obtained by the hyper-elastic unit
o, the stress obtained by the creep unit
o, the stress obtained by the viscoelastic unit
A,, B, |coefficient of the model
y) elongation in the current configuration
i o constant determined by Ogden model

2.2.1. Relaxation unit

A Generalized Maxwell Model is an arrangement
in series or in parallel of viscous and elastic compo-
nents, usually mimicking the microscale arrangement
of constituents within the material [3]. There are three
common representations: the Maxwell, the Kelvin—
Voigt, and the standard models, in which the Maxwell
model is suitable for describing the stress relaxation
and linear deformation processes of viscoelastic ma-
terials, but not for the creep and cross-linking process
of materials, while the Kelvin model is exactly the op-
posite of the Maxwell model. The main feature of skin
viscoelasticity is the effect of previous deformation; the
stress state depends on the strain or strain rate histories
and the relaxation phenomenon caused by viscoelastic-
ity is extremely uniform. Then, in order to accurately
describe the stress relaxation phenomenon of the skin,
the Maxwell model can be used as the skin relaxation
unit [23], as illustrated in Fig. 3 and Eq. (1):

-7

t 0t
o, :kljg(r)e % dr, (1)
0



164 X. ZHANG et al.

in which, o; denotes the stress, & — the strain rate, ¢ — the E=¢g+6&,, )
time, 6, — the relaxation time, which can be deter-

mined the sticky coefficient of 7, where ¢ is the strain rate, ¢is the strain, o is the stress

obtained by the creep unit.

m=ko. @) Substituting in Egs. (4)—(7), it can be integrated as:
Elimination of 6, from Eqgs. (1) and (2) yields de 1 do o L 6 ®
— =k, =,
¢ [ dt k, dt n,
o, = kl.[é(z')e”‘ dr, 3)
0 &y =&— e , )

in which 7, is the sticky coefficient of sticky pot.
1,0, + (ky, + ky)o, = kykye + kymyé . (10)

k1 m
Therefore, based on Eq. (10), the proposed three-
-parameter solid model is given by:
S ems o
Fig. 3. Generalized Maxwell model o.=¢ " !% e ™ di+C|, (11)
2.2.2. Creep unit

in which, C is a constant.

Due to the limitations of the Maxwell and Kelvin
models, an improved three-parameter solid model was
proposed to express the creep phenomenon caused by
skin viscoelasticity, as illustrated in Fig. 4.

2.2.3. Constitutive model

In order to describe the creep and relaxation phe-
nomena caused by viscoelasticity, strain rate sensitive

k3 and nonlinear viscous dissipation, it was assumed that

the constitutive equation is composed of hyper-elastic

k2 €2 unit, creep unit and relaxation unit in parallel. In the
— proposed visco-hyperelastic model, Ogden hyper-elastic

e model was adopted as the hyper-elastic unit, Maxwell
:IE model (Eq. (3)) as the relaxation unit, and the pro-

n2 posed three-parameter solid model (Eq. (10)) as the

creep unit, as shown in Fig. 5.

Fig. 4. Three-parameter solid model

For this model, a linear elastic element in parallel H‘\"p:fillasm Re}zﬁ?l“on
with the ideal viscous element was added. For the A F
linear elastic element, its stress—strain relation can be SN SRR IO S S A
described: : 1 : 7 :

| I
O3 =0,(6)=ké,, “4) : | :k I :
\ 1 I
in which, k3 is the elastic modulus. : | : I :

For the ideal viscous element, its viscous respond | u a} | : \ |

can be described: [ | | | }T] |
de, S I L |
Oun=MNy—> (5) |
@M g : | : W :
\ L
in which, 7, is the coefficient of viscosity. U R S I |
For this modified model, its stress and strain can c
y

be described, respectively:

0.=0,=k¢, 0,=0,+04, (6) Fig. 5. Constitutive model diagram
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The creep deformation is the deformation that
increases with time when the load remains constant
[21]. At the same strain, the low strain rate takes
much longer time than the high strain rate. The
lower the strain rate, the smaller the loading rate
and the slower the stress change until the stress
approximately remains unchanged. So, it is rea-
sonably assumed that the creep deformation is more
obvious at low strain rate than that at high strain
rate and the creep unit is negatively correlated with
the strain rate. A polynomial equation can be intro-
duced to describe the strain rate sensitivity in the
constitutive equation, as shown in Egs. (11) and
(12). With the reduction of the influence of creep
unit and little change of the influence of relaxation
unit, the effect of Maxwell unit is to get bigger and
bigger. Then, the total stress of the skin can be ex-
pressed as:

£6)=3 46", (12)
. 1
0 p— (13)
> B,&"
1
O-zo-h +fv(£)o-v +ﬂ(£)ac’ (14)

in which o denotes the stress, o;, is the stress obtained
by the hyperelastic unit, o, is the stress obtained by
the creep unit, o, is the stress obtained by the visco-
elastic unit, 4, and B, is the coefficient of the
model. Moreover, for an incompressible, isotropic,
hyper-elastic solid is used here to describe the con-
stitutive behavior of rubber and skin. In one term,
Ogden model, the strain energy function takes the
form [31]:

=2 -3, (15)
(04

where « is a strain hardening exponent and g has the
interpretation of the shear modulus under infinitesimal
straining.

The specimen is considered to be in a state of plane
stress during a uniaxial compression test. For a Carte-
sian co-ordinate system, with the z-axis aligned with
the loading direction, we can write

o,=0,=0, 4, =4. (16)

The solid is taken as incompressible and so the
principal stretch ratios are related by

1
—. 17
2 17)

Now, it can be specialized to the case of an Ogden
strain energy density function (14). This gives:

0, = 2 et = ey, ()

in which A is elongation, x and « are constants.
Submitting Eq. (3), Eq. (11) and Eq. (18) and as-
suming n = 1, Eq. (13) can be integrated as

1)

t -
o= 2 et ey g j e dr
a 0

_ky +k3t t . kathky
1 e Ikz (ky& +1,€) e
Blg 0 772

t
dt+C | (19)

To evaluate the error between model and experi-
mental data at each strain rate, the maximum error rate
was calculated according to the formula:

} , (20)

where o; is the real value of the experimental stress,
o,,i 1 the theoretical value of the stress on the basis on
models.

-0

i mi

o.

1

E = max{

3. Results

3.1. Experimental results

In Figure 6, the quasi-static compression stress—
strain behavior of pig skin in terms of the true stress
and true strain at low strain rates of 0.01/s and 0.1/s
and high strain rates of 2000/s, 3000/s and 4000/s are
shown. The curves show that the stress—strain re-
sponse of the pig skin is non-linear with a J-shape.
With the rapid increasing of strain rate, the stress
also increases sharply, the skin exhibits a significant
strain rate effect. The experiments reveal that these
soft solids strain harden strongly at high compressive
strains.
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Fig. 6. Stress—strain curve [2]: (a) low strain rates, (b) high strain rates

3.2. Model verification

Five experimental stress—strain results at extremely
low strain rates from 0.01/s to 0.1/s and high strain rates
from 2000/s to 4000/s were used to verify the constitu-
tive model, reflecting the compression mechanical re-
sponse characteristics of pig skin from the belly of lan-
drace (Parallel to the direction of spine). The iterative
parameter estimation method had a high rate of conver-
gence and resulted in a unique solution for a wide range
of initial parameter values [32]. The fit parameters in the
constitutive model (Eq. (18)) are identified by iterative
parameter estimation method, as listed in Table 2. The
maximum error rates are listed in Table 3.

In Figure 7, the compressive stress—strain curves
fitted with the constitutive model at quasi-static and
high strain rate are represented. It is obvious that the
constitutive model can describe the rate effect of pig
skin, in which the yield stress increases with the strain
rate. Furthermore, the model is in good agreement
with the experimental results.

The compressive experimental results of pig skin
were cited by Butler et al [4] to verify the constitutive
model. The skin samples were excised from the rump
of the animal. The constitutive model established con-
stants evaluated using Eq. (18) are given in Table 4 for
each strain rate considered. The maximum error rates
are listed in Table 5.

The compressive stress—strain responses of the pig
skin referenced and fitted are shown in Fig. 8 for a range
of strain rates for porcine skin. Each line indicates the
result of a single sample test, with each color corre-
sponding to a particular strain rate.

To further prove the applicability of the constitu-
tive model, the compressive experimental results of
pig buttock skin made by Shergold et al. [31] were
cited, which was obtained using the universal material
testing machine at low to medium strain rates and
using a SHPB at high strain rate. The parameters of
the constitutive model involved in Eq. (18) could be
determined based on the pig skin tested results, as
shown in Table 6. The maximum error rates are listed
in Table 7.

Table 2. Parameters identified in the constitutive model based on experimental results

H a ky k3 Uy Ul ky B, A, c
(MPa) () (MPa) (MPa) ) ) (MPa) ) () )
0.0992 1.2776 —8.2568 -0.0156 1.0087 2.65e-5 1.2655 —50.841 —1.95¢-4 0.1298

Table 3. The maximum error rates

Strain rates 0.01/s

0.1/s

2000/s 3000/s 4000/s

Maximum error rates 4.3%

9.4%

14.1% 11.1% 4.4%
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at strain rate equal: (a) 0.01/s, (b) 0.1/s, (c) 2000/s, (d) 3000/s, (¢) 4000/s
Table 4. Parameters identified in the constitutive model based on experimental results
H a ) k3 ) m ky B, A4, C
(MPa) ) (MPa) (MPa) () (@) (MPa) (&) (&) O
0.2065 1.2768 —1.01e-5 —1.48e-4 | —0.9758 —0.8203 —0.8135 0.7352 0.2620 3.48e-4
Table 5. The maximum error rates
Strain rates 0.01/s 0.1/s 1/s
Maximum error rates 6.3% 12.5% 11.8%
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Table 6. Parameters identified in the constitutive model based on experimental results
H a ky ks up T ky B 4, c
(MPa) ) (MPa) (MPa) ) ) (MPa) ) ) )
0.1435 1.2152 39.6888 0.0010 0.0657 2.19¢-4 2.0656 | 33.9351 |—4.25¢-5| 49.6484
Table 7. The maximum error rates
Strain rates 0.004/s 0.4/s 40/s 4000/s
Maximum error rates 12.8% 6.8% 4.6% 4.5%

The related comparison at low to high strain rates
is shown in Fig. 9. It can be seen that the calculated
results of the model exhibit closer agreement with the
cited experimental results at the tested strain rates. How-
ever, there is little experimental data at every strain rate
and further verification is needed.

4. Discussion

A large amount of literature has been devoted over
decades to the mechanical characterization of the skin,

but there is few research about compression test about
skin which have been mentioned above can be used for
reference. The experimental data cited by Benjamin and
Shergold are obtained from same species as our test but
different parts. Moreover, it is well known that skin,
like any biological material, once removed from its host
begins to degrade [21]. Due to these different condi-
tions, three groups of experimental data were fitted
separately. As shown in Figs. 7-9, in the case of pig
skin, the constitutive model can capture specimen be-
havior well over a wide range of strain rates.

It is known that a typical stress—strain curve for skin
exhibits non-linear behavior, and its response is gen-
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Fig. 9. Comparison between theoretical results and experimental results cited from Shergold et al. [31]
for pig skin at strain rate equal to: (a) 0.004/s, (b) 0.004/s, (c) 40/s, (d) 4000/s

erally classified into three stages. In the initial stage,
at the beginning of loading, skin is very compliant and
large deformation occurs and the fibers are largely
unaligned. In the second stage, the stiffness of skin
gradually increases as the applied load increases and
the stress increases rapidly as the strain increases eq-
uably. In the third stage, the relationship between
stress and strain gradually becomes linear approxi-
mately as the strain continues to increase [11]. In this
phase, the collagen fibers predominantly bear the load
and provide the skin with a high strength, preventing
damage and postponing the eventual skin failure. Ob-
viously, at the end of curve, there is a gap between the
fitting results and experimental data. As the load in-
creases, a significant strain hardening is observed for
the skin specimens. This transition cannot adequately
be captured using these forms of analytical models.

As the constitutive model established including
hyper-elastic unit, relaxation unit and creep unit shows,
the effect of creep unit declines and the effect of relaxa-
tion unit increases gradually in the wake of decreasing
strain rate. As an improvement, different strain rates
and their reciprocal regarded as coefficients are ap-
plied to the relaxation unit and creep unit of constitu-

tive model, respectively. From the comparison be-
tween theoretical and experimental results we can
see that the coefficients added to the relaxation and
creep unit play a significant role in the constitutive
model. Although the constitutive model has nine
constants, it can be applied over a wide range of
strain rates, unlike the model established by Shergold
[31], which only has two coefficients, but each strain
rate corresponds to a set of parameters. It can be seen
that the constitutive model can fit well to the curve
from about low and high strain rates as a whole.
Overall, the constitutive model established by three
units provides a good description of the compressive
stress-versus-strain behavior of pig skin over a wide
range of strain rates.

In the current study, we established a constitutive
model of pig skin that is capable of describing the
nonlinear visco-hyperelastic mechanical response to
compression. However, this does not mean the current
model is capable of describing the mechanical response
under different types of loading. Actually, even the
experiment taken by pig skin is uniaxial compression
and the specimen is considered to be in a state of plane
stress, the anisotropy of skin still has a certain impact
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on the test results. Moreover, the compression ex-
periment data obtained using pig skin might differ
from other research because of the variations in test
conditions and studied species. Even in the same spe-
cies, the skin got from different position can also have a
significant difference in mechanical properties. Hence,
for the field of skin research, a full constitutive model
considering the mechanical response of compression,
tension and shear would be invaluable.

5. Conclusion

The parameters of the newly established constitu-
tive model are estimated by iterative parameter esti-
mation method. This model was able to capture the
effects of relaxation, creep and strain rate under the
compression mechanics response. Then, we examined
the material properties of freshly harvested porcine skin
in compression at strain rates from 0.01/s to 4000/s and
verified this constitutive model based on the experi-
mental results and cited data. By experimental data, it
was proven that the constitutive model is universal.
Good agreement between experimental results and
constitutive model established to describe the com-
pressive behavior of pig skin. However, due to the
anisotropy of skin tissue, the constitutive model still
needs to be improved.
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