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Abstract
The uniaxial compressive responses of silicone rubber (B452 and Sil8800) and pig skin have been
measured over a wide range of strain rates (0.004–4000 s1). The uniaxial tensile response of the silicone
rubbers was also measured at low strain rates. The high strain rate compression tests were performed using
a split-Hopkinson pressure bar made from AZM magnesium alloy. High gain semi-conductor strain gauges
were used to detect the low levels of stress (1–10 MPa), and a pulse shaper increased the rise time of
dynamic loading on the specimen. The experiments reveal that pig skin strain hardens more rapidly than
silicone rubbers and has a greater strain rate sensitivity: pig skin stiffens and strengthens with increasing
strain rate over the full range explored, whereas silicone rubber stiffens and strengthens at strain rates in
excess of 40 s1. A one term Ogden strain energy density function adequately describes the measured
constitutive response of each solid, and a strategy is outlined for determining the associated material
constants (strain hardening exponent and a shear modulus). The strain rate sensitivities of the pig skin and
two silicone rubbers are each quantiﬁed by an increase in the shear modulus with increasing strain rate,
with no attendant change in the strain hardening exponent. It is shown that the Mooney-Rivlin model is
unable to describe the strong strain hardening capacity of these rubber-like solids.
r 2005 Elsevier Ltd. All rights reserved.
Keywords: High strain rate; Hopkinson bar; Rubber; Skin

Corresponding author.

0734-743X/$ - see front matter r 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijimpeng.2004.11.010

ARTICLE IN PRESS
O.A. Shergold et al. / International Journal of Impact Engineering 32 (2006) 1384–1402

1385

1. Introduction
The strain rate sensitivity of the stress–strain response of soft solids, such as skin and rubber, is
of widespread importance. Applications range from predicting the penetration pressure of skin by
a hypodermic needle [1,2] or a high-speed liquid jet [3] in order to administer an injection, to soft
tissue damage due to car crashes and stabbing incidents [4]. The strain rate associated with these
applications ranges from less than 0.1 s1 to above 1000 s1. There is a pressing need within the
pharmaceutical industry to develop in-vitro substitutes for skin in order to develop and test
devices for drug delivery [1–3]. Pig skin has a similar mechanical response to that of human skin
and is a candidate. But it is preferable to select a synthetic solid for ease of use and repeatability.
Silicone rubbers are candidate model materials and in order to compare them with pig skin it is
necessary to measure the basic mechanical properties of each. This motivates the choice of
materials in the present study.
1.1. Measurement of the constitutive response of soft materials over a wide range of strain rates
Conventional mechanical test machines are used to perform uniaxial tensile and
compressive stress versus strain tests at low to medium strain rates (103–101 s1). At high
rates of strain (103–104 s1), a split-Hopkinson pressure bar (SHPB) is an established method
for determining the stress versus strain response of a solid in compression [5], tension [6] or
torsion [7].
The dynamic testing of strong solids, such as metals and engineering plastics, with a SHPB is
common-place (see for example the review by Gray [8]), but soft solids have received much less
attention. Limited studies have been conducted on the compressive high strain rate response of
various rubbers [9–11], but no data have been found in the literature on the high strain rate testing
of soft biological materials, such as skin, using a SHPB. The paucity of data arises from the
difﬁculties of conducting accurate tests on soft solids using the SHPB technique [12]: the stresses
are low (on the order of 1–10 MPa) [12], and force equilibrium may not be achieved within the
specimen before a signiﬁcant proportion of the overall test time has elapsed [10].
1.2. Strain rate sensitivity of the constitutive response of skin and rubber
A limited number of studies [13,14] indicate that the constitutive response of skin is sensitive to
the magnitude of strain rate within the range 0.1–10 s1. For example, Haut [13] and Dombi et al.
[14] conducted uniaxial tensile tests on rat skin at strain rates of 0.3–60 s1 and found a 50–100%
increase in the ultimate tensile strength with increased strain rate, although the failure strain was
unchanged.
Unfortunately, there are no reported data in the literature on the compressive or tensile stress
versus strain response of mammalian skin at strain rates above 100 s1. The response of skin to a
high frequency oscillation has been investigated, although such experiments are unable to
determine the constitutive behaviour of skin due to the combined contribution from the different
layers of the skin (see for example Pereira et al. [15] and Potts et al. [16]).
Likewise, the strain rate sensitivity of the uniaxial constitutive response of rubbers has received
limited attention [11,17–19]. However, there are few studies for a wide range of strain rates
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(103–103 s1). Gray et al. [20] conducted an extensive characterisation of the uniaxial
compression response of Adiprene L-100 rubber over a wide range of strain rate and temperature.
They observed little change in constitutive behaviour for strain rates in the range 103–101 s1,
but the Young’s modulus increased by a factor of eight when the strain rate was increased from
103 s1 to 3  103 s1.
Uniaxial tensile tests [17,18] and compression tests [11,19] on rubbers indicate that the Young’s
modulus is more sensitive to the strain rate _ within the range 10 s1o_o103 s1 than within the
range 103 s1o_o10 s1. For example, Kakavas [17] performed tensile tests on nitrile rubber
and found that at an engineering strain of 0.6, the tangent modulus increased by 50%, as the
strain rate increased from 5  104 to 0.1 s1. Jones [18] showed that the tangent modulus of
polyurethane (at an unspeciﬁed strain measure of 0.48) increased by 250% when the strain rate
was increased from 1 to 200 s1. The increase in compressive tangent modulus with increasing
strain rate is similar to that observed for the tensile tangent modulus. Bergström and Boyce [19]
showed that the compressive tangent modulus of nitrile and chloroprene rubber at a true strain of
0.45 increased by approximately 10% as the strain rate was increased from 2  104 to 0.1 s1.
And Lee et al. [11] studied three unspeciﬁed rubbers and demonstrated that an increase in strain
rate from 1 to 5000 s1 resulted in a 400% increase in the compressive tangent modulus at an
engineering strain of 0.08.
1.3. Review of the relation between the microstructure of rubbers and skin and their macroscopic
constitutive response
The relation between microstructure and constitutive response of rubbers is well understood
(see for example Ferry [21]), and can be summarised as follows. The visco-elastic nature of
amorphous rubbers derives from the mobility of the polymer chain on the atomic scale (rotations
between molecular units) and on the macroscopic scale (straightening of the chain between
cross-links) [21]. The strain rate sensitivity reﬂects the timescale required for these polymer chain
re-orientations to take place. At low strain rates the polymer chains have sufﬁcient time to
re-orientate themselves and the storage modulus of the rubber is low. At high strain
rates, the deformation of the polymer chains is restricted to bending and stretching
of the chemical bonds, and the storage modulus of the rubber can increase by upto
three orders of magnitude. A similar restriction of chain mobility occurs when a rubber is
cooled to below its glass transition temperature. Crystallisation of the polymer also restricts chain
mobility and consequently the constitutive behaviour of a crystalline rubber is largely insensitive
to strain rate.
The relation between the constitutive behaviour of skin and its microstructure is more complex
than rubber, due to the various structures found within skin. Skin comprises two main tissue
layers: the dermis and the epidermis. In mammalian skins the dermis is typically twenty times
thicker than the epidermis [22] and dominates the overall constitutive behaviour. The dermis is
composed of a hydrated, gel-like ground substance with elastin ﬁbres and collagen ﬁbres
embedded within it. The collagen ﬁbres are the major structural component of the dermis,
accounting for 60–80% [23,24] of the dermis dry weight. Consequently, the constitutive behaviour
of skin depends upon the structure and density [25,26] of the collagen ﬁbres found within the
dermal layer.
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Rat tail tendon and human tendon comprise aligned collagen ﬁbres. Uniaxial tensile tests on
these tendons [27,28] indicate that collagen ﬁbres can be considered as elastic-plastic, with a
Young’s modulus on the order of 1 GPa, a yield strain of 10% and a failure strain of 20%.
However, the constitutive response of skin cannot be explained solely in terms of the constitutive
properties of an individual collagen ﬁbre.
Fig. 1 compares the uniaxial tensile stress versus strain response for human skin [29], pig skin [4]
and rat skin [14]. Human skin has a low stiffness (Young’s modulus ca. 0.3–1.0 MPa) at low
strains, undergoes signiﬁcant strain hardening at an engineering strain of ca. 0.6 and does not fail
until an engineering strain in excess of 1.0 has been achieved. This J-shaped stress versus strain
curve is typical for mammalian skin, although the strain hardening characteristic varies from
species to species.
The greater compliance of skin, compared to an individual collagen ﬁbre, is attributed
to the capacity of the network of ﬁbres to straighten and align in the direction of an applied
strain [30,31]. Consequently, at low engineering strains (o0.3) the constitutive response of
skin is dominated by the bending stiffness of the collagen ﬁbres and the viscous shear between the
ﬁbres and the ground substance [32], whilst at high engineering strains (40.5) the constitutive
response of skin is dominated by the tensile elastic response of the collagen ﬁbres.
At high engineering strains (40.6) this assumption appears to be satisfactory: the tangent
modulus of skin of 20–70 MPa [26,29,33] is approximately 3–10% of the Young’s modulus
of a collagen ﬁbre. This is comparable to the 10% volume fraction of the hydrated collagen within
skin [34].
It is well-recognised that the collagen ﬁbres in skin have a preferred orientation, known as
Langer lines, due to pre-tension in the skin. The onset of strain hardening begins at lower strains
parallel to the direction of pre-tension than transverse to the direction of pre-tension.
Consequently, mammalian skin behaves as an orthotropic solid [24,35,36]. This is evidenced by
the uniaxial tensile response of pig skin [4] along two orthogonal directions, as shown in Fig. 1.
Collagen ﬁbres (of diameter ca. 5–10 mm [30,37]) comprise bundles of collagen ﬁbrils (of
diameter ca. 60 nm [38]) aligned parallel to a hyaluronic acid chain (a long, unbranched,
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Fig. 1. Tensile uniaxial engineering stress versus engineering strain response for human, pig and rat skin.
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polysaccharide found within the ground substance), and linked to the hyaluronic acid by
proteoglycan side-chains. Hence, the strain rate sensitivity of the constitutive behaviour of skin is
attributed to viscous losses within the ground substance between the collagen ﬁbres [32], and to
similar visco-elastic losses within the collagen ﬁbrils [28].
1.4. Constitutive model of skin and silicone rubber
A constitutive model is required to summarise the effect of strain rate upon the measured
constitutive response. Constitutive descriptions of solids are based upon either a micromechanical
or phenomenological approach. A micromechanical approach is often preferred as these models
provide insight into how the micro-structure of the solid affects its constitutive behaviour.
Micromechanical models of rubber are based upon the notion that changes of free energy are
entropic in nature. In the case of the dermal layer of the skin it is unclear whether the principal
source of free energy is entropic or internal energy [39]. The persistence length of collagen ﬁbres is
on the order of millimetres while the entanglement length is on the order of microns, and so the
origin of stiffness is due to internal strain energy rather than entropy. Some insight into the
constitutive behaviour of the dermis is provided by a micromechanical model that considers the
alignment and straightening of the ﬁbre network (see for example Refs. [40–42]). However,
micromechanical models of ﬁbre networks are inappropriate for describing the constitutive
behaviour of rubber.
A phenomenological approach, such as a postulated strain energy density function, is
applicable to the description of the constitutive response of both rubber and skin. A number of
strain energy density functions have been proposed to describe the constitutive behaviour of skin
[39,43] and rubber [44–46]. However, the strain energy density functions that have been proposed
to represent the orthotropic behaviour of skin [39] require a large number of constants. Moreover,
orthotropic strain energy density functions are not readily available in commercial ﬁnite element
codes, which are often used in the analysis of non-linear, large deformation problems. Hence, for
the purposes of this paper we shall treat skin as an isotropic solid since we shall measure the
uniaxial compressive stress versus strain response of skin in the through thickness direction,
thereby averaging the response.
The Ogden [44] model for an incompressible, isotropic, hyper-elastic solid is used here to
describe the constitutive behaviour of rubber and skin. The Ogden model describes a wide range
of strain hardening characteristics and is readily available within ﬁnite element codes such as
ABAQUS (Hibbit, Karlsson and Sorensen, Pawtucket, Rhodes Island, USA). The one-term
Ogden model takes the form
f¼

2m a
ðl1 þ la2 þ la3  3Þ,
2
a

(1)

where f is the strain energy density per undeformed unit volume, ðl1 ; l2 ; l3 Þ are the principal
stretch ratios (in a Cartesian reference frame), a is a strain hardening exponent and m has the
interpretation of the shear modulus under inﬁnitesimal straining.
Alternatively, the Mooney-Rivlin model is commonly used to describe rubber-like behaviour.
We shall demonstrate that the Mooney-Rivlin model is inappropriate for describing constitutive
responses that have a strong strain-hardening characteristic (see also Jerrams et al. [47] and Miller
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and Chinzei [48]). The Mooney-Rivlin model takes the form
!
 2

1
1
1
2
2
f ¼ C 1 l1 þ l2 þ l3  3 þ C 2 2 þ 2 þ 2  3 ,
l1 l2 l3

(2)

where C1 and C2 are constants. Under inﬁnitesimal straining, where the material response
approximates to a linear elastic solid, we have
C 1 þ C 2 ¼ 12m.

(3)

The necessary and sufﬁcient conditions for f to be positive are given by the inequalities [46]
C 1 X0;

C 2 X0.

(4)

1.5. Outline of the paper
The main objective is to compare the strain rate sensitivity of pig skin and silicon rubbers over a
wide range of strain rates (103–103 s1). We begin by describing a series of compressive uniaxial
stress versus strain tests on pig skin and two grades of silicone rubber over a wide range of strain
rates. The uniaxial tensile stress versus strain response of the silicone rubbers is also measured.
Next, we identify an appropriate constitutive model to describe the measured constitutive
response, and outline a strategy for ﬁtting the model to the data. The paper closes with a
discussion of the strain rate sensitivity of pig skin and silicone rubbers.

2. Experiments
Uniaxial compression tests were conducted on circular cylindrical specimens of silicone rubber
(B452 and Sil8800) and pig skin at strain rates of 4  103, 0.4, 40 and 4000 s1. In addition, the
tensile uniaxial stress versus strain response of the silicone rubbers was measured at a strain rate
of 0.3 s1. Consider ﬁrst the choice of materials for this investigation.
2.1. Materials
Pig skin samples were obtained from a local slaughter house, Dalehead Foods, Linton, UK.
Skin and fat tissue was removed from the rump of the pig immediately after slaughter and the
residual pig fat was removed from the skin using a sharp scalpel blade. The pig skin was tested
within a few hours of slaughter to minimise degradation of the tissue structure.
Pig skin was investigated to avoid the ethical and immunological issues associated with testing
human skin. Fig. 1 demonstrates that, compared to other animal models such as a rat, the
constitutive response of pig skin is close to that of human skin. In addition, the thickness of the
human and pig dermis are similar: for human skin the dermis thickness ranges from 1 mm on the
face to 4 mm on the back [24,49,50]), whilst the dermis of the pig varies from 1 to 6 mm in
thickness [51]. In contrast, the dermis of a rat or mouse is typically of thickness 0.6 mm [22].
Two formulations of peroxide cured silicone rubber were studied: B452 (off-white, 52 IRHD)
supplied by Dunlop Precision Rubber (Shepshed, Leicestershire) and Sil8800 (Red, 80 IRHD)
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supplied by Superior Seals (Three Legged Cross, Dorset). Sil8800 is Superior Seals’s trade name
for an uncured formulation supplied by Dow Corning with the product code S22062-85-02.
Further details on these rubbers are given by Shergold and Fleck [2].
Silicone rubber is considered to be a potential in-vitro model for skin, as the constitutive
response and strain rate sensitivity of silicone rubber is close to that of skin [2]. Furthermore,
silicone rubber does not strain crystallise, and its crystallisation temperature is well below room
temperature. Hence, the constitutive properties and strain rate sensitivity of silicone rubber will be
insensitive to small changes in room temperature arising from crystallisation of the polymer
chains.
2.2. Uniaxial compression experiments
2.2.1. Sample preparation
Disk-shaped specimens of diameter 7.7 mm and thickness 2.0 mm were cut from silicone rubber
sheets of dimensions 2.0  125  200 mm using a leather die punch mounted onto a hand press.
The same punch was used to cut disks from the pig skin samples. Compression of the specimen
during the cutting process produced a curved rather than straight edge to the specimen, as
sketched in Fig. 2. The thickness and diameter of each rubber specimen was measured using a set
of verniers, whilst the thickness and diameter of the pig skin specimens was measured using a
travelling microscope.
The skin specimens were typically of diameter 7.0 mm and thickness 2.3 mm. A low
specimen aspect ratio was chosen to minimise 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 [10,20,52]. A lubricant (Vaseline by Johnson and Johnson) was
applied to the end of the faces of the specimen to reduce the level of friction during the
compression tests [53].
2.3. High strain rate compression tests
A sketch of the SHPB used for measuring the compressive uniaxial stress versus strain response
of silicone rubber and pig skin, at strain rates of between 1500 and 5000 s1, is given in Fig. 3a.
The SHPB was operated as follows. A striker bar was accelerated along a gun barrel by pressured
nitrogen gas (0.05–0.1 MPa). The striker bar velocity (4–10 ms1) was measured using two light
sensors at a spacing of 50 mm. Impact of the striker bar against the end of the input bar caused an

CL

Fig. 2. Sketch of a silicone rubber specimen cut using an 8 mm diameter leather die punch. The punching operation
results in a specimen with curved edges, reducing the effective diameter of the specimen.
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Fig. 3. (a) Sketch of a compressive split-Hopkinson pressure bar used for testing soft materials and (b) sketch of the
circuit used for measuring the strain in the pressure bar by recording the change in the voltage across a resistor.

elastic compression wave (incident wave) to propagate along the input bar. The resulting
displacement of the input bar compressed the cylindrical specimen sandwiched between the input
bar and an output bar. A fraction of the compression wave was transmitted through the specimen
and into the output bar, whilst the remainder was reﬂected back along the input bar as a tensile
wave. Strain gauges mounted mid-way along the input and output bars measured the bar strain as
the incident, reﬂected and transmitted waves pass. These strain gauge readings were used to
determine the stress versus strain response of the specimen.
The striker bar (of length 0.4 m), input bar (of length 1.0 m) and output bar (of length 1.0 m)
were each made from 12.73 mm diameter AZM magnesium alloy rods supplied by Newmet Kock
(Waltham Abbey). Magnesium alloy was chosen to maximise the axial strain in the bars, as
magnesium alloys have the lowest density (1800 kg m3) and lowest Young’s modulus (44 GPa) of
all metallic alloys readily available in rod form [12]. Metallic pressure bars are preferable to
polymeric pressure bars as they avoid the complications of dispersion and attenuation of the stress
wave as it propagates along the bar [54–56].
A pulse shaper was used to improve the accuracy of the test by increasing the rise time of the
leading edge of the incident wave [10,57,58]. Pulse shapers take the form of disks of soft materials
such as paper, plastic, or copper mounted on to the striker end of the input bar [8,10,58,59]. The
pulse shaper used in the silicone rubber and pig skin compression tests was constructed from two
paper disks of diameter 12.5 mm and thickness 0.1 mm, stuck to the striker end of the input bar
using Vaseline.
The velocity of the striker was limited to ensure that the magnesium alloy did not yield during
the impact between the striker and the input bar. Although the yield strength of the magnesium
alloy (80 MPa) theoretically limits the striker impact velocity to 18 m s1, in practice a safety
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margin is allowed for, and the striker was rarely ﬁred at velocities in excess of 10 m s1. Striker
velocities of below 4 m s1 could not be reliably produced due to barrel friction.
The axial strain in the input bar and output bar was measured by two semi-conductor strain
gauges (AFP-500-090 supplied by Kulite Sensors, Basingstoke) bonded diametrically opposite to
each other, and mid-way along the length of each bar. Semi-conductor strain gauges were
preferred to conventional foil gauges as they are more sensitive: the AFP-500-090 gauges have
gauge factors of 140, whereas foil gauges have gauges factors of about 2. The gauges were bonded
onto the bars using a two-part room temperature cure adhesive AE10 (Micro-measurements,
Basingstoke).
The two AFP-500-090 gauges were connected in series with a 2200 O resistor, as shown in
Fig. 3b. The axial strain was detected by measuring the change in the voltage across the series
resistor. A Tektronix TDS420A oscilloscope measured and recorded the voltage versus time
response during a compression test. Following the test, the data were downloaded from the
oscilloscope to a PC via a GPIB link and stored as a Matlab ﬁle for subsequent analysis.
The engineering strain s ðtÞ in the specimen at time t is given by [8]
Rt
cb 0 ½i ðtÞ  r ðtÞ  t ðtÞ dt
,
(5)
s ðtÞ ¼
‘s
where cb ¼ 4965 ms1 is the measured value of elastic wave speed in the magnesium bar, i ðtÞ and
r ðtÞ are the engineering axial strains in the input bar associated with the incident wave and
reﬂected wave, t ðtÞ is the engineering axial strain in the output bar associated with the transmitted
wave and ‘s is the undeformed length of the specimen.
The engineering stress ss ðtÞ in the specimen at time t is calculated from the axial strain in the
input bar or output bar at a location adjacent to the specimen [8]
ss ðtÞ ¼ E b ½i ðtÞ þ r ðtÞ,
ss ðtÞ ¼ E b t ðtÞ,

ð6Þ

where Eb is the Young’s modulus of the input and output bars. The second of these two equations
is used to calculate the stress in the specimen.

2.4. Medium strain rate compression tests
Medium strain rate (40 s1) uniaxial compression tests were performed using a Schenk
Hydropuls PSA 0143 hydraulic testing machine equipped with a PZV 2096 load cell. The
cylindrical specimen was placed on the bottom platen of the testing machine and the platen was
driven vertically upwards until the specimen just touched the top platen. The displacement at
which this initial contact occurred was noted, and the bottom platen was then retracted by 5 mm.
This stand-off distance enabled the bottom platen to accelerate to the test speed of 0.8 ms1 before
the specimen began to be compressed against the top platen. Towards the end of each test, the
platen decelerated to rest: compression data were discarded once the speed had dropped to below
0.7 ms1. Consequently the maximum shortening achievable at the desired strain rate is about
l ¼ 0:4:
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Fig. 4. Dog-bone specimen used for uniaxial tensile tests (dimensions in mm). Thickness ¼ 2 mm.

2.5. Low strain rate compression tests
Low strain rate (0.004 and 0.4 s1) compression tests were conducted using an Instron 5500R
screw driven testing machine. A cylindrical specimen was placed between two platens, with the
bottom platen mounted on an Instron 2511-317 load cell. The top platen was driven down until it
just touched the top face of the specimen. This marked the start of the test. The top platen was
then driven a further 1.3 mm at a speed of either 0.5 mm min1 or 50 mm min1. The load on the
bottom platen, and the displacement of the top platen (via an LVDT), were recorded during each
test.
2.6. Uniaxial tensile testing of silicone rubber
The tensile uniaxial stress versus strain response was measured for each silicone rubber at a
strain rate of 0.3 s1. The tests were performed according to the procedure detailed in ISO37 [60]
and summarised as follows. Dog-bone test pieces were cut from 2 mm thick silicone rubber sheets,
as shown in Fig. 4. Clip gauges, with an initial separation of 25 mm, were attached to the gauge
section of the sample to measure the strain. The sample was pulled at a speed of 500 mm min1
using a screw driven testing machine. Three tests were conducted for each grade of silicone rubber
and the average response was calculated.

3. Results
The measured compressive and tensile engineering stress versus stretch ratio responses of pig
skin and B452 and Sil8800 silicone rubber are shown in Figs. 5–7. The tensile responses of the
rubbers were measured to the point of fracture of the specimens. Repeat compressive tests for the
pig skin and two rubbers reveal negligible scatter, see Figs. 5–7. The uniaxial tensile stress versus
strain response of each silicone rubber is the average response measured from three tests: good
repeatability was noted between the tensile tests for each grade of silicone rubber, and a single
averaged response is shown. The tensile stress versus strain response of pig skin was not measured,
and so we have included the uniaxial tensile test data on pig skin reported by Ankerson et al. [4].
Ankerson et al. [4] removed test samples from the belly of a pig (rather than the rump) and
stretched them parallel and perpendicular to the axis of the spine at a strain rate of 0.01 s1.
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Fig. 5. The engineering stress versus stretch ratio response of pig skin to (a) uniaxial compression and (b) uniaxial
tension.
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Fig. 6. The engineering stress versus stretch ratio response of B452 silicone rubber to (a) uniaxial compression and (b)
uniaxial tension.

The experiments reveal a similar response to an increase in strain rate: there is an increase in the
stress level but the shape of the response is unaffected. Qualitatively it can be seen that the two
rubbers have a similar shape of stress versus stretch ratio response to that of pig skin. In the high
strain rate compression tests, force equilibrium is achieved over the specimen length at a stretch
ratio of about 0.95, see Appendix A.
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Fig. 7. The engineering stress versus stretch ratio response of Sil8800 silicone rubber to (a) uniaxial compression and
(b) uniaxial tension.

4. Discussion
4.1. Evaluating the Ogden constants for a measured constitutive response
The principal nominal engineering stresses si (i ¼ 1; 2; 3) are work-conjugate to the principal
stretch ratios li : Upon assuming the solid is incompressible and characterised by a strain energy
density function fðli Þ; we have
si ¼

df
 p,
dli

(7)

where p is a hydrostatic pressure.
The specimen is considered to be in a state of plane stress during a uniaxial compression or
tension test. For a Cartesian co-ordinate system, with the z-axis aligned with the loading
direction, we can write
sx ¼ sy ¼ 0

(8)

and hence ﬁnd p in terms of li and sz :
The solid is taken as incompressible and so the principal stretch ratios are related by
1
lx ¼ ly ¼ pﬃﬃﬃﬃﬃ .
lz
Now specialise to the case of an Ogden strain energy density function (1). This gives
i
2m h a1
lz  l1ða=2Þ
.
sz ¼
z
a

(9)

(10)
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We seek values for m and a that minimise the relative least squares error S between the
measured and calculated stress during the uniaxial tension or compression test. S is deﬁned by
!2
_
K
X
sk  s k
,
(11)
S¼
s
k
k¼1
where K is the number of data pairs (lk ; sk ) in the test data set, lk and sk are the stretch ratio and
_
engineering stress measured during the test, and sk is the engineering stress evaluated from (10). A
similar strategy is used to evaluate the Mooney-Rivlin constants C1 and C2.
4.2. Quality of fit for the Ogden and Mooney-Rivlin models
Figs. 5–7 include the Ogden ﬁts to the measured constitutive response in compression and
tension, as well as the Mooney-Rivlin ﬁts to the measured tensile response. The Ogden constants
evaluated using (10) and (11) are given in Table 1 for each solid and strain rate considered, whilst
the calculated Mooney-Rivlin constants are given in Table 2.
The Ogden model provides a good curve ﬁt for the pig skin and for each grade of silicone
rubber at all strain rates considered. The strain hardening exponent a is almost independent of
strain rate _ while m increases monotonically with increasing _: It is argued that the value of a is
dictated by the geometric evolution of the collagen network, and is thereby independent of strain
rate. In contrast, the resistance to rearrangement by bending of the collagen ﬁbres and by shearing
of the intervening ground substance dictate the value of m; and these deformation mechanisms are
sensitive to the strain rate. Note that the Ogden model, evaluated from the pig skin compression
Table 1
Ogden constants [a and m (MPa)] evaluated at different strain rates for each grade of silicone rubber, pig skin and
human skin
Strain rate (s1)

B452 (a ¼ 3)

Sil8800 (a ¼ 2:5)

Pig skin (a ¼ 12)

Human skin (a ¼ 9)

0.004
0.4
40
4000

0.4
0.4
0.4
2.8

2.1
2.3
2.6
8.0

0.4
1.2
2.2
7.5

0.11a

a

For this test, _ ¼ 0:01 s1 :

Table 2
Mooney-Rivlin constants evaluated from uniaxial tensile stress versus strain response

Sil8800
B452
Human skin

C1 (MPa)

C2 (MPa)

1.0
0.5
0.3

0.9
0
0
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tests at _ ¼ 0:004 s1 ; gives a reasonable averaged value for the tensile orthotropic constitutive
behaviour of pig skin, as measured by Ankerson et al. [4] at a strain rate of 0.01 s1. Recall that
the uniaxial compression tests were performed in the through-thickness direction, and the dermis
is almost incompressible [4,24,61]. Thereby, the compression tests give an averaged in-plane
tensile response.
A further validation of the accuracy of the Ogden model arises from estimating the Young’s
modulus E of human skin from the low strain rate shear modulus of human skin (m ¼ 0:11 MPa).
The resulting value of E ¼ 0:3 MPa is in reasonable agreement with tensile in vivo measurements
of the Young’s modulus reported by Clark et al. [62] (0.4–0.8 MPa) and by Manschott and Brakee
[63] (0.5 MPa).
The Ogden model accurately describes a wide range of strain hardening behaviours. In
comparison, the Mooney-Rivlin model only gives an accurate description of the constitutive
behaviour of solids that have a low rate of strain hardening, such as Sil8800. The Mooney-Rivlin
function is unable to capture the strain hardening response of solids that have a high rate of strain
hardening, such as pig skin. Indeed, even at moderate strain hardening capacities, such as with
B452 rubber, the Mooney-Rivlin function does not capture the strain hardening response at high
stretch ratios (l44).
Fig. 8 summarises the relation between the shear modulus and strain rate for the pig
skin and silicone rubbers (Sil8800 and B452). In the case of Sil8800 and B452 silicone rubbers, the
shear modulus is almost insensitive to strain rate _ for _o40 s1 ; but increases with
increasing strain rate in the high strain rate regime. These results are in accordance with the
compressive strain rate sensitivity of rubber reported by Gray et al. [20], Bergström and Boyce [19]
and Lee et al. [11].
In contrast, the shear modulus of pig skin increases by a factor of ﬁve as the strain rate
increases from _ ¼ 0:004 to _ ¼ 40 s1 ; and by a further factor of four within the range
_ ¼ 40 s1 to _ ¼ 4000 s1 : The increase in stiffness at low rates of strain (_ ¼ 104 s1 to
_ ¼ 10 s1 ) is in accordance with the measurements on rat skin by Haut [13] and Dombi
et al. [14].
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Fig. 8. Shear modulus versus strain rate response of pig skin and B452 and Sil8800 silicone rubber. There are
insufﬁcient data with which to construct a curve ﬁtting line for the pig skin.
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4.3. Comparison of response of silicone rubber and pig skin
It is noted above that the shear modulus of pig skin increases at a faster rate than the silicone
rubbers. Consequently, the selection of a suitable skin substitute will depend upon the strain rate
of the application. At a low strain rate the shear modulus of B452 silicone rubber is closer to pig
skin than Sil8800 rubber, while at a high strain rate the shear modulus of Sil8800 is similar to that
of pig skin. However, silicone rubber may not be an ideal skin substitute as the strain hardening
exponent of human skin (a ¼ 9) and pig skin (a ¼ 12) is considerably greater than that of the
silicone rubbers (a  3).
5. Concluding remarks
The uniaxial compressive stress versus strain responses of pig skin, and B452 and Sil8800
silicone rubbers, have been measured accurately over a wide range of strain rates. A purpose-built
split-Hopkinson pressure bar, constructed from a magnesium alloy and employing semiconductor strain gauges to detect the bar strain, was able to detect the low sample stress in these
soft solids at strain rates within the range 1500–4000 s1. A pulse shaper was required to minimise
the time required for the sample to reach force equilibrium during the high strain rate tests.
The experiments reveal that these soft solids strain harden strongly at high compressive strains.
An engineering strain in excess of 0.3 is typically required to capture the shape of the strain
hardening response. The constitutive response of pig skin and silicone rubber are also sensitive to
the rate of strain. Pig skin stiffens with every decade increase in strain rate, whilst silicone rubber
only demonstrates a signiﬁcantly stiffer response at strain rates in excess of 40 s1.
The one term Ogden strain energy density function provides a good description of the uniaxial
compressive and tensile stress versus strain behaviour of skin and silicone rubber over a wide
range of strain rates. This is in contrast to the commonly used Mooney-Rivlin model, which is
unable to describe solids with a strong strain hardening characteristic, such as skin and B452
silicone rubber. The one term Ogden model is an attractive choice as it accurately describes the
constitutive behaviour of a wide range of strain hardening rates using just two parameters: the
strain hardening exponent a and the shear modulus m: Furthermore, for both grades of silicone
rubber and for the pig skin, the strain rate sensitivity is adequately described by an increase in
shear modulus with increasing strain rate, with no change in the strain hardening exponent.
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Appendix A. Force equilibrium in the split-Hopkinson pressure bar tests
The force versus time response for the input bar and output bar are compared to determine the
instant during the test when force equilibrium is ﬁrst achieved. This comparison is shown in Fig. 9
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Fig. 9. Compressive force F versus time t response of (a) Sil8800, (b) B452 and (c) pig skin specimens tested at a strain
rate of ca. _ ¼ 4000 s1 :

for split-Hopkinson pressure bar (SHPB) repeat compression tests on pig skin, Sil8800 and B452
silicone rubber specimens at a strain rate of ca. 4000 s1. In all of the tests, force equilibrium is
deemed to have been achieved after 30 ms, equivalent to a compressive stretch ratio of 0.95 for a
2 mm thick specimen being strained at a rate of 4000 s1.
It is argued that the discrepancy after 30 ms is not due to a violation of equilibrium within the
sample. The longitudinal wave speed of rubber is typically on the order of 1000 m s1, and hence
the ring-up time for a 2 mm thick specimen (undeformed conﬁguration) should be ca. 6 ms. Also,
the inertia of the specimen should be negligible after the ﬁrst 22 ms of the test [64]. The minor
differences that exist between the input bar and output bar measurements after 30 ms are
attributed to inaccuracies in the data acquisition system and the method used to interpret the
data. The input bar force is calculated as the difference between the incident and reﬂected waves.
At low strains this difference is small in comparison to the overall signal strength. Consequently,
at low forces, the input bar force measurement is sensitive to the resolution and calibration of the
measurement system, as well as the method used to align the incident and reﬂected waves. Hence,
the output bar measurement of the force on the sample is more accurate than the input bar
measurement.
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