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Abstract

Several biomedical applications require knowledge of the behaviour of the scalp, including skin
grafting, skin expansion and head impact biomechanics. Scalp tissue exhibits a non-linear stress-strain
relationship, anisotropy and its mechanical properties depend on strain rate. When modelling the
behaviour of the scalp, all these factors should be considered in order to perform realistic simulations.
Here, tensile tests at strain rates between 0.005 — 100 s have been conducted on porcine and human
scalp in order to investigate the non-linearity, anisotropy, and strain rate dependence of the scalp
mechanical properties. The effect of the orientation of the sample with respect to the Skin Tension
Lines (STLs) was considered during the test. The results showed that anisotropy is evident in the
hyperelastic response at low strain rates (0.005 s?) but not at higher strain rates (15-100 s*). The
mechanical properties of porcine scalp differ from human scalp. In particular, the elastic modulus and
the Ultimate Tensile Strength (UTS) of the porcine scalp were found to be almost twice the values of
the human scalp, whereas the stretch at failure was not found to be significantly different. An
anisotropic hyperelastic model (Gasser-Ogden-Holzapfel) was used to model the quasi-static
behaviour of the tissue, whereas three different isotropic hyperelastic models (Fung, Gent and Ogden)
were used to model the behaviour of scalp tissue at higher strain rates. The experimental results
outlined here have important implications for those wishing to model the mechanical behaviour of
scalp tissue both under quasi-static and dynamic loading conditions.
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1. Introduction

The scalp is the most external part of the head; it is a multi-layered tissue made up of five
principal layers: skin, connective tissue, aponeurosis, loose areolar tissue and periosteum. The first
three layers of the scalp are held together forming a single unit which is often referred to as scalp and
can be easily detached from the skull [1]. The skin is the outer layer of the scalp. It has a similar
structure to skin from other parts of the body except that hair is present in large amounts. However,
Kumar et al. [2] showed that the skin layer contained about 30% of collagen with respect to its cross-
sectional area and only 0.5% of elastin; a lower value of elastin compared with skin from the wrist or
abdomen. The connective tissue contains collagen and elastin, adipose cells, arteries, veins and nerves
supplying the scalp. The aponeurosis is made up of dense fibrous tissue and is the strongest layer of
the scalp. It contains two layers of fascia which connect the two bellies of the occipitofrontalis muscle
through an inelastic fascial membrane. The loose areolar tissue connects the aponeurosis to the
periosteum and facilitates movements between the scalp and the skull. This is the area where large
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amount of blood is collected after trauma or surgery. The periosteum is the last layer of the scalp. It is
attached to the skull by connective tissue fibres. The thickness of the scalp depends on age and
location [3] and average values range between 3 mm in children and 8 mm in adults [4, 5]. The
thickness of each constituent of the scalp depends on age and gender [6]. Hori et al. reported that for
an adult male (30-50 years old) the skin (epidermis and dermis) accounts for 30.5% of the scalp, the
connective tissue for 38.5%, and the aponeurosis and loose areolar tissue for 31%. Several biomedical
applications require knowledge of the mechanical behaviour of the scalp, including skin grafting, skin
expansion [7-9] and head impact biomechanics [10-15]. Indeed, the scalp was previously found to
substantially affect head kinematics and impact energy during helmet testing [11, 16]. From a
mechanical point of view, the scalp is a complex tissue; it exhibits a non-linear stress-strain
relationship, anisotropy and its mechanical properties depend on strain rate. In order to accurately
predict the behaviour of this tissue and to perform realistic numerical simulations, this mechanical
behaviour requires in depth investigation.

In general, researchers have typically assumed that the scalp behaves as a linear elastic
material, with properties obtained by the linearization of skin properties from other parts of the body
[17-19]. Only a few works have studied scalp tissue specifically and its mechanical properties.
Gambarotta et al. [20] performed in-vivo experimental testing on undermined skin flaps for the
characterization of human scalp skin and showed that the scalp is highly non-linear with an initial soft
behaviour followed by a much stiffer part. Galford and McElhaney [21], performed stress-relaxation
and creep tests on monkey scalp and concluded that the scalp is a linear viscoelastic material.
Jacquemound et al. [22] performed dynamic tensile tests on forehead skin showing that, at high speed,
the ultimate stress (4.6 MPa) is similar to the value of quasi-static tests, but that the ultimate tensile
strain is half of the value reported for quasi-static tests. Recently, Falland-Cheung et al. [23]
performed tensile tests at 0.042 s of strain rate on human scalp tissue with the aim of providing data
for application in the impact biomechanics area. They tested specimens from different scalp locations:
left temporal, fronto-parietal, right temporal and occipital. No significant differences were observed
comparing the tensile strength between males and females. However, the gender was found to affect
the elastic modulus of the occipital region and the elongation properties. The elastic modulus of the
scalp in female donors decreased with age, whereas no correlation with age was found amongst male
donors.

Constitutive models describe the mechanical behaviour of materials through mathematical
models in which the parameters often have physical meaning. These models play a key role in the
predictive capability of computational models. Scalp tissue exhibits a non-linear and anisotropic (at
low strain rates) stress-strain relationship, which is typical of many soft tissues, due to its internal
composition of fibres embedded within a gel-like ground substance. This complex behaviour can be
described using different constitutive models, each of them suitable for specific applications.

In order to study the non-linear behaviour, a non-linear version of the classic elasticity theory
was developed by researchers like Ogden, Fung and Rivlin [24-27]. Hyperelasticity, which is a
particular case of non-linear elasticity, uses a strain energy function, W, to describe in energetic terms
the mechanical behaviour of this class of material. Initially developed to describe the behaviour of
polymeric materials [27], hyperelastic models are now commonly applied to biological soft tissues
[25, 28-30]. Hyperelastic constitutive models have been developed for both isotropic and anisotropic
materials. Examples of isotropic hyperelastic models are Neo-hookean, Gent, Fung, Mooney-Rivlin
and Ogden. They have been used to describe skin, artery, brain, ligament and tendon [31-39].
Anisotropy was introduced in soft tissue modelling to incorporate the effect of the collagen fibres into



the constitutive relation. Lanir [40] was one of the first to include anisotropy, followed by a number of
researchers: Holzapfel, Gasser and Ogden [30, 41].

In this study, non-linearity, anisotropy, and the strain rate dependence of scalp’s mechanical
properties have been investigated considering different factors: the orientation of the skin tension
lines, the origin of the scalp (porcine vs human) and the strain rate. Results of the test on porcine
scalp, which is commonly accepted as being the most suitable human skin surrogate [42], were
compared with those of human cadaver scalp. Experimental data has been fit to different non-linear
hyperelastic models and a statistical analysis has been performed to evaluate the effect of each factor.

2. Materials & Methods
2.1 Specimens preparation

2.1.1 Porcine scalp

Porcine heads were sourced from 22 weeks old, mixed gender pigs and were obtained from a
local abattoir within 4-6 hours of slaughter. The scalp was excised from the porcine head using a
scalpel and specimens were cut using a dogbone cutter (dimensions specified in Figure 1) in different
orientations with respect to the skin tension lines (STLs). Specimens were stored for not more than 3
months in a freezer at -20°C and defrosted the day of the test. Specimens were kept in saline solution
prior to testing to avoid dehydration of samples.

2.1.2  Human scalp

The ethics committee within KU Leuven approved the use of human cadaver heads for testing
(Ethical approval n. NH0192017-02-02). Five Caucasian human heads were obtained from the KU
Leuven Anatomy Centre (3 females and 2 males, age between 73-89). The heads were transported and
stored in the test lab at 4°C. The heads were shaved, and the scalp was excised using a scalpel and
stored in a freezer at -80°C. The dogbone cutter described in Figure 1 was used to cut the specimens.
Specimens were stored in saline solution prior to testing to avoid dehydration of samples.

A
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Figure 1: dog-bone sample dimensions.
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2.2 Elastic wave propagation

In order to test the anisotropy of the scalp and to identify the orientation of the skin tension lines
on the pig forehead, a Reviscometer® device was used [43]. The Reviscometer® RVM 600 device
(Courage & Khazaka Electronic GmbH, Kln, Germany) is a commercial device which consists of two
probes, an emitter and receiver, placed 2 mm apart (Figure 2). The emitter releases an acoustic shock-



wave by impacting the scalp with a force of 1 N and the receiver measures the time (Resonance
Running Time (RRT)) for that wave to travel from the emitter to the receiver [44]. The device can
take measurements every 10 degrees about a full 360 degrees. This test allows the researcher to
determine, non-destructively and non-invasively, whether the tissue is anisotropic and identifies the
orientation of the skin tension lines [43, 45-47]. The test was repeated three times on each sample and
the average values were recorded. The orientation of the skin tension lines on the human scalp was,
instead, identified based on the results reported by Langer [48].

i [
Probe
emitter +— LJ ))) ~-receiver
N— U—d
/\/_) — skin

Figure 2: Basic schematic representing how the Reviscometer RVM 600 works. The emitter releases an acoustic wave and
the receiver measures the RRT (Resonance Running Time). The direction of lowest RRT indicates the orientation of skin
tension lines. Reproduced from Deroy et al. [43].

2.2 Tensile tests

Quasi-static and dynamic tensile tests on porcine scalp were performed at University College
Dublin, while dynamic tensile tests on human scalp were performed at Katholieke Universiteit
Leuven. Tensile tests provide stress-strain relationships which are easy to quantify and model, since
boundary conditions are well defined, and were, therefore, chosen to study the hyperelasticity of scalp
tissue. Due to the anisotropy of the tissue, specimens were loaded parallel and perpendicular with
respect to the STLs.

2.2.1 Quasi-static tensile test

After performing elastic wave propagation tests and having identified the orientation of the
skin tension lines, porcine specimens were cut parallel and perpendicular to the orientation of the skin
tension lines. Quasi-static tensile tests were conducted on porcine scalp samples in order to evaluate
the non-linearity and to confirm anisotropy of the scalp. Tests were performed using a Hounsfield
Universal Testing machine at room temperature (21£2°C). A 1 kN load cell was used to measure the
force. Two reference dots were drawn on the extremities of the sample to measure the strain during
the tests via video recording. A preload of 1 N was applied to the samples prior to testing in order to
ensure that the specimens were strained from the beginning of the test. 24 specimens were tested in
total, 12 parallel and 12 perpendicular with respect to the STLs. The width of the samples was 3.175
mm, the thickness was 2.92+0.20 mm and the gauge length was 35.03£3.36 mm. Perforated metal
sheets were used to enhance grip on the samples. All tests were carried out at a strain rate of 0.005 s
Results were analysed in terms of Cauchy stress and stretch.

2.2.2 Dynamic tensile tests



To quantify the effect of the strain rate, dynamic tensile tests were performed on porcine and
human scalp. Based on the works of Perogamvros et al. [49] and Yoon et al. [50], a rig was developed
to perform high strain rate tensile tests using the Rosand Zwick 5HV impact test machine (at
University College Dublin) and an in-house built impact test machine (at Katholieke Universiteit
Leuven). The main function of the rig was to convert the compressive loading of a drop tower
machine into tensile loading of the specimens. Two main specifications were considered during the
development of the system: 1) the symmetry of the device in order to avoid unpredictable loading
conditions and 2) efficient grips in order to avoid slip of the specimens. The set up developed is
shown in Figure 3. The device consists of two grips, one fixed and one moving. The upper grip is
fixed to the load cell (Kistler 6 kN piezoelectric load cell), which is fixed to the rigid frame. The
lower grip is fixed to a bar free to move in the vertical direction. When the impactor of the drop
machine strikes the metal bar, the specimen is subjected to tensile loading. In order to minimise
slippage of the specimen, sandpaper was used on the inner surfaces of the grips. The mass of the
movable frame is 197 g, a value that determines the preload of the sample (1.93N). Tests were
performed at three different strain rates, 15, 50 and 100 s and at room temperature (21+2°C). A
sampling rate of 200 kHz was used for the force readings. A square shape was drawn on the specimen
and a high-speed camera (4000 frames per second and 1024x1024 resolution) was used to record each
test and to determine the strain undergone by the specimen during the test using tracking software
(Tracker video analysis and modelling tool). A laser system measured the starting point of the test and
triggered the high-speed camera. A total of 72 porcine specimens were tested; 24 specimens for each
level of strain rate (12 parallel and 12 perpendicular to the STLs). Whereas, 24 human specimens
were tested; 8 for each level of strain rate (4 parallel and 4 perpendicular to the STLs). A Savitzky-
Golay filter (order 1, framelen 21) was used to filter the data in Matlab (R2018a). Results were
analysed in terms of Cauchy stress and stretch. A multiway ANOVA followed by a post-hoc test was
used to compare the values of the elastic modulus, the ultimate tensile strength (UTS) and stretch at
failure at different strain rates and orientations.

Piezoelectric

Fixed grip loading cell Piezoelectric
loading cell
Fixed grip
Moving grip Specimen
Moving grip

Figure 3: Customised experimental rig which converts the compressive loading of a drop tower machine into dynamic tensile
loading. CAD model on the left and actual device on the right.

2.3 Data analysis & Fitting

Due to the anisotropy at low strain rates, quasi-static experimental data was fitted to the GOH
hyperelastic model, following the procedure described by Ni Annaidh et al. [45] for incompressible
materials. With this simplification, the equations necessary to describe the scalp behaviour are:



011 = w2 — A72432) + duk; ae2® k(13 — 47227%) + (1 — 3K) (A2 cos?y)] Eq.1
0 = 22 — A7225% + 4kyae®2® [k(22 — 172452) + (1 — 3K) (A2 sin? y)] Eq. 2
a=xk(A? + 22 — A7225%) + (1 — 3x)(A3 cos? y + A3sin’y) — 1 Eqg. 3

Where p, ki and ko are material constants, A1 and A, are the stretch in the direction of tension
and in the lateral direction respectively, k is the fibre dispersion, and vy is the angle between the fibres
and the tensile direction (assumed equal to 41° from [45]). Since non-linear optimization procedures
are often sensitive to the initial guess provided by the user [51], the initial guess for ki was found by
calculating the slope of the non-linear part of the stress-stretch curve. ki is, indeed, related to the
stiffening phase of the tensile tests and, therefore, the initial guess has a physical meaning [45]. In
addition, ki and k. were varied over the same range proposed by Ni Annaidh et al. [45] (0-1€® for k;
and 0-1e2 for k,) to check that the optimization procedure was not sensitive to the initial guess. The
inputs of the curve fitting are 611 and A:z. Ag, along with ki, ko, k and p are obtained during the
optimization of Eq. 1 and Eq. 2. The initial guess for A, was set to A2 (assuming an isotropic
incompressible material).

At high strain rates anisotropy is not evident and therefore, dynamic tensile data was fit to
three different isotropic hyperelastic models: Fung (Eq 4) [52], Gent (Eq 5) [27] and Ogden (Eq 6)
[53]. These three models are widely used to describe soft tissue behaviour and use strain energy
functions to describe the material behaviour. Assuming incompressibility and in the case of uniaxial

tension, these models can be easily written in terms of the stress-stretch relationships.
b(A+2)(A-1)?

Fung: 011 = %eifl B -1) Eq. 4
. _ Hm@2*-1)
Gent: 011 = TAt3AT 2 Eq.5
1
Ogden: 011 = Yoy Hp (A% — 172°1) Eq. 6

where p is the initial shear modulus and b, Jn and o; are parameters related to the stiffening
effect. The fitting was conducted using MATLAB (R2018a). For the anisotropic model the
experimental data was fit to the model using fminunc to run an optimization routine in MATLAB. For
the isotropic fitting, the fitting tool available in MATLAB was used. For each parameter, the average
estimated parameter in each group and the standard deviation were calculated, as well as the
coefficient of determination (R?) to evaluate the quality of the fit.

3. Results
3.1 Elastic wave propagation tests

Figure 4 (left) shows average values of RRT on the porcine scalp. This graph shows that the time
taken for the wave to travel from the emitter to the receiver is different around a circular pattern on
the porcine scalp and, therefore, that the porcine scalp is anisotropic. Knowing the distance between
the two probes (2 mm), the speed of the wave can be calculated. Analysing the different times/speeds,
the identification of the orientation of the skin tension lines is possible, since the wave propagates
faster in the direction of skin tension lines [43]. Tests performed on porcine scalp showed that the
orientation of the STLs across the forehead is horizontal (Figure 4 right).
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Figure 4: Graph showing the different RRT at different orientations where the arrows represent the minimum RRT and the
orientation of the STLs (left). On the right is a picture of the porcine head showing the orientation of the STLs superimposed
on the porcine scalp.

3.2 Tensile tests

For each tensile test, a force displacement curve was obtained. The stretch ratio was calculated by
dividing the current distance between two horizontal lines drawn on the specimen by the initial
distance as shown in Figure 5. The nominal stress was calculated by dividing the force by the
undeformed cross-sectional area of the specimen. Assuming incompressibility, the Cauchy stress was
then calculated multiplying the nominal stress by the stretch ratio. A number of descriptive parameters
were identified and compared (Figure 6): ultimate tensile strength, elastic modulus and failure stretch.
Mechanical properties of soft tissues are often dependent on the strain rate of the test and on the
orientation of the specimens with respect to the STLs. In order to mechanically characterize scalp
tissue for applications in head impact testing, the effect of the strain rate and the orientation were
considered.

[ Time >

Figure 5: Stretch of the specimen determined as the ratio between the distance of two horizontal lines drawn on the sample
at each time step and the initial distance, Lo.
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Figure 6: Typical stress-stretch graph for the experimental tests. The UTS is the maximum stress of the specimen before
failure. The elastic modulus is defined as the slope of the second linear portion of the curve. The failure stretch is the
maximum stretch obtained before failure.

3.2.1 Porcine scalp

Figure 7 shows the averaged tensile tests results performed at different strain rates in the
direction of the STLs (in blue) and perpendicular to this direction (in red) on porcine scalp. The
increase in strain rate results in an increase in stiffness of the tissue. At low strain rates (0.005 s?), the
scalp appears stiffer when it is loaded parallel to the STLs direction and softer perpendicular to this
direction, confirming the anisotropy of this tissue. However, at higher strain rates (15-100 s?), the
level of anisotropy becomes less significant.

Average values of the elastic modulus, UTS and stretch at failure for the porcine scalp at
different strain rates and orientations are shown in Figure 8 and reported in Table 1. Results of the
multiwvay ANOVA showed that the strain rate affects (p-value<0.05) the UTS (p-value = 0.000149),
the elastic modulus (p-value = 9.16e) and the stretch at failure (p-value = 1.15e'%). The orientation
of the sample with respect to the STLs, however, only affects the stretch at failure (p-value = 0.0358)
but not the UTS (p-value = 0.6241) and the elastic modulus (p-value = 0.28). One issue commonly
encountered when testing biological tissue is the large variation in experimental results. Figure. A. 1,
Figure. A. 2, and Figure. A. 3 clearly show the variability at each strain rate for samples loaded in the
direction parallel to the STLs (in blue) and perpendicular (in red) by indicating the standard deviation
of samples.
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(dashed line) with respect to the STLs. Results are shown in terms of Cauchy stress and stretch.
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Figure 8: Bar chart of the average elastic modulus, UTS and the stretch at failure of porcine
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Table 1: Values of the UTS and stretch at failure for porcine specimens parallel and perpendicular with respect to the STLs at
different strain rates.

Strain rate [S'l] Orientation STLs  Elastic Modulus [MPa] UTS [MPa] Stretch at failure [-]

0.005 ) 17.94 £3.78 7.07 £2.16 1.46 +0.03

1 14.48 £1.38 6.39 £1.75 1.58 £0.11

15 I 29.01£7.01 7.40 £1.90 1.33 £0.06

1 34.68 £12.86 7.16 £2.29 1.26 +0.05

50 I 50.20 +£10.90 9.78 £3.24 1.27 £0.06

1 62.11 £23.28 10.24 £3.07 1.24 +0.07

100 ) 57.21 £26.00 8.68 £2.72 1.24 +0.05

1 50.58 +15.62 7.79 £1.16 1.20 £0.02

3.2.2 Human scalp

Figure 9 shows the average results of the human scalp tensile tests performed at different
strain rates in the direction of the STLs (in blue) and perpendicular to this direction (in red). Average
values of the elastic modulus, UTS and stretch at failure of the human scalp at different strain rates
and orientations are shown in Figure 10 and reported in Table 2. Results of a multiway ANOVA
showed that the strain rate affects the stretch at failure (p-value = 0.0006), but it does not affect the
elastic modulus (p-value = 0.0111) and the UTS (p-value = 0.1526). The orientation of the sample
with respect to the STLs does not affect the elastic modulus (p-value = 0.1471), the UTS (p-value =
0.0397), and the stretch at failure (p-value = 0.9202) at dynamic strain rates. The variability for each
strain rate and direction is reported in Figure. A. 4, Figure. A. 5, and Figure. A. 6.

8 :
— //-15s1 )
— L-155 ,
-—- //-50s! Y, e
6 |--- L-50s! ==
[ flee // - 100 st g
o
=,
on 4
(%2}
()
=
n
2,
0

1.2 1.25

Stretch

Figure 9: Tensile tests performed on human scalp on specimens parallel (blue line) and perpendicular (red line) with respect
to the STLs at different strain rates. Results have been shown in terms of Cauchy stress and stretch.
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Figure 10: Bar chart of the average elastic modulus, UTS and the stretch at failure of human
scalp at different strain rates. The error bar represents the standard deviation.

Table 2: average values of the UTS and stretch at failure for human specimens parallel and perpendicular with respect to
the STLs at different strain rates.

Strain rate [s'l] Orientation STLs  Elastic Modulus [MPa] UTS [MPa] Stretch at failure [-]
15 I 24.96 +£14.35 5.30 £2.67 1.25 +0.04
1 18.62 +10.53 4.01+1.99 1.26 £0.05
50 ) 37.56 £9.30 8.34+1.84 1.26 +0.04
1 25.36 £5.69 4.09 +0.65 1.22 £0.03
100 1 15.39 +5.74 4.23+0.85 1.35 £0.05
1 17.02 £5.11 451 +1.66 1.37 £0.09
3.3 Modelling

Due to the anisotropic behaviour of the tissue at low strain rates, the quasi-static data was fit to
the GOH model. The average material parameters are given in Table 3. The value of R? shows the
quality of the fitting. The range of initial guesses (0-1e® for k1 and 0-1e%) used for the optimization
procedure lead to the same set of optimal parameters each time, confirming that the optimization
procedure was not sensitive to the initial guess.



Table 3: GOH Model: average material parameters, standard deviation and R? of quasi-static porcine scalp tissue

Anisotropic Hyperelastic

Model n [MPa] k1 ko

kappa R?

GOH 057+0.16  6.18+0.81  3.51e-5*1.3e-5 0.05+0.03 0.976

Since the scalp behaves as an isotropic material at high strain rates, three different isotropic
hyperelastic models were used to model the high strain rate data. Values of the model parameters
were calculated for each orientation and strain rate. Table 4 shows the results of the fitting procedure
on porcine scalp while Table 5 shows the results of the fitting for human scalp. The value of R? shows
good quality of the fitting for each model.

Table 4: Hyperelastic fitting of porcine scalp high strain rate tensile data.

Hyperelastic Model ~ Strain rate [s1] p[MPa] Stiffening parameter [-] g2
b (Fung), Im (Gent), a (Ogden)
15 5.21 £2.47 2.80 £2.10 0.97
Fung 50 7.66 £3.85 5.42 £4.33 0.94
100 7.50 £5.01 6.65 +4.82 0.94
15 5.58 +2.39 0.65 +0.38 0.96
Gent 50 8.40 +£3.62 0.58 £0.74 0.93
100 8.20 +4.82 0.35 +0.20 0.93
15 148+143 8.10+3.10 0.97
Ogden 50 2.30 £3.53 10.86 +£5.09 0.95
100 1.47 £1.63 12.33 £5.40 0.95
Table 5: Hyperelastic fitting of human scalp high strain rates tensile data.
Hyperelastic Model ~ Strain rate [s'] p[MPa] Stiffening parameter [] g2
b (Fung), Im (Geny), a (Ogden)
15 4.08 £2.27 3.81+£1.61 0.98
Fung 50 8.72 £4.09 3.64 £5.29 0.97
100 3.82 £2.33 2.46 £3.56 0.97
15 4,29 +£2.38 0.41 +0.15 0.98
Gent 50 8.87 +4.00 0.13 +2.08 0.97
100 3.56 +1.64 0.77 £0.40 0.95
15 0.79 £0.47 8.99 +1.88 0.98
Ogden 50 3.23 £2.80 7.95 +5.57 0.97
100 1.67 £2.40 7.84 £4.29 0.97

Since the multiway ANOVA test described in Section 3.2.2 showed that the strain rate and the
orientation of the sample with respect to the STLs does not affect the elastic modulus and the UTS of
human scalp tissue, a representative curve for each model can be used to describe the mechanical
behaviour of human scalp at strain rates between 15-100 s. Averaged human scalp values, among the
different strain rates and orientations, of the parameters for the Fung, Gent and Ogden models are
reported in Table 6.



Table 6: Parameters of the Fung, Gent and Ogden model describing the representative mechanical behaviour of human
scalp tissue between 15-100 s

B L v
Fung 5.53 3.82 0.97
Gent 5.81 0.46 0.96
Ogden 1.48 8.1 0.98

4  Discussion

In order to develop a realistic scalp model, the mechanical characterisation of this tissue must

consider different aspects including non-linearity, anisotropy and viscoelasticity. The scalp is
generally modelled as a linear elastic material but, due to the importance of the scalp in surgical
procedures and head impact biomechanics, there is a need for a thorough and modern mechanical
characterisation of this tissue.
Many studies have provided information about the effect of the STLs orientation on the mechanical
properties of the skin; some of these base their conclusion on tensile tests [54, 55] and others on in-
vivo ultrasonic techniques [47]. As demonstrated by Elastic wave propagation tests and tensile tests
performed on samples with different STLs orientations, scalp tissue also presents the same behaviour.
Tests using the Reviscometer® device showed that the shock-acoustic wave travels with different
speeds around a circular pattern on the scalp. The speed of the generated wave is governed by the
density and stiffness and since collagen fibres are stiffer along their axes, this device can identify the
orientation of STLs [56]. In this work the Reviscometer® device was only used for the identification
of the porcine scalp STLs since this data was already available for human scalp from published
literature [48].

Tensile tests performed at different strain rates showed that the scalp mechanical behaviour is highly
dependent on strain rate. At higher strain rates (15-100 s?), scalp tissue is stiffer than at a strain rate of
0.005 s* and the orientation of the specimen with respect to the STLs (for both human and porcine
specimen) does not affect the mechanical properties. This different behaviour might be due to the time
required for the fibres’ alignment and to the viscoelastic properties of the tissue. Further investigation
is necessary to determine the transition between anisotropic and isotropic behaviour. These tests also
showed that porcine and human scalp have different mechanical behaviour when subjected to tensile
tests. When comparing porcine and human scalp at strain rates between 15-100 s, the strain rate was
found to affect the elastic modulus, UTS and stretch at failure of porcine scalp, but it was found to
affect only the stretch at failure of human scalp. This different behaviour could be in part due to the
age of the pigs and cadavers. The porcine scalp tested was harvested from 22 weeks old pigs, while
the human scalp was harvested from cadavers 73-89 years old. In the case of the human scalp, the age
range was wider, and age is one of the factors known to affect the mechanical properties of the skin
[57, 58]. In addition, the effect of the concentration and type of hair follicles between porcine and
human scalp might affect the mechanical behaviour of the tissue. The comparison between porcine
and human scalp showed a significant difference for the elastic modulus and the UTS, whereas the
stretch at failure was not found to be significantly different. The elastic modulus and the UTS of the
porcine scalp are almost twice the values of human scalp (Figure 8 and Figure 10). While the use of
two dots (or horizontal lines) was sufficient to determine the stretch in the tensile direction, a speckle
pattern could provide a more detailed representation of the in-plane deformation.



Figure 11 and Figure 12 show the comparison of the mechanical properties used for modelling scalp
tissue in a number of FE head models [18, 19, 59] and the mechanical properties of porcine scalp and
human scalp identified in this work, respectively. The comparison shows that a linear elastic material
does not represent well the hyperelastic mechanical behaviour of the scalp at all strain rates and
orientations.
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Figure 11: Tensile tests performed at different strain rates on porcine scalp specimens. Specimens were tested in the
direction of the collagen fibres (blue line) and in the perpendicular direction (red line). The black line represents the

mechanical properties commonly used in literature to represent the scalp [18, 19, 59]. Results are shown in terms of Cauchy
stress and stretch.
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Figure 12: Tensile tests performed at different strain rates on human scalp specimens. Specimens were tested in the
direction of the collagen fibres (blue line) and in the perpendicular direction (red line). The continuous black line represents
the mechanical properties commonly used in literature to represent the scalp [18, 19, 59]. The dotted black line shows the
representative curve for human scalp tissue determined fitting the averaged stress-stretch data with the Ogden model
(u=1.48 MPa and a=8.1). Results are shown in terms of Cauchy stress and stretch.

While skin tissue, in general, has been widely studied, research indicates that the properties of
skin depend on body location [54, 60, 61] and function. Mechanical properties of the scalp were found



to be substantially different from the mechanical properties of the skin excised from other parts of the
body. Figure 13 shows the comparison between porcine scalp mechanical properties (in red) and
porcine skin excised from the belly [62] (dashed black line) while Figure 14 compares tensile tests
performed on human scalp (in red) and human skin from the back (dashed black) [63]. In these two
cases, scalp tissue presents a softer behaviour than skin from the back and a stiffer behaviour than
skin excised from the abdomen.
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Figure 13: Comparison between tensile tests performed at high speed on porcine scalp (in red) and porcine skin from
the abdominal area (dashed black line). Data for porcine skin from the abdominal area was reproduced from Lim et
al. [62]. Results are shown in terms of Cauchy stress and stretch.
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Figure 14: Comparison between tensile tests performed at high speed on human scalp (in red) and human skin from
the back (dashed black line). Data for human skin from the back was reproduced from Ottenio et al. [63]. Results are
shown in terms of Cauchy stress and stretch.

Since scalp tissue displays different behaviour at quasi-static and high strain rates, the two
cases were treated separately. At quasi-static speeds the scalp behaves as an anisotropic material, and



therefore the use of an anisotropic constitutive model was necessary. The experimental data was fit
the GOH model using the procedure described by Ni Annaidh et al. [45]. An excellent fit was found
for the model with an average R? of 0.98. Comparing the results of the fitting on porcine scalp with
the ones of human back tissue [54], a significant difference in the values of ki and kz is noticeable,
confirming the importance of the body location when testing the mechanical properties of the skin.

At high strain rates, the scalp behaves as an isotropic material, and therefore a simpler,
isotropic hyperelastic model can be used to describe the tissue behaviour. The advantage of this type
of model is that they are easy to implement in finite element models. The experimental data from each
individual test was fit to the non-linear Fung, Gent, and Ogden models. Excellent fits were found for
each model with R? ranging from 0.93-0.98 for porcine scalp and 0.93-0.99 for human scalp. The
orientation of the sample with respect to the STLs does not affect the mechanical properties at strain
rates between 15-100 s?. The strain rate, instead, was found to affect the mechanical properties of
porcine scalp but not those of the human scalp. This behaviour made it possible to identify a
representative curve for each one of the three models described in Table 6. Figure 12 shows a
representative curve for human scalp tissue using the Ogden model (u=1.48 MPa and a=8.1).
Limitations of the work include the number, age (only scalp from elderly subjects in this study) and
the race (only scalp from Caucasian subject) of the cadavers. In addition, the different size and the
storage method of the specimens might influence the mechanical properties, as reported by previous
studies [64, 65].

5 Conclusion

This study aimed to characterise mechanical properties of the human and porcine scalp. Tensile
tests showed that mechanical behaviour of the scalp differs from the skin from other parts of the body
(for instance back and belly). Its response is anisotropic at low strain rates (0.005 s?) but it can be
considered isotropic at high strain rates (15-100 s™). The mechanical properties of porcine scalp differ
from human scalp. In particular, the elastic modulus and the UTS of the porcine scalp were found to
be almost twice the values of the human scalp, whereas the stretch at failure was not found to be
significantly different. Since the scalp is a complex tissue, the identification of a unique model to
describe its behaviour is almost impossible. The choice of the constitutive model must depend on the
intended application. For applications in high speed head impact simulations, a non-linear
hyperelastic Ogden model represents a good choice. If, for instance, the intended application was to
model skin expansion cases, an anisotropic model would be more appropriate.
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Appendix
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Figure. A. 1: Tensile tests performed on porcine scalp at a strain rate of 15 s™. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the

STLs.
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Figure. A. 2: Tensile tests performed on porcine scalp at a strain rate of 50 s*.. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the

STlLs.
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Figure. A. 3: Tensile tests performed on porcine scalp at a strain rate of 100 s. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the
STLs.
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Figure. A. 4: Tensile tests performed on human scalp at a strain rate of 15 s.. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the
STLs.
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Figure. A. 5: Tensile tests performed on human scalp at a strain rate of 50 s™1. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the
STLs.
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Figure. A. 6: Tensile tests performed on human scalp at a strain rate of 100 s1. The graph shows the average (continuous
line) and the standard deviation (shaded area) for specimens parallel (in blue) and perpendicular (in red) with respect to the
STlLs.



