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Abstract
In this study, we investigate the effects of modelling choices for the brain–skull interface (layers of tissues between the
brain and skull that determine boundary conditions for the brain) and the constitutive model of brain parenchyma on the
brain responses under violent impact as predicted using computational biomechanics model. We used the head/brain model
from Total HUman Model for Safety (THUMS)—extensively validated finite element model of the human body that has
been applied in numerous injury biomechanics studies. The computations were conducted using a well-established nonlinear
explicit dynamics finite element code LS-DYNA. We employed four approaches for modelling the brain–skull interface and
four constitutive models for the brain tissue in the numerical simulations of the experiments on post-mortem human subjects
exposed to violent impacts reported in the literature. Thebrain–skull interfacemodels includeddirect representation of the brain
meninges and cerebrospinal fluid, outer brain surface rigidly attached to the skull, frictionless sliding contact between the brain
and skull, and a layer of spring-type cohesive elements between the brain and skull. We considered Ogden hyperviscoelastic,
Mooney–Rivlin hyperviscoelastic, neo–Hookean hyperviscoelastic and linear viscoelastic constitutive models of the brain
tissue. Our study indicates that the predicted deformations within the brain and related brain injury criteria are strongly
affected by both the approach of modelling the brain–skull interface and the constitutive model of the brain parenchyma
tissues. The results suggest that accurate prediction of deformations within the brain and risk of brain injury due to violent
impact using computational biomechanics models may require representation of the meninges and subarachnoidal space with
cerebrospinal fluid in the model and application of hyperviscoelastic (preferably Ogden-type) constitutive model for the brain
tissue.

Keywords Brain–skull interface · Brain injury · Brain tissue constitutive model · Computational biomechanics of the brain

1 Introduction

Around 10 million people world-wide suffer from traumatic
brain injury (TBI) every year (Fahlstedt et al. 2016). Given
the associated risk of death and need for hospitalisation, TBI
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has been recognised as a significant public health and socio-
economic problem (Almeida et al. 2016; Peeters et al. 2015).
TBI induced by vehicular accidents is one of themajor causes
ofmortality and permanent disability inmany countries (Faul
et al. 2010). For instance, in the USA, such accidents account
for the greatest fraction (31.8%) of the TBI-related deaths
(Faul et al. 2010).

Extensive research effort has been directed to understand
the TBI mechanisms and design various countermeasures
to prevent TBI. This includes experimental (Agrawal et al.
2015; Feng et al. 2010; Hardy 2007; Hardy et al. 2001;
Miller and Chinzei 2002; Miller et al. 2000; Rashid et al.
2013) as well as computational biomechanics studies that
are typically conducted using head/brain models imple-
mented by means of finite element method (Kleiven and
Hardy 2002; Mao et al. 2013; Miller 2011; Miller et al.
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2010; Yang et al. 2008; Yang and King 2011; Zhang
et al 2001). There are appreciable differences between
these models including constitutive modelling of the brain
tissue and representation of boundary conditions of the
brain.

The constitutive behaviour of the brain tissue has been a
subject of substantial experimental research effort (Bilston
2011; Miller 2011; Miller and Chinzei 2002; Miller et al.
2000, 2011; Rashid et al. 2013). Although there is no con-
sensus of what specific constitutive model should be used,
there is overwhelming experimental evidence that the brain
tissue exhibits nonlinear stress–strain relationship that can be
accurately represented using hyperelastic/hyperviscoelastic
constitutive models (Miller 2011; Miller and Chinzei 2002;
Miller et al. 2000). Investigation of boundary conditions for
the brain and other organs attracted much less attention of
the biomechanics research community than tissue constitu-
tive behaviour (Wittek et al. 2016). However, the importance
of representation of boundary conditions in computational
biomechanics models of the brain has been confirmed in
several studies (Bayly et al. 2012; Kleiven and Hardy 2002;
Wittek and Omori 2003).

Boundary conditions of the brain are determined by the
brain–skull interface that consists of several layers of tis-
sues located between the brain and skull (Fig. 1). While the
constitutive properties of some of these layers have been
investigated (Jin 2009; Jin et al. 2011, 2014), the exact
anatomical structure of the brain–skull interface remains
a subject of debate (Haines et al. 1993) and there is lit-
tle quantitative information about the interactions between
the tissue layers within the brain–skull interface (Wittek
et al. 2016). This makes problematic any attempts to model
the brain–skull interface by directly representing the inter-
face anatomical structure. Therefore, a number of simplified
approaches for modelling of the brain–skull interface were
proposed and used. By comparing stress/strain within the
pig brain obtained using a 2-D computational biomechan-
ics model and from the experiments using pigs, Miller
et al. (1998) found that a sliding contact algorithm was
suitable to predict the location and distribution of axonal
injury. This approach was also recommended in the mod-
elling study by Al-Bsharat et al. (1999). Similarly, Agrawal
et al. (2015), from the experimental and computational mod-
elling studies of samples consisting of the skull, brain–skull
interface and brain tissue, suggested a frictionless contact
as the most suitable approach for modelling interactions
between the brain and skull under compression at low loading
speeds. Zhang et al (2001) selected sliding contact allow-
ing no separation to represent the brain–skull interface. In
contrast, Claessens et al. (1997) suggested that a no-slip
interface, allowing no movement between the brain surface
and skull, results in a better agreement with the experi-
ments than sliding contact. Kleiven and Hardy (2002) and

Fig. 1 Anatomical structures of brain–skull interface. Modified from
Haines et al. (1993)

Wittek and Omori (2003) suggested that for accurate mod-
elling of the brain–skull interface, direct representation of
the subarachnoidal space/cerebrospinal fluid as a water-like
medium is needed. This approach has been also used in the
head/brain model developed by Yang (2011), Total HUman
Model for Safety (THUMS) by Toyota Motor Corpora-
tion and Toyota Central R&D Labs (Shigeta et al. 2009;
Watanabe et al. 2011), the models developed at Wayne
State University (Mao et al. 2006; Zhang et al 2001), and
Simulated Injury Monitor (SIMon) model (Takhounts et al.
2013).

Asnoneof the currently used approaches formodelling the
brain–skull interface in computational biomechanics models
for prediction of the brain responses due to surgery and/or
violent impact has been widely accepted and no consen-
sus regarding the specific type of constitutive model for
the brain tissue exists, there is an urgent need to quan-
tify the effects of assumptions and simplifications when
modelling the brain–skull interface and selecting the con-
stitutive model for the brain tissue on predicting the brain
deformations and risk of traumatic brain injury due to
transient loads. Such need was confirmed by our recent
study (Wang et al. 2017) in which we investigated these
effects for a single impact pulse acting on a post-mortem
human subject and linear elastic and Ogden-type consti-
tutive models for the brain tissue. While building on the
experience gained from Wang et al. (2017), in the current
studywe significantly expand the investigation scope by con-
ducting the analysis for different impact locations (frontal
and occipital), different impact pulses, different types of
hyperelastic constitutive models for the brain tissue, and
investigating the effects on not only the brain tissue defor-
mations but also on the selected traumatic brain injury
criteria.
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2 Materials andmethods

2.1 Model description

The purpose of the current study is to quantify the effects
of assumptions and simplifications regarding boundary con-
ditions for the brain and constitutive model of the brain
tissue on prediction of the brain deformations and traumatic
brain injury risk due to violent impact rather than creating
a new model of the brain. Therefore, following Wang et al.
(2017), we used the previously validated head/brain model
extracted from well-established THUMS Version 4.0 human
body model by Toyota (Shigeta et al. 2009; Watanabe et al.
2011) implemented using the LS-DYNA explicit dynam-
ics nonlinear finite element code (LSTC 2007) (Fig. 2a, b).
The THUMS brain model includes representation of key tis-
sues and anatomical components of the brain: grey matter,
white matter, falx, subarachnoidal cerebrospinal fluid (CSF),
dura, arachnoid and pia (Fig. 2c), consisting of a total of
over 31,000 elements and 24,800 nodes. The skull and brain
parenchyma are discretised using under-integrated 8-noded
hexahedral elements, while dura, arachnoid and pia mater
are represented using layers of 4-noded shell elements. Tied
contact interfaces that allow no sliding and separation are
defined between the skull inner surface and dura mater, and
between dura mater and arachnoid. The subarachnoidal CSF
is represented using a layer of 8-noded hexahedral elements
with water-like material properties (Fig. 2d).

Investigation of the effects of approach for modelling the
boundary conditions of the brain and constitutive model of
the brain tissue was carried out bymodelling the experiments
on the head-neck complexes of post-mortem human subjects
(PMHSs) conducted by Hardy et al. (2001). The study by
Hardy et al. (2001) was selected as it contains quantitative
information about the experimentally determined displace-
ments at 12 locations within the PMHSs’ brains. We used six
experiments [experimental series C383 and C755 in Hardy
et al. (2001)] conducted using two PMHSs (i.e. three exper-
iments for each PMHS). They represent different impact
location (frontal and occipital), but exhibit similar impact
severity (as measured by the peak angular speed of the head),
for a given location and subject. Therefore, they provide
some insight into intra-subject variation of the biomechanical
responses. Detailed information is in Table 1.

Following the experiments by Hardy et al. (2001), the
entire cervical spine together with the head/brain from the
THUMS Version 4.0 model was included in the model used
in this study. The first (T1) and second (T2) thoracic verte-
brae, scapula, collar bones and sternum were fully (rigidly)
constrained to form a base for the cervical spine (Fig. 2b).

The load was defined, by prescribing the head angular
speed–time histories (around all three axes of the coordinate
system associated with the head COG as defined in Fig. 3)
reported by Hardy et al. (2001).

All simulations in this study were conducted using the
LS-DYNA 971 nonlinear explicit finite element code by Liv-

(a) (b) (c) (d)

Fig. 2 a THUMS version 4.0 model in sitting posture; b isolated head-
neck complex of THUMS version 4.0 model used in this study. The
first (T1) and second (T2) thoracic vertebrae, scapula, collar bones and
sternum were fully constrained to provide a base for the cervical spine;

c THUMS version 4.0 brain model; d brain–skull interface representa-
tion in THUMSVersion 4.0 brain model, adapted from our recent paper
(Wang et al. 2017)

Table 1 Impact pulses from Hardy et al. (2001) and their major characteristics used in the current study

Post-mortem human subject Test Impact location Peak angular speed (forward flexion, rad/s) HIC15ms

C383 C383-T1 Frontal 4/−20 47

C383-T2 Frontal 2/−22 34

C383-T3 Frontal 4/−22 68

C755 C755-T2 Occipital 18/−1 17

C755-T3 Occipital 19/−2 22

C755-T4 Occipital 17/−4 31

HIC15ms is the head injury criterion (HIC) measured over 15ms (NHTSA 2010). It is the most commonly used criterion for evaluating the risk of
head injury
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Fig. 3 Schematic representation of location of the markers (neutral
density targets NDTs) implanted in the brain in the experiments by
Hardy (2007) and Hardy et al. (2001). Based on Hardy et al. (2001) and
adapted from our recent paper (Wang et al. 2017)

ermore Software Corporation (Livermore, CA, USA; http://
www.lstc.com).

In the experiments by Hardy (2007) and Hardy et al.
(2001), information about the brain deformations was
obtained by X-ray tracking of the motion of twelve mark-
ers (NDTs: neutral density targets) implanted into the brain
(Hardy 2007; Hardy et al. 2001) (Figs. 3, 4a). We used the
trajectories, displacement–time histories and excursions of
the NDTs, reported in Hardy et al. (2001), to evaluate the
biofidelity of the approaches for modelling the brain–skull
interface and brain tissue constitutivemodels analysed in this
study. Following Hardy et al. (2001) and Hardy (2007), the
excursions are defined as the difference between the max-
imum positive and negative displacements in the impact
direction measured in reference to the starting (before the
impact) location in the coordinate system with origin at the
head COG (Fig. 3). We analysed the displacements of the
selected nodes (Fig. 4b) located closely to the positions of
NDTs reported by Hardy et al. (2001).

2.2 Modelling approaches for the brain–skull
interface

Following our recent study (Wang et al. 2017), we analysed
four approaches for modelling the brain–skull interface with
varying complexity (see Table 2):

(1) The approach used in THUMS Version 4.0 brain model
(Cases 1–1, 1–2, 1–3 and 1–4 in Table 2) that includes
direct representation of the CSF, dura, arachnoid and pia
mater. Thematerial properties of the brain–skull interface
in THUMS model (Iwamoto et al. 2015; Kimpara et al.
2006) are given in Table 3.

(2) The brain outer surface (bounded by the pia mater)
rigidly attached to the skull through the LS-DYNA
tied contact interface (Cases 2–1, 2–2, 2–3 and 2–4 in
Table 2)—application of this approach has been reported
by Claessens et al. (1997).

(3) Frictionless sliding contact between the brain and skull
(Cases 3–1, 3–2, 3–3 and 3–4 in Table 2)—this approach
has been successfully used in the studies on predicting the
brain deformations due to craniotomy (surgical opening
of the skull) by Hu (2007) and Wittek et al. (2010). It
was also recommended for compressive loading in the
experimental and computational study by Agrawal et al.
(2015).

(4) The brain–skull interface represented with a thin layer of
spring-type (no damping) cohesive elements (Cases 4–1,
4–2, 4–3 and 4–4 in Table 2)—this approach has been
previously used by Feng et al. (2010) in investigation of
the brain responses due to frontal impacts. However, the
formulation we used here is directly based on the newer
experimental study by Mazumder et al. (2013) who sug-

(a) (b)

Fig. 4 a Initial position (in a coordinate system with origin at the head
gravity centre COG, see Fig. 3) of the NDTs in the experiments by
Hardy et al. (2001). Position of NDT #a6 marker of subject C755 is
not reported in Hardy et al. (2001). X–Z coordinate system origin is

at the head COG (see Fig. 3); b current study: nodes in the THUMS
Version 4.0 brain model representing the NDTs for subject C755. X–Z
coordinate system origin is at the head COG (see Fig. 3)
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Table 2 Simulation matrix for studying the effects of approaches for modelling the brain–skull interface and brain tissue constitutive model

Brain tissue constitutive
model

Modelling approach for brain–skull interface

Original THUMS
head/brain model (see
Fig. 1d)

Brain rigidly attached to
the skull

Frictionless contact between
the brain and skull

Cohesive layer (spring-type)
between the brain and skul

Ogden hyperviscoelastic
model

Case 1–1 Case 2–1 Case 3–1 Case 4–1

Linear viscoelastic
model

Case 1–2 Case 2–2 Case 3–2 Case 4–2

Mooney–Rivlin
hyperelastic model

Case 1–3 Case 2–3 Case 3–3 Case 4-3

neo-Hookean
hyperelastic model

Case 1-4 Case 2-4 Case 3-4 Case 4–4

Table 3 Material properties used in the brain–skull interface in THUMS model

Part Mass density (kg/m3) Young’s modulus (MPa) Poisson ratio Thickness (mm)

CSF 1000 1.6E−4 0.49

Pia mater 1000 1.1 0.40 0.4

Arachnoid 1000 1.1 0.40 0.4

Dura mater 1133 70 0.45 1

gested linear springs with stiffness of 11.45 Nm−1/mm2,
rather than the contact interfaces, as the most appropriate
approach for modelling the brain–skull interface.

Given the anatomical structure of the brain–skull interface
(Fig. 1), Case 2–1 (brain surface rigidly attached to the skull)
and Case 3–1 (frictionless contact that allows for free sliding
and separation between the brain and skull) can be regarded
as two extreme modelling approaches. It might be expected
that the actual behaviour of the brain–skull interface would
fall between them.

2.3 Constitutive models and properties of the brain
tissue

In the THUMSVersion 4.0 brainmodel andmany other com-
putational biomechanics human body models used in injury
analysis and prevention (Takhounts et al. 2013; Yang 2011;
Zhang et al 2001), the brain parenchyma is modelled using
a linear viscoelastic constitutive model. However, numer-
ous experimental studies have indicated that the brain tissue
exhibits the behaviour that is best represented using hyper-
elastic or hyperviscoelastic constitutive models (Miller and
Chinzei 1997, 2002; Wittek et al. 2008).

In this study, detailed analysis of the predicted deforma-
tions and strains within the brain has been conducted for
Ogden hyperviscoelastic model (Cases 1–1, 2–1, 3–1 and

4–1 in Table 2). This model accounts for the difference
between the tensile and compressive stiffness of the brain
tissue (Miller and Chinzei 2002) and different shapes of
stress–strain relationship (defined by the material coefficient
α, see Eq. 1 below):

W = 2

α2

∫ t

0

[
G(t − τ)

d

dτ

(
λα
1 + λα

2 + λα
3 − 3

)]
dτ

+K (J − 1− ln J ) (1)

G(t) = Gi + (G0 − Gi )e
−t
τ (2)

where W is the potential function, λi (i = 1, 2, 3) is the
principal stretch,G0 is an instantaneous shearmodulus,Gi is
the relaxed shearmodulus, τ is the characteristic time,α is the
material coefficient which can assume any real value without
restrictions (Wittek et al. 2007), K is the bulk modulus, and
J is the relative volume change.

Ogdenmodel has been foundbyMiller andChinzei (2002)
andMihai et al. (2015) to provide an excellent agreementwith
the brain tissue behaviour, and the deficiency of simpler neo-
Hookean (Ogden 1997) and Mooney–Rivlin (Rashid et al.
2013) (Eqs. 3, 4 below) models was highlighted by Mihai
et al. (2015). However, Takhounts et al. (2003) reported that
the Ogden and Mooney–Rivlin models yield similar results
when predicting the brain responses under impacts. There-
fore, our analysis includes also neo-Hookean (Case 1–3) and
Mooney–Rivlin (Case 1–4) hyperelastic models (Table 2):

123



1170 F. Wang et al.

Table 4 Constitutive models and parameters for the brain tissue used in this study

Part Linear viscoelastic model, Mooney–Rivlin
hyperelastic model and neo-Hookean
hyperelastic model

Ogden hyperviscoelastic model

G0 (Pa) Gi (Pa) τ (s) G0(Pa) α Gi (Pa) τ (s)

White matter cerebrum 1100 550 0.06 1100 −4.7 550 0.06

White matter cerebellum 1100 550 0.06 1100 −4.7 550 0.06

Grey matter cerebrum 850 425 0.06 850 −4.7 425 0.06

Grey matter cerebellum 850 425 0.06 850 −4.7 425 0.06

See Eqs. 1 and 2 for explanations of the symbols

Table 5 Definition of the brain material properties sets for the parametric study of the effects of brain tissue material properties on the brain model
responses

Set Part Linear viscoelastic model Ogden hyperviscoelastic model

G0 (Pa) Gi (Pa) τ (s) G0 (Pa) α Gi (Pa) τ (s)

Set 1 White matter cerebrum 1100 550 0.06 1100 −4.7 550 0.06

White matter cerebellum 1100 550 0.06 1100 −4.7 550 0.06

Grey matter cerebrum 850 425 0.06 850 −4.7 425 0.06

Grey matter cerebellum 850 425 0.06 850 −4.7 425 0.06

Set 2 White matter cerebrum 12,500 6100 0.06 12,500 −4.7 6100 0.06

White matter cerebellum 12,500 6100 0.06 12,500 −4.7 6100 0.06

Grey matter cerebrum 10,000 5000 0.06 10,000 −4.7 5000 0.06

Grey matter cerebellum 10,000 5000 0.06 10,000 −4.7 5000 0.06

Set 3 White matter cerebrum 22,200 8700 0.06 22,200 −4.7 8700 0.06

White matter cerebellum 22,200 8700 0.06 22,200 −4.7 8700 0.06

Grey matter cerebrum 18,000 7000 0.06 18,000 −4.7 7000 0.06

Grey matter cerebellum 18,000 7000 0.06 18,000 −4.7 7000 0.06

Set 4 White matter cerebrum 49,000 16,000 0.06 49,000 −4.7 16,000 0.06

White matter cerebellum 49,000 16,000 0.06 49,000 −4.7 16,000 0.06

Grey matter cerebrum 39,200 12,800 0.06 39,200 −4.7 12,800 0.06

Grey matter cerebellum 39,200 12,800 0.06 39,200 −4.7 12,800 0.06

See Eqs. 1 and 2 for explanations of the symbols

W = A
(
λ1

2 + λ2
2 + λ3

2 − 3
)

+B
(
λ1

2λ2
2 + λ2

2λ3
2 + λ3

2λ1
2 − 3

)
(3)

G0 = 2(A + B) (4)

where A and B are material constants. For neo-Hookean
model, A = G/2 and B = 0; and forMooney–Rivlin model,
followingWittek et al. (2008), we use A = B = G/4, where
G is the shear modulus (Table 4).

As the material properties used in THUMS brain model
have been reported to be somewhat beyond the range pub-
lished in the literature (Antona 2013), we used the properties
(instantaneous shear modulus of 1100 Pa) that correspond to
the highest strain rate applied in the experiments published
byMiller and Chinzei (1997, 2002) (Table 4). As the experi-
ments byMiller andChinzei (1997, 2002) did not distinguish

between the properties of grey matter and white matter, we
followed the assumptions used in the original THUMS Ver-
sion 4.0 brain model where the white matter in the cerebrum
and cerebellum was assigned a shear modulus 25% greater
than the grey matter (Table 4) (Ho and Kleiven 2007; Zhang
et al 2001).

Given the variation of material properties (shear modulus)
of the brain tissue reported in the literature, we conducted a
parametric study to investigate the effects of such variation
on predicted brain deformations measured by trajectories of
the NDTs (NDT #a1) located within the brain. The paramet-
ric study was conducted for four sets of material properties
(Table 5) with Set 1 (the properties used when studying the
effects of boundary conditions for the brain and constitutive
model) treated as a base/reference:
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Fig. 5 Comparison of the NDT trajectories predicted using THUMS
model when changing the brain–skull interface modelling approach for
Ogden hyperviscoelastic model of brain tissue and experimental results
by Hardy et al. (2001). The trajectories are given in the local head coor-
dinate system (aligned with the Frankfort plane) with origin at the head
COG. aCase 1–1: original approach used in THUMS version 4.0model

with direct representation of the CSF and brain meninges; b Case 2–
1: brain rigidly attached to the skull; c Case 3–1: frictionless sliding
contact between the brain and skull; d Case 4–1: brain–skull interface
modelled using a layer of spring-type cohesive elements. The results for
tests C755-T2 were reported in our previous study (Wang et al. 2017)

• Set 1 The brain tissue material properties from the exper-
iments by Miller and Chinzei (1997, 2002). This is the
base set of the material properties used in this study. It
forms the lower limit of the brain tissue shear modulus
we used when investigating the effects of material prop-
erties.

• Set 2 The brain material properties from the original
THUMS Version 4.0 brain model.

• Set 3 The brain material properties from the experiments
by McElhaney et al. (1973).

• Set 4 The brain material properties used by Antona
(2015). This set forms the upper limit of the brain tis-
sue shear modulus we use here.

We studied the effects of the brain tissue material properties
only for the linear viscoelastic and Ogden hyperviscoelastic
constitutive models as it may be expected that the results
for the remaining constitutive models (Mooney–Rivlin and
neo-Hookean) used in this study would fall within the limits
formed by the linear and Ogden models. The investigation
of these effects was conducted for the impact pulse C383-T3
which is the most severe load case used in this study.

2.4 Simulationmatrix

In total, 120 simulations were conducted in this study (see
Tables 1, 2, 5): 2 PMHSs× 3 Impact pulses× 4Approaches
for modelling the brain–skull interface × 4 Types of consti-
tutive model + 3 Sets of material properties× 4 Approaches
for modelling the brain–skull interface× 2 Selected types of
constitutive model (Ogden hyperviscoelastic and linear vis-
coelastic). The calculations were conducted using a PC with
8-core i7 CPU (Intel Core), and each simulation took around
40 minutes.

3 Results

3.1 Effects on deformations within the brain

Analysis of the predicted trajectories of the selected markers
implanted in the subject brains indicates appreciable effects
of both the approach for modelling the brain–skull interface
and constitutive model of the brain parenchyma (Figs. 5, 6).
From the analysis of Figs. 5 and 6, it appears that the
approach for the brain–skull interface modelling with direct
representation of the CSF originally used in the THUMS
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Fig. 6 Comparison of the NDT trajectories predicted using THUMS
model when changing the brain–skull interface modelling approach for
linear viscoelastic model of brain tissue and experimental results by
Hardy et al. (2001). The trajectories are given in the local head coordi-
nate system (aligned with the Frankfort plane) with origin at the head
COG. aCase 1–2: original approach used in THUMS version 4.0model

with direct representation of the CSF and brain meninges; b Case 2–
2: brain rigidly attached to the skull; c Case 3–2: frictionless sliding
contact between the brain and skull; d Case 4–2: brain–skull interface
modelled using a layer of spring-type cohesive elements. The results for
tests C755-T2 were reported in our previous study (Wang et al. 2017)

brain model combined with Ogden hyperviscoelastic consti-
tutive model for the brain parenchyma yields the trajectories
(Fig. 5a) that are in better agreement with the experimental
results by Hardy et al. (2001) than the remaining solutions
we analyse here.

As injury criteria for the brain often rely on magnitude
of tissue strain and strain distribution within the brain, it
may be argued that the analysis should focus on the dis-
placement magnitudes (excursions) of the selected points
within the brain rather than the entire trajectories shown in
Figs. 5 and 6. The experimentally obtained (Hardy et al.
2001) and predicted, using the computational biomechanics
models, excursions of the selected markers within the brain
when varying the constitutivemodel of the brain parenchyma
and approach for modelling the brain–skull interface are
compared in Fig. 7. For quantitative analysis of the results
shown in Fig. 7, we computed the standard error σ (see
Eq. 5) as a measure of difference between the experimentally
obtained excursions and modelling predictions (see Table 6
for results).

σ =
√∑

E2
n

n
(5)

where En is the difference between experimentally obtained
excursions and predictions for a given modelling case in

Fig. 7, n = 6 (6 experiments used in the analysis: C383-
T1, C383-T2, C383-T3, C755-T2, C755-T3 and C755-T4).

The conclusions from analysis of the results shown in
Fig. 7 and Table 6 are consistent with those when analysing
the trajectories: the best agreement between the modelling
predictions and experimental results by Hardy et al. (2001)
was observed when Ogden hyperviscoelastic constitutive
model was applied for the brain parenchyma (Cases 1–1,
1–2, 1–3 and 1–4) with the predicted excursions apprecia-
bly affected by the approach for modelling the brain–skull
interface.

The results for approach for modelling the brain–skull
interface lead to less decisive conclusions than those for
constitutive model of the brain parenchyma. The predictions
obtained using the approach with direct representation of the
CSF taken from THUMS brain model (Cases 1–1 and 2–1)
appear to exhibit the smallest differences with the experi-
mental data by Hardy et al. (2001). For this approach, the
standard error was the smallest for four out of six predicted
variables characterising the markers’ excursions (Table 6,
Fig. 7b, c and f). However, it should be noted that for two
out of six predicted variables, the approach using the brain
rigidly attached to skull led to a smaller error than approach
with direct representation of the CSF (Table 6, Fig. 7a, e).
These results should be interpretedwith caution. For three out
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Fig. 7 Comparison of the predicted and observed [in the experiments
by Hardy et al. (2001)] excursions of the selected markers (neutral
density targets NDTs) located within the brain when varying the con-
stitutive model of the brain parenchyma and approach for modelling of
the brain–skull interface. The excursions are reported in the local head
coordinate system with origin at the head COG. The information about
the loading velocity pulses is in Table 1 and the simulation matrix in
Table 2. The NDTs’ location is in Fig. 4. The constitutive properties
are in Table 4. With exception of experiment C755-T4 by Hardy et al.
(2001), the excursions of marker NDT #a1 were analysed. For experi-

ment C755-T4, we analysed the excursions of marker NDT #a2 as no
data for marker NDT #a1 were reported for this experiment by Hardy
et al. (2001). a Total excursion magnitude using Ogden hyperviscoelas-
tic model of the brain parenchyma; b total excursion magnitude using
linear viscoelastic model of the brain parenchyma; c positive excursion
using Ogden hyperviscoelastic model of the brain parenchyma; d posi-
tive excursion using linear viscoelastic model of the brain parenchyma;
e negative excursion using Ogden hyperviscoelastic model of the brain
parenchyma; f negative excursion using linear viscoelastic model of the
brain parenchyma

of six predicted variables characterising the markers’ excur-
sions, the differences between the errors for the approach
with direct representation of CSF taken from THUMS brain
model and for the approach with the brain rigidly attached
to the skull were less than 0.45 mm. This makes these errors
indistinguishable for practical purposes as the standard devi-
ation in determining the markers position in the experiments
by Hardy et al. (2001) was up to 0.46 mm (Hardy 2007).
Given this standard deviation, it should be also noted that for
some experiments byHardy et al. (2001) (C383-T3), applica-
tion of cohesive elements to model the brain–skull interface
andOgden hyperviscoelasticmodel for the brain tissue (Case

4–1) resulted in closer prediction of the NDT excursions than
using the remaining solutions we analyse here (Fig. 7e).

To analyse the effects of constitutive model of the brain
parenchyma, we compared the displacement–time histories
of marker NDT #a1 experimentally obtained by Hardy et al.
(2001) with the displacement envelopes formed when vary-
ing the approach for modelling the brain–skull interface for
linear viscoelastic and Ogden hyperviscoelastic constitutive
models (Fig. 8). The effects are significant with a clear indi-
cation that displacement–time histories predicted using the
Ogden hyperviscoelastic model are closer to the experimen-
tal results than when using linear viscoelastic model.
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Table 6 The standard errors between the experimental excursions and predictions for the four cases of every sub-figure in Fig. 7

Simulation cases Excursions

Total excursion Positive
excursion

Negative
excursion

Fig. 7a Fig. 7c Fig. 7e

Ogden hyperviscoelastic
model of brain
parenchyma

Case 1–1: original THUMS
head/brain model (see
Fig. 1d)

2.30 0.97 2.02

Case 2–1: brain rigidly
attached to the skull

1.46 1.32 1.85

Case 3–1: frictionless
Contact between the brain
and skull

3.56 2.31 1.67

Case 4–1: cohesive layer
between the brain and
skull

2.27 2.95 0.77

Fig. 7b Fig. 7d Fig. 7f

Linear viscoelastic model
of brain parenchyma

Case 1–2: original THUMS
head/brain model (see
Fig. 1d)

3.45 3.00 1.77

Case 2–2: brain rigidly
attached to the skull

5.61 2.56 3.26

Case 3–2: frictionless
contact between the brain
and skull

3.87 1.90 2.55

Case 4–2: cohesive layer
between the brain and
skull

4.82 3.24 2.19

The number in bold font indicates the smallest error (for the analysed constitutive models of the brain parenchyma and approaches for modelling
the brain–skull interface) for a given variable characterising excursions of the markers implanted within the brain in the experiments by Hardy et al.
(2001)

The differences between marker NDT #a1 displacement–
time histories predicted using Ogden and linear constitutive
models are more pronounced for subject C383 (Fig. 8a–c)
than for subject C755 (Fig. 8d–f). This phenomenon can
be attributed to the higher impact severity in the experi-
ments using this subject. Consequently, the total excursions
of NDT #a1 marker (and likely the associated deformations
within the brain) were greater for subject C383. As differ-
ences between the Ogden and linear constitutive models are
more pronounced at higher strains, one may expect more
noticeable differences between the brain deformations pre-
dicted using Ogden and linear elastic model for subject C383
than for subject C755.

Other contributing factors are the impact location and
associated impact pulse characteristics: frontal impact for
subject C383 and occipital impact for subject C755.

The results shown in Figs. 5, 6, 7 and 8 indicate that
the deformations within the brain (as measured by displace-
ments of the selected points/NDTs) predicted when applying
Ogden hyperviscoelastic model for modelling of the brain
parenchyma tissues are closer to the experimental results
by Hardy et al. (2001) than when linear viscoelastic model

is used. However, as stated in Materials and Methods, it
has been suggested in some studies (Takhounts et al. 2003)
that more simple neo-Hookean and Mooney–Rivlin models
may be sufficient when predicting the brain responses under
impacts. Therefore, we compared the magnitude envelopes
(defined by the maximum and minimum excursion) of the
predicted excursions of marker NDT #a1 located within the
brain for Ogden, Mooney–Rivlin and neo-Hookean hyper-
viscoelastic models and the linear viscoelastic model, with
the envelopes determined from the experiments by Hardy
et al. (2001) (Fig. 9). The results clearly indicate that the
magnitudes for Ogden hyperviscoelastic model are much
closer to those observed in the experiments by Hardy et al.
(2001) than for linear viscoelastic, Mooney–Rivlin and neo-
Hookean models (Fig. 9).

The results reported in Figs. 5, 6, 7, 8 and 9 were obtained
for the brain tissue shear modulus reported in the experi-
ments by Miller and Chinzei (1997, 2002). Given a large
variation of the brain tissue material properties reported and
used in the literature, the generality of the results obtained
for a single selected set of such properties may not be taken
for granted. Therefore, we varied the brain tissue shear mod-
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Fig. 8 Comparison of the predicted displacement time-history corri-
dors (formedby four approaches for the brain–skull interfacemodelling,
Table 2) ofmarker NDT #a1 in the sagittal plane for the linear viscoelas-
tic (grey corridor) and Ogden hyperviscoelastic model (red corridor)

constitutive models with the experimental results (black solid line) by
Hardy et al. (2001). a Experiment C383-T1; b C383-T2; c C383-T3;
d C755-T2; e C755-T3; f C755-T4. See Table 1 for information about
the experiments by Hardy et al. (2001)

ulus following the data in Table 5. The results indicate that
the NDT #a1 marker excursions (that are a measure of defor-
mations within the brain) decrease when the instantaneous
shear modulus of the grey matter and white matter increases
and that for a given set of the white matter and grey mat-
ter shear modulus, the excursions predicted using the linear
viscoelastic model are appreciably larger than for Ogden

hyperviscoelastic model (Fig. 10). These are intuitive and
anticipated findings. The conclusions from analysis of the
NDT #a1 marker trajectories shown in Fig. 9 are consistent
with those when analysing the excursions. The magnitudes
of the trajectories predicted for the material properties Sets
2, 3 and 4 (with shear modulus order of magnitude greater
than in the base Set 1 derived from the experimental data by
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(a) (b)

(c) (d)

(e) (f)

Fig. 9 Comparison of the magnitude envelopes (formed by four
approaches for the brain–skull interface modelling summarised in
Table 2) of the predicted excursions of NDT #a1 in the sagittal plane
when using four types of the brain tissue constitutive model with the

experimental results (grey bar) by Hardy et al. (2001). a Experiment
C383-T1; b C383-T2; c C383-T3; d C755-T2; e C755-T3; f C755-T4.
See Table 1 for the information about the experiments by Hardy et al.
(2001)

Miller andChinzei (1997, 2002), seeTable 5) are appreciably
smaller than those experimentally obtained by Hardy et al.
(2001). Despite appreciable effects of the brain tissue prop-
erties on the NDT #a1marker trajectory, the results in Fig. 11
are consistent with the observationsmade fromFigs. 5, 6 and
7 when varying the approach for modelling the brain–skull
interface. The predictions obtained using the approach for
modelling the brain–skull interface used in THUMS model
appear to be closer to the experimental data by Hardy et al.
(2001) than the results for the remaining approaches sum-
marised in Table 2.

3.2 Effects on the brain tissue strain and
strain-based brain injury criteria

Comparison of the trajectories, time histories and displace-
ment magnitudes of the selected points within the brain
predicted by the computational biomechanics model and
determined from the experiments by Hardy et al. (2001)
(see Figs. 5, 6, 7, 8 and 9) provides information about
the biofidelity of different approaches for modelling of the
brain–skull interface and selection of constitutive model for
the brain parenchyma tissues. However, from the perspective
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Fig. 10 Comparison of the predicted and observed [in the experiment
C383-T3 byHardy et al. (2001)] excursions of NDT #a1marker located
within the brain when varying the brain–skull interface modelling
approach and brain tissue material properties (for Ogden hypervis-

coelastic and linear viscoelastic constitutive model). Cases 1–1, 1–2,
2–1, 2–2, 3–1, 3–2, 4–1 and 4–2 refer to different approaches for mod-
elling the brain–skull interface as defined in Table 2. The Sets 1, 2, 3
and 4 of materials properties are defined in Table 5

of application in injury analysis and prevention, the effects
on the brain injury risk prediction are even more important.
Analysis of these effects was conducted in two stages:

• Stage 1 As many recently proposed brain injury crite-
ria rely on information about the strain within the brain
(Hernandez et al. 2015;Mao et al. 2006), we analysed the
predicted maximum principal strain and maximum shear
strain within the brain parenchyma. As prediction of the
maximum strain values using models implemented using
finite element method may be affected by localised phe-
nomena/modelling artefacts, following Garlapati et al.
(2014) and Wang et al. (2017), we used quantile plots of
the maximum principal strain and shear strain at the time
when the maximum strain value was observed.

• Stage 2 We analysed the effects of approach for mod-
elling of the brain–skull interface and constitutive model
of the brain parenchyma on the cumulative strain dam-
age measure (CSDM) brain injury criterion. We used the
CSDM as it has been shown to be useful in evaluation
of deformation-related brain impact injury (Bandak et al.
2001). Such injury is consistent with the impact sever-
ity in the experiments by Hardy et al. (2001). CSDM is
defined as the volume fraction of the brain experiencing
strain levels greater than a specified threshold (Bandak
et al. 2001). Following the literature (Bandak et al. 2001;

Marjoux et al. 2008; Takhounts et al. 2008), we used a
threshold of 0.15 and calculated the CSDM for the last
time step of the simulation [i.e. at the end of the corre-
sponding experiment by Hardy et al. (2001)].

Effects on the brain tissue strain Both the magnitude
and distribution of the predicted strain were appreciably
affected when varying the approach for modelling of the
brain–skull interface and the brain parenchyma constitutive
model (Fig. 12). For themaximum shear strain, the effect was
of an order of magnitude (Fig. 12-right) while the predicted
maximumprincipal strain changedbybetween200and500%
when varying the approach for modelling of the brain–skull
interface and brain parenchyma constitutive model (Ogden
hyperviscoelastic and linear viscoelastic) (Fig. 12-left).

Effects on the strain-basedbrain injury criteriaThe results
indicate that the choices of the brain–skull interface and the
constitutive model of the brain parenchyma are both impor-
tant for calculation of the brain injury criteria (Fig. 13). Our
results also show that an injury criterion relying solely on
the maximum strain would lead to very different conclusions
regarding the injury risk than the CSDM criterion that takes
into account not only the strainmagnitude, but also volume of
thematerial subjected to the strain beyond a certain threshold
(see Fig. 14; compare Figs. 12, 13).
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Fig. 11 Comparison of the predicted and observed [in the exper-
iment C383-T3 by Hardy et al. (2001)] trajectories of NDT #a1
marker located within the brain when varying the brain–skull interface
modelling approach and brain tissue material properties (for Ogden
hyperviscoelastic and linear viscoelastic constitutive models). a Ogden
hyperviscoelastic model for the brain tissue with Set 1 of the mate-
rial properties; b linear viscoelastic model of the brain tissue with Set
1 of the material properties; c Ogden hyperviscoelastic model of the
brain tissue with Set 2 of the material properties; d Linear viscoelastic

model of the brain tissue with Set 2 of the material properties; e Ogden
hyperviscoelastic model of the brain tissue with Set 3 of the material
properties; f linear viscoelastic model of the brain tissue with Set 2 of
the material properties; g Ogden hyperviscoelastic model of the brain
tissue with Set 4 of the material properties; h Linear viscoelastic model
of the brain tissue with Set 4 of the material properties. Cases 1–1, 1–2,
2–1, 2–2, 3–1, 3–2, 4–1 and 4–2 refer to different approaches for mod-
elling the brain–skull interface as defined in Table 2. The Sets 1, 2, 3
and 4 of material properties are defined in Table 5
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Fig. 12 Quantile plots of principal (left) and shear (right) strain
(Almansi) when varying brain–skull interface modelling approach and
constitutive model for the brain parenchyma tissue when modelling the
experiments by Hardy et al. (2001). a Experiment C383-T1; b C383-
T2; c C383-T3; d C755-T2; e C755-T3; f C755-T4. Cases 1–1 and
1–2: original approach used in THUMS Version 4.0 model with direct
representation of the CSF and brain meninges; Cases 2–1 and 2–2:

brain rigidly attached to the skull; Cases 3–1 and 3–2: frictionless slid-
ing contact between the brain and skull; Cases 4–1 and 4–2: brain–skull
interfacemodelled using a layer of spring-type cohesive elements.Cases
1–1, 2–1, 3–1 and 4–1: Ogden hyperviscoelastic model for the brain
parenchyma tissue; Cases 1–1, 2–1, 3–1 and 4–1: linear viscoelastic
model for the brain parenchyma tissue. Description of the experiments
by Hardy et al. (2001) is in Table 1. The simulation matrix is in Table 2
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Fig. 12 continued

4 Discussion

4.1 Effects of modelling choice for the brain–skull
interface

Our study indicates that the kinematics of the selected points
(Figs. 6, 7 and 8) and strain (Fig. 12) within the brain
predicted using a computational biomechanics model are
appreciably affected by the approach for modelling of the
brain–skull interface employed in the model. This result is
consistent with the studies by Kleiven and Hardy (2002),
Wittek and Omori (2003) and Wang et al. (2017).

The approach for the brain–skull interface modelling
taken from THUMS model, that includes direct representa-
tion of the subarachnoidal space with CSF, appears to result
in the smallest differences with the experimental results by
Hardy et al. (2001), with the excursions of the selected points
within the brain close to those reported byHardy et al. (2001)
(Figs. 7, 9 and Table 6). This approach allows for relative
movement between the brain and skull, while preventing sep-
aration/detachment between them (Fig. 15a) and is consistent
with the anatomical structure of brain–skull interface accord-
ing to Haines et al. (1993). The approach using cohesive
elements (that can be regarded as a three-dimensional spring
anddamper,with three stiffness and three damping constants)
also allows for such movement and prevents the brain–skull
separation/detachment (Fig. 15d). We derived the stiffness
of the cohesive elements from the study by Mazumder et al.
(2013) conducted under loads compatible with neurosurgery

in direction tangential to the skull. Consequently, the results
by Mazumder et al. (2013) contain very limited information
about the brain–skull interface stiffness in direction normal
to the skull, which limits the biofidelity of our approach
for modelling the brain–skull interface using cohesive ele-
ments.

For some experiments by Hardy et al. (2001), the pre-
dictions obtained using the approach with the brain rigidly
attached/tied to the skull resulted in marginally better agree-
ment (given up to 0.46 mm standard deviation when deter-
mining the brain deformation in these experiments) with
the experimental data by Hardy et al. (2001) than the
approach with direct representation of the CSF (Table 6,
Fig. 7a, e). However, as the approach using the brain
rigidly attached/tied to the skull is not supported by the
brain–skull interface anatomy (Fig. 1) and, in particular,
allows no relative movement between the brain and skull
(Fig. 15b), any recommendations regarding application of
this approach in prediction of brain deformations and risk
of brain injury should be made very carefully and require
further studies.

Frictionless contact between the brain and skull (that
allows for unconstrained movement between the brain and
skull in direction tangential to the skull and complete sep-
aration between the brain and skull) (Fig. 15c) resulted in
large discrepancies between the predictions and experiments
by Hardy et al. (2001) (Figs. 7, 8 and 9).
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Fig. 13 Comparison of
calculated CSDM in the
experiments by Hardy et al.
(2001) when varying the
brain–skull interface modelling
approach and brain parenchyma
constitutive model. a Ogden
hyperviscoelastic model of the
brain parenchyma; b linear
viscoelastic model of the brain
parenchyma. Cases 1–1 and
1–2: original approach used in
THUMS Version 4.0 model with
direct representation of the CSF
and brain meninges; Cases 2–1
and 2–2: brain rigidly attached
to the skull; Cases 3–1 and 3–2:
frictionless sliding contact
between the brain and skull;
Cases 4–1 and 4–2: brain–skull
interface modelled using a layer
of spring-type cohesive
elements. Cases 1–1, 2–1, 3–1
and 4–1: Ogden
hyperviscoelastic model for the
brain parenchyma; Cases 1–1,
2–1, 3–1 and 4–1: linear
viscoelastic model for the brain
parenchyma. Description of the
experiments by Hardy et
al. (2001) is in Table 1. The
simulation matrix is in Table 2

(a)

(b)

0

10

20

30

40

50

60

70

80

90

100

C383-T1 C383-T2 C383-T3 C755-T2 C755-T3 C755-T4

C
S

D
M

0.
15

 (%
)

Case 1-1 Case 2-1 Case 3-1 Case 4-1

0

10

20

30

40

50

60

70

80

90

C383-T1 C383-T2 C383-T3 C755-T2 C755-T3 C755-T4

C
S

D
M

0.
15

 (%
)

Case 1-2 Case 2-2 Case 3-2 Case 4-2

0
10
20
30
40
50
60
70
80
90

100

Linear
viscoelastic

Neo-Hookean
hyperelastic

Mooney-Rivlin
hyperelastic

Ogden hyper-
viscoelastic

C
SD

M
0.

15
 (%

)

0.0

0.3

0.6

0.9

1.2

1.5

Linear
viscoelastic

Neo-Hookean
hyperelastic

Mooney-Rivlin
hyperelastic

Ogden hyper-
viscoelastic

M
ax

im
um

 P
rin

ci
pa

l S
tra

in

(a) (b)

Fig. 14 Comparison of CSDM (a) and maximum principal strain
(b) brain injury criteria predicted using THUMS Version 4.0 model
when modelling the experiment C383-T1 by Hardy et al. (2001) using
Ogden hyperviscoelastic model, Mooney–Rivlin hyperelastic model,

neo-Hookean hyperelastic model and linear viscoelastic model for the
parenchyma tissue. Brain–skull interface from original THUMS 4.0
model with direct representation of the CSF and brain meninges was
used (see Fig. 2)

4.2 Effects of constitutive model of the brain tissue

Our study indicates that application of Ogden hypervis-
coelastic model to represent the constitutive behaviour of
grey matter and white matter leads to much better agreement
with the experimental results by Hardy et al. (2001) than

the Mooney–Rivlin hyperelastic, neo-Hookean hyperelastic,
and, in particular, linear viscoelastic models. The linear vis-
coelastic model tends to appreciably overestimate the brain
deformations as determined from the motion of the selected
points within the brain (Figs. 8, 9). This can be explained
by the fact that for the Ogden model, we used the mate-
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(a) (b)  (c) (d)

Fig. 15 Schematic representation of predicted brain deformations and
relative motion between the brain and skull for different approaches
for the brain–skull interface modelling. a Original approach used in
THUMS Version 4.0 model with direct representation of the CSF and

brainmeninges (Fig. 1d); b brain rigidly attached to the skull; c friction-
less sliding contact between the brain and skull; d brain–skull interface
modelled using a layer of spring-type cohesive elements

rial coefficient α = −4.7 (a value taken from Miller and
Chinzei 2002, see Eq. 1) which leads to strongly nonlin-
ear stress–strain relationship and significant increase of the
tissue stiffness (in compression) at large strain. For the neo-
Hookean constitutive model, the material coefficient α = 2
and the nonlinearity of the stress–strain relationship is less
pronounced than for the Ogden model. This explanation is
consistent with the fact that appreciably larger strain within
the brain tissue was predicted for linear viscoelastic and neo-
Hookean constitutive model of the brain tissue than for the
Ogdenmodel (Fig. 12), and the differences between the strain
predicted using Ogden model and the remaining constitutive
models used in this study increased with the impact severity
(Fig. 12a-right, b-right, c-right and Table 1).

From the perspective of injury analysis and prevention,
the effects on the brain injury criteria rather than on the brain
deformations and strain induced by violent impact are more
important. Therefore, we analysed the effects of the consti-
tutive model of the brain parenchyma on cumulative strain
damage measure (CSDM) and maximum principal strain
(MPS) strain-based injury criteria.Appreciably lowerCSDM
and MPS were obtained for Ogden hyperviscoelastic model
than for neo-Hookean hyperelastic and linear viscoelastic
constitutive models (Fig. 14).

4.3 Effects of constitutive properties of the brain
tissue

Although varying the constitutive properties (shearmodulus)
of the brain tissue exerted appreciable effects on the predicted
deformations within the brain (as measured by the excur-
sions and trajectories of the selected points locatedwithin the
brain), the results are intuitive and anticipated. The deforma-
tions decreased when the shear modulus of the grey matter
and white matter increased (Figs. 10, 11). This finding does
not affect the conclusions regarding the approach for mod-

elling the brain–skull interface. For all values of the grey
matter and white matter shear modulus used in this study,
the results obtained using the approach for modelling the
brain–skull interface from the THUMS model appear to be
closer to the experimental data by Hardy et al. (2001) than
the predictions made using the remaining approaches sum-
marised in Table 2. The results presented in Fig. 10 raise
the possibility of increasing the shear modulus of linear vis-
coelastic model, from 800 Pa based on the experiments by
Miller and Chinzei (1997, 2002), so that the predicted brain
deformations are as close to the experimental data by Hardy
et al. (2001) as when using Ogden hyperviscoelastic model.
However, such calibration would imply that the validation
comparison is calibrated to the validation data. Therefore,
we have not attempted to calibrate the material properties to
the brain deformations measured by Hardy et al. (2001).

4.4 Limitations

The limitations of the methods used in this paper stem from a
number of sources. The primary limitation lays in the exper-
imental results of Hardy et al. (2001) and Hardy (2007) we
used for comparison with our numerical studies. One of the
key limitations of Hardy’s experiments using PMHSs is that
they do not provide injury responses. Consequently, although
we also investigated the effects on prediction of brain injury
using strain-based injury criteria (cumulative strain damage
measure, maximum principal strain, and maximum shear
strain), no experimental data to evaluate these predictions
are available. Therefore, in this study, we do not formulate
any conclusions regarding biofidelity of different brain injury
criteria. Nevertheless, in our opinion, Hardy’s experiments
provide the best data currently available and our choice of
using these data for comparisons is justified.

Another limitation of this study is the use of generic head
geometry rather than subject-specific one. Unfortunately,
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Hardy et al. (2001) and Hardy (2007) have not collectedMRI
and CT images of their experimental subjects, and there-
fore, exact geometries of the heads and brains in used in
their experiments are unknown. As methods for constructing
subject-specific models rely on such images (Wittek et al.
2016), we could not quantify the effects of subject-specific
geometry in this study.

Another limitation of our study, common to practically all
published work in brain injury biomechanics, is an exclusion
of fluid-structure interaction in the model.

One also needs to remember the inherent difficulties with
conducting very comprehensive computer simulations with
the finite element method, including possible, but difficult to
quantify, effects of hourglass control mechanism.

5 Conclusions

(1) When applying computational biomechanics models to
predict deformations within the brain due to violent
impact in sagittal plane, the results are strongly affected
by both the modelling choice for the brain–skull inter-
face and constitutive model of the brain parenchyma.
Our quantitative analysis here indicates that the pre-
dicted deformations may be more sensitive to changing
the brain tissue constitutive model from Ogden hyper-
viscoelastic to linear viscoelastic than to varying the
approach for modelling of the brain–skull interface
between two extreme choices: the brain outer surface
rigidly attached to the skull and frictionless contact
between the brain and skull. However, the current study
clearly shows that focusing either on the constitutive
model of the brain tissue or modelling of the condi-
tions brain–skull interface (that determines boundary
conditions for the brain) alone does not guarantee accu-
rate prediction of the brain responses under violent
impact. Although this conclusion is consistent with the
commonly accepted guidelines regarding formulation
of computational biomechanics models (Bathe 2006),
investigation of boundary conditions attractedmuch less
attention of the biomechanics research community than
constitutive behaviour of soft tissues (Agrawal et al.
2015).

(2) For the four approaches for modelling the brain–skull
interface analysed here (subarachnoidal space and cere-
brospinal fluid directly represented in the model, brain
outer surface rigidly attached to the skull, frictionless
contact between the brain and skull, brain–skull inter-
face represented using a layer of cohesive elements),
the one with direct representation of the subarachnoidal
space and cerebrospinal fluid (approach originally used
in THUMS Version 4.0 model) appears to result in bet-
ter agreement between the modelling predictions and

experimental results by Hardy et al. (2001) than the
remaining approaches. Thismay not necessarily indicate
inadequacy of the approach using cohesive elements, but
underscores the gap in the knowledge of the mechanical
properties of the brain–skull interface.

(3) Prediction of deformations within the brain due to vio-
lent impact using computational biomechanics models
requires accurate representation of nonlinear stress–
strain relationship of the brain tissue. The current study
suggests that such prediction can be achieved using
Ogden hyperviscoelastic constitutive model. It also
indicates that application of linear viscoelastic model
may lead to overestimation of deformations within the
brain and, consequently, overestimation of injury risk if
strain-based injury criteria are used. To the best of our
knowledge, such observations and suggestions regard-
ing the brain tissue constitutive model have not been
previously made.
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