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Abstract

Infant skull fractures are common in both accidental and abusive head trauma, but identifying the cause of injury may be
challenging without adequate evidence. To better understand the mechanics of infant skull fracture and identify environmental
variables that lead to certain skull fracture patterns, we developed an innovative computational framework that utilizes linear
elastic fracture mechanics theory to predict skull fracture as a first step to study this problem. The finite element method and
adaptive-remeshing technique were employed to simulate high-fidelity, geometrically explicit crack propagation in an infant
skull following impact. In the framework, three modes of stress intensity factors are calculated by means of the M-integral
using the commercial analysis code, FRANC3D, and are used as measures of crack driving force. The anisotropy of infant
skulls is represented by means of a transversely isotropic constitutive model and a direction-dependent fracture-toughness
locus. The ability of the framework to predict impact-induced fracture patterns is validated by comparison with experimen-

tally observed fracture patterns from the literature.

Keywords Computational fracture mechanics - Infant skull fracture - Crack growth - Linear elastic fracture mechanics

1 Introduction

In 2017, approximately 3.5 million children in the USA were
victims of child maltreatment and abuse (USDHHS 2019).
Under current Department of Justice guidelines, an impor-
tant indicator of physical abuse is the inability of the care-
taker to provide a history that corresponds to the observed
injuries of the child (Farley et al. 2002). When no history
of trauma is presented, identifying discrepancies to injuries
may be straightforward. However, when a history of a fall
is provided, distinguishing between abusive and accidental
trauma proves to be challenging, especially if the injuries
are limited to skull fracture and underlying head trauma.
Skull fractures are common in both accidental and abusive
head trauma (Leventhal et al. 1993), but very little is known
about the mechanics of skull fractures from accidental falls
in infants. The ability to objectively identify the cause of
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skull fracture and understand the sensitivity of skull fracture
patterns to impact conditions (i.e., direction, height, surface
conditions) can substantially improve the accurate detection
of child abuse.

Previous experimental research efforts have focused on
exploring the impact response of the infant head and the
connections between types of loading and the resulting skull
fracture patterns (Weber 1984, 1985; Loyd 2011). In these
three studies, cadavers were dropped from various heights
onto various surfaces. Unfortunately, detailed quantitative
descriptions of the impact conditions are lacking in many of
the studies. In the most recent study, Loyd (2011) studied the
force and acceleration curves from infant cadaver head drop
experiments and reported skull fracture patterns. Compared
to the work by Weber (1984, 1985), Loyd (2011) provided
more information on the head orientation prior to each drop,
but the exact impact location and impact angle were not
measured. These limitations make computational modeling
challenging, but the studies still provide valuable data to
qualitatively validate skull fracture predictions.

Realizing the lack of sufficient human specimens to per-
form comprehensive tests, researchers have explored pedi-
atric head injury from a computational perspective. Finite
element (FE) models have been constructed from computed
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tomography (CT) scans and used to simulate the stress and
strain response of the human infant skull during impact (Li
et al. 2013, 2015). Comparing the stress/strain fields from FE
simulations and the observed fracture patterns, researchers
have formulated crack-initiation criteria that identify poten-
tial initiation sites for cracks (Coats et al. 2007; Coats 2007,
Roth et al. 2008; Hajiaghamemar et al. 2018). These stud-
ies use high-strain-rate material property data from infant
skull specimens (Coats and Margulies 2006), but none of the
above-mentioned works explore how cracks propagate under
the given loads. More recent studies investigated crack prop-
agation in infant skulls using an element deletion method
(Zhang et al. 2001; Lee et al. 2009; Sahoo et al. 2013;
Asgharpour et al. 2014). Element deletion is a commonly
used method because it requires minimal modification to the
standard FE procedure. In this method, a damage variable is
calculated based on a damage criterion, and stress is scaled
down based on this damage variable. When an element fails,
its stress is reduced to zero. By sequential failure of ele-
ments, a “crack” can be formed and propagated. Because
elements of the mesh are deleted, the final fracture patterns
depend on the initial mesh. Furthermore, no crack geom-
etry is included in this method; therefore, the singular stress/
strain fields near the crack tip that dictate the crack path are
not captured. In other words, the deletion of elements simply
leads to the appearance of a fracture surface, but fracture is
technically not simulated. Other computational methods like
the extended finite element method (Song et al. 2006) and
adaptive remeshing (Davis et al. 2014) have been used to
study crack propagation in complex geometries. However,
the application of such methods has been mostly focused on
analyzing engineering components and structures, not bio-
logical structures. The area of studying crack propagation on
biomaterials using well-established computational fracture
mechanics methods remains largely unexplored.

The objective of this work was to develop a sophisticated
computational framework that can assist in the differen-
tial diagnosis between accidental and abusive head trauma
by enabling high-fidelity simulation of crack propagation
in infant skulls using principles of linear elastic fracture
mechanics (LEFM). To achieve this objective, we selected
an adaptive-remeshing technique to predict crack propaga-
tion. In this method, the crack face is first represented as
a virtual boundary in the geometry. Every time the crack
propagates, the mesh is updated and the element edges and
faces are forced to conform to this virtual boundary. In this
way, the crack face is represented explicitly in the resulting
mesh by element edges and faces. To capture the high-gra-
dient stress field, quarter-point elements can be used, which
produce the desired singularity in the element shape func-
tions (Shih et al. 1976; Lynn and Ingraffea 1978). Various
examples of adaptive remeshing can be found in the litera-
ture (Wawrzynek et al. 2010; Chin 2011; Spear et al. 2011;
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Davis et al. 2014). The largest disadvantage of this method
is the constant need to remesh. However, adaptive remeshing
is more appropriate when dealing with crack-face contact
(Corbani et al. 2018) as well as crack closure (Nguyen et al.
2001). In addition, because quarter-point elements are used
near the crack tip, a relatively coarse mesh can still pro-
vide an accurate characterization of the stress field. Finally,
among all of the available FE-based approaches, adaptive
remeshing can conform to complex, three-dimensional crack
surfaces as predicted by fracture mechanics, thus resulting
in minimal mesh dependency. Once developed, this novel
computational framework will be invaluable to the investiga-
tion of skull fracture patterns in infants from accidental and
abusive head trauma.

2 Framework development
2.1 Overview of framework

The overarching goal of this framework is to simulate crack
propagation in an infant skull FE model. To do so, we start
by inspecting the stress/strain distribution throughout an
uncracked model during a simulated impact event to identify
potential locations of crack initiation, similar to our previous
work (Coats et al. 2007; Hajiaghamemar et al. 2018). Once
the location of crack initiation is determined, we identify
the preferred crack orientation by comparing stress inten-
sity factors (SIFs) for cracks inserted at the same location
but with different orientations. When both the location and
orientation are determined, we employ the commercial soft-
ware FRANC3D (Wawrzynek et al. 2010) to insert the initial
crack. We discretize the crack-growth process into crack-
growth time steps. In each time step, SIFs are computed
and used to determine whether the crack will propagate, and
if so, in what direction. Every time a crack is propagated,
crack stability is checked, and the crack is propagated in the
same time step if it is unstable. A high-level flowchart of the
simulation framework is provided in Fig. 1. The following
subsections describe each step in detail.

2.2 Model definitions

An impact case is uniquely defined by the skull geometry,
material properties, impact direction, and impact height. The
skull FE model used in this work is adopted from the work
by Coats et al. (2007). The material properties used in the
model are presented in Table 1, and are adopted from works
by Metcalf et al. (2019), Coats and Margulies (2006) and
Peterson and Dechow (2002).

To account for the trabecular fibers growing outward
from the ossification centers of the infant skull (Cunning-
ham et al. 2016), three cylindrical coordinate systems were
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Fig. 1 Adaptive-remeshing framework for simulating crack growth during an explicit dynamic simulation

Table 1 Material properties of the infant skull FE model in this work

Region E,(MPa) E,(MPa) E;(MPa) v, V3
Parietal 4677 453 453 0.28  0.465
Occipital 4022 300 300 0.28  0.465
Rest of skull 407 407 407 0.19  0.19
Suture 8.1 8.1 8.1 0.49 0.49

established to define the local material orientation on the
left parietal bone, right parietal bone, and occipital bone,
respectively. The origin of each coordinate system is located
at the ossification center of each cranial bone. An example
of the cylindrical coordinate system is depicted in Fig. 2
on the right parietal bone of the FE model. The moduli, £,
E,, and Ej, are along the principal material axes, e, e,, and
e5, where e and e, are aligned with radial and tangential
directions, respectively, and e; is orthogonal to e, and e,.
Because this work only focuses on crack propagation in the
parietal and occipital regions of the skull, only those regions
were assigned anisotropic material properties. The rest of the
skull was considered to be isotropic.

The direction of impact is defined as a vector, using a
spherical coordinate system centered at the skull’s center
of mass. Figure 3 illustrates this coordinate system. The
azimuthal angle, ¢, and the polar angle, 8, are provided
by the user, which together define a unit direction vector.

Fig.2 Cylindrical coordinate system for definition of material orien-
tation

The impact velocity vector is parallel to the impact direc-
tion vector. A rigid plate (the impact surface) in the model
is then translated and rotated such that it is perpendicu-
lar to the velocity vector (i.e., creates a normal impact).
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Fig. 3 Definition of the impact direction vector (black arrow) using
two angles (¢ and ) in the local coordinate system

The magnitude of the initial velocity immediately before
impact is calculated from impact height H using:

Vi

initial —

2¢H, (1

where g is the local gravitational acceleration.

The Cartesian components of velocity in the Abaqus
global coordinate system are computed from the components
of the impact direction vector. After all impact parameters
are determined, an Abaqus input file is generated. Using this
input file, a dynamic simulation of the uncracked model is
conducted to extract stress/strain response.

2.3 Initial crack insertion

Based on the criterion proposed by Hajiaghamemar et al.
(2018), a crack on the infant skull tends to initiate in the
location where the maximum principal stress first exceeds 25
MPa, with a 50% probability. In this work, we adopted the
same criterion. The framework inserts a crack at the location
where the average maximum principal stress of an element
first exceeds 25 MPa. The time instance where the criterion
is first exceeded is denoted as ;-

In this framework, we assume that any initial crack will
be oriented such that the equivalent stress intensity factor
(Kgg) is maximized. The equivalent stress intensity factor
is defined as:

— /K2 2 2
Kgq = /K[ + K}, + Ky, 2)

where K|, K;; and Kj;; denote the Mode I, II and III stress
intensity factors, respectively.

To determine the initial crack orientation, a single
through-thickness crack of length 2 mm is inserted in the
model at five different orientations (+60°, +30° and 0°) in
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Fig.4 a Example maximum principal stress distribution on the right
parietal bone with the crack-initiation site identified (box). The rest of
the skull is hidden for visualization. b Five candidate crack orienta-
tions, depicted simultaneously for visualization

five independent simulations. An initial crack length of 2
mm is chosen to match the resolution of clinical CT scanners
commonly used to identify fractures in bones (Vannier et al.
1984; Jacobsen et al. 2009; Grassberger et al. 2011). Dis-
placements, stresses, and crack-face contact forces at time
t = tiiq are extracted to compute all three modes of SIFs for
each crack orientation. The orientation that yields the high-
est average Kg, value along the crack front is considered to
be the mechanically preferred orientation of the initial crack.
Figure 4 depicts the process of identifying the location of
initial crack and the orientations of candidate cracks consid-
ered in the framework. Even though Fig. 4 only shows one
initiation site, multiple initiation sites at different locations
are possible, provided they meet the initiation criterion. The
same procedure is applied to each initiation site to determine
its preferred orientation.

2.4 Calculation of stress intensity factors

In this work, continuous crack growth during impact is
approximated by discrete time steps, each of duration 0.1
ms. In time step i, the duration of the impact simulation is
tourrent = Binitial T 1i0 ms. SIFs are calculated in each time step
for all crack fronts as the crack-growth driving force.

In FRANC3D, the M-integral is the most accurate method
for extracting SIFs (Fracture Analysis Consultants 2018),

which utilizes a general anisotropic formulation developed
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(a)

Fig.5 Partition process on a C3D15, b C3D20 (nodes shown with
red dots) Note that all nodes are retained before and after partition

Table 2 Comparison of averaged SIFs from two methods

Mode  Quadratic template Partitioned linear ele- Percent
elements (MPay/mm) ments (MPay/mm) difference
(%)
K, 10.2 11.0 7.84
Ky -19.0 —20.2 6.32
K -73 -7.1 —-2.74

by Warzynek et al. (2005) based on the near-crack stress/
strain fields derived by Hoenig (1982). However, structured,
quadratic template elements (e.g., quadratic wedge, C3D15,
and quadratic hexahedron, C3D20) are needed on the crack
front to allow for calculation of M-integral in the FRANC3D
implementation (v.7.1.1). The above-mentioned element
types are not supported in the Abaqus/Explicit (v.6.16) ele-
ment library. To allow for calculation of the M-integral in
explicit simulations, an in-house code was built into the
framework to modify the mesh prior to the analysis. In this
step, each unsupported element is partitioned into multiple
linear tetrahedral elements (i.e., C3D4) while preserving all
nodes of the original quadratic element. Figure 5 illustrates
this partition process on two element types. The effect of
partitioning on the accuracy of SIFs was assessed by a case
study, the results of which are presented in Table 2. Parti-
tioning inevitably introduces some error, due to the reduc-
tion in element quality and loss of quadratic shape functions.
The maximum error induced by partitioning was 7.84%,

with a mean error of 3.81%, which was considered accept-
able for our framework.

Once the partition process is completed, Abaqus/Explicit
is used to analyze the modified mesh. FRANC3D leverages
displacements and contact forces on the crack-front template
nodes to compute SIFs.

2.5 Crack propagation

Crack propagation is dictated by a material’s resistance to
crack growth (i.e., the material fracture toughness). In bones,
crack toughening mechanisms (i.e., crack bridging) lead to
an increased fracture toughness with increased crack length
(Nalla et al. 2005; Zimmermann et al. 2010). Such behav-
ior is modeled by an increasing R curve. In the absence of
experimental data for human infant cranial bone, the R curve
is assumed to take an exponential form. This hypothetical
relation is given in Eq. 3:

Ki(a) = Ki (2 — 700, 3

where K. o and a denote the initial Mode I fracture tough-
ness and the crack length, respectively.

In human cortical bones, crack-growth resistance depends
not only on crack length, but also on collagen fiber direction
(Nalla et al. 2005; Koester et al. 2008). Because the infant
skull contains trabecular fibers that radiate outward from
the ossification center, it is reasonable to assume that skull
fracture toughness also depends on fiber direction. Pettit
(2000) proposed the following empirical relationship that
relates fracture toughness in any arbitrary direction to the
two principal fracture-toughness values:

Ki.(B) = K cos” B + Ky, sin” B, @)

where f is the angle between an infinitesimal crack extension
and local fiber direction. Kj . and K| | denote the Mode I
fracture toughness parallel and perpendicular to fiber direc-
tion, respectively.

For convenience, let:

= A 3)

In the proof-of-concept simulations presented in Sect. 3, A
is assumed to be 10 in all simulations. This value is compa-
rable to that observed in human cortical bone specimens by
Koester et al. (2008).

Combining Eqs. (3)—(5), we have an expression of the
evolution of fracture toughness, or, the R curve:

Ki(B.a) = Ki.j0(2 — €7 (cos® f + Asin p). (©6)

From data reported by Bojtar et al. (1994), Mode I frac-
ture toughness of human adult skull is approximately
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23.7 + 6.99 MPa+y/mm. It is reasonable to assume that infant
skulls have lower strength than adult ones. Due to the lack
of experimental data on infant skulls, Ky | , is assumed to
be 5 MPa y/mm, which is about 21% of that of adult skull.

In this work, the maximum generalized stress crite-
rion (Fracture Analysis Consultants 2018) was adopted
to calculate crack kink angle, which is a combination of
the maximum tangential stress criterion (Erdogan and Sih
1963) and the maximum shear stress criterion. This cri-
terion was chosen because it accounts for both opening-
dominated (Mode I) fracture as well as shear-dominated
(Mode II and III) fracture, both being possible due to the
complex deformation during impact. For an isotropic
material, SIFs of an infinitesimal crack extension at angle
Aa, denoted by k, can be related to SIFs of the main crack
as (Pettit et al. 2013):

2Aa

Aa 3 .
ky(Aa) = cos > <KI cos - EKH sin Aa), @)

ky(Aa) = % cos %(KI sin Aa + Ky (3 cos Aa — 1)), ©))

kyp(Aa) = Ky cos %. 9)
Even though infant skull bones are highly anisotropic,
we assume that the above relationships hold. The maximum
generalized stress criterion predicts that crack kinks at an
angle Aa that maximizes the driving force (either opening or
shearing). The maximum driving force is defined as:

kpax (Aa) = max[k(Aa), k,(Aa)], (10)

where k(Aa) is defined as:

k(Aa) = \/ [eyky(Aa)]? + [esky (Aa)]2. (11)

The coefficients ¢, and c5in Eq. (11) are user-defined weight
factors to tune the contribution of Mode II shearing and
Mode III tearing to better match experimental kink-angle
observations (Fracture Analysis Consultants 2018). In this
work, coefficients ¢, and c; are calculated from the relative
magnitudes of Kj; and Ky:

K
€= —, (12)
Ky + Ky
Ky
c3 13
Ky + Ky (13)

At the onset of crack propagation, LEFM requires that
the local driving force exceeds the local fracture tough-
ness. That is:
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Ki.(B. a), ifk,, (Aa) = k(Aa),
koo (Aa) > (14)

BKe(foa), i kpy(Aa) = k,(Aa).

When driving force is dominated by shear (i.e.,
ki (Aa) = k (Aa)), Erdogan and Sih (1963) proposed in
the maximum tangential stress criterion that Kj;. can be esti-
mated as —3KIC, hence the scaling factor in inequality (14).
The kink angle Aa can now be found by numerically maxi-
mizing Eq. (10) while satisfying inequality (14). When the
kink angle is found, the crack is advanced in this direction
by a uniform amount of 2 mm. Again, this crack extension
is selected to be comparable to the resolution of common
clinical CT scanners. FRANC3D reads the crack propaga-
tion information (viz., new crack front coordinates) and
remeshes the model to reflect the new crack geometry. In
cases when inequality (14) is not satisfied for any admissible
Aa between — 90° and 90°, no crack growth will occur in the
current load step and the same crack geometry is used in the
next analysis step.

2.6 Crack stability

Whenever a crack propagates, crack stability is checked
before moving to the next time increment. To do so, the
newly formed crack is loaded again to the current time incre-
ment, where SIFs are evaluated on the new crack front. If
inequality (14) is again satisfied (i.e., crack is predicted to
propagate without any increase in load), the crack is con-
sidered to be unstable and will be propagated again in the
current time increment. This check process is repeated until
the crack stops growing in the current time increment. Then,
the analysis proceeds to the next time increment where steps
described in Sects. 2.4 through 2.6 are repeated until the end
of total impact duration. Crack growth is said to be complete
either when the end of the total impact duration is reached
or when the crack extends across the entire parietal bone of
the skull.

2.7 Proof-of-concept simulations

To evaluate the predictability of the framework, three
proof-of-concept simulations were performed. In the first
proof-of-concept simulation, we simulated a 14.7 cm drop
test of a 5-month-old infant head specimen (Case P12M)
as described by Loyd (2011). No information on impact
angles was provided. To obtain an estimate of the impact
conditions, we first identified a potential crack-initiation
site based on the experimentally observed fracture pat-
tern provided in the study. Then, through trial and error,
we found the impact parameter set that would lead to
crack initiation at the estimated location, using our crack-
initiation criterion. Using this method, we found that
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parameter set [¢p = 30°,0 = 0°, H = 14.7 cm] gives a rea-
sonable crack-initiation location. The mass of the model
was scaled uniformly to match that reported by Loyd.

In the second and third proof-of-concept simulations, we
simulated two 82 cm drop experiments reported by Weber
(1984) involving 2.3-month-old (case A1) and 4-month-
old (case A3) infant whole-body specimens, respectively.
The mass of the model was scaled to match that reported
in each experiment. Similar to Loyd, no impact angle
data were provided. We used the same method outlined
above to identify potential crack-initiation sites, and found
that parameter sets [¢ = 8°,0 = 107°,H = 82cm] and
[¢ =—40°,0 = —50°, H = 82 cm] gave reasonable initia-
tion locations for cases Al and A3, respectively, based on
the hand-drawn fracture patterns provided in the study.

3 Results
3.1 Comparison with Loyd 2011 data

For the first simulation, at an impact height of 14.7 cm,
the maximum principal stress did not exceed our threshold
of 25 MPa. Because fracture was observed in the experi-
ment, we lowered our stress threshold to 12 MPa for this
simulation, which is approximately the 15th percentile of
the parietal ultimate stress distribution, according to data
reported by Coats (2007). Given the natural variability
in the pediatric skull and other factors that could affect
fracture initiation (i.e., cadaver handling, freeze/thaw-
ing, etc), we consider this decrease to be realistic. This
threshold was first exceeded at¢# = 0.0026 s on the anterior
edge of the right parietal bone. Starting from this time
increment, a total of 60 time steps were simulated using
the simulation framework described in Fig. 1. The crack
grew 17 times, reaching a final crack length of approxi-
mately 37 mm (measured by tracing each crack increment
along the mesh outer surface). The crack extended nomi-
nally along the direction of trabecular fibers and eventu-
ally arrested near the ossification center. The overall kink
angle, as measured from the end of the crack to the coronal
suture line, is 82.6°. Loyd observed a similar linear frac-
ture nominally along the fiber direction with a reported
length of 40 mm and overall kink angle of about 83.18°
(measured by our group from the projection drawing).
The comparison between the simulated result and Loyd’s
experimental result is presented in Fig. 6. The figure from
Loyd’s paper is modified to only show the right parietal
bone region. The simulated result shows good agreement
with the experiment in terms of both crack length and
nominal crack angle.

(C))

& Coronal Suture

Ossification center

Coronal
suture

Fig.6 Comparison with Loyd’s experiment, a observed crack from
experiment [Adapted by permission from Loyd (2011)]. The crack is
mostly linear with a tip-to-tail length of 40 mm, b simulated result
using the computational framework. The simulated crack has a tip-to-
tail length of 35.4 mm and actual crack length of 37.0 mm

3.2 Comparison with Weber 1984 data

For simulation of case Al, a crack was predicted to initi-
ate near the ossification center of the right parietal bone. It
curved slightly upward and continued to extend nominally
along the direction of the trabecular fibers toward the pos-
terior edge of the right parietal bone. In Weber’s study, the
crack curved upward as it extended away from the posterior
edge, similar to our simulation prediction, showing an abrupt
kink close to the posterior edge, which is also captured in
the simulation; see Fig. 7a, c. The experimentally observed
crack from Weber covered about 70% of the right parietal
bone length, whereas the simulation prediction covered
about 50% of the right parietal bone length. A small crack
branch was observed in the experiment. The current frame-
work does not allow for the representation of a branched
crack, so it was not captured in the simulation.

For simulation of case A3, two crack-initiation sites were
predicted by the framework. One of the cracks initiated on
the posterior edge of the right parietal bone, and the other
initiated near the ossification center. The two cracks came
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(@ \ (b)

2,3Mon 4 Mon Q

698 cm

5140 g 6250 g

Fig.7 Weber (1984) experimental results (adapted by permission
from Springer Nature: Springer, Zeitschrift fur Rechtsmedizin) and
simulated results. a, b Weber’s cadaver experimental fracture patterns
from a 82 cm drop of a case Al, a 2.3-month-old infant, b case A3,
a 4-month-old infant onto concrete. ¢, d Associated fracture patterns
predicted from the computational framework. Crack-initiation sites of
the simulations are marked with red dots. In ¢, the framework pre-
dicted a shorter crack length as compared to a, but the general trend
is in agreement. In d, the framework predicted two separate cracks,
which is in agreement with the Weber drawings in b. However, the
anterior crack terminated in the inferior region of the bone rather than
crossing over the coronal suture

close to coalescing but were manually arrested because
coalesced cracks are not possible to mesh in the current
framework. The two cracks remain nominally parallel to
the superior edge of the right parietal bone until the center
crack approached the anterior edge of the right parietal bone,
where it extended downward to the anterior inferior corner
of the bone. Two nearly coalescing cracks were observed
in the experimental drawing as well; see Fig. 7b, d. How-
ever, in Weber’s study, the posterior side of the center crack
first kinked upward then turned flat before branching, which
is not captured in the simulation. The anterior side of the
center crack continued to extend in a direction parallel to
the superior edge of the right parietal bone and extended to
the coronal suture. A small crack branch was observed for
the center crack. Neither the extension into the frontal bone
nor the crack branching was captured in the simulation, as
those features are not currently supported.

4 Discussion
In this work, we developed the first computational frame-

work for predicting infant skull fracture based on linear elas-
tic fracture mechanics using adaptive-remeshing technique.
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Four aspects of this framework deserve further discussion:
(1) framework performance, (2) FE model and constitutive
relations, (3) assumptions made in the framework and (4)
potential applications.

In the three proof-of-concept simulations, the frame-
work predicted similar crack patterns given user-estimated
crack-initiation sites and impact conditions. Crack growth
along trabecular fiber directions is clearly favored. This is
likely a result of the anisotropic fracture-toughness model
employed in the framework. This behavior is in agreement
with the experimental observations. The predicted crack
lengths show different levels of agreement among the three
simulations. It predicted very similar length for the Loyd’s
case P12M and Weber’s case A3 while under-predicted the
length for Weber’s case Al. For case Al, this under predic-
tion is likely due to the overly high fracture toughness and its
evolution curve (R curve), as well as to the uncertainty in the
exact impact parameters and skull geometry, which were not
reported in the experimental study. The similarity between
simulation and experiment results is expected to improve if
the impact parameters, skull geometries, and material prop-
erties were known and accounted for in the model.

Prior to this work, many researchers explored prediction
of skull fracture via element deletion methods (Raul et al.
2006; Roth et al. 2010; Li et al. 2019). In element deletion
methods, the size and shape of the finite elements dictate
the spatial resolution of the predicted crack pattern. In early
works that used relatively coarse mesh (Raul et al. 2006)
or used hexahedral elements (Roth et al. 2010), unrealis-
tic patchy and disconnected fracture patterns or zig-zagged
fracture patterns were predicted. With the use of a refined
mesh, Li et al. (2019) predicted smooth crack patterns, but
the framework only predicted some of the many crack-ini-
tiation sites and had some deviation from the experimental
crack paths. In addition, the anisotropic fracture properties
of infant skull were not incorporated in any of the previous
element deletion models. The inclusion of fracture-tough-
ness anisotropy in our model allows the model to better cap-
ture crack growth nominally along trabecular fiber direc-
tions, as demonstrated in the proof-of-concept simulations.

It is important to highlight that the implementation of the
current framework is independent of the FE model and mate-
rial properties. This framework can be coupled with a case-
specific FE model and material properties to produce case-
specific predictions, as opposed to using the same model for
different cases. The framework also leaves freedom for the
researcher to tune fracture parameters of the model (e.g.,
mixed-mode weight factors, R curve equation) to better
match experimental observations. Although the maximum
generalized stress criterion is used for calculating kink angle
in the current framework, this choice is somewhat arbitrary.
Some researchers suggest that the maximum tangential stress
criterion better describes experimental results (Nalla et al.
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2005; Hazenberg et al. 2006; Koester et al. 2008), while
others suggest the use of the maximum strain energy release
rate criterion (Zimmermann et al. 2010). However, there is
not a definitive consensus on which one is better. Any of
these kink-angle models can be explored by the user without
loss of generality.

Many assumptions and simplifications were employed
in this framework. We set 2 mm as the length of the ini-
tial crack as well as the uniform extension increment of the
crack front. Further, a crack was assumed to propagate along
a single kink angle and with uniform extension along the
three-dimensional crack front. Neither of these assumptions
occurs in real life, but were necessary simplifications to bal-
ance accuracy, meshability, and computational efficiency.
Non-uniform crack growth with individual kink angles for
all crack front nodes is possible, but is typically applied to
simplified geometries. Creating a complex crack front in an
already complex geometry, all while maintaining a struc-
tured crack-front template mesh (Warzynek et al. 2005),
would be inherently challenging. Increasing complexity in
these features can be explored in future refinements of the
framework. It is also worth noting that the relationships in
Eqgs. (7)—(9) are for isotropic materials. They were assumed
to hold even for the anisotropic skull in this work. It is
unknown whether this is a reasonable assumption. Future
experimental efforts are needed to help elucidate the impli-
cations of this assumption.

Regardless of these assumptions, the three proof-of-con-
cept simulations bore striking similarities to their experi-
mental counterparts. The general paths and lengths of the
fracture patterns were in agreement. Limitations of the
framework prevented finer details such as crack branching,
and we hope to explore solutions for these aspects in the
future. However, in its current state, the framework provides
a reasonable approximation of the primary fracture pattern
and will be extremely useful in parametric simulations
investigating the effects of impact energy and directional-
ity. Further, from the case studies, we determined that the
anisotropic fracture toughness of human infant cranial bone
is critical to accurate predictions of crack patterns. To date,
no one has considered anisotropic fracture-toughness prop-
erties in human cranial bone because adult cortical cranial
bone is fairly isotropic. This highlights the importance of
developing experiments and models specific to infants and
children, rather than simply scaling data and models devel-
oped for adults.

In summary, this new framework provides a tool to study
impact-induced fracture of infant skulls from a computa-
tional perspective. We plan to use this tool to parametrically
evaluate the effects of impact energy, directionality, and
skull geometry on predictions of skull fracture patterns in
infants. These data will be critical to understanding the effect
and sensitivity of environmental variables on predictions of

skull fracture in infants. While the framework is currently
used to predict skull fracture patterns given impact height
and direction, our hope is to use the model to develop cor-
relations between impact inputs and pattern outputs, such
that the inverse approach may be used. Specifically, the
ultimate goal is to simulate real-world infant skull injury
cases given the impact conditions and material properties
to predict whether skull fracture will occur for a case and,
if so, what kinds of fracture can be expected. This can ulti-
mately be used in the criminal justice system to assess—
from a fundamental mechanics-based approach—the cause
of observed fracture in human infant skulls. Furthermore,
while this work focuses on infant skull fracture, the frac-
ture simulation framework is general enough that it could be
applied to adults, upon modifying the geometry and material
properties.

5 Conclusion

This work presents the development, implementation and
validation of an innovative finite-element-based framework
for simulating high-fidelity crack propagation during impact
loading scenarios. The framework utilizes an adaptive-
remeshing technique to create a geometrically explicit repre-
sentation of the crack. Stress intensity factors are calculated
as crack-growth driving force to determine onset of crack
propagation. Kink angles are calculated following principles
of linear elastic fracture mechanics. Fracture-toughness ani-
sotropy of human infant skull is modeled by considering its
dependence on direction and crack length. Crack stability is
also checked each time a crack propagates.

Three proof-of-concept simulations are presented to dem-
onstrate the capability of the current framework. When com-
pared to experiments, the simulated results predict similar
crack lengths and nominal crack-extension directions, which
provide confidence in the capability of the modeling frame-
work. The fracture parameters used in the model need to be
further calibrated with experimental data. Once complete,
this framework can be used to evaluate the effect and sen-
sitivity of environmental variables on predictions of skull
fracture, improve design criteria for pediatric safety equip-
ment, and provide objective data to improve the accurate
detection of child abuse.
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