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ABSTRACT: In many forensic cases, the job of forensic pathologists and anthropologists is to determine whether pediatric death is due to an
abusive act or an accidental fall. The goal of this study was to compare the cranial fracture patterns generated on the parietal bone of a developing,
infant porcine (pig, Sus scrofa) model by a controlled energy head drop onto a plate versus previous data generated by blunt force impact at the
same energy onto the head constrained to a plate. The results showed that blunt force impacts on a head constrained to a rigid plate produces more
fracture, but the same general pattern, as that for a head dropped onto the plate with the same level of impact energy. The study suggests that head
constraint may be an important factor to consider in the evaluation of death causation for blunt force impacts to the pediatric skull.
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Traumatic injury to the head is a leading cause of death in
infant humans (1). Head injuries have been shown to account for
80% of fatal child abuse in young children (2). On the other
hand, children often sustain head trauma from accidental falls
during development of walking motor skills or from child support
devices such as high chairs (3,4). Falls, in fact, are the third lead-
ing cause of death in infants aged 1-4 years (5). Furthermore,
“falls are the most common type of accident in young children as
well as the most common history provided by caretakers sus-
pected of child abuse” (6, p. 321). In many forensic cases, it is
the job of forensic pathologists and forensic anthropologists to
determine whether a pediatric death is due to an abusive act or an
accidental fall. The most commonly fractured cranial bone in
accidental and abuse cases is the parietal (7-9), and the current
literature describes linear, complex, and depressed fractures for
both types of cases (10-12). In several early studies, for example,
it has been suggested that a number of specific characteristics of
cranial fracture, including multiple bone fractures and those that
cross sutures, are more frequent in abuse than in accidental injury
cases. And yet, the results of early hallmark studies by Weber
(13,14), where infant cadavers were dropped occiput-first onto
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different surfaces from 0.8 m, show multiple fractures around the
cranium that often appeared to cross sutures. In simulation studies
of the Weber experiments, using an instrumented anthropomor-
phic dummy, Coats and Margulies (6) estimated the forces that
produce linear fractures on the infant cadaver skull in these
experiments to be in the range of 930-1600 N. The lack of suffi-
cient scientific data from controlled experimental studies in the
literature on cranial fracture mechanics still poses a significant
challenge to medico-legal professionals in correctly diagnosing
skull fracture as being due to abuse or an accidental fall.
Case-based investigations of suspected child abuse (15) and
falls (16) are often used in injury biomechanics studies. Some
investigators use animal models to help understand mechanisms
of injury, such as for cranial (17) and long bone (18) fractures.
A porcine head model has recently been utilized in our labora-
tory to investigate some of the effects of contact interface and
impact energy on cranial fracture patterns as a function of infant
age (1,19). Justification for using this model has been provided
in the previous studies by Baumer et al. (19,20). In the latter
study, the authors also showed that age-related mechanical
properties of the developing infant porcine parietal bone under
bending loads parallel with those from human infant specimens.
The studies of Baumer et al. (19) and Powell et al. (21) have
entrapped the porcine head in a bed of epoxy to help prevent
motion and impacted the parietal bone with deformable or rigid
impact interfaces (Fig. 1). This experimental setting was used as
an experimental method to simulate those forensic cases in
which the head may be constrained, such as when it is impacted
while lying against an asphalt or cement surface (22). In low-
impact energy studies, cranial fractures on this model initiate at
bone—suture boundaries remote from the site of impact at the
center of the parietal bone (19). The study also indicates
relatively more cranial fractures for a given level of impact

© 2013 American Academy of Forensic Sciences
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FIG. 1—Setup of entrapped drop test fixture (21).

energy using a deformable contact interface than a rigid interface
for specimens aged less than approximately 17 days. Baumer
et al. (20) also show higher mechanical stiffness of bone—suture—
bone cranial beam specimens from animals aged 18-21 days
than for those less than 14 days of age. In this younger group,
there is also greater suture stiffness in specimens older than
10 days of age. More recent studies by Powell et al. (21) dem-
onstrate that when the impact energy level is doubled, cranial
fractures often extend across suture boundaries and into adjacent
cranial bones. Chason et al. (23) have also previously impacted
canine heads that were both fixed and free to rotate and show
higher intracranial pressures with increased susceptibility to con-
cussion when the head is fixed. But, the effects of head restraint
on the degree and patterns of cranial fracture are still lacking in
the current literature for either human cadaver specimens or ani-
mal models. In this study, porcine heads were dropped in free
fall with the same impact energy as in Powell et al. (21) to com-
pare the degree and pattern of skull fracture with previous stud-
ies on the constrained head. These data may help provide more
biomechanical information to better understand the role of head
constraint in the patterns of fracture from cranial blunt impacts.
Ultimately, these data may help guide the analysis of case stud-
ies on the human victim, as forensic pathologists and forensic
anthropologists attempt to establish causality in cases of acciden-
tal and abusive pediatric death.

Materials and Methods

A total of 31 porcine specimens were received from a farm
and stored at a temperature of —20°C. All animals died of natu-
ral causes and were frozen within 12 h of death. The specimens
ranged from 2-17 days of age. The specimens were thawed at
room temperature for ~24 h before the tests. Each animal was
inspected for initial head injury by palpating the parietal bone
prior to experimentation.

Each specimen was fastened to a mounting plate using Velcro
straps. A ball and socket clamp was fastened to a mounting plate
and used to orient the parietal bone normal to the impact
interface. The mounting plate was then attached to a hollow
aluminum rod on which a gravity accelerated trolley was
attached (Fig. 2). The trolley could be clamped to the rod at any
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FIG. 2—Schematic of free-fall drop tower.
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FIG. 3—The drop trolley was raised to the necessary drop height and held
with the electromagnetic solenoid clamp (a). The free-fall impact was pro-
duced by disengaging the solenoid clamps (b). The mounting rod was free to
move vertically until the impact force returned to zero.

time by activation of an electromagnetic solenoid, acting as a
catch-and-release mechanism (Fig. 3).

To produce the necessary impact energy, the trolley was
raised to the necessary drop height and held in place by a sec-
ond electromagnetic solenoid (Fig. 3). The solenoid was fas-
tened to a crossbar to adjust the drop height to a maximum of
9 feet. During the experiment, both solenoids disengaged, allow-
ing the trolley and mounting plate with the head to fall freely.
Upon impact, the trolley base struck a soft-padded surface to
dissipate its drop energy. The skull impacted a rigid, aluminum
interface. A load transducer (2.22 kN capacity, model 1010AF-
500; Interface, Scottsdale, AZ) mounted immediately behind the
impact interface recorded the impact force. The skull was
allowed to impact only once using an operational amplifier
comparator circuit to monitor the impact and re-energize the
electromagnetic solenoid to catch the rod immediately after the
impact force returned to zero. The force data were sampled at
10,000 Hz.
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The impact energy levels for various aged specimens in this
study were matched with those energy levels of the previous
experiments by Powell et al. (21). These levels produced cranial
fractures in the constrained head experiments. The height from
which each head was dropped was determined using the expres-
sion

U=mxgxh

where U was the potential impact energy, m was the mass of
each head (cut at the first cervical vertebrae), g was the gravita-
tional acceleration, and /& was the respective drop height needed
to match the input energy levels of Powell et al. (21). In those
experiments, the porcine heads were laid in a bed of room tem-
perature curing epoxy resin (FibreStrand; Martin Senour Corp.,
Cleveland, OH) with the parietal bone oriented perpendicular to
a dropped mass with a rigid impact interface, as described in
detail in Powell et al. (21). Briefly, the impact energies used in
Powell et al. (21) were twice the levels shown to initiate fracture
at each age in this porcine model, as determined in a previous
study by our laboratory (19). The impact interface was a solid
aluminum cylinder with approximately 16 cm?® of surface area.
Impact energy was controlled by varying the drop height of a
1.67-kg mass. The impact mass (trolley) rode on the previously
described guide rod, and it was arrested after a single impact to
the center of the right parietal bone. The impact forces were recorded
with a load transducer (4.45 kN capacity, model AL311CV; Senso-
tec, Columbus, OH) mounted immediately behind the impact
interface.

In this study, each skull was dropped only once with a prede-
termined amount of potential energy. After impact, the scalp and
soft tissues of the skull were carefully removed. Each skull was
visually inspected for fractures that were then documented with
photographs. The periosteum and remaining soft tissues were
then removed. The skulls were then processed using standard
anthropological procedures to remove all remaining soft tissue.
The remains were then allowed to air-dry. The length of all skull
fractures was measured to the nearest millimeter using a soft,
flexible measuring tape that contoured to the curvature of the
skull. Complete fracture diagrams were manually constructed for
each specimen.

A Geographic Information System (GIS) method of analysis
was utilized to document the pattern of cranial fractures, as pre-
viously described in Powell et al. (21). The pattern of cranial
fractures from each skull was constructed using a projected view
of the right porcine skull with superimposed fracture configura-
tions for each specimen. A second view of the posterior aspect
of the cranium was also included to display potential bone frac-
tures in the occipital bone, which were documented in Powell
et al. (21). The porcine specimens were separated into two age
groups (2-9 and 10-17 days). These groupings coincided with
the ages in which Powell et al. (21) documented changes in the
fracture patterns that seemed to parallel with changes in porcine
growth and development. Fracture pattern data from Powell
et al. (21) were revisited here to directly compare fracture
pattern data from the dropped head experiments using the 2- to
9-day-old and 10- to 17-day-old age groups to data from the pre-
vious entrapped head experiments. The patterns of fracture were
then traced into individual shape files (24). The GIS software
overlaid fracture patterns on each cranium and generated a map
of where fractures appeared most frequently. After each map
was constructed, the GIS maps were used to compare the pat-
terns of fracture produced in the free-fall head experiments to
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FIG. 4—Typical plots of contact force versus time for free-fall and
entrapped head experiments (from [21]).
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FIG. 5—Impact duration with respect to age for free-fall and entrapped
impacts.

the entrapped head experiments at the same impact energy level
that varied according to subject age.

Impact force and total fracture length for the free-fall experi-
ments were analyzed for age effects using linear regression analy-
ses using commercial statistics software (SigmaStat 2.03; Aspire
Software International, Ashburn, VA). A 2-factor (restraint condi-
tion, age) analysis of variance was performed for comparisons of
peak impact forces, impact duration, and length of fracture
between constraint conditions at each specimen age. Statistically
significant effects were reported for p-values less than 0.05.

Results

There was typically a characteristic rapid drop in impact force
near the peak of the force—time plots, which was associated with
skull fracture following examination of each specimen (Fig. 4).

Impact duration was defined as the time up to the point when
the impact force began to decrease to zero. The impact duration
was significantly shorter for the free-fall experiments than for
the entrapped head experiments of Powell et al. (21) (p < 0.001)
(Fig. 5).

On the other hand, the peak impact force data were not statis-
tically different between the free-fall and entrapped head experi-
ments of Powell et al. (21) (Fig. 6).

A comparison of the current data with Powell et al. (21)
showed that there was significantly less skull fracture at each
age for the free-fall experiments than for the entrapped head
(p <0.001) (Fig. 7). The total fracture length (bone and
diastatic) also significantly decreased with age for the free-fall
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FIG. 7—Total fracture (diastatic and bone) length with respect to speci-
men age for both impact scenarios.
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FIG. 8—Geographic Information System (GIS) map of the 2- to 9-day-old
age group for the free-fall (a) and entrapped (b) impacts, taken from
revisited data from Powell et al. (21).

experiments at a rate of approximately —1.83 mm/day
(p <0.001). In five of the 31 specimens, no cranial fractures
(bone or diastatic) were documented.

In the young group of specimens (2-9 days old), extensive
diastatic fracture was documented along the coronal suture in the
free-fall experiments (Fig. 8a). Parietal bone fracture also typi-
cally initiated at the coronal suture, away from the point of
impact. Additionally, several bilateral (occurring on both sides
of the suture) bone fractures extended across the coronal suture
into the frontal bone. There were no documented initiation sites
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FIG. 9—GIS map of the 10- to 17-day-old age group for the free-fall (a)
and entrapped (b) impacts, taken from revisited data in Powell et al. (21).

along the posterior or superior edges of the parietal bone in the
free-fall experiments. There were also no occipital fractures in
these free-fall head impacts. This contrasts with extensive occipi-
tal bone fractures in the revisited data from Powell et al. (21)
(Fig. 8a).

In the older group of specimens (10-17 days old), several
fracture initiation sites were noted near the intersection of the
lambdoidal and squamosal sutures (Fig. 9a). However, fracture
initiation was documented more frequently along the anterior
parietal bone, as in the younger group of specimens. In contrast,
the sites of fracture initiation were frequent and numerous
around the entire perimeter of the parietal bone in Powell et al.
(21) (Fig. 9D).

As in the young group of specimens, no occipital fractures
were noted in the 10- to 17-day-old specimens when dropped in
free fall. This again contrasted with extensive occipital fracture
documented for the entrapped head impacts of Powell et al.
(21). Diastatic fracture in the coronal suture was again noted in
the older age group. However, the degree of diastatic fracture
was significantly less for the older age group of specimens than
for the younger aged group. Several of the older specimens also
had fracture initiation sites on either side of the parietal bone at
locations remote from the point of impact, as noted in Fig. 9a.

Discussion

The objective of this study was to compare the fracture
patterns on porcine skulls impacted once at the center of the
parietal bone with a rigid interface at similar energy under free-
fall and entrapped head restraint conditions. The results of the
study showed that for the same level of impact force against the
parietal bone, significantly less bone and diastatic fracture
occurred under the free-fall than entrapped head condition.
While in the entrapped head model, there were multiple cranial
fractures in the parietal, occipital, and frontal bones, for the same
impact energy in the free-fall experiments, fractures occurred in
the parietal bone but often crossed the coronal suture into the
frontal bone. The effect of crossing the coronal suture was more
frequent in the younger (2-9 days of age) than older (10-17
days of age) group of specimens.

It is currently difficult to directly compare the results of this
study with existing literature, as no studies on human or animal
models have compared cranial fracture patterns on entrapped
versus free-falling head models. It is interesting, however, that
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the characteristic fracture patterns shown for the free-fall experi-
ments on the developing porcine head do compare somewhat
with the previous, lower energy experiments of Baumer et al.
(19) using the same entrapped head model. Specifically, that
study at one-half the impact energy of Powell et al. (21) docu-
ments parietal bone fracture initiation and propagation sites
along the coronal and lambdoidal sutures in the parietal bone for
the younger age group of specimens, which compared well to
this study with the exception that fracture propagation often
crossed the coronal suture into the frontal bone in the free-fall
experiments. In the older age group of the Baumer et al.’s (19)
study, fractures in the parietal bone were again located in the
parietal bone, but there were also fractures produced in the
occipital bone that were not observed in the older group of spec-
imens in the free-fall experiments.

From a basic mechanics point of view, more extensive fractur-
ing of cranial bone was expected in the entrapped than free-fall
head experiments. Fracture is a process by which a material
dissipates excess deformational energy under loading. Strictly
speaking, with the entrapped head model, the cranial volume of
material available to dissipate the energy of impact was limited
by restraint offered by the head being mounted in a bed of
epoxy. And thus, the state of bone stress was likely greater in
the entrapped head experiments than in the free-fall experiments,
which resulted in more extensive fracturing of the entrapped
head. Fracture is known to be the key mechanic in maximizing
energy dissipation in engineering materials (25). It is well known
in the biomechanics literature that the extent of crack formation in
engineering materials depends on the magnitude of the applied,
dynamic stress field (26,27). Studies such as these have also
shown that the duration of the applied stress field help determine
the degree of crack formation in brittle materials. As noted in the
current studies, the duration of impact loading on the entrapped
skulls was shown to be significantly longer than on the free-fall
heads, under the same level of impact energy and resultant impact
force.

In a subsequent study by Powell (28), the entrapped and free-
fall experiments were theoretically analyzed using a finite
element modeling technique. The skull was modeled as an elastic
shell using material properties from the literature (20,29) of mass
359 g, which was the average mass of a 2- to 9-day-old porcine
head. The spherical skull was filled with a viscoelastic brain
tissue with properties from the literature (30). Automatic surface-
to-surface contact in LS-DYNA (Livermore Software Technol-
ogy Corporation, Livermore, CA) with no penalty stiffness was
used to define interaction between the impact interface (rigid)
and the spherical head model. In the case of the entrapped head,
large tensile stresses were developed in the spherical shell near
the locations of constraint in the epoxy resin. This resulted in a
“ballooning out” effect that could help explain the appearance of
cranial fractures away from the site of impact in the center of
the parietal bone and into the occipital bone. This effect may be
similar to the so-called out-bending deformation pattern docu-
mented in free-fall drop tests using human heads (31-34). In
contrast, the simulation of the free-falling head during contact
with a rigid interface indicated tensile stress patterns in the shell
located closer to the point of contact with the rigid interface,
which may help explain the lack of occipital bone fracture in the
free-fall experiments. A limitation of these studies was the sim-
plification of the porcine head anatomy and material properties
of the cranial bone and brain tissues, as well as the lack of
sutures in the model. It is currently unclear what effect these
limitations may play in helping to explain the differences in

fracture patterns seen in these experiments with the entrapped
and free-falling porcine head. In addition, to more completely
compare responses of a fall victim to a victim lying against a
rigid surface, whole-body kinematics and the potential for impact
force dissipation through the body musculature will need to be
considered (16). On the other hand, the current study focused
directly on comparisons of the cranial fracture patterns of the
free-falling porcine head to the constrained head for the same
impact energy and force delivered to the subject head itself.

In summary, this study showed that physical restraint of the
head during a blunt force impact generates relatively more cra-
nial fractures than an impact that occurs during a free fall of
the same magnitude of contact force and impact energy to the
head. While there were some comparative results on the pat-
terns of cranial fracture on the impacted bone that can be made
between the free-fall experiment and a lower energy entrapped
head situation, entrapment of the head can generate areas of
high tensile stresses that may lead to bone fractures remote
from the site of impact and near the area of physical restraint.
The study on this developing porcine model also suggests that
while impact force and energy are important factors determin-
ing the extent of cranial fracture, based on previous data by
Baumer et al. (19) and Powell et al. (21), the level of head
restraint during blunt force impacts needs to be considered in
the determination of causal effects with respect to the distribu-
tion and extent of cranial fracture. While this study has been
conducted on a porcine model, it may have direct utility in
helping to guide future laboratory experiments using the human
infant cadaver head and the interpretation of cranial fracture
data in forensic case studies.
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