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Material Properties of Human Infant Skull 
and Suture at High Rates
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ABSTRACT

Clinicians are often faced with the challenging task of distinguishing between accidental and in-
flicted pediatric head trauma. There is currently a disparity in the anecdotal case study literature
as to what kinds of injuries can occur in children from low height falls. There is also a paucity of
material property data for pediatric skull and suture at rates similar to those expected in low height
falls. We tested human infant (�1 year old) cranial bone and suture from 23 calveria in three-point
bending and tension, respectively, at rates ranging from 1.2–2.8 m/sec. Donor age was found to have
the largest influence on the elastic modulus and ultimate stress of cranial bone, with an increase in
age increasing both material properties. In adults, cranial bone and suture have similar properties
and the adult calveria deforms very little prior to fracture. In contrast, pediatric cranial bone is 35
times stiffer than pediatric cranial suture. In addition, pediatric cranial suture deforms 30 times
more before failure than pediatric cranial bone and 243 times more than adult cranial bone. The
large strains in the pediatric bone and suture result in a skullcase that can undergo dramatic shape
changes before fracture, potentially causing substantial deformation in the brain. The sizeable dif-
ference between pediatric bone and suture material properties also underscores the crucial role that
sutures play in the unique response of the pediatric head to impact in low height falls. These data
provide necessary information to enhance our understanding of mechanisms of head injury in young
children.
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INTRODUCTION

UNINTENTIONAL FALLS are the most common causes of
severe head injury to young children (Langlois et al.,

2004). Clinicians are often faced with the challenge of
distinguishing between accidental and inflicted trauma
when presented with an injured child. This proves to be
a difficult task given that falls are the most common ex-
cuse provided by caretakers suspected of child abuse
(Lane et al., 2002) and that there is a disparity in the

literature regarding the types of injuries that can be 
produced by falls from various heights (Chadwick et 
al., 1991; Tarantino et al., 1999; Weber, 1984, 1985;
Williams, 1991).

The possible types of injuries resulting from low height
falls are more likely to be identified if the dynamic ma-
terial properties of pediatric suture and skull are known.
Material properties such as elastic modulus, ultimate
stress, and ultimate strain dictate the response and fail-
ure of a material to loading. The elastic modulus is an
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indication of the stiffness, or resistance to deformation,
of a material. The ultimate stress and strain are indica-
tions of the maximum force and deformation, respec-
tively, that a material can undergo before it fails. Deter-
mining the material properties of pediatric skull and
suture will not only provide insight into the reaction of
the pediatric cranial cavity to loading, but will also im-
prove the accuracy of computational and experimental
models simulating falls or impacts to a pediatric head.

There has been extensive characterization of the dy-
namic material properties of adult skull tissue (McElhaney
et al., 1970; Wood, 1971), but dynamic properties of pe-
diatric skull and suture remain relatively unknown.
McPherson and Kriewall (1980a) were the first to inves-
tigate pediatric skull material related to fetal head mold-
ing. They performed three-point bending tests at quasi-
static rates of 8.33 � 10�6 m/sec (0.5 mm/min) on
multiple parietal and frontal skull specimens from six fe-
tal calvaria (26–40 weeks gestation). Specimens were
tested with the grain fibers running parallel to the long
axis of the specimen and others were tested with the grain
fibers running perpendicular to the long axis of the spec-
imen. McPherson and Kriewall found significant differ-
ence between the elastic moduli of the parallel and per-
pendicular oriented specimens and concluded that there
was an anisotropic, or directional, effect on the material
properties. Moduli of preterm (24–30 weeks gestation)
specimens were also found to be significantly lower than
moduli of term (36–40 weeks gestation) specimens, re-
gardless of fiber orientation. More recently, Margulies and
Thibault (2000) examined multiple specimens from four
human pediatric calveria (28 weeks gestation to 6 months)
in three-point bending at rates of 4.23 � 10�5 m/sec (2.54
mm/min) and 4.23 � 10�2 m/sec (2540 mm/min), typi-
cal of a slow “crush” event. They found donor age had a
significant effect on the elastic modulus of pediatric skull.
In addition, they reported that pediatric skull elastic mod-
ulus was 12 times lower than that of adult cortical com-
pact bone from the outer table of the skull.

Large rate dependence has been reported for adult skull
tissue (Wood, 1971), but previous pediatric skull studies
did not investigate rate dependence due to a limited num-
ber of samples. We hypothesize that there is a rate-de-
pendence in pediatric skull as well, which would imply
that the published data for the pediatric skull studies
tested at slow “crush” rates (Margulies and Thibault,
2000; McPherson and Kriewall, 1980a) may not be suit-
able for understanding skull response to low height falls
or inflicted impacts which impose deflection at rates of
2.4 m/sec or higher. Thus, in order to determine injury
risk and develop effective injury interventions for infants
during falls and inflicted impacts, it is important to ob-
tain pediatric material properties at relevant rates.

The immature skull is composed of thin plates of com-
pact bone joined by membranous suture and fontinelles.
During post-natal development, the sutures fuse, fonti-
nelles close, and the bone calcifies, thickens, and sepa-
rates into compact outer and inner tables, separated by a
spongy diploe layer. No data currently exist in the liter-
ature regarding the material properties of immature cra-
nial suture or the skull-suture-skull complex. These data
are crucial to developing an accurate computational
model that is specific to pediatric head injury. Our goal
is to define the material properties of human infant (�1
year old) skull and suture at high rates and from two cra-
nial regions to be used in future computational models
simulating the infant head during accidental and inflicted
impacts. We hypothesize that bone will be significantly
stiffer than suture and that suture will experience a sig-
nificantly higher strain before failure than cranial bone.
We further hypothesize that age of the donor and defor-
mation rate will significantly increase elastic modulus
and ultimate stress, and significantly decrease ultimate
strain of pediatric cranial bone and suture. Finally, we
hypothesize that the material properties of parietal cra-
nial bone will not be significantly different than those of
occipital cranial bone.

METHODS

Testing Device Validation

A drop test apparatus was designed to test samples in
three-point bending and tension at high rates. The drop test
apparatus and experimental design were validated by com-
paring measured material properties of copolymer (three-
point bending) and porcine cranial suture (tension) from
the drop test apparatus to measured material properties of
the same materials in tension in an Instron 8501 commer-
cial material testing device (Instron, Norwood, MA).

Human Pediatric Cranial Skull and Suture
Sample Collection and Preparation

Human pediatric cranial bone and suture were col-
lected at autopsy in a protocol approved by the Univer-
sity of Pennsylvania and the Children’s Hospital of
Philadelphia IRBs. Subjects ranged in age from preterm
(21 weeks gestation) to 1 year of age. Subjects with a
history of skull fracture or skull malformations were ex-
cluded from the study. Two cranial specimens were re-
moved and frozen from each subject: one occipital bone
and one parietal parasagittal sample containing suture and
bone (Fig. 1).

On the day of testing, frozen cranial samples were
thawed to room temperature (25°C) in a mock CSF so-



lution. Using a diamond cutting blade (Stoelting Co.,
Wood Dale, IL) and rotary tool (Dremel®, Racine, WI),
human parasagittal suture/bone specimens were cut to
produce two specimens (one parietal bone, one bone-su-
ture-bone segment). Size of the specimen depended on
the tissue provided. Care was taken to ensure a uniform
sample thickness for three-point bending testing. Thick-
ness (d), width (w), and suture span (L) (when applica-
ble) were measured. If a specimen had a unique dimen-

sion (i.e., slightly larger width or a smaller thickness near
one end of the sample), this dimension was also mea-
sured and used in calculations if failure occurred in this
region. Samples were tested within 1 h after completion
of machining.

Material Testing

Human pediatric cranial bone samples (N � 46 speci-
mens from 21 infant calveria) were tested in three-point
bending using the drop test apparatus. No standard exists
for performing three-point bending tests on human skull
at high rates; therefore, we used ASME standard D70 to
guide our specimen dimensions. Specifically, we used a
minimum span length (L) to thickness ratio of 14:1, and
the ASME D70 equation to calculate strain. All speci-
mens were tested with grain fibers perpendicular to the
long axis of the specimen (Fig. 2A).

Human pediatric cranial bone-suture-bone specimens
(n � 14 specimens from 11 calveria) were tested in ten-
sion in the drop test apparatus. For all tests, the bone por-
tion of the bone-suture-bone complex was mounted into
ridged grips made of Delrin®. The gage length (Lo) was
measured as the span of the suture between the bone seg-
ments (Fig. 2B).

Displacement (�) for both three-point bending and ten-
sile tests was measured using a laser displacement sensor
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FIG. 1. Schematic indicating the locations for removal of pe-
diatric cranial bone and suture specimens. One bone specimen
was removed from the occiput of the skull, and one longer spec-
imen containing cranial bone and coronal suture was removed
from the parietal region. The longer specimen was cut in half
(dotted line) to produce a parietal bone and a bone-suture-bone
specimen.

FIG. 2. Schematic of the test setup for three-point bending of human infant cranial bone (A) and tensile testing of human in-
fant cranial suture (B). Each test yields force, F, and displacement, �, measurements, which are used in Equations (1–5), to de-
termine the stress and strain for each material.
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(OptoNCDT 160-00, Micro-Epsilon, Ortenburg, Ger-
many). Displacement of specimen was assumed to be
equal to that of the upper knife (three-point bending) or
upper grip (tension) after ensuring that no slipping oc-
curred during testing. Force (F) was measured using a 25-
lb (tension) or 50-lb (three-point bending) load cell (Sen-
sotec, Columbus, OH). All data were collected using a
computer data acquisition system (Labview 4.1, National
Instruments, Austin, TX) at 10,000 samples per second,
and saved onto a laptop computer (Dell, Austin, TX).

The Law of Conservation of Energy indicates that for
an object of any mass, the velocity at which it hits the
ground is equal to the square root of two times the grav-
ity times the initial height of the object (V � �2gh�). Ap-
plying this law to an object falling from 0.305 and 0.914
m (1 and 3 feet, respectively) would result in an ideal ve-
locity of 2.41 and 4.23 m/sec. Test rate for this study was
determined by adjusting the height of the free fall
crosshead plate to 0.305 m and 0.914 m which resulted
in average test rates of 1.58 and 2.81 m/sec for three-
point bending tests. These values are lower than the ideal
velocities calculated above because of air friction and
friction caused by the guide rails of the crosshead plate.
The tensile device had shock absorbent foam on the de-
vice to reduce vibration during testing. This foam ab-
sorbed part of the kinetic energy and resulted in the lower
test rates of 1.20 and 2.38 m/sec for tension tests.

Data Analysis

Three-point bending. Because the span length to thick-
ness ratio was at least 14:1, the depth of cranial bone
tested in three-point bending can be assumed small and
the Bernoulli-Euler equation can be applied to calculate
elastic modulus (E):

E � � � (1)

where F/� is the force-displacement ratio during the lin-
ear elastic region of a three-point bending trace (Fig. 3),
L is the span of the beam, and I is the moment of iner-
tia of the rectangular cross section of the beam (Timo-
shenko and Goodier, 1970).

In-plane stress (�xx) was calculated using Timo-
shenko’s corrected version of the beam theory equation
which accounts for radial tensile forces within the beam
as a result of an applied concentrated load to the center
of the beam.

�xx � y � 0.133 (2)

where F is the measured force, w is the width of the spec-
imen, L is the span, c is half of the thickness, and y is
the location of interest along the y-axis (outer surfaces at
y � �c) in the center of the beam. The ultimate stress
(�ult) is then calculated by using the maximum force
(Fpeak in Fig. 3) for F in Equation (2).

The flexural strain (�f) from three-point bending was
calculated from the relationship:

�f � (3)

where � is the maximum deflection in the center of the
beam, t is the thickness of the sample, and L is the span
(ASTM D790). Ultimate strain (�ult) was selected as the
flexural strain corresponding to the ultimate stress.

Tensile tests. For the tensile tests, stress was calculated
using the equation for normal stress under axial loading
shown in Equation (4).
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FIG. 3. Force-displacement trace from three-point bending test for parietal bone of a 2-month-old donor. The diagonal line in-
dicates the force displacement data used to calculate bending modulus; Fpeak and �peak indicate the peak force and displacement
used to calculate ultimate stress and strain.



� � (4)

where F is the measured force, w is the width, and t
is the thickness of the bone-suture-bone specimen.
Because bone is an order of magnitude stiffer than su-
ture, the measured displacement, �, of the bone-suture-
bone specimen can be attributed to the deformation of
the suture rather than the bone. Engineering strain of
the suture was therefore calculated as the measured dis-
placement, �, divided by the original span, Lo of the 
suture between the bone segments, as shown in Equa-
tion (5).

� � (5)

The material properties (E, �ult, and �ult) were obtained
from the stress-strain relationship as illustrated in Fig-
ure 4.

Statistical Analysis

In the case where multiple specimens were tested from
the same calveria, each specimen was treated as an indi-
vidual data point in statistical analysis. A three-way
ANOVA was used to determine significant material prop-
erty difference between strain rate, location, and donor
age for human cranial bone. A two-way ANOVA was
used to determine significant material property differ-
ences between strain rate and donor age of human cra-
nial suture. A Student’s t-test with a Type I error of 5%
was used to determine significant differences between
cranial bone and suture.

�
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RESULTS

Device Validation

Material properties measured in the drop test appara-
tus were compared with those measured in a commercial
Instron material testing device using an unpaired Stu-
dent’s t-test. Ultimate strain measured in the drop test ap-
paratus in three-point bending (�ult-3pt) significantly un-
derestimated the strain measured in tension by the Instron
material testing device by 66%. We speculate that the
equation used to calculate strain in three-point bending
may not be detailed enough to accurately predict the com-
plex strain dynamics of bone at these rates. The ultimate
strain of human immature bone measured in this study is
reported, but should be considered an underestimation of
the actual strain of the material. Modulus (E) and ulti-
mate stress (�ult) measured in both tension and three-
point bending and ultimate strain measured in tension
(�ult-tension) were not significantly different between the
two devices (Coats and Margulies, 2005).

Cranial Bone

All cranial bone data is presented in Table 1. A three-
way ANOVA of specimen location, donor age, and strain
rate found a significant influence of both location (pari-
etal/occipital) and donor age on bending modulus 
(plocation � 0.038, page � 0.014) and ultimate stress (plo-

cation � 0.006, page � 0.003). Parietal bone ultimate
stress and modulus were larger than occipital bone. Ul-
timate stress and modulus increased with the age of the
donor. Ultimate stress was significantly affected by the
three-way interaction between donor age, location, and
strain rate (p � 0.016). Ultimate strain was the only pa-
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FIG. 4. Stress-strain trace of a tension test for a bone-suture-bone specimen from a 2-month-old donor. The diagonal line, E,
indicates the data used to calculate elastic modulus, and �ult and �ult indicate the data points used to designate ultimate stress and
strain.
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TABLE 1. ALL DATA POINTS FOR PARIETAL AND OCCIPITAL CRANIAL BONE TESTED THREE-POINT BENDING

Bending Ultimate Ultimate
modulus stress stress

Cranium Age Region (MPa)a (MPa)a (mm/mm)a

1 21 wks gest Occipital 181.1 12.5 0.0627
2 28 wks gest Occipital 45.3 8.8 0.0071
3 28 wks gest Occipital 89.4 9.8 0.0027

Occipital 132.9 12.3 0.0020
Parietal 50.2 5.5 0.0037
Parietal 120.1 5.6 0.0089

4 32 wks gest Occipital 58.7 3.3 0.0416
5 34 wks gest Parietal 552.9 81.1 0.0045
6 35 wks gest Parietal 97.0 7.0 0.0026
7 38 wks gest Occipital 290.0 12.6 0.0467

Occipital 448.1 31.4 0.0735
8 39 wks gest Occipital 211.1 6.7 0.0501

Occipital 229.3 7.4 0.0346
Parietal 253.9 7.6 0.0264
Parietal 933.1 31.8 0.0431

10 19 days old Parietal 336.8 37.8 0.1490
12 21 days old Occipital 550.7 5.8 0.0125

Occipital 516.2 4.6 0.0068
Parietal 182.7 8.4 0.0450

13 1 mo old Occipital 449.2 18.5 0.0465
Parietal 815.5 53.7 0.0753

14 1.5 mo old Occipital 28.6 8.7 0.0068
Occipital 57.7 13.5 0.0039

15 1.5 mo old Parietal 372.4 19.7 0.0700
Parietal 518.2 29.6 0.0533
Parietal 581.3 25.6 0.0639

16 1 mo, 23 days old Occipital 421.4 15.1 0.0314
17 2 mo old Parietal 297.4 14.2 0.0515

Parietal 522.4 27.1 0.0765
18 2 mo, 9 days old Occipital 186.4 3.1 0.0259

Occipital 186.1 5.7 0.0268
19 3 mo old Occipital 1317.6 43.4 0.0254

Occipital 463.5 26.1 0.0456
Parietal 1155.2 69.7 0.0807

20 4.5 mo old Occipital 317.7 16.4 0.0542
Occipital 392.8 19.5 0.0538
Parietal 552.4 23.7 0.0500

21 11 mo old Occipital 602.9 37.6 0.0030
Occipital 322.1 17.3 0.0031
Parietal 783.8 52.1 0.0032
Parietal 573.0 48.8 0.0034

22 12 mo old Occipital 104.2 6.2 0.0538
Occipital 621.8 21.2 0.1613
Parietal 200.8 19.3 0.1217
Parietal 566.5 51.5 0.0936

23 13 mo old Parietal 216.8 15.1 0.0885

aLoad and displacement instrumentation accuracy is 0.02% and 1.0 � 10�4, respectively.
Wks, weeks; gest, gestation; mo, month.



rameter that was sensitive to strain rate (p � 0.035), in-
creasing with strain rate (Table 3).

Cranial Suture

All cranial suture data is provided in Table 2. Using
a two-way ANOVA we found no significant effect 
of donor age or strain rate on the elastic modulus, ulti-
mate stress, or ultimate strain of pediatric suture. How-
ever, modulus was significantly influenced by the in-
teraction of donor age and strain rate (p � 0.047), such
that the modulus of specimens from older donors tended
to increase with strain rate while the modulus of spec-

imens from younger donors tended to decrease with rate
(Table 3).

Cranial Bone versus Cranial Suture

Because donor age and location of cranial bone were
found to have a significant effect on bending modulus
and ultimate stress, we focused our comparison of bone
and suture properties on data obtained only from the pari-
etal region and from subjects �1 month old (nbone � 8,
nsuture � 9). For this restricted data set, the modulus of
parietal bone (315.8 � 104.9 MPa, mean � SE) was
found to be significantly (p � 0.011, Fig. 5) stiffer than
suture (7.6 � 1.4 MPa). Ultimate stress of parietal bone
(23.1 � 9.4 MPa) was higher than suture (4.4 � 0.5
MPa), but the power was not sufficient to reach signifi-
cance (p � 0.053, power � 65%). Because none of the
parameters (donor age, location, and strain rate) had sig-
nificant effect on ultimate strain, we used the cranial bone
and suture data from all donor ages and cranial locations
provided in Tables 1 and 2 to evaluate ultimate strain,
combining parietal and occipital tissue into the bone
dataset. Cranial suture had a significantly (p � 0.0001)
higher ultimate strain (n � 9, 1.460 � 0.421 mm/mm)
than cranial bone (n � 46, 0.043 � 0.006 mm/mm).

DISCUSSION

This study provides much needed data regarding the
material properties of human pediatric cranial bone and
suture at rates of impact similar to those seen in low
height falls. No study currently exists in the literature that
has investigated the material properties of human pedi-
atric cranial suture. Additionally, although there have
been previous studies on pediatric cranial bone (Mar-
gulies and Thibault, 2000; McPherson and Kriewall,
1980a), they have been at extremely low rates relevant
for studying vaginal delivery and may not be applicable

COATS AND MARGULIES

1228

TABLE 2. MATERIAL PROPERTIES FOR CRANIAL

SUTURE SPECIMENS TESTED IN TENSION

Elastic Ultimate Ultimate
modulus stress strain

Cranium Age (MPa)a (MPa)a (mm/mm)a

1 21 wks gest N/Ab 3.5 N/A
2 28 wks gest 14.2 6.7 0.6943

13.2 6.3 4.7029
4 32 wks gest 4.3 4.5 2.8320
5 34 wks gest 6.9 5.7 1.2776
6 35 wks gest 8.1 4.2 1.1234
9 2 days old 3.8 3.7 1.2776
11 2 wks old 6.4 2.2 1.0930

3.8 3.1 1.2014
16 1 mo, 23 days old N/A 4.6 N/A

N/A 7.2 N/A
18 2 mo, 9 days old N/A 6.8 N/A
21 11 mo old 4.2 4.1 1.2511
22 12 mo old 16.2 3.5 0.3324

aLoad and displacement instrumentation accuracy is 0.02%
and 1.0 � 10�4, respectively.

bValues not reported (indicated by N/A) were due to prob-
lems with displacement measurements.

Wks, weeks; gest, gestation; mo, month.

TABLE 3. FACTORS THAT SIGNIFICANTLY AFFECT THE MATERIAL PROPERTIESa OF INFANT CRANIAL BONE AND SUTURE

Factor Bone Sutureb

Age E �ult — — — —
Strain rate — — �ult — — —
Location E �ult — n/a
Age � strain rate — — — E — —
Age � location — — — n/a
Rate � location — — — n/a
Age � rate � location — �ult — n/a

aMaterial properties: E, elastic modulus; �ult, ultimate stress; �ult, ultimate strain.
bLocation is not applicable, because only coronal suture samples were obtained.
—, the material property is not affected by this factor.
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for use at higher rates associated with accidental and in-
flicted impacts.

For donors between 21 weeks gestation and 13 months
old, both bending modulus and ultimate stress significantly
increase with the age of the donor. Previous studies on 
pediatric cranial bone (Margulies and Thibault, 2000;
McPherson and Kriewall, 1980a) have found a similar in-
fluence of age on elastic modulus for donors �6 months
old, regardless of test rate or fiber orientation included in
the study. These data underscore the importance of inves-
tigating age-specific data to be used in age-specific com-
putational models investigating pediatric head injury.

The parietal cranial bone was found to be significantly
stiffer (461.1 � 63.8 MPa) and have a higher ultimate
stress (30.2 � 4.8 MPa) than occipital cranial bone
(329.0 � 55.3 and 14.7 � 2.1 MPa, respectively). Both
elastic modulus and thickness contribute in a linear man-
ner to the structural rigidity of the skull. However, the
thickness of occipital bone was found to be approxi-
mately 1.5 times larger than parietal bone. Because the
structural rigidity is proportional to thickness cubed, the
rigidity of the occiput is 2.4 times that of the parietal
bone. The larger structural rigidity and the lower ultimate
stress of the occipital bone may imply that an impact to
the occipital region of the skull will likely fracture and
absorb energy before deformation whereas the parietal
bone may be more likely to distribute the energy to sur-
rounding sutures before distorting significantly and de-
forming the underlying brain. Because location plays a
role in ultimate stress and bending modulus, the location
of impact will influence the presence or absence of skull
fracture seen in low height falls. Based on our material
property data, skull should not be considered homoge-
neous when creating computational models to investigate
impact events in pediatric head injury.

Contrary to our hypothesis, strain rate was not found to
have a significant effect on the modulus and ultimate stress
of cranial bone from donors �13 months old. This result
is surprising given that Wood (1971) found strong rate de-
pendence in human adult cortical skull. Previous pediatric
cranial bone studies (Margulies and Thibault, 2000;
McPherson and Kriewall, 1980a) did not have large
enough sample sizes to make conclusions regarding hu-
man pediatric rate dependence. In a meta-analysis, we
combined our data (restricted to �1 month old and pari-
etal bone only) with published values for this age range
in the literature (Fig. 6) to evaluate rate dependence of
elastic modulus over 8 magnitudes of strain rate, and found
no significant rate dependence in infant cranial bone.

Previous studies show that fiber orientation of imma-
ture cranial bone greatly affects the material properties.
McPherson and Kriewall (1980a) analyzed specimens
with fiber orientations both perpendicular and parallel to
the long axis of their specimens. They found that the elas-
tic modulus was significantly higher for specimens with
fiber orientations parallel to the long axis than those with
fiber orientations perpendicular to the long axis. McPher-
son and Kriewall (1980a,b, 1981) concluded from their
series of studies that differences in material properties
between pediatric and adult skull are most likely due to
structural changes rather than material changes.

The fiber pattern of immature cranial bone emanates
radially from ossification centers of each plate and is eas-
ily seen by the naked eye. Due to the difficulty of ob-
taining human samples, our study focused the investiga-
tion on testing the material properties in only one fiber
orientation and specimens were excised such that fiber
orientation was perpendicular to the long axis of the spec-
imen. In this fiber orientation, we find no significant dif-
ference in elastic modulus (parietal bone, �1 month old)

FIG. 5. Comparison of material properties of cranial bone to cranial suture. Significant differences were found for elastic mod-
ulus (*p � 0.011) and ultimate strain (**p � 0.0001), but did not reach significance for ultimate stress (p � 0.053). Due to age
and location restrictions, the decreased sample size may not have been large enough to produce sufficient power for ultimate
stress analyses (power � 65%).



to that reported by McPherson and Kriewall in specimens
with the same fiber orientation (p � 0.21).

In contrast to pediatric skull, investigations of adult
skull (a highly rate-dependent material) have found no
visual pattern of fiber orientation (Dempster, 1967) and
testing orientation of adult skull has no significant effect
on the material properties (McElhaney et al., 1970;
Wood, 1971).

Thus, we speculate that the difference between the rate
dependence of pediatric and adult skull may be due to
structural changes; specifically, the fiber orientation of
the bone. Lynch et al. (2003) investigated the relation be-
tween rate dependence and fiber orientation in the ten-
don, another strongly fiber-oriented tissue. They report a
strong rate dependence on tissue tested in tension in one
fiber orientation, but no rate dependence when the tissue
is tested in a fiber orientation perpendicular from the orig-
inal configuration. We propose that, while no rate de-
pendence was found in our meta-analysis of samples ori-
ented perpendicularly to the fiber direction, there remains
a possibility that future tests in a configuration parallel
to the fibers may show rate dependence.

None of the material properties of cranial suture were
affected by age or strain rate. It is important to note that
sample size of cranial suture was small due to the fragility
of the tissue. Specifically, samples with a tear or separa-
tion from the attached cranial bone prior to testing were
excluded from this study. Despite the small sample size,
a power analysis indicated that there was significant
power for analysis (�94%) to evaluate rate and donor
age dependence of suture tensile properties. Our analy-
sis indicated that the interaction of donor age with strain
rate did seem to have an effect on elastic modulus (p �

0.0465) implying that the effect of strain rate on elastic
modulus changes with donor age, further emphasizing the
need for more age related material property data. While
the present study did not find this age-rate interaction to
influence ultimate stress and strain, this could be due to
testing a bone-suture-bone segment instead of suture
alone. Due to the much larger elastic modulus of cranial
bone than suture, the elastic moduli measured during ten-
sile tests of bone-suture segments can be attributed
mainly to the elastic modulus of the suture material alone.
However, failure of the bone-suture-bone specimens con-
sistently occurred at the bone-suture junction. From this
it is reasonable to conclude that the measured ultimate
stress and ultimate strain is more accurately the stress and
strain of the suture material at the time when the junc-
tion between suture and bone fails. Because there was no
visible damage to the suture material following each test,
it is likely that the ultimate stress and ultimate strain of
suture are higher than the values reported here.

There are no previous studies reporting the material
properties of human pediatric cranial suture. Margulies
and Thibault (2000) measured the material properties of
immature (3–5 days old) porcine suture in tension and
three-point bending. They reported the elastic modulus
of suture was 171.5 MPa in tension (4.23 � 10�5 m/sec)
and 194.2 MPa (4.23 � 10�5 m/sec) to 610.3 MPa
(4.23 � 10�2 m/sec) in three-point bending. These val-
ues for porcine suture are 22–80 times stiffer than those
of human pediatric suture, indicating that newborn
porcine suture is not an appropriate model for human in-
fant (�13 months old) pediatric suture.

Jaslow (1990) investigated the effect of cranial sutures
on energy absorption during head impact of adult goats.
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FIG. 6. Comparison of elastic modulus of cranial bone with values reported in the literature. To eliminate affects due to donor
age or location, data from the present data set was restricted to only parietal bone and subjects �1 month old. Statistical analy-
sis of the present study combined with values in the literature found no significant strain rate dependence over the broad range
of rates tested. Note that the logarithmic scale is used for the x-axis.
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He reports that adult sutures absorbed 16–100% more en-
ergy per unit volume during impact loading than bone,
highlighting the important role suture likely plays in the
response to impact. In previous head injury computa-
tional models (Klinich et al., 2002; Lapeer and Prager,
2001), suture was assumed to have material properties
similar to that of dura mater. McElhaney reported the
elastic modulus of dura mater to be 31.5 MPa, four times
stiffer than our measured modulus of pediatric suture (7.6
MPa). Because the measured modulus of human pedi-
atric suture is lower than these estimated values, the pe-
diatric skull would deform more during impact than pre-
viously thought.

Based on the material properties of suture in this
dataset, a simple analysis was made to determine the pos-
sible deformation of suture as a result of increased in-
tracranial pressure (ICP) seen following head trauma. The
pediatric skull was idealized as two cranial bone hemi-
spherical shells joined by a single sagittal suture. Using
the elastic modulus values from our study, an increase in
internal pressure from 10 mm Hg (normal infant ICP) to
50 mm Hg (infants with severe head trauma) (Barlow and
Minns, 1999) increased stress in the suture by 5.33 kPa,
elongating the suture only 0.03–0.14%. Even if the en-
tire skull case was assumed to be composed of suture,
the total volume change of the skull case would be
0.01–1.1%. This first-order analysis implies that an in-
crease of ICP of 40 mm Hg in an infant deforms the su-
ture only a minimal amount.

When comparing bone to suture, the dataset was re-
stricted to parietal bone from subjects � 1 month old be-
cause donor age and location significantly influenced the
material properties. Statistical analysis of the smaller data
set found parietal bone to be more than 35 times stiffer
than suture. Moreover, suture experienced strains over
100% before failing, 30 times more than cranial bone.
Although the ultimate stress of parietal bone (23.1 � 9.4
MPa) was larger than that of cranial suture (4.4 � 0.5
MPa), more data is needed because this analysis lacked
sufficient power (power � 65%) for significance in the
reduced dataset. Taken together, these data supports the
conceptual model of the pediatric skull as composed of
bony plates connected by thin, weak extensible junctions.

In adults, cranial bone and suture have similar proper-
ties and the adult calveria deforms very little prior to frac-
ture (Jaslow, 1990; McElhaney et al., 1970). In contrast,
pediatric cranial bone is 35 times stiffer than pediatric
cranial suture. In addition, pediatric cranial suture de-
forms 30 times more before failure than pediatric cranial
bone and 243 times more than adult cranial bone (Wood,
1971). The large strains in the pediatric bone and suture
result in a skullcase that can undergo dramatic shape
changes before fracture, potentially causing substantial

deformation in the brain. The sizeable difference between
pediatric bone and suture material properties also under-
scores the crucial role that sutures play in the unique re-
sponse of the pediatric head to impact in low height falls.

In conclusion, this study is the first to report human
infant cranial bone and suture material properties over a
broad range of strain rates. First, we found that strain rate
did not have a significant effect on the material proper-
ties of cranial bone and suture, and we propose that the
role of fiber orientation should be investigated further.
Second, we found that donor age had the largest influ-
ence on the elastic modulus and ultimate stress of cranial
bone, further emphasizing the need for age-specific data
and computational models. Third, we found that cranial
bone was 35 times stiffer than suture, and that suture tol-
erated over 100% strain before the bone-suture junction
failed. Taken together, these findings illustrate the unique
material properties of human pediatric skull and suture,
furthering our understanding of the pediatric skull and
suture response to impact, and contributing to the devel-
opment of more accurate computational models needed
to investigate accidental and inflicted pediatric head in-
jury.
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