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Abstract

Fetal head moulding is a phenomenon which may contribute to satisfactory progress during delivery as it allows the fetal head to
accommodate to the geometry of the passage. In contrast, excessive head moulding may result in cranial birth injuries and thus affect
the infant shortly or even long after birth. One group of researchers in the past investigated the biomechanics of fetal head moulding

from an engineering point of view and limited themselves to a static, linear model of the parietal bones. In this paper, we present a
non-linear model of the deformation of a complete fetal skull, when subjected to pressures exerted by the cervix, during the first
stage of labour. The design of the model involves four main steps: shape recovery of the fetal skull, the generation of a valid and

compatible mesh for finite element analysis (FEA), the specification of a physical model and the analysis of deformation. Results of
the analysis show good agreement with those obtained from clinical experiments on the quantitative assessment of fetal head
moulding. The model also displays shapes after moulding which have been reported in previous studies and which are generally

known in the obstetric and paediatric communities. r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In this paper we analyse the behaviour of the bony
components of the fetal skull when subjected to
pressures exerted by the cervix during the first stage of
labour. The deformation of the skull bones and the fetal
head in general, caused by external pressures during
labour, is commonly referred to as fetal head moulding.
Several projects in the past (Geiger, 1993; Wischnik

et al., 1993; Liu et al., 1996; Wischnik and Bohndorf,
1999) aimed to combine computer science and engineer-
ing to simulate the human birth process. Such a birth
simulation is a useful diagnostic tool for obstetricians
since it allows them to predict possible complications
before the actual delivery. For instance, in the case of
cephalo-pelvic disproportion,1 the obstetrician could
decide to perform an elective Caesarian section, rather
than risking an emergency Caesarian section at delivery.
A thorough understanding of the biomechanics of fetal

head moulding would significantly improve the specifi-
city2 of the birth simulation as a diagnostic tool.
In paediatrics, a realistic model of fetal head

moulding would be a major step towards the under-
standing of mechanical cranial birth injuries. Excessive
moulding occurs when labour is prolonged or when
contractions are too forceful or when there is a
malposition of the fetal head or inept instrumental
interference. Excessive displacements of the skull bones
may cause bony lesions, dural membrane injury,
intracranial hypertension, congestion of the Galenic
venous system and direct injury of major intracranial
vessels (Govaert, 1993).
McPherson and Kriewall investigated the bending

properties of fetal cranial bone (McPherson, 1978;
McPherson and Kriewall, 1980a) and used a static
linear finite element (FE) model of the parietal bone to
investigate fetal head moulding (McPherson, 1978;
McPherson and Kriewall, 1980b). The research as
presented in this paper extends their model to a
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1Disproportion between the fetal head and the maternal pelvis,

where the former is too large to pass through the latter. 2Specificity is the rejection rate of ‘healthy’ cases from treatment.

0021-9290/01/$ - see front matter r 2001 Elsevier Science Ltd. All rights reserved.

PII: S 0 0 2 1 - 9 2 9 0 ( 0 1 ) 0 0 0 7 0 - 7
Association ATIDE 

Centre de Documentation ARIANE



non-linear static FE model of the deformation of a
complete fetal skull.

2. Shape modelling and mesh generation

A finite element (FE) model of the mechanical
behaviour of a fetal or newborn skull, which is subjected
to labour forces, requires the accurate reconstruction of
the shape of the fetal skull, followed by the creation of a
valid, compatible mesh model. To reconstruct a 3D
model of a bony biological organ, CT images are
probably the best option because they exhibit a unique
grey-value for bone tissue. However, for ethical,
financial and political reasons, CT images of a newborn
or fetus are scarcely available and if so, they are difficult
to obtain. The same is true for MRI images, despite
being less hazardous than CT, whilst 3D ultrasound
images are too noisy to accurately recover the geometry.
Therefore, we decided to reconstruct a shell-based
surface model based on the laser scanning of the exact
replica of a real fetal skull model as manufactured by
ESP Ltd. A shell-based surface is justified since the
bones of the cranial vault are thin compared to their in-
plane dimensions (McPherson and Kriewall, 1980a).
The laser-scanning system operates according to the

following principle (Linney et al., 1989): a beam of laser
light is fanned out into a line and projected onto the
object surface. When the line is viewed obliquely by a
charge coupled device (CCD) camera it is curved,
reflecting the shape of the surface at the intersection
with the laser beam. To obtain a scan of the entire
surface of the object, the latter is rotated on a platform.

Individual data points can be recorded with a precision
of less than 1 mm: The triangulation of the data points is
straightforward because they form an ordered grid or
matrix of points on the object surface. Shortcomings of
the laser-scanning system include defects such as gaps
caused at the locations where data points are out of
reach (e.g. top and bottom of the skull when scanned in
upright position), noise from interfering objects (e.g. the
turntable) and surface patterns from vibration of the
object during scanning. Therefore, several scans from
different positions are acquired from which the most
accurate parts are selected and registered (Lapeer, 1999).
Fig. 1a shows the unconnected raw skull model, as a
compound of patches from data acquisitions at several
positions.
A front-based triangulation algorithm for surface

interpolation using thin-plate splines was developed to
interpolate missing parts of a surface, to create
triangular meshes of arbitrary complexity and to
optimise meshes to ensure optimal triangular aspect
ratios. The algorithm is described in depth in Lapeer
(1999, Chapter 3). Application of the algorithm to the
incomplete skull as shown in Fig. 1a resulted in a final,
compatible and optimised, triangular mesh model of the
fetal skull as shown in Fig. 1b.

3. A biomechanical model of the first stage of labour

The processes involved in the expulsion of the fetus
from the uterus and the resulting deformation of the
head are complex. Therefore, we limited the model to

Fig. 1. Skull models before and after thin-plate spline surface interpolation and remeshing. (a) Unconnected, raw mesh model. (b) Final mesh model.
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the first stage of labour when the fetal head is subjected
to amniotic and cervical pressures.

3.1. The first stage of labour

The first stage of labour starts from the onset of true
labour characterised by the increase of frequency and
intensity of contractions which causes the fetus to be
pressed against the lower uterine pole and the cervix to
dilate. The first stage is completed when the cervix
reaches full dilatation, which is conventionally taken as
10 cm (Friedman, 1954; Hendricks et al., 1970).

3.2. Intra-uterine pressure (IUP) and head-to-cervix
pressure (HCP)

As early as 1861, attempts were made to assess forces
in labour by inserting a spring measuring device in a pair
of forceps. Subsequent investigations involved the
insertion of balloons into the uterus via the vagina
(Bell, 1972). More recently, more accurate measure-
ments of the IUP (Turnbull, 1957) and HCP (Lindgren,
1960; Antonucci et al., 1997) during the first and second
stages of labour were made, using intra-uterine catheters
and pressure transducers. Since significant inter- and
intra-observer variations exist amongst researchers, it is
difficult to use these experimental results as a model for
the pressure distribution during the first stage.
Bell (1972) suggested a theoretical model based on the

assumptions that the lower pole of the fetal head is
spherical (see Fig. 2). Equilibrium in the vertical
direction then yields the equation (with fe ¼ p=2):

PapR2 ¼
Z fe

f0

Pr cos f2prR df: ð1Þ

The radial pressure (i.e. the HCP) is assumed to be
proportional to the square of the radius of the head at
all levels, an assumption based on experimental findings
by (Lindgren, 1960):

Pr ¼ Cðr� riÞ
2 ð2Þ

After substitution of Eq. (2) into Eq. (1) (which elim-
inates the constant C) and working out we obtain

P ¼
Pr

Pa
¼

6ðg�DiÞ
2

3ð1�D4Þ � 8Dið1�D3Þ þ 6D2
i ð1�D2Þ

;

ð3Þ

where Pr is the radial pressure or HCP, Pa the amniotic
pressure or IUP, g ¼ r=R; the ratio of the local radius of
contact and the greatest radius of the head, D ¼ r0

R ¼
sin f0; the cervical dilatation as a fraction of the smallest
radius of cervical contact and the greatest radius of the
head, and Di ¼ ri

R; the initial dilatation at the onset of
labour.

Fig. 3 shows the pressure ratio, P; at the largest
diameter of the head (i.e. the sub-occipito bregmatic
diameter) as a function of the dilatation, D: Assuming
the IUP to be constant,3 it is clear that a significant rise
of the HCP occurs near dilatation D > 0:7:

3.3. Material properties

3.3.1. Material properties of fetal cranial bone
Fetal cranial bone is a very thin, non-homogeneous

and highly curved material with a distinctly orientated

Fig. 2. Bell’s idealised model: the spherical lower pole of the fetal head

is in contact with the cervix. The dark-coloured patch shows the right

half of the head-to-cervix contact area. Pr is the radial pressure (HCP),

Pa is the amniotic pressure (IUP), R is the largest radius of the fetal

head, ri is the radius of initial dilatation and r0 is the radius of the

current dilatation.

Fig. 3. Pressure ratio, P; at the maximum diameter of the head as a

function of cervical dilatation, D (Di ¼ 0:3).

3Note that the IUP varies slowly in time between the basal pressure

and the peak pressure. In this paper, only peak pressures (worst case)

are considered which is justified by the fact that one period lasts

typically about 2–3 min:
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fiber pattern4 (McPherson and Kriewall, 1980a).
McPherson and Kriewall experimentally derived the
elastic modulus of fetal cranial bone from three-point
bending tests on 86 specimens obtained from six
newborns, with an estimated gestational age ranging
from 25 to 40 weeks (McPherson and Kriewall, 1980a).
They found the material to be in-plane orthotropic with
different elastic moduli in the tangential and radial
directions relatively to the fibers.
Writing the constitutive equations of the stress,

represented as a vector, r; as a function of the strain
vector, e (with elasticity matrix E):

r ¼ Ee ð4Þ

and in matrix form for an in-plane orthotropic
material:5

s1
s2
s12

2
64

3
75 ¼

E1

1�n12n21
n12E2

1�n12n21
0

n21E1

1�n12n21
E2

1�n12n21
0

0 0 E1

2ð1þn12Þ

2
664

3
775

e1
e2
2e12

2
64

3
75: ð5Þ

Based on experimental values of the elasticity moduli in
two perpendicular directions, E1 and E2 as reported in
McPherson and Kriewall (1980b), Poisson’s ratio for
tangential compression of adult cranial bone as an
estimate for n12 and reported in McElhaney et al. (1970),
and the assumption that the in-plane shear stress
components on perpendicular faces must be equal in
magnitude (Crandall et al., 1978):

n21E1 ¼ n12E2 ð6Þ

with n12 ¼ 0:22; E1 ¼ 3:860 GPa and E2 ¼ 0:965 GPa,
we obtain from Eq. (6): n21 ¼ 0:055: Substitution of
these values in Eq. (5) yields the elasticity matrix

E ¼

3:907 0:215 0

0:215 0:977 0

0 0 1:582

2
64

3
75: ð7Þ

3.3.2. Material properties of fontanelles and sutures
For the fontanelles and sutures we adopted values as

reported by Bylski et al. (1986) who investigated the
material properties of fetal dura mater. They assumed
the material to be homogeneous, isotropic, non-linearly
elastic, incompressible and undergoing large deforma-
tion when subjected to a static load (hyperelastic).
Assuming a Mooney–Rivlin model, the following
material constants were reported for fetal dura mater:

C1 ¼ 1:18 MPa;

C2 ¼ 0:295 MPa:

The anisotropic and viscoelastic behaviour, generally
displayed by soft tissues (Fung, 1993) was ignored by
the authors. This assumption was justified from research
by Melvin et al. (1970) who reported that the general
variability in the adult dura mater tissue tends to
overshadow the anisotropic and viscoelastic effects.

3.3.3. Material properties of the skull base and maxilla
Adult cranial bone is a transversely (tangent to the

skull surface) isotropic material (Wood, 1971). Material
constants for the skull base and maxilla of the fetal skull
have not been reported as yet. We will assume that the
fetal skull base and maxilla are similar to adult cranial
bone and adopt the values of Young’s modulus, E ¼
4:46 GPa; and Poisson’s ratio, n ¼ 0:22; for an adult
skull, as reported by McElhaney (1973).

3.4. Validation of the model

Sorbe and Dahlgren (1983) investigated 319 vaginal
deliveries. They used a photographic method to docu-
ment the size of the infant’s head, immediately
postpartum and 3 days later. Six different diameters
were measured: the biparietal diameter, BPD, the
occipito-frontal diameter, OFD, the orbito-occipital
diameter, OrOD, the suboccipito-bregmatic diameter,
SOBD, the maxillo-vertical diameter, MaVD, and the
orbito-vertical diameter, OrVD. A modified moulding
index, MMI, was used based on Kriewall’s moulding
index MI (Kriewall et al., 1977):

MMI ¼
MaVD2

BPD� SOBD
: ð8Þ

They observed significant changes for the SOBD, OrVD
and MaVD. These values are reported in Table 1. Fig. 7
shows the diameters and the anatomy of the fetal skull.

Table 1

Original diameters and absolute diametral displacements (in mm) as

reported by Sorbe and Dahlgren (1983) (columns 1 and 2), from a

previous experiment by Lapeer and Prager and reported in Lapeer and

Prager (1999) (columns 3 and 4), and from the current experiment

(columns 5 and 6)

S–D L–P old L–P new

Diameter Length Displ. Length Displ. Length Displ.

MaVD 140.5 +1.90 129.3 +0.30 129.3 +1.43

OrOD 131.4 +0.10a F F 119.9 +1.85

OrVD 126.9 +2.20 119.3 +0.25 119.3 +1.24

OFD 134.0 +0.40a F F 119.7 +1.82

SOFD F F F F 113.2 �0:85
SOBD 117.1 �1:70 88.7 �1:07 88.7 �2:52
BPD 105.0 0.00 89.7 �0:21 89.7 �0:83

aNot statistically significant.

4Unlike the homogeneous grain structure of adult cranial bone!
5Note that the derivation of the shear modulus, G ¼ 2ð1þ n12Þ=E1;

is based on the assumption that the material is in-plane isotropic rather

than in-plane orthotropic (McPherson and Kriewall, 1980b).

R.J. Lapeer, R.W. Prager / Journal of Biomechanics 34 (2001) 1125–11331128

Association ATIDE 
Centre de Documentation ARIANE



4. Experiments

McPherson and Kriewall investigated the deforma-
tion of the parietal bones when subjected to a linearly
varying HCP (McPherson, 1978; McPherson and Krie-
wall, 1980b). The finite element (FE) model they used
contained 64 nodes and 63 first-order elements. The
shape of the bones was derived from X-ray images of a
fetal skull. Assuming linear geometry, they found
diametral strains of around 1% for dilatation D ¼ 0:5:
Their experiment was validated in Lapeer (1999) with
more accurate models of up to 10,000 second-order
elements and diametral strains of more than 7% were
found, though the shape after deformation corre-
sponded with their findings.
The experiment described in this section involves the

evaluation of the entire skull when subjected to the IUP
and HCP. From Eq. (3) and Fig. 3 we saw that higher
dilatations result in significantly higher HCPs. Experi-
ments at different dilatations as reported in Lapeer
(1999) showed that higher HCPs corresponded to higher
degrees of moulding. Therefore, we will limit the
experiment reported here to dilatation, D ¼ 0:9:6

Fig. 4 shows the pressure distribution on the fetal
skull calculated from the idealised model formalised in
Eq. (3). Fig. 5 shows the sub-occipito bregmatic (SOB)
plane. Below this plane, the cervix is in contact with the
head, a configuration which corresponds to the most

common presentation, the occiput anterior vertex pre-
sentation. Above the plane, the skull is subjected to the
intra-uterine (amniotic) pressure. The skull model as
shown in Fig. 1b was used. It contains 63,413 first-order,
thin-shell, triangular elements.
The geometry was further subdivided into different

regions of different material properties. Fig. 6 shows this

Fig. 4. Pressure distribution as exerted by the cervix and the amniotic

fluid at dilatation, D ¼ 0:9: The amniotic or intra-uterine pressure

(IUP) is 50 mmHg; the initial dilatation, Di; is 0.3. Note that there is
no pressure exerted on the fontanelles and sutures.

Fig. 5. Location of the sub-occipito bregmatic (SOB) plane, corre-

sponding to an occiput anterior vertex presentation and the axis

directions for the analysis of deformation of the fetal skull model.

Fig. 6. Coloured fetal skull model: red colour is bone; blue colour are

sutures=fontanelles. Darker red colours correspond to regions of higher
thickness values (visualisation in Geomview 1.6.1; Phillips, 1996).

6Note that for higher dilatations the model as formulated in Eq. (3)

shows poor agreement with values reported from clinical experiments.
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subdivision represented by different colours. McPherson
and Kriewall (1980b) discovered that the bones of the
cranial vault, i.e. the parietal and frontal bones and the
occipital bone, are thicker in their centres and become
gradually thinner towards the outer edges. They
subdivided the bones into three concentric regions
emanating from the centre with average thicknesses
of 0.89, 0.74 and 0:61 mm; respectively. These
different regions are shown in Fig. 6 in different
shades of red. The skull base and maxilla are coloured
dark red and their thickness is set to 2 mmFan estimate
based on the thickness of the palate of the fetal
skull model. The fontanelles and sutures are coloured
blue and have an average thickness of 0:57 mm as
reported in Bylski et al. (1986). The material pro-
perties are set as specified in Eq. (7) and Sections 3.3.2
and 3.3.3.
Boundary conditions are met by three fully built-in

nodes on the base of the skull to avoid rigid body
translation and rotation. Additionally, three fully built-
in nodes on the facial part of the skull are specified, to
avoid rigid body rotation about the x-axis. A static
analysis, assuming non-linear geometry, was performed
using the ABAQUS FE software.
Fig. 7 shows the diameters for evaluation: MaVD,

OrOD, OrVD, OFD, SOFD, SOBD, and BPD.

4.1. Results

Table 1 shows the original diameters and the
diametral displacements in mm, as reported from the
clinical experiment by Sorbe and Dahlgren (1983), from

an earlier experiment as reported in Lapeer and Prager
(1999) and from the current experiment.7

Table 2 shows the modified moulding index, MMI,
for the clinical and the current experiment.
The percentage of moulding as shown in Table 2 is

calculated from

MMIa �MMIb
MMIb

� 100; ð9Þ

where MMIb and MMIa are the modified moulding
indices before and after moulding, respectively.
Table 3 shows the strains in %, for the clinical and the

current experiment.
Finally, Fig. 8 shows the moulding of the fetal skull as

predicted by the biomechanical model for frontal, lateral
and top views, respectively.

Fig. 7. Anatomy of the fetal skull and diameters for evaluation of fetal head moulding. 1 ¼ frontal bone, 2 ¼ parietal bone, 3 ¼ occipital bone,

4 ¼ temporal (squamosal) bone, 5 ¼ skull base, 6 ¼ anterior fontanelle, 7 ¼ posterior fontanelle, 8 ¼ sphenoidal fontanelle, 9 ¼ mastoidal

fontanelle (see text for explanation of the diameters).

Table 2

The modified moulding index (MMI) for the biomechanical model of

fetal head moulding and from clinical experiments by Sorbe and

Dahlgren

Before After % Moulding

S–Da 2.08 2.18 4.8

L–P new 2.10 2.23 6.2

aThe MMIs from Sorbe and Dahlgren are averages and corrected to

account for the skin

7Note that the diametral lengths as reported in the current

experiment are smaller than the reported values by Sorbe and

Dahlgren because the latter include the skin. This discrepancy should

make no difference to the corresponding values of the diametral

displacements.
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5. Discussion

Comparing the clinical experimental data from Sorbe
and Dahlgren (1983) and the results from our biome-
chanical model, relatively good agreement, both in
terms of the shape after deformation as the degree of
deformation, is shown. The correspondence in terms of
deformation of the original shape is illustrated by the

Fig. 8. Effects of the cervical and amniotic pressure during the first stage of labour on fetal head mouldingFdeformation magnification ¼ 4: (a)
frontal view, (b) lateral view, (c) top view.

Table 3

Diametral strains (%) for the biomechanical model and corrected

average diametral strains from Sorbe and Dahlgren (1983), for all

diameters

MaVD OrOD OrVD OFD SOFD SOBD BPD

S–D +1.47 +0.08a +1.85 +0.33a F �1:90 0.00

L–P new +1.10 +1.63 +1.04 +1.52 �0:75 �2:84 �0:92

aNot statistically significant
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elongation of the MaVD and the OrVD (positive
diametral displacement) and the compression of the
SOBD (negative diametral displacement) for the three
experiments. The degree of deformation is much closer
to Sorbe and Dahlgren’s experimental values for the
current (new) experiment than for the (old) experiment
as reported in Lapeer and Prager (1999). The main
distinction between these two models lies in the
modelling of the material properties of the fontanelles
and sutures. In the old model, properties of adult dura
mater as reported in McElhaney (1973) were used. The
material was assumed to be linearly elastic. In the
current model, properties of fetal dura mater were used
as reported in Bylski et al. (1986) and the material was
assumed to be hyperelastic. It is however doubtful that
the drastic change in the degree of deformation as
compared to earlier results can be credited to a
hyperelastic Mooney–Rivlin model with just two para-
meters. The true reason for displaying a higher (and
more realistic) degree of deformation are probably the
more realistic and smaller values of the two hyperelastic
material constants, i.e. C1 ¼ 1:18 MPa and C2 ¼
0:295 MPa; for fetal dura mater, as compared to the
linear elastic constant, E ¼ 31:5 MPa; for adult dura
mater. The Mooney–Rivlin (MR) model, which was
chosen at this stage for its simplicity, is inferior as a
model for the soft tissue of fetal dura mater as compared
to the Skalak, Tozeren, Zarda and Chien (STZC) model,
which was illustrated in Bylski et al. (1986). The
implementation of this model in future work is necessary
for further assessment of the hyperelastic assumption. In
general, the resulting deformations may though indicate
that the stiffness of the fetal skull is very much
dependent on the properties of the soft tissues.
A peculiar finding is that the BPD did not change in

Sorbe and Dahlgren’s experiments, whilst the authors’
findings point to a small decrease of this diameter. This
is however in agreement with McPherson’s parietal bone
test (McPherson, 1978) which reports a decrease of
about 2% of the BPD.
The OrOD and OFD did not show statistically

significant changes according to Sorbe and Dahlgren
(1983) but the signs of the displacements are nonetheless
in agreement with our findings. The SOFD was not
reported in Sorbe and Dahlgren (1983) and showed a
rather small negative displacement in our model.
The general shape deformations, as represented by the

diametral changes, are visualised in Fig. 8. Figs. 8a and
b show the lifting of the parietal bones. This suggests a
decrease of the BPD which is illustrated in Figs. 8a and
c. The latter figure shows the bulging of the anterior
fontanelle because of the lifting of the parietal bones.
This phenomenon also causes the area near the posterior
fontanelle to move outwards in the negative z-direction
(see Fig. 5) which results in an increase of the OFD,
OrOD, MaVD and the OrVD. The lifting of the

protuberance of the occipital bone results in the decrease
of the SOBD.
Table 2 shows the MMI, for the experimental results

from Sorbe and Dahlgren (1983) and from the new
model. The latter shows a slightly higher degree of
moulding. From Eq. (8) we see that the MMI is
proportional to the square of the MaVD and inversely
proportional to the product of the SOBD and BPD.
For the experimental clinical model, the MaVD
increases more than for the biomechanical model;
however, the SOBD and BPD, decrease proportionally
more for the latter, thus resulting in a higher MMI.
Some caution has to be taken with the interpretation of
the MMI because it does not include all diameters
and its theoretical derivation, based on principal
dimensions when the head is considered to exhibit the
shape of an ellipsoid (Kriewall et al., 1977), is rather
fragile.
Table 3 shows the strains which are in relatively good

agreement, in terms of order of magnitude, between the
models.

6. Conclusion

The biomechanical model of fetal head moulding as
presented in this paper is a significant improvement
compared to the earlier model of the parietal bones,
suggested by McPherson and Kriewall (McPherson,
1978; McPherson and Kriewall, 1980b) and the more
recent model, presented in Lapeer and Prager (1999).
Despite the use of a relatively small number of
parameters compared to the many involved in the birth
process, and the potentially large variation within this
small set of parameters, the model shows good agree-
ment with clinical experiments, both in terms of shape
after deformation and the degree of deformation. More-
over, the lifting of the parietal bones, is a commonly
known phenomenon in the obstetric and paediatric
communities and has previously been reported in
Govaert (1993), Lapeer (1999) and McPherson and
Kriewall (1980b).
The model as presented in this paper, allows us to

evaluate the biomechanics of fetal head moulding in a
quantitative fashion and continuously across the geo-
metry. Therefore, it can be used in the obstetric field, to
improve the sensitivity of a computerised birth simula-
tion, aimed at the early diagnosis of possible complica-
tions during vaginal delivery. In the paediatric field, it
can be applied to investigate mechanical cranial birth
injuries as well as congenital malformations such as
hydrocephalus.
Future improvements to the model should involve the

analysis of variation of the different model parameters
and their influence on head moulding. More accurate
reconstruction of the geometry of the skull could be
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obtained from computed tomography (CT) data.
Acquisition of several such datasets would allow us to
investigate the sensitivity of fetal skull moulding to
variations in shape. Further investigations on the
material properties as conducted by Bylski et al. (1986)
and McPherson and Kriewall (1980a) may prove useful
but again the ethical factor may pose a problem. More
sophisticated measurements of the IUP and the HCP in
both the first and second stage and possibly in
conjunction with measurements of several diameters
after delivery would significantly improve the accuracy
of the physical model.
The actual IUP changes during time with a frequency

of about 18–30 uterine contractions per hour (Lindgren,
1977). The current model was assumed to be static and
based on peak pressures (worst case). The considera-
tion of a more realistic quasi-static model may prove
useful especially in conjunction with viscoelastic and
plastic models of the bones of the cranial vault. A
mechanical contact model of the underlying structures
such as the female pelvis and the uterine tract, and
consideration of the second stage of labour, may further
improve the quantitative assessment of fetal head
moulding.
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