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Ahawact - Fetal head molding is the change in bead shape due to the forces of labor. Previous investigations 
of the molding process have ban largely qualitative in nature. In order to provide a first step toward a 
quantitative description of the &formations of the fetal head, a fmitc eiement analysis of the par&al bone of 
the fetal skull is pcr&tncd. The structural geometry of the bone is derived from orthogonal radiographs of a 
full term anatomical specimen. Load and material parameters are taken from previous investigations The 
bone is modeled using 63 thin shell elements from the SAP IV element library. Scaled models of prctcrm 
par&al bone are compared to term bone models. 

The results indicate that the models undergo deformations which are qualitatively similar to those seen in 
normal labor. The pretcrm parictal bone model exhibits deformations 2-4 times greater than the term bone 
model for the same load distribution. The significance of these results and their relationship to the molding 
process are discussed. 

INlRODUCnON 

Due to the forces of labor, the fetal head changes shape 
as it passes through the birth canal -a procas termed 
“mokling”. Exceaaive molding itas been implicptai in 
conditions ran& in severity from subtle psycho- 
neurological disorders to mental retardation, cerebral 
palsy and even death (Churchill, 1970; Glenting, 1970; 
Holland, 1922; Wigglesworth and Husemeyer, 1977; 
Willerman, 197Oa, b). Yet, intrapartum diagnosis of 
excessive molding is beyond the capabilities of present 
day obstetrics. 

There have been only a limited number of studies 
which have investigated the biomechanics of the 
molding process, and the majority of these have been 
qualitative in nature. In order to derive a quantitative 
understanding of the process, an approach is needed 
which is based on the classical analysis techniques of 
engineering mechanics. Viewing the fetal head as a 
complex biomechanical structure, the problem can be 
subdivided into three distinct areas: (1) deriving the 
mechanical properties of fetal cranial tissue, (2) deriv- 
ing the structural configuration of the head, and (3) 
evaluating the loads of fetal head during labor. Pre- 
liminary information is available from previous in- 
vestigations for both the pressure distributions on the 
fetal head during normal labor (Lindgren, 1960; 
Schwartz et ol., 1970) and the mechanical properties of 
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fetal cranial bone (McPherson and K&wall, 1979). 
While various anatomical diameters of the fetal skull 
are readily avaikbk, the complex curvature of the 
surface of the drull has not been adequately described 
to date. Given that such a descr@tion can be de- 
veloped, however, the information in each of these 
three areas can be used to synthesize a simplified 
mathematical model of the fetal skull using the method 
of finite element analysis. The structure of available, 
general-purpose finite element programs is such that a 
model is hmited to “small strain” analysis. The results 
from such a simplified analysis point the way to more 
sophisticated analyses which are capable of incor- 
porating the geometrical and material nonlinear&s 
inherent in a complete solution of the problem. 

WC MODELING CUlDELlNES 

Because occiput transverse, vertex presentations 
constitute 75-80 % of ah vaginal deliveries (Helhnan 
and Pritchard, 1971), this presentation is used as the 
basis of this investigation. With the head in a trans- 
verse position and assuming a synditic presentation 
(i.e. the sag&al suture is equidistant from the sym- 
physis and the sacral promontory), the distribution of 
pressure on the head is symmetrical with respect to the 
sag&al plane. The conditions of symmetry permits 
simplification of the model. 

The fetal skull consists of four regions: (1) the 
face/base region, (2) the frontal bones, (3) the pa&al 
bones, and (4) the occipital hone. The fa&basc region 
consists ofwefl-ossified bones and (in comparison with 
the cranium) is relatively rigid. This region can there- 
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fore be neglected in molding studies. It has also been 
demonstrated that the occipital bone is relatively rigid 
and displacements of the bone are limited to rotations 
of the bone about the occipital hinge (Moloy, 1942). 
While the frontal bones and occipital bone do contri- 
bute to the overall response, the largest amount of 
distortion seems to take place within the parietal 
bones. The increased curvature and elevation of the 
vertex seen in studies such as those described by Bore11 
and Femstrom (19%, b) appear to be largely due to 
the deformations within these bones. 

In view of the foregoing, the initial modeling was 
confined to the parietal bones. This allowed an 
analysis of the deformation response uncomplicated 
by the effects of the underlying brain, the septa of the 
dura mater and the membranous sutures. 

Another aspect of this modeling etTort was to 
investigate the differences in response between preterm 
and term bone. Premature birth is the most significant 
factor in neonatal death (Hellman and Pritchard, 
1971). Increased deformations of the preterm skull, as 
compared to the term skull, due to the pressures of 
labor could be an important contributor to ‘this 
neonatal loss. 

SIXUCIIJRAL CEOMETUY AND MODELING 

To investigate the deformation tesponse of the fetal 
skull, the geometry of the skull first must be quantified. 
Because the skull has a complex irregular shape, 
traditional methods of measurement are unsuitable for 
accurately describing the surface geometry. The ap 
preach used in this investigation utilizes 3 orthogonal 
radiographs of a full-term anatomical specimen (Fig. 
1). A full-scale drawing of the fetal skull was con- 
structed from these radiographs using orthographic 
projections (Fig. 2). 

The surface geometry of the preterm skull is as- 
sumed to correspond to that of the term skull with the 
overall dimensions reduced to representative values 
for a gestational age of 24 weeks. Data from Scammon 
and C&ins (1929) indicate that an overall scale 
reduction of 0.6 yields an accurate representation of 
the skull of the preterm fetus. 

Because of the symmetry conditions mentioned 
previously, it is necessary to model only one of the 
parietal bones. The left parietai bone of both the term 
and preterm fetus is modeled using 63 thin shell 
elements as shown in Fig. 3. This element is a 
quadrilateral formed from four compatible triangles. 
The membrane and bending behavior are obtained 
from the Constant Strain Triangle and a conforming 
quadrilateral plate element (LCCT9), respectively. The 
quadriiteral has 6 degrees of freedom per node in the 
global coordinate system. The element is a standard 
library element in the SAP IV structural analysis 
program (Bathe et al., 1974) 

Element node locations were chosen from both 
anatomical and structural analysis viewpoints. Certain 
locations such as the parietal eminence and the comers 
of the bone margins are natural node locations. The 
other node locations were chosen to best represent the 
curvature of the skull surface and also to minimize the 
element aspect ratio. The choice of this structural grid 
also allows the radial nature of the bone,fibers (which 
are characteristic of fetal parietal bone) to be modeled 
conveniently. Preliminary investigations using other 
grid configurations established that the grid shown in 
Fig. 3 is the coarsest grid which allows a reasonable 
approximation to the geometry of the bone. The 
geometry chosen is representative of normal anatomy. 

The decreasing bone thickness from the eminence to 
the margins is incorporated into the model by decre- 
menting the element thickness in the three concentric 

Fig. 2. Orthogonal drawing of the skull of a term fetus prepared using the radiographs shown in Fig. 1. 



Fig. 1. orthosonnl radiographs of the skull from a term fetus used to quantify fetal head geometry. 
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Fig. 9. Displacement of parietal bone during labor. Note the misalignment between the margins of the bones at the coronal and 
lamboidal sutures. (From Borell and Femstrom, 1958a.) 
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Fig. 

I F# 

NO. OF NODES = 64 
Y-w-5 0 

NO OF ELEMENTS ~63 CENTIMETERS 

3. Finite element model of a fetal porietal bone. Fzp denotes a node with dirplacen~ents constrained in all directions ; F, 
denotes a node with a constrained displacement in the X-axis while movement is permitted in the Y-Z plane. 

Table 1. Bone thickness values for elements of the fetal 
parictal bone model 

Element group 

Inner ring 
Middle ring 
Outer ring 

Element thickness (mm) 
Preterm Term 

0.61 0.89 
0.48 0.74 
0.36 0.61 

rings of ekments. Bone thickness values used in both 
the term and preterm models (listed in Table 1) are 
constant within any one ring l%y are based on the 
data derived in a previous investigation (McPherson 
and Kriewall, 1979). 

The boundary conditions used in the model are 
chosen to remove rigid body displacements and to 
satisfy the requirements of symmetry. The node at each 
lower corner of the model is fixed with regard to 
dispkament, but rotations about the Y-axis are 
permitted (Fig. 3). Nodas in the Y-Z plane along the 
upper margin of the bone are required to stay within 
that plane (X&placement constrained), but can 
translate or rotate within the plane as the solution 
dictates. These boundary conditions were chosen to 
prevent the parktal bone model from rotating across 
the sag&al plane and hence “overiapping” the other 
parktat bone of the skull - a condition which never 
occurs in the live t&us (Boreil and Fernstrom, 1958a). 

MATERIAL PllOPEltnEs 

Material property data are taken from an earlier 
investigation of the three-pint bending response of 
small beam sp&mens of fetal par&al hone (McPher- 
son and Kiiewell, 1979). Values for the ekstic moduli, 
both parallel and perpendicular to the bone fiber 
direction, were obtained in that study from the initial 

linear region of the load-detkction curves, The mat- 
erial parameters are thus limited to small strains. 

Designating the r direction as that par&l to the 
bone fiber and the t direction as that peqc&kukr to 
the bone fiber, the mean mod& values for a term fetus 
are 

E, = 3.86 x 10’ MPa 

E, = 9.65 x 102 MPa. 

From the data, fetal skull bone can be seen to be an 
orthotropic material, but because the fetal skull is thin 
in comparison to its external diameters_ a state of plane 
stress may be assumed. The constitutive equation for 
plane stress is written in matrix form as 

{z.I}=[ ;:: “1 ;$-J (1) 

where u = normal stress ; T = shear stress ; E = 
normal strain ; y = shear strain; and c,, = 
constants. The constants cl, are given by: 

E, E. 
c,, =- - - 

1 - %I*, 1 - V-v” 
(2) 

C 
E, 

22 - - 
1 - v,v, 

(3) 

C 
E, *, 

12 =- 
1 - v,v, 

(4) 

where 

C 
E, *, 

11=- 
1 - *rr*,, 

(5) 

C33 = G ?0 (6) 

E, = elastic modulus in the t-direction (MPa), 



22 GREGG K. MCPHERSON and TIMOTHY J. KRIEWALL 

E, = elastic modulus in the t-direction (MPa), 
v,, = Poisson’s ratio for load in the r-direction with 

iateraf contraction in the t-direction; 
v,, = Poisson’s ratio for load in the t-direction with 

lateral contraction in the r-direction, 
G, = shear modulus (MPa). 

Using symmetry arguments, it can be shown that 

and hence 

C 12 - Cz1 (7) 

E, R, - = -. (8) 
%I VI, 

No data are available for Poisson’s ratio, v, in fetal 
bone, but McElhaney et al. (1970) report a value of0.28 
for adult cortical cranial bone. Assuming this value for 
fetal cranial bone, equation (8) implies that v,, is 
approximately equal to 0.08 for term bone, while the 
value for preterm bone is approximately 0.03. 

The shear modulus, G,, is also unavailable, but for 
isotropic materials : 

G = E/2( 1 + v) (9) 

Assuming that E and v in equation (9) may be 
approximated by E, and V~ respectively, a value for G, 
may be calculated. Substituting the appropriate values 
into equations (2)-(6), the mean material parameters 
for the constitutive matrix may be derived. They are 
listed in Table 2. 

LOADING DATA 

Lindgren (1960) used a series of small pressure 
transducers inserted between the uterus and the fetal 
membranes enclosing the fetal head to monitor pres- 
sures. These transducers were spaced so as to measure 
amniotic pressure as well as three intrapelvic pressures 
along the head. in the first stage of labor, Lindgren 
found the pressure at the largest circumference of the 
head to be 3-4 times greater than the corresponding 
amniotic pressure. The pressure progressively dimin- 
ished between the largest diameter and the vertex of 
the head. He hypothesized that it is this difference in 
pressure which provides the driving force for the 
characteristic shape changes of the fetal head. 

Schwarcx et a/. (1970) substantiated Lindgren’s 
findings, but they noted that the ratio of the pressure at 
the largest circumference to the amniotic pressure was 
lower by a factor of two than the values quoted by 
Lindgren. They hypothesized that this difference was 

Table 2. Material parameters for term and preterm fetal 
cranial bone assuming a state of plane stress 

Preterm 
Term 

Material parameters x lo-” MPa 
C,, C 12 C 22 c 33 

1.67 0.04 0.14 0.63 
3.96 0.30 0.99 1.48 

due to the different types of pressure transducers used 
in the respective studies. 

Bell (1972) extensively analyud the pressure distri- 
bution of the fetal head interacting with the cervix 
during the first stage of labor. He assumed the head 
was a rigid sphere acted upon by a radial contact 
pressure from the wags of the cervix and also by a 
hydrostatic pressure due to the amniotic fluid. In a 
theoretical development, he calculated the magnitude 
of the pressure distribution on the fetal skull. Bell’s 
analysis is used in this study as the basis for determin- 
ing the loads because it provides the only known 
estimate of the distribution of pressure over the entire 
head. Equally as important, BeP’s analysis allows the 
distribution and magnitude of the pressure to be 
calculated as a function of dilatation. 

Assuming a variation in pressure of the form 

P, = Cr2, (10) 

the equilibrium of forces equation yields the re- 
lationship between amniotic pressure and the radial 
contact pressure 

P” 2RzrZ 
-=- 
Pa R* - r:’ 

(11) 

where 

Pa = radial contact pressure, 
Pa = amniotic pressure, 
R = radius of the fetal head at the equator, 
r,, = radius of the cervical OS, 
r = minor radius of the fetal head. 

In order to more easily compare the response of the 
model at increasing degrees of dilatation, a constant 
amniotic pressure at SO mm Hg is assumed. 

Using 5 cm as the radius for the fetal head, equation 
(11) can be solved for the radial contact pressure as a 
function of cervical dilatation. 

The pressure at the largest diameter of the fetal head 
is relatively constant for dilatations of 40% or less, but 
increases as dilatation progresses. The calculated 
pressure distribution shows good agreement with the 
experimental results of Lindgren and Schwartz et al. 
for dilatation of 75 % or less. 

Below the suboccipitobregmatic plane (see Fig. 4). 
where the cervix is in contact with the fetai head, the 
loads applied to the model of the parietal bone are 
those calculated using Bell’s analysis. Above this plane, 
the cervix is no longer in contact with the head and the 
normal pressure equals the amniotic pressure. 

Loads in the case of the preterm skull are calculated 
in exactly the same manner as in the term skull, using a 
radius for the preterm skull of 3 cm. 

RESULTS 

The finite element model of the term parietal bone 
was analyzed for four different pressure distributions. 
These distributions corresponded to the case of hy- 
drostatic pressure (present before engagement of the 



A tinite element model of the fetal parietal bone 23 

YENTUM 

suBoccIPITo- 
BRE6MATlC PLANE 

-VERTEX 

Fig. 4. The well-llexed head of a fetus is shown diagrammati- 
cally as it is positioned in most delivery presentations. Above 
the suboccipitobregmatic plane, only amniotic fluid is in 
contact with the head, so the pressure above the plane on the 
head equals the amniotic fluid pressure. From the sub- 
oaipitobregmatic plane towards the vertex, the head is in 
contact with the cervix. The pressure below the plane varies as 
a function of both the state of dilatation and where on the 

head the pressure is calculated. Beyond the cervical OS, the 
relative pressure talk to zero. 

head) and to degrees of cervical dilatation of 2550 and 
75%. In addition, the preterm parietal bone model was 
analyzed for a pressure distribution corresponding to 
50% cervical dilatation. 

In order to more easily assess bone distortions under 
the applied loads, three linear measurements of defor- 
mation were calculated for each load case. These 
“strains” were de&d as the ratio in chord length 
change connecting two points on opposite margins of 
the bone to the initial chord length (Fig. 5). Three 
chords were used : (1) the chord joining the midpoints 
of the anterior and posterior margins of the bones; (2) 
the chord joining the midpoints of the superior and 
inferior margins of the bone; and (3) the chord joining 
the parietal eminences of the two sides of the head (the 
biparietal diameter). The change in length of each 

chord was determined from the calculated displace- 
ment of the nodes at each end of the chord. The results 
for the term parietal bone model are plotted in Fig. 6. 

Several observations are apparent. First, some dis- 
tortion of the parietal bone is present before engage- 
ment due to the hydrostatic pressure distribution of 
the amniotic fluid. After engagement, and as dilatation 
progresses, the deformation of the bone increases in an 
exponential manner. The mentovertical chord in- 
creases in length while the other two chords decrease. 
For a diktation of 75 % or less, the magnitude of the 
decrease in the anteroposterior chord is larger than the 
magnitude of the increase in the other two chords. A 
comparison of the magnitude of the strains for the 
preterm and term parietal bones at a given level of 
dilatation reveals that the strains are approximately 
2-4 times greater in the premature bone than in the 
term bone (Table 3). 

Two orthographic drawings of the term parietal 
bone were prepared to depict the deformations as they 
appear superimposed on the undeformed skull (Figs. 7 
and 8). 

These figures represent the cases of hydrostatic 
pressure and 50 % dilatation, respectively. The figures 
also incorporate a graphical representation of the 
respective pressure distributions. 

The SAP IV structural analysis program provides, 
in addition to the node displacements, data on the 
resultant membrane stress and bending moment com- 
ponents for each element. The membrane stresses were 
usually larger (by SO- 100 %) in the preterm model than 
those in the term bone model, while the opposite was 
true for the bending moments. Differences in magni- 
tude varied from element to element, however. The 
maximum membrane stress never exceeded 5.5 MPa, 
while the maximum bending moment was always less 

Table 3. Comparison of diametral sirpins for preterm and 
term pa&al bone model 

GCStptiOMl 

age 

preterm 
Term 

50% dilatation 
61 % 83 

- 0.0299 0.0218 - 0.0295 
- 0.0133 O.Ol# - 0.0104 

Fig. 5. Diametral strains used to define bone distortion. 
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Fig. 8. 

than O,l MPa. These results support the use of the 
linear finite element analysis program which assumes a 
condition of “small strain”. 

DISCUSSON 

One of the basic questions regarding molding is 
“How do the bony plates of the fetal skull influence the 
overall molding process?” Do they move as rigid 
structures with no deformation or, at the opposite 
extreme, do they simply deform (with no rigid-body 
displacement) around their initial position? While 
previous investigators have attempted to qualitatively 
describe the deformations of the parietal bones, this 
investigation is the first attempt to provide a method 
for quantitative description. Using the approach of 
mathematical modeling, it is possible not only to 
define linear measurea unavailable to previous in- 
vestigators, but more importantly, it is possible to 
analytically control those variables which would be 

Dafomation of the term parietal bone model for the case of hydrostatic pressure. Deformations are shown twice normal 
size for clarity. SOB, suboccipitobregmatic plane; BA, axis of birth canal. 

Deformation of the term parietal bone model for the case of 50 % cervical dilatation. Deformations are 
normal size. SOB, suboccipitobregmatic plane; BA, axis of birth canal. 

shown twice 
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difficult or impossible to control under experimental 
conditions. 

The analysis includes many simplifications and 
approximations which are made in order to create an 
initial modd of the parietal bone. Small strain material 
parameters, linear finite element theory and calculated 
pressure distributions all tend to limit the range of 
deformations which are presently analyzable. Never- 
theless, the results indicate that any effort to describe 
the molding process must aazount for deformation 
within the skuh bones. 

The ultimate test of any model, of course, is its 
correspondence to reality. Many of the results of this 
modeling study agree qualitatively with the results of 
previous investigators. Before labor ensues, Kriewall 
et al. (1977) found that the antepartum hydrostatic 
forces of Braxton-Hicks contractions shortens the 
mentovertical diameter. This is seen in Fig. 7. Figure 8 
shows that, as dilatation progmsses, the parietal bone 
shortens in its anteroposterior dimension while the 
vertex elevates. This is in agreement with the previous 
findings of Bore11 and Femstrom (1958a). The elev- 
ation of the vertex causes an apparent displacement 
between the frontal and parietal bones and between 
the occipital and parietal bones when the head is 
viewed from the side - a displacement easily seen on 
skull radiographs taken during labor (Fig. 9). This 
misalignment is evident, furthermore, even when dis- 
placement in the frontal and occipital bones are 
ignored, as is the case in this investigation. This 
misalignment between the bones raises questions 
regarding the qualitative description of previous in- 
vestigators (Moloy, 1942; Baxter, 1946). These in- 
vestigators contend that the misalignment is at least 
partially an indication of the inward displacement of 
the frontal and occipital bones. Our investigation has 
demonstrated, however, that this does not have to be 
the case. Misalignment can occur through deforma- 
tions of the parietal bones alone. Future investigations 
are required to assess the contributions of the frontal 
and occipital bones to the overall molding process. 

The thinner, more flexibk preterm parietal bone has 
been shown to be capable of undergoing larger 
deformation than term parietal bone under the same 
applied pressures. This may be a contributing factor to 
the increased incidence of birth trauma experienced by 
the preterm fetus. A common clinical misconception is 
that molding is induced by the maternal bony pelvis. If 
the bony pelvis was the sole cause of molding, then the 
preterm head would pass more easily through the birth 
canal. However, the lower uterine segment (viz. the 
cervix) is capable of significantly molding the head. 
The intrauterine pressures are comparable in magni- 
tude between preterm and term labors. Consequently, 
the preterm head with its weaker material properties 
may undergo significantly more deformation than its 
term counterpart. 

Figures 7 and 8 indicate that the posterior portion of 
the parietal bone model crosses the sagittal plane and 
hence “overlaps” the opposite parietal bone. Such a 

condition is never observed clinically. This discrep- 
ancy is the result of the initial choice of boundary 
conditions for the model. The nodes which cross the 
symmetry plane are not restrained because they do not 
originally lie in that plane. Fixing each node as it 
reaches the plane of symmetry would require an 
incremental loading approach which is not justified for 
this initial study. Nevertheless, this apparent overlap 
does point out the restraining e&t of the soft tissue 
joining these bones in the actual head. 

The magnitudes and distributions of applied loads 
used in the models are representative (particulariy for 
smaller degrees of dilatation) of normal vertex pre- 
sentations with no complicating factors. Conditions 
which complicate vertex presentations, such as cepha- 
lopelvic disproportion or muscular spasm in the lower 
part of the cervix, dramatically increase the magnitude 
of the applied loads and possibly more important, they 
alter the distribution of these pressures. Then changes 
are rdlected in larger deformations of the bones and 
consequently of the enclosed brain. 

CONCLUSIONS 

The techniques of engineering structural analysis 
have been used to investigate the biomechanics of fetal 
head molding. Whik the modeling includes many 
simpiitlations and approximations, a number of 
observations can be made: 

(1) Fetal cranial bone is a structure which is capable 
of d&orming under load distributions typical of 
those found in normal labor. 

(2) The smaE strains and stresses which the model 
predicts justifies the use of the linear finite 
element theory. 

(3) Deformations in the model are qualitatively 
similar to those seen in radiographs of the fetal 
head taken during labor. 

(4) Retcrm parktai bone is capable of undergoing 
2-4 times the deformations of term parietal bone 
for the same load distribution. 
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