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A Computational Procedure to
Derive the Curve of Carus for
Childbirth Computational
Modeling

Computational modeling serves an important role in childbirth-related research. Pre-
scribed fetal descent trajectory is a key characteristic in childbirth simulations. Two
major types of fully prescribed fetal descent trajectories can be identified in the litera-
ture: straight descent trajectories and curve of Carus. The straight descent trajectory has
the advantage of being simpler and can serve as a reasonable approximation for rela-
tively small fetal movements during labor, but it cannot be used to simulate the entire
childbirth process. The curve of Carus is the well-recognized fetal descent trajectory with
physiological significance. However, no detailed procedure to geometrically define the
curve of Carus can be found in existing computational studies. This status of curve of
Carus simulation in the literature hinders the direct comparison of results across differ-
ent studies and the advancement of computational techniques built upon previous
research. The goals of this study are: (1) propose a universal approach to derive the
curve of Carus for the second stage of labor, from the point when the fetal head engages
the pelvis to the point when the fetal head is fully delivered; and (2) demonstrate its utility
when considering various fetal head sizes. The current study provides a detailed formula-
tion of the curve of Carus, considering geometries of both the mother and the fetus. The
maternal geometries were obtained from MRI data, and the fetal head geometries were
based on laser scanning of a replica of a real fetal head. [DOI: 10.1115/1.4055108]

East Lansing, MI 48824
e-mail: mgrimm@msu.edu

1 Introduction

Childbirth is a complex and physically intense biomechanical
process during which both the mother and the child are under risk
of injury. Common injuries to the mother include damage to the
pelvic floor and perineum [1]. For the infants, common injuries
related to childbirth include bony fractures, small vessel hemor-
rhages, hematomas, and nerve injuries [2]. Researchers and clini-
cians have explored multiple approaches, including retrospective
data analysis, physical models, and computational models, to
investigate mechanisms of childbirth-related injuries. Among dif-
ferent approaches, computational modeling has emerged as a
powerful tool due to its unique characteristics and advantages.
Computational models can help investigate issues that cannot be
easily or ethically studied in a clinical setting. Compared to physi-
cal models, computational models have the advantage of allowing
easy adaptation to subject-specific data and construction of a
sophisticated biomechanical environment at higher precision and
lower cost. In addition, computational models can help research-
ers control variables in a complex scenario and identify causative
factors in a more reliable manner. By comparison, statistical anal-
ysis of retrospective observational data can identify risk factors
but struggle to determine causative factors [3].

Computational models have been widely used by researchers to
investigate childbirth-related topics. Stretch and stress analysis of
the maternal pelvic floor soft tissues during childbirth is one of
the most studied topics by computational models [4-8], due to
their relevance to postpartum pain from the pelvic floor in the
short term and potential pelvic organ prolapse in the long term
[9]. With respect to fetal injuries, operative delivery (i.e., forceps
delivery and vacuum delivery) induced injuries on the fetal head
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have been probed using numerical models [10,11], thanks to the
excellent ability of variable-control by computational approaches.
Mechanisms of complex injuries, like neonatal brachial plexus
palsy, can be investigated due to computational models’ efficiency
and precision in building fetal articulations [12,13]. Besides injury
mechanisms, topics like protective measures during labor [14,15]
and childbirth characteristics (e.g., delivery force [16], fetal head
flexion [17]) also benefit greatly from computational methods.

A key component of childbirth computational modeling is sim-
ulating the passage of the fetus through the maternal pelvis. There
are two major approaches to driving fetal movements in computa-
tional models: (1) force-driven fetal movements; and (2)
displacement-driven fetal movements. Force-driven models better
match the physiology of childbirth, since uterine pressure is the
direct driving force of childbirth [18-20]. However, for a force-
driven model to accurately simulate the whole childbirth process,
relatively complete maternal soft tissues (birth canal, pelvic floor,
internal organs, etc.) should be present to provide boundary condi-
tions for the fetal pathway. The presence of complete maternal
soft tissues in a computational model requires a large amount of
three-dimensional (3D) geometrical data and complicated contact
conditions between each soft tissue group. This high demand for
computational resources could be a major reason that force-driven
childbirth computational models are rare in the literature.
Displacement-driven fetal movement grants precise control over
the descent trajectory without requiring the presence of complete
maternal soft tissues. Displacement-driven fetal movement pro-
vides an easier yet more reliable alternative to force-driven fetal
movements, which contributes to the more prevalent usage of the
former approach. Two types of prescribed descent trajectories can
be found in the literature: straight descent trajectory and curve of
Carus. Straight descent trajectory, which is a straight pathway
between its starting and ending points, is a reasonable approxima-
tion when only small movements of the fetus are involved (e.g.,
[6,8,17]). But a straight descent trajectory does not accurately
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describe movement of the fetal body during the entire second
stage of labor. Some studies have tried to improve the accuracy of
fetal head movement during a straight descent trajectory by allow-
ing movements and rotations of the fetal head in directions other
than the prescribed direction of motion (e.g., [21-28]). The curve
of Carus is a widely accepted descent trajectory of the fetus with
physiological significance and has been used in a number of com-
putational models (e.g., [4,14,15,29,30]).

The curve of Carus was first defined by Carl Gustav Carus in
the early 19th century [31], and it was described based on the con-
nection of the various diameters of the planes of the pelvis. The
curve results from the passive interaction of the fetus with the
irregular structure of the mother’s pelvis. In addition to the two-
dimensional movement in the sagittal plane that is idealized by
the curve of Carus, the interaction of the fetus and pelvis in three
dimensions drives the cardinal movements of labor due to rotation
of the infant’s head about the axis of its neck as well as in flexion
and extension [32].

However, no detailed procedure to determine the curve of
Carus within a computational model is provided in the papers that
utilized a descent trajectory based on this curve. This makes it dif-
ficult to compare results from different studies and hinders
researchers who are trying to reproduce models in the literature.
The goal of the current study is to propose a detailed procedure to
geometrically define the curve of Carus that can be applied to any
fetal head and maternal pelvis geometries. The use of the curve is
demonstrated when considering fetal heads of different sizes.

2 Method

A set of 3D computational models, including a maternal pelvis
and a series of fetal heads of different sizes, was developed. The
maternal geometric model was based on the in vivo MR images of
a 2l-year-old nulliparous woman at the gestational stage of
35weeks and 6days, collected retrospectively with Institutional
Review Board approval. The 3D maternal geometric model
included both innominate bones, the sacrum, and the pubic sym-
physis of the bony pelvis, excluding the coccyx (Fig. 1). The pel-
vic model was discretized using shell elements of 5mm size and
1 mm thickness.

The fetal head model was based on the laser scanning of an
exact replica of a real fetal skull model, as shown in Lapeer and
Prager [33] (Figs. 2(a) and 2(b)). This fetal skull model was then
scaled to match the 50th percentile size of the fetal head at
40 weeks using measurements of biparietal and occipito-frontal
diameters reported by Chitty et al. [34] A fetal mandible was
developed using the mean measurements (i.e., height of the ramus,
length of the body of the mandible, and sagittal length) at
40 weeks [35]. A smooth surface was then created to wrap the
fetal skull and the fetal mandible to form the fetal head model
(Figs. 2(c) and 2(d)). This 40-week, 50th percentile sized fetal
head model was scaled down to match the size of the 10th percen-
tile and up to match the 90th percentile sized fetal heads at
37 weeks of gestational age, using the measurements of biparietal
diameter and occipito-frontal diameter [34]. 37-week gestational

age was selected so that the fetal head was for a full-term infant,
while the fetal head sizes at the 10th, 50th, and 90th percentile
were able to move through the pelvis without allowing for mold-
ing. The fetal head models were discretized using shell elements
of 4 mm size and 1 mm thickness.

The maternal pelvis was positioned with a 45deg angle
between the long axis of the pubic symphysis and the X-Y plane,
to simulate a lithotomy childbirth position. The descent trajectory
of the fetal head during childbirth followed the curve of Carus. It
passed five landmark points (Fig. 3(a)) described as follows—P;:
the middle point of the pelvic inlet, which is from the proximal
end of the pubic symphysis to the proximal end of the sacrum; Ps:
the middle point of the midpelvic cavity, which is from the middle
of the pubic symphysis to the middle of the sacrum (the third sac-
ral vertebrate); P3: the middle point of pelvic outlet, which is
from the distal end of the pubic symphysis to the distal end of the
sacrum; Py: the closest point to the pubic symphysis on the plane
of the pubic arch that allowed the passage of the fetal head; and
Ps: a point where the fetal head is fully delivered, with considera-
tion of the anatomy of the vaginal soft tissues that were not
included in the current study. The angle between the P4—Ps line
and the X-Y plane was 45 deg, so that the P,—Ps line is perpendic-
ular to the long axis of the pubic symphysis.

To obtain the location of P4, the geometric relationship
between the fetal head and the plane of the pubic arch was gener-
alized, as shown in Fig. 3(b). Point A was the lowest point of the
pubic symphysis. Points B and C were the forwardmost points at
the junction areas between the inferior pubic rami and ischial
rami. For this specific calculation, the fetal head geometry was
simplified as a sphere with the diameter (P4D x 2) equal to the
biparietal diameter. The inferior pubic rami were simplified as
two straight lines (AB and AC). While passing through the pubic
arch, the fetal head will stay close to the pubic rami, due to the
pressure from the pelvic floor and other surrounding maternal tis-
sues. Therefore, AB and AC were tangents of the fetal head during
the passage. An extra clearance of 2 mm was added in addition to
the fetal head radius (half of the biparietal diameter) to form the
length P4D, so that there was enough room for maternal soft tis-
sues (when they are modeled) between the fetal head and the
maternal pubic rami and to ensure the convergence of the MADYMO
model. The coordinates of P, were determined through the fol-
lowing procedure:

(1) Subpubic angle o was obtained by calculating the angle
between vector AB and vector AC . L .
(2) The distance from P4 to A was obtained from P4A = %.
2

P, coordinates (x, y,z) were obtained by solving the fol-
lowing two equations

mx—+ny+pz+q=>0 )

(@)

Fig. 1 The anterior view, left lateral view, and posterior view of a maternal pelvis model (sacrum and
innominate bones) based on in vivo MR images of a 21-year-old nulliparous woman at the gestational

stage of 35 weeks and 6 days
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Equation (1) describes P4 being on the pubic arch plane ABC, and
Eq. (2) describes P4A being known. The constants 1, n, p, and ¢
of plane ABC are found based on known coordinates of Points A,
B, and C. In addition, y = ya, due to P4 and A both being on the
midsagittal plane. The only two unknown variables, x and y, can
then be calculated from Egs. (1) and (2). After the P4 coordinates
are obtained, the Ps position, which ensures the full delivery of
the fetal head, can be determined.

After coordinates of all of the landmark points were deter-
mined, a cubic spline interpolation method provided by the MAT-
LAB function spline was used to interpolate data between each pair
of successive landmark points. The spline function provides piece-
wise cubic polynomial interpolants and ensures the continuous
first and second-order derivative. The corresponding polynomial
equation for each interval is as follows:

z:a(x—xP”f+b(x—xp”)2+c(x—xp")+d 3)

where x and z are the x-coordinate and z-coordinate of points on
the curve of Carus. For the PP, interval, x, = xp —namely, the
x-coordinate of P;. Similarly, for the P,P3 interval, x,, = xp, (the
x-coordinate of P,); for the P3P, interval, x, = xp, (the x-coordi-
nate of P3); and for the P4Ps interval, x,, = xp, (the x-coordinate
of Py). Coefficients a, b, ¢, and d for each interval are achieved
through the spline function, based on coordinates of P; through
Ps.

The whole procedure can be summarized as follows: (1) find
the pelvic cavity midpoints to determine Py, P, and P3, as shown
in Fig. 3(a); (2) use Egs. (1) and (2) to determine P4, with the geo-
metric relationship shown in Fig. 3(b); and (3) determine Ps based
on the angle between P4Ps and plane X-Y being 45 deg and the
length of P4Ps_ensuring full delivery of the fetal head.

The childbirth process was simulated in MADYMO (Siemens, ver-
sion 2021.1), using the solver’s finite element capabilities during
a simulated time span of 3600s. The fetal head moved along the
curve of Carus at a constant speed. The starting position of the
fetal head simulated a left occipito-transverse position (biparietal
axis parallel to the Z-axis), with the flexed fetal head engaging the
birth canal using its smallest diameter, namely, the suboccipito-
bregmatic diameter. This fetal head posture was simulated
through the following criteria: (1) the midpoint of the suboccipito-
bregmatic diameter of the fetal head was placed at P1, and the
midpoint of the suboccipitobregmatic diameter of fetal head fol-
lowed the curve of Carus as labor proceeded; (2) the biparietal
diameter of the fetal head was parallel to the plane of the pelvic
inlet; and (3) the suboccipitobregmatic diameter was perpendicu-
lar to the maternal midsagittal plane. Rotational movements dur-
ing labor were prescribed as well, based on the cardinal
movements of labor. The fetal head rotated 90 deg along its longi-
tudinal axis ({ axis, as shown in Fig. 4(a)) from the occipito-
transverse position to an occipito-anterior position when it moved
from P; to P,. This represents the internal rotation phase of the
cardinal movements. To ensure that the fetal head engaged the
birth canal using its smallest diameter (suboccipitobregmatic
diameter) throughout labor, namely, with a posture of the head
being flexed and the chin being against the chest, the fetal head
rotated along its transverse axis (¢ axis, as shown in Fig. 4(a)) to
keep the suboccipitobregmatic diameter parallel to the pelvic inlet
plane, midpelvic cavity plane, pelvic outlet plane, and the pubic
arch plane when the fetal head passed P, P, P3, and P4, respec-
tively. The fetal head is eventually delivered at Ps, at which point
it would normally experience external rotation — also known as
restitution. Extension, which occurs before external rotation, was
not modeled within the current paper.

Fig. 2 The upper row shows the anterior view (a) and left lateral view, (b) of the laser scan-
ning of the replica of a real fetal skull model [28]. The fetal head measurements shown in the
picture are biparietal diameter (Bl), suboccipitofrontal diameter (SOB), and occipito-frontal
diameter (OF). The lower row shows the anterior view (c) and left lateral view (d) of the fetal
head model with the added fetal mandible.
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(b)

— = = 10th percentile
—— 50th percentile
= - = - 90th percentile

(c)

Fig. 3 (a) Five landmark points P;—P5s on the curve of Carus,
with a midsagittal view of the maternal pelvis. (b) The geometric
relationship between the fetal head and the pubic arch plane
while the midpoint of the subocciopitobregmatic diameter of
the fetal head is at point P;. Point A is the lowest point of the
pubic symphysis. Points B and C are the forwardmost points at
the junction areas between the inferior pubic rami and the
ischial rami. Point D is the tangent point between segment AB
and a circle centered at P4, and segment P,D is perpendicular
to segment AB. « is the angle between AB and AC. Note that
the perspective for (b) has rotated the plane of the circle that
represents the fetal head (yz-plane) slightly (i.e., the x-axis is
not perpendicular to the page). (¢) Three curves of Carus for the
10th, 50th, and 90th percentile fetal head sizes at 37 weeks, with
a midsagittal view of the maternal pelvis.

3 Results

The measurements of the 10th, 50th, and 90th percentile-sized
fetal heads at 37 weeks gestational age are listed in Table 1, along
with other fetal head sizes from childbirth computational models
in the literature.

The process of calculating the P4 coordinates based on the geo-
metric relationship between the maternal pubic arch plane and the
fetal head size is shown in Fig. 5. Coordinates of key points A, B,
C on the maternal pelvis are listed. The 50th percentile fetal head

011002-4 / Vol. 145, JANUARY 2023

size at 37 weeks was used for the values provided in Fig. 5. Coor-
dinates of landmark points P; to Ps on the curve of Carus for the
three fetal head sizes are listed in Table 2. As shown in Fig. 3(c),
Py, P,, and P3 remain the same for all three fetal head sizes since
their locations are solely based on maternal pelvic geometries. Py
coordinates are different for the three fetal head sizes: larger fetal
heads result in P4 being at a more posterior location, which is as
expected based on the geometries shown in Fig. 3(b).

After the coordinates of P to Ps were determined, polynomial
function coefficients a, b, ¢, d for each interval between two adja-
cent landmark points for different fetal head sizes were obtained
and are listed in Table 3. It is worth noting that although P, P,
and P are the same for the three different trajectories of different
fetal head sizes, sections PP, and P,P5 are not the same for the
different fetal head sizes, which is demonstrated by the different
coefficient values of a, b, ¢, and d. This is because spline function
ensures the continuous first and second-order derivative of the
entire trajectory. Therefore, different P4 and Ps locations would
affect the shape of PP, and P,P3.

After the equation of the curve of Carus is obtained, the child-
birth process can be simulated. Figure 4 shows the position and
posture of the fetal head (50th percentile size at 37 weeks) at each
of the landmark points. The fetal head starts engagement with the
pelvic inlet at P; with a flexed posture in an occipito-transverse
position. As the fetal head descends along the curve of Carus,
passing P,, P3, and arriving at Py, it rotates from the occipito-
transverse position to the occipito-anterior position. The fetal
head then keeps moving and is delivered at Ps.

4 Discussion

In this study, we have proposed an approach to obtain the curve
of Carus for childbirth computational models with a fully pre-
scribed descent trajectory during the second stage of labor. Three
curves of Carus were obtained for a maternal pelvis with fetal
heads of three different sizes (10th, 50th, and 90th percentile fetal
head size at 37 weeks GA). This approach can be applied to any
maternal pelvis and fetal head geometry combination in order to
generate a fetal descent trajectory starting from the point of the
fetal head engaging with the pelvic inlet to the point of the fetal
head being fully delivered. A cubic spline interpolation method
was used to obtain piece-wise polynomial coefficients for the
entire trajectory. Compared to a one-piece polynomial interpola-
tion, piece-wise spline interpolation effectively lowers the order
of the polynomials and eliminates large oscillation between data
points. By combining the position along the curve of Carus with
rotational movements of the fetal head, cardinal movements of the
fetal head were simulated in MADYMO.

Despite the fact that computational models have been widely
used to explore a variety of childbirth-related topics, fetal descent
trajectory as a crucial characteristic of labor still lacks well-
rounded solutions and detailed procedure documentation. Some
studies use a straight fetal descent trajectory as an approximation
when the required displacements are relatively small. In a study
investigating the deformation and stress distribution of the pelvic
floor, Noritomi et al. [36] imposed straight movements on their
spherical fetal head model. The trajectory started from the fetal
head engaging the pelvic floor and ended before the fetal head’s
diameter passed the pelvic floor. In another study investigating
pelvic floor deformation and stress, Berardi et al. [37] simulated a
vertical translation of the spherical fetal head from where it
engaged with the pelvic floor to its diameter passing the genital
hiatus of the pelvic floor. In a series of studies [6,8,17,38,39]
using the same computational modeling framework, Parente and
colleagues imposed descent trajectories by applying displace-
ments and rotations to several points on the fetal model. The same
author group later updated the descent trajectory in this modeling
framework by allowing an increased degree-of-freedom for the
fetus [21-25,40]: vertical movements of the fetal model were con-
trolled by the rigid reference point at the craniocervical junction,
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Table 1 Measurements of the 10th, 50th, and 90th percentile sized fetal head at 37 weeks in the current study as well as fetal head
measurements from other computational studies in the literature for comparison

Fetal head measurements at 37 weeks in current study

Lapeer and Krofta Oliveira Martins Parente

(Units: mm) 10th percentile 50th percentile 90th percentile Prager [28] etal. [27] etal.[46] etal. [6] etal.[33]
Biparietal 88.4 93.2 97.9 89.7 93.7 — — 95.0
Occipito-frontal 109.7 117.5 125.2 119.7 105.7 115.0 120.0 115.0
Suboccipito-bregmatic 85.6 90.7 95.6 88.7 100.3 95.0 100.0 —
Orbito-occipital — — — 119.9 — — — —
Maxilla-vertical — — — 129.3 — — — —
Orbito-vertical — — — 119.3 — — — —
Suboccipito-frontal — — — 113.2 — 105.0 105.0 105.0
Occipito-mental — — — — 131.9 — — —
Submento-bregmatic — — — — — 95.0 115.0 95.0
Mentovertical — — — — — 130.0 130.0 130.0

but the fetus was allowed to translate in the plane perpendicular to
the prescribed vertical movements to adapt to constraints from the
maternal pelvis and pelvic floor muscles. Similar approaches can
be found in studies from another group of authors — Nielsen and
colleagues defined the fetal descent trajectory by altering the ver-
tical coordinates for the top nodes of the head [16,26,27,41-44],
and rotation of the fetal head was allowed in some cases to
achieve less resistance [26,27].

The practice of applying displacements and rotations to the
fetal model directly in the above studies is essentially the same
approach used in the current study. However, no details of the
fetal movements were disclosed in these studies. The practice of
applying vertical displacements in the descent direction while
allowing translational and rotational freedom in other directions
faces the same challenge as force-driven movements do: a high
level of maternal soft tissue completeness is required for the fetal
movements to be accurate since maternal soft tissues will bear the
responsibility of defining the fetal descent trajectory. However
maternal soft tissues in the studies mentioned above only included
levator ani muscles. Fetal movements will lose constraints after
the fetal head passes the levator ani, and therefore a full descent
trajectory cannot be achieved.

There have been a few studies that have used the curve of Carus
to prescribe fetal movements in computational studies. In two

studies investigating levator ani muscle stretch [4] and pudendal
nerve stretch [29] by Lien and colleagues, the curve of Carus was
constructed by defining eight equally spaced locations between
the point where the fetal head engages the iliococcygeal muscle
and the point where the spherical fetal head’s diameter passed the
pubococcygeal muscle. In another two studies investigating man-
ual perineal protection by Jansova et al. [14,15], and a study
investigating levator ani muscle stress distribution by Krofta et al.
[30], the curve of Carus was also used to define fetal model move-
ments. Although no detailed procedure to derive the curve of
Carus was offered in these studies, Jansova et al. [15] described
the trajectory as “the head pivoted as closely as possible around
the lower margin of the pubic symphysis”, which agrees with the
current study on the characteristics of the most important land-
mark point on the curve of Carus, namely, Ps.

We also identified two studies in the literature that used imag-
ing data to define fetal movements in computational models.
Hoyte et al. [7] used the path of the vagina obtained through MRI
data to define the descent trajectory for the fetal model. Sindhwani
et al. [45] captured the fetal head movements through the levator
ani muscles during childbirth using real-time dynamic MRI in the
midsagittal plane, and 3D deformational and translational fields of
the fetal head were defined accordingly. Although the descent tra-
jectories in these two studies are still relatively short (not passing

Table 2 Coordinates (x, z) of landmark points P; through P;s on the curve of Carus for fetal heads of 10th, 50th, and 90th percentile
sizes at 37 weeks. All points are in units of mm. P; through Ps are all on the sagittal plane at y=—1.9mm.

P, P Ps Py Ps
10th (—58.8, —20.6) (—41.3, —55.6) (=17.7,=70.2) (41.3, —85.0) (129.7,3.4)
50th 42.5, —88.2) (130.9, 0.2)
90th (43.8, —91.5) (132.2, =3.1)

Table 3 Polynomial coefficients a, b, ¢, and d for each interval of the curve of Carus for fetal heads of 10th, 50th, and 90th percen-

tile sizes at 37 weeks

PP, P,P5 P3P, P4Ps
10th a —5.37 x 107* —537x 107 4.66 x 1070 4.66 x 107>
b 6.51 x 1072 3.69 x 1072 —1.13 x 1073 7.12x 1073
c -2.97 —1.19 —0.35 6.80 x 1073
d —20.60 —55.60 —70.20 —85.00
50th a —552%x 107 —5.52 %107 5.19 x 1073 5.19 x 1073
b 6.60 x 1072 3.70 x 1072 —2.10x 1073 7.28 x 1073
c —2.99 —1.18 —0.36 —4.91 x 1072
d —20.60 —55.60 —70.20 —88.20
90th a —5.66 x 107 —5.66 x 107 5.68 x 1073 5.68 x 1073
b 6.68 x 1072 3.71 x 1072 —3.03 x 1073 7.45 % 1073
¢ —3.00 —1.18 —0.37 —0.10
d —20.60 —55.60 —70.20 —91.50
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Fig. 4 Fetal head positions at each of the landmark points during childbirth are shown: (a) at P;,
(b) at P, (c) at P;, (d) at P4, and (e) at Ps with fetal head being delivered. The fetal head local coordinate
system is shown in (a), where { is the longitudinal axis and ¢ is the transverse axis. The global coordi-
nate system (x-y-z) is also marked. The fetal head in the picture is of the 50th percentile size at

37 weeks.

P4), imaging data (especially imaging data of live births) could
serve as valuable reference data to validate and improve the accu-
racy of generic descent trajectory models, like the one proposed in
the current study.

In the literature, many of the descent trajectories in computa-
tional studies do not reach the pubic arch plane, P4 in the current
study. This could be due to the fact that levator ani muscle stretch
during childbirth is the most studied topic in computational mod-
els, and modeling this topic does not require the entire second
stage of labor to be simulated. The lack of maternal soft tissues
other than the levator ani could further have limited the capability
of these published computational models to simulate the entire

curve of Carus, as soft tissue constraints would be required to
guide the fetal models” movements. Lapeer et al. [20] did describe
the position of the fetal head along the full delivery trajectory as
well as rotation in both the sagittal and transverse planes, having
developed a complex mathematical framework for a virtual reality
simulation of childbirth. Within this simulation, intra-uterine
expulsive forces were applied to move the fetus through the pelvis
and soft tissue of the birth canal. Their simulation occurred over
216, and it exhibited the characteristic (and sequential) flexion,
internal rotation, extension, and external rotation seen within the
cardinal movements of labor. This elegant study, as a force-driven
model using explicit FE methods within an entity-component

— Fetal head biparietal
vector AB | (19.4,-50.4,-51.2) craihead bipanetal | g3 5 mm
» diameter
Coordinates (mm) vector 4C (19.5, 51.4, -53.5) Extra clez-;rance for > mm
soft tissues
A (17.3,-1.9,-20.7) ‘ ‘
B (36.8,-52.3,-71.8)
Angle a Length P,D
C (36.9, 49.5,-74.2)
84.7° 93.2/2 +2 =48.6 mm
Equation of pubic arch plane ABC Length P,A
5322.9X+41.7Y+1990.17Z-50811.8=0 72.1 mm

)

1

Coordinates (mm)

P, (42.5,-1.9,-88.2)

Fig. 5 The calculation of P, coordinates based on the geometric relationship between the maternal
pubic arch plane and the fetal head size. A fetal head size of the 50th percentile at 37 weeks is used to

obtain the values in this figure.
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system, provides a virtual representation of the movement of the
infant through the pelvis that the authors propose can be used for
training purposes. It provides one tool with which to investigate
the interaction of the fetus and the maternal tissue. Connection of
Lapeer’s simulation results with other current work on the model-
ing of both maternal and fetal responses during childbirth may
bridge some of the challenges that exist when validating these
models. However, the mathematical complexity of this virtual
reality simulation supports the continued use of other, more tradi-
tional finite element models of the birth process—using either a
displacement-controlled or force-controlled movement of the
fetus—in order to address some of the fundamental questions that
remain regarding the pathomechanics of maternal and fetal injury
during vaginal birth.

The current study provides a universal approach to defining the
curve of Carus in displacement-driven models of childbirth. The
method can be applied to any shape and size of pelvis, as pelvic
geometry guides the definition of points P1 through P4, either
entirely or in part. Rotational movements of the fetal head are also
integrated to simulate the cardinal movements. As a universal,
numerical approach to defining a fetal descent trajectory, the
movements of the fetal head in each of the planes are simplified
compared to physiological labor. Firstly, the descent trajectory is
unlikely to be a perfectly smooth curve, considering the irregular
shapes of internal organs and other maternal soft tissues, let alone
with a continuous first and second-order derivative. Secondly, the
fetus does not actually move at a constant speed during the second
stage of labor. Periodic uterine contraction along with voluntary
maternal pushing generates discontinuous pressure to facilitate the
fetal descent, which leads to the fetus moving at variable speeds.
Thirdly, extension was not modeled in this study. We feel that, in
order to provide the anatomical constraint to that motion, the
inclusion of an articulated fetal neck within the model is important
if extension is to be simulated. Extension is an important response
to include when examining either maternal soft tissue response or
fetal soft tissue response during the second stage of labor, but it is
less relevant when demonstrating that the fetal head can follow
the derived curve of Carus. Finally, as the soft tissue has not been
included in this current examination of the curve of Carus, and the
fetal model does not include the infant’s body, restitution did not
occur in this simulation. When the fetal head delivers at Ps, the
restitution process should occur to return the head to a neutral
position. Restitution occurs when the head clears the soft tissue of
the perineum based on the head’s natural movement, but it may
require gentle clinician assistance — typically to a position that is
more occiput transverse than occiput anterior. This rotation also
helps the fetal head recover from the flexed “chin to the chest”
position.

Despite the simplification of the curve of Carus in the current
study, we have established a solid foundation for a computational
modeling framework that included: (1) the curve of Carus with an
exceptional length, ranging from the point of the fetal head engag-
ing the pelvic inlet to the point of the fetal head being delivered;
and (2) cardinal movements of the fetal head, namely, engage-
ment, descent, flexion, and internal rotation. We also demon-
strated that this approach can work regardless of the fetal head
size. This modeling framework can be used to investigate a vari-
ety of childbirth-related topics on both the maternal and the fetal
side and support comparison between different models.
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