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The biomechanical process of childbirth is necessary to usher in new lives—but it can
also result in trauma. This physically intense process can put both the mother and the
child at risk of injuries and complications that have life-long impact. Computational
models, as a powerful tool to simulate and explore complex phenomena, have been used
to improve our understanding of childbirth processes and related injuries since the
1990s. The goal of this paper is to review and summarize the breadth and current state of
the computational models of childbirth in the literature—focusing on those that investi-
gate the mechanical process and effects. We first summarize the state of critical charac-
teristics that have been included in computational models of childbirth (i.e., maternal
anatomy, fetal anatomy, cardinal movements, and maternal soft tissue mechanical behav-
ior). We then delve into the findings of the past studies of birth processes and mechanical
injuries in an effort to bridge the gap between the theoretical, numerical assessment and
the empirical, clinical observations and practices. These findings are from applications
of childbirth computational models in four areas: (1) the process of childbirth itself, (2)
maternal injuries, (3) fetal injuries, and (4) protective measures employed by clinicians
during delivery. Finally, we identify some of the challenges that computational models
still face and suggest future directions through which more biofidelic simulations of
childbirth might be achieved, with the goal that advancing models may provide more
efficient and accurate, patient-specific assessment to support future clinical decision-
making. [DOI: 10.1115/1.4049226]

Keywords: childbirth, computational models, childbirth injuries, childbirth
characteristics

1 Introduction

Parturition—or childbirth—is a complex mechanical process
that includes a risk of injury to both the mother and infant. Many
of these injuries are mechanical in nature—resulting from stresses
and strains that are experienced by the tissues and anatomical
structures of the mother and child during labor and delivery. In
the infant, these injuries most commonly include bony fractures,
small vessel hemorrhages, hematomas, and nerve injuries in the
infant [1], while for the mother the most common mechanical
injury is damage to the pelvic floor and/or perineum [2].

For many years, clinical researchers have focused efforts on
understanding the mechanism of childbirth, identifying risk fac-
tors for childbirth-related injuries, and exploring management pro-
tocols to support and assist a difficult labor. Different approaches
have been utilized to achieve those research goals.

Statistical analysis of retrospective observational data is one
approach. By looking into data that describe a broad range of
births, correlation coefficients between a difficult labor scenario
and specific maternal/fetal parameters can be achieved. This can
help to identify risk factors for a difficult labor or delivery-
associated morbidities. Retrospective observational data have the
advantage of revealing correlations between characteristics of the
mother and/or baby and birth-related outcomes, but they do not
reveal the mechanism of injury, and—in many cases—struggle to
identify causative factors for injuries. For example, retrospective
observational data have identified that risk factors for neonatal
brachial plexus palsy (NBPP) include fetal malposition, labor
induction, labor abnormalities, operative vaginal delivery, fetal
macrosomia, and shoulder dystocia (i.e., a delay in delivery of the

shoulders), among which, shoulder dystocia is the only factor that
is statistically significant for the occurrence of NBPP [3]. None-
theless, shoulder dystocia alone cannot be used to predict the
occurrence of NBPP, since even with strong associations between
a risk factor (e.g., shoulder dystocia) and a given outcome (e.g.,
NBPP), the use of relative risk or odds ratios can lead to predic-
tion of large numbers of false positive cases (e.g., shoulder dysto-
cia without NBPP) [3].

Physical birth simulators provide another approach to under-
stand the birth process. Birth simulators can offer clinicians
hands-on experience during training to practice interventions
associated with delivery-related emergencies. Studies have shown
that use of birth simulators in clinician training contributes to bet-
ter management of different labor scenarios [4–6]. However,
physical birth models suffer a few disadvantages in terms of offer-
ing deeper insights into mechanisms of injuries related to the birth
process. First, these physical models have limited capability to
represent patient-specific information. They are usually made to
simulate a generic childbirth situation (i.e., average sized mother
and fetus). Once constructed, it is hard to adapt a simulator to
patient-specific measurements. Second, physical childbirth models
have limited complexity in terms of representing all elements that
are crucial to the mechanics of the birth process. Soft tissue geom-
etry (e.g., pelvic floor muscles) is mostly oversimplified in physi-
cal childbirth models, with no attempt made at validating soft
tissue mechanical properties [7–10]. For complicated physiologi-
cal processes (e.g., uterine contractions and maternal pushing), it
becomes impractical to accurately simulate these on a physical
model.

Childbirth computational models can overcome some of the
limitations that physical childbirth models have and offer deeper
insights into the mechanisms of fetal and maternal injury associ-
ated with the birth process. Through in vivo imaging techniques
(e.g., MRI, CT, and ultrasound), childbirth computational models
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can include patient-specific, three-dimensional (3D) geometries of
bony structures, soft tissues, the fetus, etc. Accurate mechanical
properties (e.g., anisotropy, nonlinearity, and viscoelasticity) of
biological soft tissues can be included by applying proper consti-
tutive models with parameters that match in vivo experimental
data. Critical physiological processes during childbirth, like uter-
ine contractions and maternal pushing, can also be included in a
numerical model. Researchers have been building numerical mod-
els to study the effect of the birth process on maternal and infant
tissues since the 1990s. With the advancement of computer hard-
ware and numerical modeling software, childbirth computational
models have become more realistic and capable of exploring more
complex topics. This review examines the current state of compu-
tational modeling of childbirth, with a focus on the various
approaches that have been used for the model characteristics as
well as the range of applications these models can be used for. It
includes an identification of challenges associated with computa-
tional modeling of the birth process as well as a discussion of
some possible future directions.

2 Model Characteristics

2.1 Maternal Anatomy. Proper imaging techniques are nec-
essary to obtain accurate geometry for maternal structures, includ-
ing the pelvic floor, the perineum, and the urinary and
reproductive systems (Fig. 1). MRI (magnetic resonance imaging)
is the dominant imaging technique that has been used to develop
the anatomical parameters for computational birth models
[11–28], followed by CT (computed tomography) [15,16,22,
23,29,30]. These techniques can be used to determine normal
ranges of anatomical parameters and to develop patient-specific
models.

Both pregnant and nonpregnant women have been included as
subjects for imaging to determine the arrangement and size of
anatomical structures. Nonpregnant women may be included
because of the challenges associated with including pregnant sub-
jects in imaging studies, especially those that involve ionizing
radiation. To study the pudendal nerve stretch during vaginal
delivery, Lien et al. [18] developed a female pelvic floor model
consisting of the obturator internus muscles, piriformis muscle,
coccygeal muscle, and sacrospinous ligament based on MRI
images from a 34-year-old nulliparous, nonpregnant woman. Sim-
ilarly, Hoyte et al. [19] modeled the levator ani muscles using

Fig. 1 Illustration of maternal anatomy related to childbirth. (a) pelvic floor, (b) perineum, (c) reproductive and urinary sys-
tems. Reprinted with permission from OpenStax.2 Annotations are slightly modified by the authors of this review paper com-
pared to the original figures in OpenStax.

2https://openstax.org/details/books/anatomy-and-physiology
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MRI images from a 21-year-old healthy, nulliparous, nonpregnant
woman to evaluate the levator ani stretch during vaginal delivery.
In addition, Yan et al. [16] constructed a model consisting of leva-
tor ani muscles, part of the obturator internus muscles, and the
anterior pelvic bones—including the pubis and part of the
ischium—based on MRI data from a healthy nulliparous, nonpreg-
nant woman to study the influence of fetal head shape and size on
the mechanics of childbirth. In contrast, Maran et al. [27] col-
lected MRI images of seven pregnant women during the second
stage of labor to describe the position changes of anatomical
structures of the maternal pelvis and perineum. Pelvic floor
muscles undergo large deformation during pregnancy. Therefore,
MRI data collected close to the point of delivery would be of bet-
ter accuracy to describe the pelvic floor structures for childbirth
models.

In recent years, real-time MRI have been adopted to study
childbirth-related topics. Compared to regular MRI, real-time
MRI provides continuous monitoring of the observed objects,
which is a beneficial feature for studying changes that happen to
pelvic floor structures and the fetus during labor. Sindhwani et al.
[31] used real-time MRI during the expulsion phase over two con-
tractions to determine the stretch ratios in the levator ani muscle
during childbirth. Bamberg et al. [32] evaluated the fetal head
dimension changes—which occur due to fetal head molding—
during the second stage of labor using the same technique. The
studies conducted using real-time MRI can not only provide biofi-
delic measurements of anatomical structures during the delivery
process that may be appropriate input to computational models
but can also be used to validate the predictions of models that are
developed.

Besides the in vivo data mentioned above, cadaveric data on
anatomy have also been widely applied in the development of
childbirth models. Janda et al. [33] measured geometric parame-
ters of the pelvic floor muscles on an embalmed, 72-year-old
female cadaver to investigate the relationship between MRI mor-
phological data and palpatory morphological data. MRI measure-
ments were performed first. Then the cadaver was dissected to
reveal the pelvic floor muscle structures. 3D-palpation was used
to measure the multiple types of markers placed on the pelvic
floor muscles (Fig. 2). 3D geometrical models of the pelvic floor
muscles that included the pubococcygeus, iliococcygeus, and coc-
cygeus were created based on MRI data and palpatory measure-
ments, respectively. The 3D geometrical models built from these
two types of data sources exhibited good agreement on the

pubococcygeus, iliococcygeus, and a large portion of the coccy-
geus. These cadaveric pelvic floor data were adopted into a mod-
eling framework developed by Jorge’s group and appeared in
multiple studies [29,34–44]. Another major source of female pel-
vic floor cadaveric data is the visible human project. The visible
human project is an effort by the U.S. National Library of Medi-
cine to create a detailed dataset of photographs of human body
cross section for the purpose of facilitating visualization of the
anatomy. It provides a publicly accessible database of MRI, CT,
and cross-sectional cryosection images obtained from one male
cadaver and one female cadaver. Multiple childbirth models have
referred to these data sets to develop their computational models.
Gerikhanov et al. [23] used the pelvis data from the CT scan of
the visible human project in their model, which simulated the car-
dinal movements of childbirth. In a study focusing on the contact
algorithms needed for accurate childbirth models, Lapeer et al.
[45] built the pelvis model based on visible human project data
and determined the anatomy of the maternal soft tissues based on
data from a 22-year-old from the BodyParts3D library, a Japanese
database of MRI-acquired anatomical parameters. Routzong et al.
[46] used frozen cryosection images from the visible human pro-
ject to build the model of a maternal pelvis and pelvic floor
muscles, including the levator ani and superficial perineal
muscles, in an effort to determine the impact of superficial peri-
neal structures on the pubovisceral muscle (also known as the
pubococcygeus) and perineal body.

Thus, it can be seen that a range of database-informed and
newly acquired anatomical data have been used to develop recent
models of maternal pelvic anatomy for childbirth. Each has their
limitations; however, clear documentation of the anatomical
parameters will allow for more accurate comparisons between
models and improved validation.

2.2 Fetal Anatomy and Biomechanical Characteristics. In
comparison with the models of maternal pelvic floor muscles,
which have been built based on detailed in vivo data, the fetal por-
tion of computational birth models has been greatly simplified.
Most fetal models only consist of a fetal head [11–14,16,
17,21,23,25,26,31,46–53], fewer fetal models have a representa-
tion of the fetal body [20,29,34–40,42–44,54–56], and even fewer
include articulation of any joint structures [22,45,57–59]. Even
among those models that include the whole fetal body, generally
only the delivery of the fetal head was simulated, not the whole

Fig. 2 The 3D geometrical model of the pelvic musculature from a 72-year-old embalmed
female cadaver. (a) Points for the 3D palpatory measurements. (b) Surface model of the
pelvic floor muscles (pubococcygeus, iliococcygeus, and coccygeus) [33] (Reprinted
with permission from Elsevier# 2003).
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body. The reason behind this modeling trend may be the fact that
most childbirth models currently focus on maternal pelvic floor
injuries, and it is reasonable to assume that—in a vertex
position—passage of the fetal head puts the pelvic floor muscles
into a state of higher strain and therefore at higher risk of injury
compared to the passage of the body. This assumption has been
made taking into consideration the viscoelastic properties of pel-
vic floor soft tissues, the fact that the fetal head is the first struc-
ture to exit the birth canal and the articulation of the fetal body.
Head-only fetal models can be categorized into the following
types: spherical models, ellipsoidal models, scanning models, and
in vivo data-based models. With rare exceptions [31,47,48,50],
these head-only models assumed nondeformable skulls (i.e., rigid
materials or very high stiffness).

Spherical fetal head models are the simplest form, involving
only one parameter: the diameter. Lien et al. [17] developed fetal
head models with three diameters—80 mm, 90 mm, and 98.4 mm
representing the 3rd, 50th, and 97th percentile fetal head,
respectively—in order to study levator ani muscle stretch during
vaginal childbirth. Noritomi et al. [11] and Berardi et al. [12] both
used a 90 mm diameter for the spherical fetal head models in their
studies that investigated the stress distribution in the levator ani
muscle during labor.

As another form of simplified fetal head model, ellipsoidal
models require two more diameters compared to spherical models.
Sindhwani et al. [31] developed their ellipsoidal fetal head model

with the long axis, craniocaudal axis, and left-right axis being
65.84 mm, 44.67 mm, and 44.33 mm, respectively, based on fitting
ellipses to fetal head MRI images. Routzong et al. [46] con-
structed an ellipsoidal fetal head model with a circumference of
254.6 mm, without mentioning the length of the long axis. This
significantly limits the ability of others to replicate the model, as
circumference is not a deterministic parameter for an ellipse.

Three-dimensional scanning of skull physical models is another
method commonly seen in fetal computational models [13,14,21,
23,47,48,50–53,60,61], with improved biofidelity in shape and
size compared to spherical and ellipsoidal head models. To
improve the accuracy further, in vivo measurements are
required. Krofta et al. [25] developed a fetal head model based on
MRI of a one-day-old neonate, with critical diameters
(Fig. 3) measured as: suboccipitobregmatic diameter¼ 100.3 mm,
occipitofrontal diameter¼ 105.7 mm, occipitomental diameter
¼ 131.9 mm, and biparietal diameter¼ 93.7 mm. In comparison,
Oliveira et al. [49] developed their fetal head model without MRI,
using critical diameters (Fig. 3) extracted from the literature
directly (occipitofrontal diameter¼ 115 mm; submentobregmatic
diameter¼ 95 mm; suboccipitofrontal diameter¼ 105 mm, and men-
tovertical diameter ¼ 130 mm).

The Jorge group developed a whole fetal model in their
modeling framework (Fig. 4(a)) [34]. The fetal head was con-
structed using critical diameters (suboccipitobregmatic diameter
¼ 100 mm, suboccipitofrontal diameter¼ 105 mm, occipitofrontal
diameter¼ 120 mm, mentovertical diameter¼ 130 mm, and sub-
mentobregmatic diameter¼ 115 mm, as shown in Fig. 3). The
arms and legs were positioned in accordance with a full-term
fetus. The whole fetal model was assigned a very high stiffness,
without representation of the fetal joints. This fetal model later
appeared in a series of studies [29,35–40,42–44,55]. In compari-
son, the whole fetal model developed by Buttin et al. [20] was
simpler. The fetal head and fetal body were both made of ellip-
soids and were assumed to be rigid, without dimensions being
mentioned.

Fetal models with joint articulations are not common in the lit-
erature. Buttin et al. [22] constructed their fetal model with an
ellipsoidal head and the body wrapped in an outer layer represent-
ing skin and other soft tissues (Fig. 4(b)). The neck articulation
was achieved through the deformation and compressibility of the
outer layer around the neck. As for mechanical properties of the
fetal model, some contradictions exist: on one hand, the outer
layer of soft tissues was described as having “a lower elasticity
modulus”; on the other hand, the neo-Hookean material parame-
ters for the outer layer, the skull, and the body were
C10 ¼ 130 KPa, C10 ¼ 75 KPa, and C10 ¼ 70 KPa, respectively.
Improved fetal model geometry can be found in study by Lapeer
et al. [45]. The fetal trunk of their model was from MRI scans of a

Fig. 3 A fetal head model based on MRI of a one-day-old neo-
nate. The dimensions of the fetal head are measured by (a) sub-
occipitobregmatic diameter, (b) occipitofrontal diameter, (c)
occipitomental diameter, (d) biparietal diameter, (e) mentoverti-
cal diameter, (f) suboccipitofrontal diameter, and (g) submento-
bregmatic diameter [25] (Licensed by Creative Commons CC
BY 4.0). (Note: lines representing (e) mentovertical diameter, (f)
suboccipitofrontal diameter, and (g) submentobregmatic diam-
eter was added by authors of this review paper to the original
figure from Krofta [25].).

Fig. 4 (a) A fetal model with realistic head and body geometry, no representation of articulation
[44] (Reprinted with permission from the John Wiley and Sons # 2017). (b) A fetal model con-
sisting of skull, body, and outer layer soft tissues [22] (Reprinted with permission from Elsevier
# 2013). (c) A fetal model with neck and shoulder articulation. The linear element running from
the neck to the arm represents the brachial plexus [58].
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stillborn, and the fetal head was from laser scanning of a skull rep-
lica. The neck articulation was modeled as a combination of linear
and torsional springs, with parameter values of 100 N/m and 100
Nm/rad, respectively. The most complete representation of fetal
articulations in the literature can be found in a framework devel-
oped by the Grimm group (Fig. 4(c)) [58,59], which was used to
investigate shoulder dystocia–induced brachial plexus injuries.
Their fetal model included both neck and shoulder articulations.
Cervical vertebrae of the fetus were represented by seven ellip-
soids, with axial and bending stiffness between each vertebral
body defined based on experimental data from an infant caprine
model [62]. Stiffness for the sternoclavicular and acromioclavicu-
lar joints of the fetal shoulder was defined at 2.5% of adult values,
based on anatomical scaling. A nonlinear spring element was used
to simulate the fetal brachial plexus on the left side, whose
mechanical properties were represented with a bilinear function
based on experimental data from rabbit tibial nerves [63]. The
remainder of the joints of the upper and lower limbs were allowed
to articulate, with joint stiffnesses based on the original
MADYMO infant model, which were not necessarily biofidelic.
As these joints were not involved with the occurrence or resolu-
tion of the shoulder dystocia, this was felt to be a reasonable
simplification.

Despite the fact that modeling biofidelic fetal joint articulations
requires considerable effort, it is critical to have this feature
included in a childbirth model considering its significant role in
the cardinal movements of labor. Parente et al. [42] compared
three childbirth simulations with different degrees of neck flexion.
Even with a rigid fetal model, they found that an increase in the
degree of fetal head flexion is associated with lower values of
forces that oppose the fetal descent as well as lower values of
stress on the pelvic floor. As the fetus spontaneously and passively
responds to the geometry of the birth canal through alterations in
the relative position of the head, neck, and shoulders, allowing
these structures to articulate is key to accurately simulating birth
processes and the resulting biomechanical effects on the mother
and infant.

2.3 Cardinal movements. The cardinal movements of the
fetus during labor describe the multiple, critical fetal motions that
help the fetus accommodate to the shape of the maternal pelvis
and birth canal and thus exit with the least resistance. These
movements include engagement, descent, flexion, internal rota-
tion, extension, restitution, and expulsion [23]. Ideally, the fetal
model in a childbirth simulation should be able to exhibit these
movements with no imposed constraints—simply based on the
interaction of the fetus and the maternal pelvis. Nonetheless, due
to the limited biofidelity that computational models currently have
(e.g., incomplete maternal soft tissues representation and lack of
fetal neck articulation), the cardinal movements cannot be
achieved spontaneously and the descent trajectory for the majority
of fetal models is imposed during labor [23–25,64,65]. In the
modeling framework developed by the Jorge group that was used
in multiple studies [29,34–40,42–44], the trajectory of the fetal
descent was imposed by applying displacements and rotations to
several points along the fetal model (Fig. 4(a)). In another series
of studies from the Nielsen group [13,16,21,26,51–53], the fetal
descent trajectory was constrained by altering the vertical coordi-
nates for the top nodes of the head, while in some cases rotation
of the fetal head was permitted in order to produce less resistive
force [52,53]. Gerikhanov et al. [23] studied the level of cardinal
movements that could be achieved when different numbers of
guiding waypoints were imposed along the fetal descent trajec-
tory. They found that at least three waypoints had to be applied
for the fetus to exhibit all seven cardinal movements within their
pelvis-only maternal structures. Their results addressed the impor-
tance of inclusion of full fetal articulation and maternal soft tis-
sues in arriving at a realistic, forward-engineered, human
childbirth computational model.

In an effort to model childbirth without an imposed trajectory,
Buttin et al. [22] built a computational model that included the
fetus, uterus, abdomen, and pelvis. The delivery was driven by
simulated cyclic uterine contractions and voluntary maternal
efforts. A slight pressure was added inside of the abdomen to rep-
resent residual maternal muscle tone. The inclusion of the uterus
and abdomen environment enabled the simulation of uterine con-
tractions and maternal pushing and helped to restrict the move-
ment of the fetus. However, the lack of realistic neck and shoulder
articulations limited the model’s ability to achieve full cardinal
movements. Lapeer et al. [45] investigated the influence of pelvic
floor soft tissues on the cardinal movements of the fetus. By mod-
eling the maternal pelvis, the uterine cervix, and a whole fetus,
Lapeer and colleagues conducted four simulations to examine the
number of cardinal movements achieved when different soft tis-
sues (levator ani and sacrospinous ligaments) were involved.
They found that only when levator ani muscles and sacrospinous
ligaments were both included, all four cardinal movements in the
study (flexion, internal rotation, extension, and restitution) could
be obtained. Although shoulder articulation was still missing in
their study, the more realistic fetal model (based on laser scanning
and MRI data), the improved pelvic floor structures, and the mod-
el’s contact methods helped this study to gain advantage over pre-
vious studies in achieving more biofidelic fetal movements.

2.4 Maternal soft Tissue Mechanical Behavior. The mater-
nal soft tissues related to childbirth are those of the pelvic floor,
the perineum, and the pelvic organs. The pelvic floor provides
crucial support to the pelvic organs, including the uterus, cervix,
vagina, bladder, and rectum (Fig. 1). The pelvic floor undergoes
large stretches during delivery. It is responsible for a significant
portion of the resistive force that the fetus experiences and is at
significant risk of injury [2]. The key pelvic organs include the
soft tissues (i.e., uterus, cervix, and vagina) that are in direct con-
tact with the fetus. Uterine contraction is a primary source of the
delivery force. The uterus and vagina define the birth canal for
fetal passage, and dilation of the cervix is a key adaptation process
during the first stage of labor. Accurate and comprehensive
descriptions of these maternal soft tissues are critical in simulating
the cardinal movements of the fetus and evaluating the risk of
injuries for both the mother and the child. The pelvic floor
includes the pelvic diaphragm, the perineal membrane, and the
deep perineal pouch. The levator ani muscles of the pelvic dia-
phragm are the most commonly included maternal soft tissues in
childbirth models, while pelvic organs are not commonly modeled
in these studies.

Based on the level of comprehensiveness, pelvic floor soft tis-
sue properties found in the literature can be grouped as follows:
isotropic, nonlinear materials; anisotropic, nonlinear materials;
and viscoelastic, anisotropic, nonlinear materials.

For the isotropic, nonlinear material group, a neo-Hookean
model [13,22,45] or a Mooney–Rivlin model [11,14] are popular
choices. The Ogden material can also been found in the literature
[25]. These models are well established within soft tissue biome-
chanics. Material parameters in these studies were derived from
uniaxial or biaxial tensile test of human or animal soft tissue
specimens (e.g., human tongue tissues from surgery, human
cadaveric pelvic floor tissues, and canine heart left ventricle tis-
sues). More uniquely, Yan et al. [16] applied an isotropic, expo-
nential constitutive equation, as shown in Eq. (1), to describe the
mechanical behavior of pelvic floor muscles

W ¼ a eb I1�3ð Þ � 1½ � (1)

where I1 was the first invariant of the right Cauchy–Green defor-
mation tensor. The material parameters a and b were obtained by
fitting the constitutive equation to the uniaxial tension experimen-
tal data of fresh human pelvic floor muscle specimens.
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When it comes to anisotropic, nonlinear material models, fibers
will normally be added to introduce the transversely isotropic
properties. Li et al. [21] used the following strain energy function
to describe the mechanical properties of levator ani muscles:

W ¼
�

1 � aÞa eb I1�3ð Þ � 1½ � þ ac ed kf �1ð Þ2

� 1

h i
(2)

where I1 was the first invariant of the right Cauchy–Green defor-
mation tensor; kf was the stretch ratio in the fiber direction; and
a; b; c; d were material parameters to be determined from experi-
mental data. The parameter a was introduced to change the cross-
fiber direction stiffness and thus to adjust the anisotropy level of
the material. They used four different a values (0, 0.2, 0.5, 0.8) to
determine the influence of anisotropy levels on the peak force and
maximum stretch of the levator ani muscle during childbirth.
Berardi et al. [12] used the Holzapfel strain energy function to
represent the levator ani muscle’s mechanical behavior, written as

W ¼ c10 I1 � 3ð Þ þ k1

2k2

ek2 Eað Þ2

� 1
� �

þ 1

D

J2
el � 1

2
� lnJel

� �
(3)

where I1 was the first invariant of the right Cauchy–Green defor-
mation tensor; Jel was the elastic volume ratio; Ea was a strain-
like quantity that characterizes the deformation in the direction of
the fibers; and c10; k1; k2; D were material parameters. The strain
energy functions used in a series of studies by Oliveira and col-
leagues [36,39,40] were similar to Li et al. [21], with extra param-
eters introduced to represent tissue damage. Their strain energy
function was written as

W ¼ 1 � Dmð ÞWI I1ð Þ þ 1 � Dfð ÞWfPE
kfð Þ þWJðJÞ (4)

where WI I1ð Þ ¼ a eb I1�3ð Þ � 1½ � represented the isotropic ground

matrix; WfPE
¼ c½ed kf �1ð Þ2

� 1� represented passive mechanical
properties of muscle fibers, with the same letter meanings as in
Eq. (2); WJðJÞ represented the volumetric contribution and
enforced incompressibility, where J was the volume ratio; Dm and
Df were damage variables ranging between 0 and 1, which indi-
cated undamaged and maximal amount of damage; and Dm and
Df were determined by variables associated with strain energies at
initial and total damage.

The same author group added the Maxwell model to the consti-
tutive model in Eq. (4) to describe the viscoelastic, anisotropic,
nonlinear mechanical behavior of soft tissues [43,44], written as

W ¼ WI I1ð Þ þWfPE
kfð Þ þWJ Jð Þ þWVSCða; C;CÞ (5)

where WVSC

�
a; C;CÞ ¼

Pm
a¼1 YaðC;CaÞ, represents a ¼ 1; 2; …m

parallel elements added to the elastic part of the material; each visco-
elastic element was represented by a spring in series with a dashpot;
Ya represented the dissipative potential, which was a function of the
isochoric part of the internal variables Ca; and the Cauchy–Green
deformation tensor C. Each viscoelastic process was characterized
by two mechanical properties: the free-energy parameters ba and the
relaxation time sa. This constitutive model still allows the damage
variables Dm; Df , as shown in Eq. (4), to be added to Eq. (5) for
damage evaluation.

The need for the complexity and biofidelity in modeling the tis-
sues of the pelvic floor may depend on the goal of the model.
Unfortunately, there has not yet been a systematic, parametric
analysis comparing the predictions of birth-related outcomes for
either the mother or the fetus based on different formulations of
the maternal tissue properties (with all other parameters held con-
stant). Thus, there currently is no guidance for researchers on
when the increased modeling complexity is warranted—and when
it is not.

3 Applications of Childbirth Models

3.1 Childbirth characteristics. Childbirth is a complex
mechanical process with unique characteristics. Uterine contrac-
tions along with maternal pushing generate an outward delivery
force that leads to descent of the fetus. The dilation of the cervix
eases the passage of the fetal head along the birth canal. The pres-
sure from the birth canal molds the fetal head into an oblong
shape, while the overlapping of the bones of the skull at the
sutures makes it easier for the head to pass through the birth canal.
Increased knowledge of the process of fetal head molding will
improve our understanding of fetal head structural integrity and
neonatal facial soft tissue injuries. During the birth process, if any
of the cardinal movements put the fetus into an abnormal position,
risk of injuries will increase for both the mother and the neonate.
In this section, we will discuss computational studies that contrib-
ute to improved understanding of the process of childbirth itself.

Bailet et al. [48] developed a model to quantify the fetal head
deformation during childbirth. The fetal head geometry was based
on 3D scanning from a medical manikin. The fetal skull was
described by a linear elastic material, with a Young’s modulus of
7.23 MPa for the fontanels and suture area and a Young’s modulus
of 2.65 GPa for the cranial bones. A pressure of 45 kPa was
applied across the diameter of the fetal head to simulate the cir-
cumferential pressure resulting from passage through the birth
canal. They recorded an increase of the maxillo-vertical diameter
and the orbito-vertical diameter (1.29 mm increase from
124.6 mm, and 1.13 mm increase from 110.9 mm, respectively),
and a decrease of the suboccipitobregmatic diameter (3.57 mm
decrease from 107.4 mm). These geometry changes align with a
previous photographic study [66] and a numerical study on fetal
head molding [67].

To understand the role that pelvic floor muscles play in the
magnitude of the required delivery force, Li et al. [13] compared
delivery forces between athlete and nonathlete parturients. Leva-
tor ani muscle geometry of an athlete and a nonathlete were
obtained through MRI. An incomplete fetal head model was built
by laser scanning a skull replica, representing the vault of the fetal
head without the front facial structure. The pelvic floor muscles
and the fetal head were both described with incompressible, iso-
tropic, neo-Hookean materials, with the fetal head assigned a high
stiffness parameter. Their study showed a 45% increase in
required force to achieve delivery for the athlete compared to the
nonathlete. Meanwhile, the levator ani muscles reached similar
stretch ratio peak values for the athlete and nonathlete (3.25 and
3.20, respectively). It is worth noting that their study only
accounted for geometric differences in the levator ani and did not
include any differences in the soft tissue mechanical properties
between the athlete and nonathlete subjects. This could either
widen or narrow the delivery force differences found in their
study. Parente et al. [37] further explored the influence of the
mechanical behavior of the pelvic floor muscles on delivery force.
Using the same framework mentioned above [34], Parente et al.
estimated the influence of pelvic floor muscle activation during
vaginal delivery. The opposing (resisting) forces against fetal
descent and the stress within the pelvic floor muscles were
obtained in four different pelvic floor muscle activation levels:
0% (i.e., passive state), 5%, 10%, and 15%. The average stress
was evaluated on a curve passing along the bottom of the pubo-
coccygeus muscle, which was previously determined to be the
high stress area during vaginal delivery. Results showed that the
increase in pelvic floor muscle activation was followed by higher
opposing forces to resist fetal descent and higher values of pelvic
floor stress.

During the internal rotation stage of the cardinal movements,
the fetal head transitions from an occipito-transverse position to
an occipito-anterior position (fetal head facing the mother’s back)
in most cases. In a smaller number of deliveries, the fetal head
turns into an occipito-posterior position (fetal head facing the
mother’s abdomen) [68]. Parente et al. [38] verified the effect of
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an occipito-posterior position of the fetus during delivery on the
stretch values of the pelvic musculature when compared to the
normal occipito-anterior position. Using their previously devel-
oped framework [34], they showed that the occipito-posterior
position would induce a higher maximum stretch in the levator
ani muscle compared to the occipito-anterior position (maximum
stretch ratio: 1.73 versus 1.63). These results addressed the signifi-
cant role of cardinal movements—and their variation—in facilitat-
ing the passage of fetus through the birth canal.

Li et al. [14] investigated the effect of different levels of con-
straint on fetal head motion on the mechanical response of the pel-
vic floor muscles using their previously developed modeling
framework [13]. Three different types of fetal head constraints
were compared: (1) a completely prescribed head path; (2) a par-
tially constrained head, allowing rotation about one point on the
head; and (3) a minimally constrained head, allowing both rota-
tion and translation. Results showed that the minimally con-
strained head required a much lower total force to achieve
delivery. The maximum principal stretch ratio was found at the
same location (i.e., the right levator ani attachment point to the
pubis) for all three cases. Case 1 and case 2 induced the same
amount of stretch (stretch value 2.6), while case 3 was responsible
for a slightly higher value (stretch value 2.7). Thus, the more bio-
fidelic model (allowing free fetal head motion) showed a reduc-
tion in the necessary force to achieve delivery, but a greater
amount of stretch in the pelvic muscles. This again points to the
importance of striving for biofidelic models in order to accurately
understand the mechanics of the birth process—and hopefully to
determine which opposing factors (e.g., amount of needed deliv-
ery force versus degree of stretch) are most relevant in terms of
predicting injury risk and/or labor difficulties.

3.2 Maternal Injuries. Childbirth can lead to maternal inju-
ries in the perineal area and the pelvic floor. Computational mod-
els that investigate maternal childbirth injuries primarily focus on
pelvic floor injuries. The pelvic floor muscles surround the birth
canal and experience large deformations during the childbirth pro-
cess, which introduces significant risk of permanent structural
damage and injury [2]. With weakened pelvic floor muscles, the
patient may experience urinary and fecal incontinence along with
persistent postpartum pain in the short term and potential pelvic
organ prolapse in the long term [69].

The peak stretch and stress that pelvic floor muscles experience
during childbirth are of great interest within numerical studies
[11,12,29,34,35], since stretch and stress are indices directly
related to muscle injuries and are hard to evaluate through other
means. Martins et al. [34] presented a finite element modeling
framework to simulate the active deformation of the levator ani
muscle under constant pressure and deformation induced by vagi-
nal childbirth. Their model was comprised of a levator ani based
on data from a 72-year-old cadaver and a geometrically realistic
fetal model (modeled as a rigid body with high stiffness). The pel-
vic floor muscle mechanical behavior was described by a trans-
versely, isotropic material with a single fiber direction embedded

in an isotropic matrix. Their simulation of the activation of the
levator ani muscle (to simulate active muscle properties in com-
parison to passive properties) revealed that muscle activation
opposed the widening of the urogenital hiatus when pressure was
applied to the inner surface of the levator ani. When the muscle
was passively submitted to a pressure, the sling attachment points
of the levator ani were the regions where maximum stress
occurred. These are regions where most postpartum lesions occur
in real life. When a delivery of the fetus was simulated in their
study, the maximum stretch value was 1.6 on a circumferentially
defined path at the pubococcygeus region.

Using the same framework, Parente et al. [35] defined seven
different trajectories in the circumferential direction on the levator
ani to facilitate the quantification of stretch and strain during
childbirth. Their study showed the evolution of the strain along
different trajectories on the levator ani during the process of fetal
descent. They concluded that for a fetal head vertical displace-
ment of 60 mm, the maximum stretch ratio of 1.63 was achieved
at the lowest trajectory along the edge of pubococcygeus.

Noritomi et al. [11] developed a pelvic floor muscle finite ele-
ment model based on in vivo MRI images. They simulated the
passage of the fetal head through the pelvic floor using a spherical
fetal head model under quasi-static movement and concluded that
high stress areas during childbirth are located on the pubococcy-
geus muscle and the tendinous arch region. Investigating the same
question, a study from Berardi et al. [12] also supported the con-
clusions that the maximum deformation and stress are found in
the pubococcygeus muscle. The maximum deformation (stretch
ratio) and stress obtained in their study was 2.2 and 17 MPa,
respectively.

Silva et al. [29] further investigated the influence of fetal head
molding on the pelvic floor muscles during childbirth. Their study
compared the passage of two fetal models through pelvic floor
muscles, one with a rigid head and one with a deformable head.
The deformable fetal head included the following structures: skin
and soft tissues (E ¼ 0:3 MPa, � ¼ 0:25), skull (E ¼ 250 MPa,
� ¼ 0:22), brain (E ¼ 0:0246 MPa, � ¼ 0:49), fontanels and
sutures (E ¼ 3:8 MPa, � ¼ 0:49). Results showed that delivery of
a fetus with a deformable head, which is more representative of
the real world, had a significant impact on the resistive forces pro-
vided by the pelvic floor muscles—reducing them by 17.3% (26 N
versus 30.5 N). However, the reduction in the maximum stretch in
the levator ani was only 1.86%—indicating that even when the
fetal head deforms, there is significant stretch occurring within the
muscle. These results illustrate how modeling details in a complex
system can affect the final outcomes.

Under the same framework shown in Martins et al. [34], Oli-
veira et al. [36] introduced two damage variables into the strain
energy function for the levator ani muscle to account for the dam-
age level. They concluded that the injuries during delivery were
localized in the middle part of the muscles, in its attachment and
the region of connection with the arcus tendineus. They also con-
cluded that puborectalis component of the levator ani muscle was
the most prone to damage. However, their model did not include a

Fig. 5 Forceps delivery simulation with different angles of the forceps blades: (a) 0 deg,
(b) 20deg, and (c) 40deg [70] (Reprinted with permission from World Scientific Publishing Co.,
Inc.# 2000)
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puborectalis component, such that the part of levator ani enduring
the most damage in their study was actually the pubococcygeus
muscle.

While stretch in the pelvic muscles has been the primary focus
of computational childbirth models over the past 30 years, the pri-
mary conclusions that can currently be drawn are which regions
of the tissue are likely to see the greatest amount of stretch. How-
ever, as the models are neither generally biofidelic nor patient-
specific, they have not yet allowed for the development of
mitigation strategies or personalized risk assessments for patients.

3.3 Fetal Injuries. Very few childbirth computational models
that focus on fetal injuries could be found in the literature. The
studies available are focused on two types of injuries: fetal head
injuries associated with operative vaginal delivery [47,60,70] and
shoulder dystocia related brachial plexus injuries [58,59].

Forceps delivery and vacuum delivery are the two most com-
mon types of operative vaginal delivery. Forceps are scissors-like
devices with spoon-shaped blades designed to apply traction on
the fetal head to guide it out of the birth canal. Vacuum delivery
uses the traction generated by the vacuum between a small cup
and the fetal head to assist with extraction of the fetus from birth
canal. Operative deliveries may be undertaken during a difficult
labor, to supplement ineffective delivery forces from uterine con-
tractions and maternal pushing, as an alternative to the more inva-
sive cesarean delivery, which requires incisions in the abdomen
and uterus. Operative delivery can cause fetal injuries like bruis-
ing, facial nerve injuries, cephalohematoma, retinal bleeding,
skull fracture, etc. [71,72]. These injuries may be caused by the
pressure exerted by the forceps or the vacuum cup on the fetal
head. Computational modeling is a perfect tool to explore proper
protocols for operative vaginal delivery.

To understand how the curve angle of forceps blades and the
material they are manufactured from would affect the neonatal
neck stress and pressure during childbirth, Su et al. [70] developed
a finite element model of the fetal scalp and skull with reference
to an anatomical head model and skull model of a newborn. Six
pairs of forceps with three different blade curve angles (20 deg,

40 deg, 60 deg) and two material types (stainless steel and tita-
nium alloy) were constructed within the model software (Fig. 5).
Forceps operative deliveries with 10 N of clamping force and
100 N of extraction force were applied on the fetal head. They
found that a larger curve angle of the blades of the forceps
decreased the stress on the fetal neck but could lead to rotation
toward the posterior aspect of the head (elevating the chin). More-
over, forceps made of a lower Young’s modulus material (tita-
nium alloy) also reduced the stress on the fetal neck. In order to
link the options in the design of forceps to a reduction in injury
risk, specific links between neck stress and head rotation and the
mechanisms of injury are still needed. But these models demon-
strate how computational modeling can be used to support clinical
decision-making and biomedical engineering design.

In another attempt to understand the impact of forceps delivery,
Lapeer et al. [47] and colleagues compared the deformation of
and stress on the fetal head under different forceps placements.
Through laser scanning of a skull model, they constructed a fetal
head finite element model that contained the skull base, the max-
illa, the fetal cranial bones, and the fontanels. The fetal cranial
bone was modeled as an orthotropic material with two Young’s
moduli, while the other three parts were modeled as an isotropic
material with a single Young’s modulus. The forceps were applied
with either symmetric or asymmetric placement with 120 N of
clamping force and 200 N of traction force. The study found that
asymmetric placements exhibited higher amounts of deformation
and shear stresses, for both average values and peak values. Using
the same framework, their group also assessed quantitatively if
incorrect placement of a vacuum cap would cause serious injury
to the fetal scalp [60]. Vacuum pressure of 66.7 kPa with a maxi-
mum allowable traction of 131 N was used on both correct place-
ment (in between the anterior and posterior fontanels) and
incorrect placement (across the anterior fontanel) of the vacuum
cup on the fetal skull (Fig. 6). They found that direct placement
across the soft, anterior fontanel was associated with significantly
higher deformations across the contact area. This deformation
may then be related to vascular disruptions (and bleeding) in
either the extradural or subdural blood vessels.

Fig. 6 A computational fetal head model based on data of laser scanning of a physical fetal
head model. Side view (a) and top view (b) of the fetal head model are shown. Cranial bones,
fontanels, and sutures are included in the model. The correct placement (c) and the incorrect
placement (d) of the suction cup are shown [60]. Reprinted with permission from the SIMU-
LIA Regional User Meeting RUM 2014.
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The brachial plexus is a network of nerves that travel from the
spinal cord in the neck down to the arm. A newborn may sustain
brachial plexus injury during or even before childbirth. From a
biomechanical perspective, the direct cause of NBPP is the over-
stretch of the brachial plexus resulting in rupture or avulsion of
the nerve roots of the plexus (C5–T1). During labor, if impact
between the fetal shoulder and the maternal pelvis occurs such
that the shoulder is restrained, the forces that work to achieve
delivery can continue to advance the infant’s spine, neck, and
head further down to birth canal and widen the angle between the
neck and the shoulder. This can occur through both uterine con-
tractions and maternal pushing efforts as well as clinician-applied
traction. This widening of the neck/shoulder angle will cause the
brachial plexus to stretch—and if the stretch that occurs is greater
than the nerve root injury threshold, permanent injury can occur.
A lesser amount of stretch can result in substructural damage that
can result in a temporary injury, which may require up to
12 months to recover. As a significant risk factor for neonatal
brachial plexus injuries, shoulder dystocia has been studied using
computational models. Gonik et al. [58] simulated a shoulder dys-
tocia event using a framework that included a fetal model with
fully articulated neck and shoulder to investigate the impact of the
type of delivery forces and the pelvic angle on brachial plexus
stretching. Their model started with the impaction between fetal
anterior shoulder and the maternal pubic symphysis, after the fetal
head was delivered. Two types of delivery forces (maternal
endogenous forces and clinician-applied exogenous forces) and
three pelvic angles (angle between pubic symphysis and the hori-
zontal plane: 45 deg for lithotomy positioning, 30 deg and 20 deg
for McRoberts’ positioning) were simulated. Delivery forces and
brachial plexus stretching (measured in nominal strain) were eval-
uated for each one of the seven delivery scenarios, among which
one scenario allowed fetal neck lateral flexion under exogenous
delivery force and lithotomy positioning, while other cases had
the fetal neck axially fixed. Results showed that McRoberts’ posi-
tioning reduced delivery force for both the endogenous delivery
force scenario and the exogenous delivery force scenario (up to
37% and 47%, respectively). The more aggressive McRoberts’
positioning tilting angle (by changing from 30 deg to 20 deg) fur-
ther reduced delivery force under the exogenous delivery force
scenario but did not reduce delivery force under the endogenous
delivery force scenario. The fetal neck lateral flexion did not
increase the exogenous delivery force much (75 N–80 N), but
increased brachial plexus stretching significantly (strain values
from 14% to 18.2%). McRoberts’ positioning is associated with
lower brachial plexus stretching, with the more aggressive pelvic
tilting angle lowering the brachial plexus stretch even more, for
both types of delivery forces. One interesting finding from the
results was that with the same pelvis tilting angle, maternal endog-
enous force could lead to higher brachial plexus stretching com-
pared to delivery under clinician-applied exogenous force, which
suggested that clinician-applied exogenous force was not by
default the source of brachial plexus injuries.

3.4 Protective Measures During Delivery. In order to mini-
mize the trauma that childbirth induces on both the mother and
the child, various protective measures have been developed for
both mothers and neonates during the management of difficult
labors. Computational models serve as a powerful tool to verify
the effectiveness of these measures and to explore improvement
through newly designed measures.

Jansova et al. [64] verified whether a manual perineal protec-
tion technique can reduce perineal tension during delivery in com-
parison with the hands-off technique. Maternal perineal structures
consisting of the pubis, inferior pubic rami, genital hiatus, perineal
body, and anus were modeled based on clinical measurements.
The descent of the fetal head, a spherical model with a diameter
of 9.5 cm, was simulated as a quasi-static movement following the
curve of Carus, an imaginary arc corresponding to the pelvic axis

[73]. The soft tissue mechanical behavior was described using a
transversely isotropic, hyperelastic, Mooney–Rivlin material. Two
perineal protection methods—with different fingertip distances
(10 cm and 11 cm)—were compared to the hands-off method.
Their study showed that both manual perineal protection methods
significantly reduced both the peak stress values (39% drop for
10 cm fingertips distance, and 30% drop for 11 cm fingertips dis-
tance) and the area exposed to high stress levels (10 cm distance:
10% high stress area, 11 cm distance: 15% high stress area, hands-
off: 30% high stress area) compared to the hands-off method.
Using the same framework, their group later evaluated the order
of effectiveness of 10 different manual perineal protection meth-
ods for three sizes of fetal head [65]. Small, average, and large
fetal heads were defined based on the biparietal diameter and sub-
occipitobregmatic diameter. Results showed that the level of
effectiveness of the studied manual perineal protection methods
were nearly identical for fetal heads of all three sizes. The most
effective method was described as “the fingertips being initially
placed 12 cm apart and 2 cm anterior from the posterior four-
chette, and with a subsequent movement one cm on each side
toward the midline without any anterior–posterior shift.” The
study also suggested that manual perineal protection should be
performed as a common measure in all deliveries instead of being
reserved only for deliveries with a higher risk (i.e., macrosomic
fetuses).

During difficult labors, an episiotomy—surgical incision of the
tissues between the vaginal opening and the anus—may need to
be performed to facilitate the delivery. Oliveira et al. [39] eval-
uated the protective effect of a mediolateral episiotomy by assess-
ing principle stress, antero-posterior reaction force, and damage to
the pelvic floor muscle. With a previously developed modeling
framework—that has maternal pelvic structures based on data
from a 72-year-old cadaver, a fetal model with realistic head and
body geometry, and pelvic floor muscle mechanical behavior
described as a transversely isotropic material with a single fiber
family embedded in an isotropic matrix—their study compared
mediolateral episiotomies with an incision length of 10 mm,
20 mm, and 30 mm and incision angles of 30 deg, 45 deg, and
60 deg from the vertical. Their study concluded that the angle of
the incision affected the amount of stress measured in the pelvic
floor muscles and that 30 deg is the most protective angle for an
episiotomy. As to the length of the incision, the longer the incision
was, the lower the force that was required to achieve delivery and
the lower the predicted pelvic muscle damage was during a nor-
mal delivery. When the location of the damage was evaluated, the
induced damage was confined to the upper edge of the incision,
which was much smaller than the damaged area without episiot-
omy. The same group of researchers [40] later investigated the
influence of mediolateral episiotomies on the pelvic floor mechan-
ics comparing the occiput posterior position to the more common
occiput anterior position. They found that 10 mm incision lengths
were the ones that resulted in the higher amount of resistive force,
and 30 deg angles were the ones that lead to greater incision
enlargement. Compared to the occiput anterior fetal head position,
the occiput posterior position induced: (1) higher resistive force;
(2) higher stresses; (3) larger enlargement of the levator ani outlet
diameter; (4) and higher growth of damage. In another study that
compared the effectiveness of different episiotomy strategies, Oli-
veira et al. [49] compared the damage reduction effectiveness (on
the pelvic musculature) of multiple incisions (double and triple)
with different angle (30 deg, 45 deg, 60 deg) and location (left and
right side) combinations to double and triple-length single inci-
sions. Results showed that two incisions did not reduce the dam-
age as effectively as a double-length, single incision. Moreover,
longer incisions were also more effective in reducing delivery
force: delivery with the longest episiotomy incision in the study (a
30-mm incision) had the lowest magnitude of resisting force
(42.0 N) during the fetal descent, while delivery without episiot-
omy had the highest magnitude of resisting force (68.8 N). There-
fore, a single, longer episiotomy incision was more favorable than

Journal of Biomechanical Engineering MAY 2021, Vol. 143 / 050801-9

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/biom

echanical/article-pdf/143/5/050801/6641401/bio_143_05_050801.pdf by M
ichigan State U

niversity user on 11 M
arch 2021



Table 1 Characteristics of maternal and fetal models in childbirth computational studies

Authors
Imaging

technique Maternal model Fetal model

Maternal soft
tissue mechanical

properties

Fetal model
mechanical
properties

Fetal descent
path

The Grimm group
[58,59]

N/A Pelvis. Whole fetal model, including
neck and shoulder anatomical
structures and articulation, and
BP.

N/A Neck and shoulder: biofidelic
articulation. BP: bilinear ten-
sile properties.

Not imposed.

Lien et al. [17,18] Maternal: MRI. Pudendal nerve, OBI, pirifor-
mis, and coccygeus [18]. Pel-
vic bone. LA, TALA, urethra,
lower vagina, internal and
external anal sphincters
[17,18].

Head only, spherical. N/A N/A Imposed, the curve of Carus.

The Jorge group
[29,34–40,42–44]

Maternal: MRI and dis-
section from Janda et al.
[33].

Pelvis, LA (without puborec-
talis), coccygeus, OBI, and
TALA.

Whole fetal model with realistic
geometry, no articulation. Head
dimensions are measured by “a,”,
“b,”, “f,” “e,” and “g” shown in
Fig. 3.

Transversely isotropic non-
linear material: one muscle
fiber family is embedded in
an isotropic matrix. Active
traction of the muscle fiber
[29,34,41], variables repre-
senting tissue damage
[36,39,40], and Maxwell
model representing visco-
elastic properties [43,44]
can be added.

Nondeformable. Imposed, by applying dis-
placements and rotations to
one or several reference
points on the fetal model.

Hoyte et al. [19] Maternal: MRI. Pelvis, LA, and OBI. Head only, spherical. Isotropic, nonlinear material.
Modified Saint
Venant–Kirchhoff model.

Nondeformable. Imposed, along the path of
vagina.

Li et al. [13] Maternal: MRI. Fetal:
laser scanning.

LA and OBI. Head only, incomplete, including
the vault of skull.

Isotropic nonlinear material.
Neo-Hookean model.

Nondeformable. Imposed.

Buttin et al. [20] Maternal: MRI. Uterus, birth canal, and amni-
otic liquid.

Head and body. No articulation. Isotropic linear elastic
material.

Nondeformable. Not imposed.

Li et al. [14] Maternal: MRI. Fetal:
laser scanning.

LA and pubis. Head only, incomplete, including
the vault of skull.

Isotropic nonlinear material.
Mooney–Rivlin model.

Nondeformable. Imposed, three scenarios.

Li et al. [21] Maternal: MRI. Fetal:
laser scanning.

LA and OBI. Head only, incomplete, including
the vault of skull.

Transversely isotropic non-
linear material. Material
model is shown in Eq. (2).

Nondeformable. Imposed, vertical descent
path is prescribed, free to
rotate and translate.

Buttin et al. [22] Maternal: MRI, CT. Pelvis, uterus, and abdomen. Head, body, and skin tissues.
Articulated neck.

Isotropic nonlinear material.
Neo-Hookean model.

Nondeformable. Not imposed.

Gerikhanov et al. [23] Maternal: CT from VHP.
Fetal: laser scanning.

Pelvis. Head only. N/A Nondeformable. Imposed, zero to three
guiding points along the
trajectory.

Noritomi et al. [11] Maternal: MRI. Pelvis, LA, and coccygeus. Head only, spherical. Isotropic nonlinear material.
Mooney–Rivlin model.

Nondeformable. Imposed, straight movement.

Berardi et al. [12] Maternal: MRI. Pelvis and LA (without
puborectalis).

Heading only, spherical. Anisotropic nonlinear
material. Holzapfel model, as
shown in Eq. (3).

Nondeformable. Imposed, vertical translation.
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Table 1 (continued)

Authors
Imaging

technique Maternal model Fetal model

Maternal soft
tissue mechanical

properties

Fetal model
mechanical
properties

Fetal descent
path

Lapeer et al. [47,60] Fetal: laser scanning. N/A Head only, including the skull
base, the maxilla, the cranial
bones, and the fontanels.

N/A Cranial bone: orthotropic lin-
ear elastic material. The rest:
isotropic linear elastic
material.

N/A

Jansova et al. [64,65] N/A Pubis, inferior pubic rami,
perineum, and anus.

Head only, spherical [64] or
dimensions measured by “a” and
“d” shown in Fig. 3 [65].

Transversely isotropic non-
linear material. Trans-iso-
Mooney–Rivlin model.

Nondeformable. Imposed, the curve of Carus.

Bailet et al. [48] Fetal: 3D scanning. N/A Head only. N/A Linear elastic material. N/A

Yan et al. [16] Maternal: MRI. Fetal:
CT.

LA, part of OBI, pubis, and
part of the ischium.

Head only. Isotropic nonlinear material.
Exponential strain energy
density function.

Nondeformable. Imposed.

Su et al. [70] N/A N/A Head only. N/A Scalp: linearly elastic mate-
rial. Skull: Nondeformable.

N/A

Sindhwani et al. [31] Maternal and fetal: MRI
and live MRI.

LA. Head only, ellipsoidal. N/A Deformable, based on live
MRI.

Imposed, based on live MRI.

Krofta et al. [25] Maternal and fetal: MRI. Pelvis, OBI, and LA. Head only, dimensions measured
by “a,” “b,” “c,” and “d” shown
in Fig. 3.

Isotropic nonlinear material.
Ogden model.

Nondeformable. Imposed, the curve of Carus.

Routzong et al. [46] Maternal: cryosection
data from VHP.

Pelvis, LA, and superficial
perineal muscles.

Head only, ellipsoidal. Isotropic nonlinear material.
Neo-Hookean model.

Nondeformable. Imposed.

Lapeer et al. [45] Material: VHP and Body-
Parts3D library. Fetal:
MRI and laser scanning.

Uterine cervix, LA, and sac-
rospinous ligaments.

Head and body. Articulated neck. Isotropic nonlinear material.
Neo-Hookean model.

Fetal head and fetal body:
Nondeformable. Fetal neck:
linear and rotational
articulation.

Not imposed.

Note: BP—brachial plexus, OBI—obturator internus, TALA—tendinous arch of levator ani, LA—levator ani, VHP—visible human project.
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multiple shorter incisions in terms of reducing the needed force to
achieve delivery and protecting the pelvic musculature. However,
it is worth pointing out that episiotomy itself is an invasive proce-
dure. The above studies evaluated the effectiveness of episiotomy
incision strategies strictly from a biomechanics perspective, with-
out considering wound recovery postpartum. Therefore, conclu-
sions like “the longer the episiotomy incision is, the lower the
damage would be” need to be combined with the maternal prog-
nosis following the incision wound in order to guide management
during difficult labors. Many clinicians currently avoid any epis-
iotomy unless additional room within the perineum is needed, as
it has been shown that a laceration within the perineal tissues—
and potentially into the pelvic tissues—will extend more easily
from an initial episiotomy incision than from the undamaged skin.

During a shoulder dystocia event, obstetric maneuvers need to
be adopted to facilitate the delivery and minimize the risk of over-
stretching the brachial plexus. Clinicians typically first resort to
the McRoberts’ maneuver and then suprapubic pressure. If the
delivery does not proceed, clinicians will often use the posterior
arm delivery maneuver or internal rotational maneuvers. With an
earlier study showing the effectiveness of the McRoberts’ maneu-
ver [58], Grimm et al. [59] further investigated how suprapubic
pressure, posterior arm delivery, and internal rotation would affect
the delivery force and brachial plexus stretch using the same mod-
eling framework, which included a fetal model with a fully articu-
lated neck and shoulder. Lithotomy position (45 deg angle
between the pubic symphysis and the horizontal plane) with
clinician-applied traction on fetal head in the direction of 45 deg
from the horizontal served as the baseline model. Suprapubic
pressure was modeled as a vertically applied force on soft tissues
above the maternal pubic symphysis. Three suprapubic pressure
levels were simulated (40 N, 80 N, and 140 N). For oblique posi-
tioning, the fetus was rotated by 15 deg along its long axis from
the baseline occipito-transverse position. The posterior arm deliv-
ery maneuver, as suggested by the name, had the posterior arm
delivered before the simulation started. Results showed that all
three maneuvers were effective in terms of reducing required
delivery force and resulting brachial plexus stretch. Posterior arm
delivery was associated with the lowest delivery force and greatest
reduction in brachial plexus stretch. The delivery force and brach-
ial plexus stretch of oblique positioning were comparable to those
that resulted from higher level suprapubic pressure (40 N and
80 N). The increase in suprapubic pressure contributed to lower
delivery forces and greater reduction of brachial plexus stretching.
Similar to episiotomy simulations discussed above, these results
from simulations of shoulder dystocia maneuvers are also strictly
from a biomechanics perspective. The increased suprapubic pres-
sure might be detrimental to the mother, and the action of deliver-
ing the posterior arm, which was not simulated in this study,
could directly cause fetal injuries (e.g., humeral fracture) [74,75],
even if performed correctly.

Thus, in all cases, the biomechanical knowledge gained from
computational models should be combined with clinical judgment
and experience when determining what approaches make sense
for a particular delivery.

4 Summary

Childbirth computational modeling has come a long way in the
last three decades and significantly advanced our knowledge of the
mechanics and mechanical sequelae of childbirth. The characteris-
tics of childbirth computational models discussed in this review
paper have been summarized in Table 1. These models have pro-
vided useful insights for researchers into understand the mecha-
nisms of birth-related injuries and for clinicians to scientifically
evaluate ways to manage difficult labors in efficient and effective
manners. However, there are still drawbacks to current studies that
limit the comprehensive, biofidelic simulation of the childbirth pro-
cess. As discussed in this review, the summary of childbirth com-
putational models currently in the literature is as follows:

� The topics of the studies have focused on maternal injuries
that result from childbirth, primarily on pelvic floor injuries.
Therefore, the levator ani muscles are the most commonly
represented maternal structures in these models, followed by
perineal soft tissues.

� Fetal models have predominantly been head-only models—
with some studies having a fetal trunk representation, but
rarely with joint articulation.

� The delivery is generally driven by prescribed displacements
or forces.

� The constitutive equations for the maternal soft tissues have
begun to take viscoelasticity into consideration in recent
studies. Transversely isotropic mechanical behavior has been
widely adopted, while simpler isotropic hyperelastic models
(i.e., neo-Hookean model and Mooney–Rivlin model) are
still popular.

� Fetal models are usually described by rigid materials or elas-
tic materials with very high stiffness.

To achieve more biofidelic childbirth simulation and explore
broader childbirth related research questions using computational
methods, the following efforts are still needed in future studies:

(1) Develop a complete representation of the maternal soft tis-
sues, including pelvic floor structures and pelvic organs. A
fundamental characteristic of childbirth is that the fetus is
confined in a very limited space. Nonetheless, fetuses are
mostly “floating” in open space above the maternal pelvis
in existing models, due to the lack of maternal soft tissues.
Despite the fact that geometrical models of maternal pelvic
floor and pelvic organs have been developed in numerous
studies [76–81], childbirth computational models rarely
include structures other than levator ani muscles. This leads
to inaccurate estimations of the resistive force that the fetal
model experiences and requires an imposed trajectory and
movements to obtain stable fetal passage through the pel-
vis. Critical physiological processes during childbirth, like
uterine contractions and maternal pushing, cannot be fully
simulated due to the lack of pelvic organ representation. In
addition, the cardinal movements, which could lead to fetal
malpositioning and potential fetal/maternal injuries, cannot
be adequately and naturally produced in a simulation that
lacks maternal soft tissues (e.g., uterus, cervix, vagina,
bladder, rectum, and superficial perineal structures).

(2) Develop a fetal model with full joint articulations and rep-
resentation of fetal soft tissues. Fetal joint articulations,
especially fetal neck articulations, are crucial in producing
the cardinal movements. The fetal shoulder joint structures
are essential in assessing injuries like neonatal brachial
plexus palsy. Fetal soft tissue representation could further
advance the contact interaction accuracy during the fetal
descent and help to achieve more precise estimates of
delivery force and maternal soft tissue deformation.

(3) Develop models with population-based generic data and
adjustable parameters. The ultimate goal of childbirth
computational modeling is to predict labor outcomes and
guide difficult labor management. Efficiency and accuracy
are crucial to achieve this goal. Generic childbirth models
need to be established to represent the population at differ-
ent percentiles, based on anthropometric measurements that
are easy to measure (e.g., height and weight). Measure-
ments in the childbirth model that are critical to the deliv-
ery process (e.g., fetal head diameters, fetal shoulder width,
and maternal pelvis measurements) should be made adjust-
able. Based on data obtained from clinical visits close to
delivery, patient-specific childbirth models can be gener-
ated from corresponding generic models and may be able
to improve our prediction of labor outcomes.

(4) Develop models with patient-specific soft tissue properties.
Childbirth simulation studies have widely adopted patient-
specific geometry for maternal soft tissues using MRI data.
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However, the soft tissue mechanical properties are mostly
based on animal tissues or human tissues from different
individuals. The wide variation in soft tissue mechanical
properties between species and even between individuals is
the main reason that the predicted stress distribution pat-
terns are currently of much more significance than the spe-
cific stress values provided through existing computational
studies. Methods for in vivo soft tissue mechanical proper-
ties acquisition, such as magnetic resonance elastography
[82] and ultrasonography [83], should be further explored
and integrated into childbirth computational modeling.
Until then, increasing the library of human tissue
properties—preferably for tissues from gravid women—
will allow for improved parametric modeling to be
conducted.

(5) Develop improved methods for model validation. Along with
the improvements mentioned above, options for the valida-
tion of childbirth models also need significant improvement.
With real-time imaging techniques like live MRI, patient-
specific real-time in vivo data (e.g., pelvic floor soft tissue
deformation, and the cardinal movements of the fetus) could
be used to validate both patient-specific and general compu-
tational models. This comparison between in vivo and com-
putational data can also help to tune certain parameters that
are difficult to measure (e.g., the friction coefficient between
the fetus and maternal soft tissues). To date, the authors are
not aware of any attempts in the literature to use primary val-
idation (i.e., comparing actual output predictions to experi-
mentally measured data) for models of childbirth. Secondary
validation (e.g., comparing delivery forces and the motion of
the infant [58,59]) has been utilized to confirm that predic-
tions from models are reasonable.

Computational models of childbirth are an important tool to
better understand a process—including interventions and possible
injurious outcomes—that cannot easily or ethically be studied in a
clinical setting. The models that have been developed over the
past 30 years have added significantly to our understanding of this
truly biomechanical process. The increased number of researchers
who are interested in reproductive biomechanics, as well as the
recent advancements in the computational techniques used in
childbirth models, makes us optimistic that the questions that we
are asking now are just the beginning—and that such computa-
tional models will continue to inform and advance clinical prac-
tice in obstetrics in the coming years.
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