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Simulation of the Childbirth
Process in LS-DYNA
Childbirth or labor, as the final phase of a pregnancy, is a biomechanical process that
delivers the fetus from the uterus. It mainly involves two important biological structures in
the mother, the uterus—generating the pushing force on the fetus—and the pelvis (bony
pelvis and pelvic floor muscles)—resisting the movement of the fetus. The existing
computational models developed in this field that simulate the childbirth process have
focused on either the uterine expulsion force or the resistive structures of the pelvis, not both.
An FEMmodel including both structures as a systemwas developed in this paper to simulate
the fetus delivery process in LS-DYNA. Uterine active contraction was driven by contractile
fiber elements using the Hill material model. The passive portion of the uterus and pelvic
floor muscles were modeled with Neo Hookean and Mooney–Rivlin materials, respectively.
The bony pelvis was modeled as a rigid body. The fetus was divided into three components:
the head, neck, and body. Three uterine active contraction cycles were modeled. The model
system was validated based on multiple outputs from the model, including the stress
distribution within the uterus, the maximum Von Mises and principal stress on the pelvic
floor muscles, the duration of the second stage of the labor, and the movement of the fetus.
The developed model system can be applied to investigate the effects of pathomechanics
related to labor, such as pelvic floor disorders and brachial plexus injury.
[DOI: 10.1115/1.4064594]
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1 Introduction

Childbirth is a mechanical process that involves pushing forces—
produced by the uterus’ active contraction, intra-uterine pressure,
and Valsalva (pushing) induced abdominal pressure—that act
against a resistance force created by the pelvic structures as the
fetus passes through the birth canal [1]. The strong interaction of the
uterus, the fetus, and the maternal pelvis results in both the normal
cardinal movements of labor and abnormalities of descent. The
latter, which can include shoulder dystocia (delay in delivering the
shoulders after the head delivers) [2], can lead to a range of injuries
to both the infant and the mother [3,4].

Pelvic floor disorders (PFDs), which are a group of pathologies
that predominantly become symptomatic inmiddle-aged and elderly
women, are closely related to the fetal delivery process. The typical
symptoms of PFDs include urinary incontinence, fecal inconti-
nence, pelvic organ prolapse, and pelvic pain [5]. It is estimated that
about one-third of adult women are affected by these conditions to
varying degrees [6]. Studies have shown that about 30% to 40% of
women suffer from some degree of urinary incontinence during their
lifetime [7], and 11% of women have required surgery because of
pelvic organ prolapse or urinary incontinence [8]. Childbirth
through vaginal delivery has been identified as the primary factor
in the development of PFDs [5]. For example, Dimpflet et al.
proposed that pelvic floor injuries during childbirth can significantly
contribute to the development of PFD [9] because, during delivery of
the fetus, the pelvic muscle floor experiences extreme stress and

strain conditions that are believed to be the cause of the damage of
these key structures. However, understanding of the mechanisms of
damage to the pelvic floor is still very limited [10].
Due to clinical, technical, and ethical reasons, in vivo inves-

tigation during pregnancy and delivery is very limited. Computa-
tional models have been developed to simulate the process of
childbirth [11]—but they generally have focused on either the
uterine expulsion force or the resistive structures of the pelvis, not
both.
For example, several simulation models have been developed to

investigate the mechanical interactions of the fetal head and the
pelvic muscle floor during the passage of the fetus through the
vagina, with the purpose of exploring the mechanisms of PFD
[5,12]. Stress and strain fields, reaction forces, and deformation have
been calculated and analyzed in these simulations. The geometries
commonly include the bones of the pelvis, the pelvic muscle floor,
and the fetal head. For the fetal head, some studies used a sphere to
represent the structure, while others used more realistic fetal skull
geometry obtained from MRI data. The effect of variations in the
material properties of the fetal head on the deformation of the pelvic
muscle floor has been investigated. A rigid fetal head was found to
cause higher stretch and reaction forces in the pelvic floor muscles
than a deformable fetal head [13]. The geometries of these structures
[14] and the material parameters of the constitutive models [10] for
both the pelvic floormuscles and the fetal head have an impact on the
calculated results in such simulations. In these models, one of the
challenges is to take into account—appropriately and accurately—
all forces that act during the fetal delivery process, such as the
expelling forces acting on the fetus caused by uterine active
contraction. However, in these pelvic models, the uterus and uterine
active contraction were not included in the simulations. Instead, the
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fetus’s movement or trajectory through the pelvic structures was
simulated by applying kinematic boundary conditions to the fetus.
For the uterus-only models simulating uterine active contraction

[15,16], most of these models have not considered the strong
resistance force caused by the pelvicmuscle floor and bony pelvis as
the fetus passes through the birth canal during the second stage of
labor. For this reason, the calculated deformation, stress and strain
field, and other analyses of these uterus-onlymodels are not accurate
and reliable.
Therefore, in order to better understand the pathomechanics of the

childbirth process and explore themechanisms of injuries to both the
infant and the mother, it is quite important and necessary to model
both the structures of the pelvis (bony pelvis and pelvic floor
muscles) and the uterus as a system. The objective of this work was
to develop a model of maternal tissues that could provide realistic
expulsion and resistance forces to govern the movement of an infant
through the birth canal and then to use the active contraction of the
uterus to deliver a fetal model. Through this study, stresses
throughout the maternal and fetal models can be investigated.

2 Materials and Methods

The geometrical models of the uterus and the fetus, shown in
Fig. 1, were designed based on experimental data obtained from
real-timemagnetic resonance imaging of the uterus and fetus during
the second stage of labor [17]. The fetus model includes the fetal
head, neck, and body. The fetal head was a sphere with a diameter of
80mm in our initialmodel analysis, and the length of thewhole fetus
(with arms and legs tucked against the body)was about 330mm.The
thickness of the uterine wall was set to 10mm, and the inner
diameter of the cervix was 100mm. The length andmaximumwidth
of the uterus was 349mm and 156mm.
Meshing of the uterus (Fig. 2(a)) and fetus (Fig. 2(b)) was done in

Hypermesh software using hexahedral elements and tetrahedral
elements, respectively, which were then exported to LS-DYNA.
There were 3636 nodes and 1795 elements for the uterus structure,
and 7694 nodes and 34,087 elements for the fetus.
Since the fibers inside of the uterine wall have a distinct

directional organization [18], it was deemed important to model the
fibers in three dimensions in the simulation model, not only in two
dimensions as has been reported in some previous studies [16]. This
allows the effects of fiber orientation on uterus contraction behavior

to be investigated. From themechanics perspective, any direction of
force can be divided into three basic forces along the x, y, and
z-coordinate axes. So, three directions for the fibers—the longitu-
dinal, circumferential, and normal directions—were created.
Experimental data also shows that the distribution of the fibers

changes dramatically in different regions of the uterus [19–21]. In
addition, the contraction of the uterus produces a forcewave starting
from the fundus and propagating to the lower segments of the uterus,
with a higher intensity in the fundal region [22]. In order to take such
anisotropies and heterogeneities into account to better simulate
uterine contraction behavior, the contractile fibers of the longitu-
dinal, circumferential, and normal directions were divided into
seven regions for each type of fiber (Fig. 3),while the passive portion
of the uterine tissuewas constant throughout themodel. These seven
regions were independent of one another. Figure 3 shows the seven

Fig. 1 Geometrical models of the fetus and the uterus

Fig. 2 Mesh of the uterus (a), the fetus (b), and the pelvis structure (c)

Fig. 3 Contractile fibers inside of the uterine wall: longitudinal
(a), circumferential (b), normal (c), and the combination of these
three direction fibers (d)
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regions of the longitudinal (Fig. 3(a)), circumferential (Fig. 3(b)),
and normal direction fibers (Fig. 3(c)) as well as the combination of
all three fiber directions (Fig. 3(d)). The longitudinal fibers and the
fundal circumferential fibers represented about 40% of the tissue
cross-sectional area, while the circumferential fibers in the body of
the uterus and the normal fibers throughout comprised about 12% of
the tissue cross section perpendicular to the fibers, which was based
on experimental data. [18].
The contractile fibers were modeled as truss elements with the

Hill material model [23], a one-dimensional model that includes a
contractile element, a passive element, and a damping element. The
active stress is described as

ra ¼ rmaxA tð ÞF lð ÞF vð Þ (1)

where rmax is the maximum isometric stress (PIS), A tð Þ is muscle’s
activation level, whose value is between zero and one, F lð Þ is the
normalized force-length curve, and F vð Þ is the normalized force-
velocity curve. The normalized force-length curve and force-
velocity curve describe fundamental responses of muscle.
The passive element stress, rp, is determined by the passive

mechanical properties of the muscle. For a hyperelastic material
described by the incompressible Mooney–Rivlin model, rp was
defined first through the equation:

W ¼ C1
�I1 � 3ð Þ þ C2

�I2 � 3ð Þ (2)

where W is the strain energy density, C1 and C2 are material
constants, and �I1 and �I2 are the first and second invariants of the left
Cauchy-Green deformation tensor (B). The passive stress in this
case is defined by

rp ¼ 2 C1 þ �I1C2ð ÞB� 2C2B � B� 2

3
C1

�I1 þ 2C2
�I2ð ÞI (3)

For NeoHookean hyperelastic material, which was used tomodel
the passive responses of the uterine muscle tissue in this study, C2

equals zero in Eq. (2).
The damping element stress, in LS-DYNA, is defined as

rd ¼ DMP
l

lorig
_e (4)

where DMP is the damping coefficient, l is the length of the muscle
at a specific time, lorig is the original length of themuscle, and _e is the
strain rate. The total stress is the sum of the stress in these three
components.

A description of this tissue-level model has been described
previously [24]. The normalized force-length curve and force-
velocity curve,which describe fundamental responses ofmuscle and
have previously been shown to be appropriate to describe smooth
muscle’s behavior [25,26], were obtained from the literature [27].
The maximum isometric stress (PIS) was set at 1.2MPa, and the
damping coefficient (DMP) was set equal to 60. The activation level
curves for the seven regions were assumed as shown in Fig. 4, where
the starting time for region one was at time 0 s. Each of the
subsequent regions began contracting 2 s later than the previous
region to simulate the propagation of the contractionwave.All of the
regions reached a fully activated status and then began to relax
synchronously, which was based on the physiologic behavior of the
uterus [22]. Three contraction cycles were modeled in this study.
The solid elements for the uterus were coupled with the

contractile fibers (truss elements) by sharing the nodes. The passive
portion of the uterus, representing the noncontractile portions of the
tissue, was modeled as a hyperelastic material with a Neo Hookean
model (C1 ¼ 0.03MPa).
The geometric models of the pelvic bone and pelvic muscle floor,

as shown in Figs. 2(c), 5(a), and 5(b), were created based on the
in vivo MR images of a 21-year-old woman at the gestational stage

Fig. 4 Activation level curves for seven regions of the contractile fibers. The numbering of the regions goes
from the top to the bottomof the uterus. Specifically, region 1 is the fundus (the top region) area, region 7 is the
lowest region, and region 2–6 are the regions in the middle.

Fig. 5 The geometries of the bony pelvis, pelvic muscle floor,
fetus, and the uterus
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of 35weeks and 6 days. The pelvic bone included the sacrum, the
pubic symphysis of the bony pelvis, and the innominate bones. The
pelvic muscle floor included the levator ani, coccygeus, and the
superficial perineal muscles and perineal membrane [28,29]. They
were imported into Hypermesh to construct the mesh. Triangular
shell elements, with an average element size of 5mmand a thickness
of 1mm were used for the maternal bony pelvis. Tetrahedral
elements, with an average size of 4mm, were used for the pelvic
floor muscles. In total, the finite element mesh of the pelvic
structures was composed of 80,675 tetrahedral elements, 14,454
triangular elements, and 27,436 nodes, as shown in Fig. 2(c). The
bony pelvis was modeled as a rigid body. The pelvic muscle floor
was modeled as a hyperelastic material with a Mooney–Rivlin
model (C1¼ 0.016MPa, and C2¼ 0.004MPa) [12].
The fetus was modeled as three components—head, neck, and

body—where the fetal head was a rigid body, the neck was elastic
(E¼ 50MPa, v¼ 0.49), and the body was Neo Hookean hypere-
lastic (C1¼ 0.07MPa [30]). The contact between the fetus and both
the uterus and pelvic structures was modeled as a surface-to-surface
contact. No external loads were applied. The material properties of
the passive portion of the uterus, the fetus, and the pelvic structures
are summarized in Table 1.
For the boundary conditions, the cervix (Fig. 6(a)) and bony

pelviswere fixed in the x, y, and z translation directions in space. The
nodes with colors on the pelvic floor muscles (Fig. 6(b)) were fixed
as well.
The active contraction of the uterus was implemented, and the

resulting movement of the fetal model through the pelvis was
observed. In addition, the stress developed within the pelvic floor
muscles and fetal neck and body were analyzed.
The simulation results were reviewed to verify that themodel was

acting as expected. The model was then validated by comparing the

simulation results with other childbirth modeling and experimental
results in the literature, with details in the Results and Discussion
Sections.
After validation, the effects of the size of the fetal head on the

mechanical response (the Von Mises stress and maximum principal
stress) of the uterus, fetal neck, and pelvic floor were investigated.
Two fetal head sizes, 80mm and 90mm, were used. Three
elements—in the uterine fundus, fetal neck, and pelvis floor
muscles, respectively—were chosen as key indicators of the
response of the structures (see Fig. S1 available in the Supplemental
Materials on the ASME Digital Collection).

3 Results and Discussion

3.1 Model Verification and Validation. Verification focused
on two portions of themodel: the uterus and the fetus. For the uterus,
we examined whether the contractile behavior resembled normal
physiology. For the fetus, we focused on whether the fetus would
remain in a vertex presentation and descend through the maternal
pelvis. Both of these expected behaviors were confirmed. The
simulation results showing contraction of the uterus are provided in
Fig. 7. The uterus started to contract from the fundus region, and
the contraction wave started to propagate to the lower part once the
uterus was activated. By t¼ 30 s, all regions contracted, and the
largest stress was 0.05MPa at the top of the fundus area (Fig. 7(b)).
By t¼ 50 s, the stress for the different regions within the uterus each
reached theirmaximumvalue for the first contraction (Fig. 7(c)), and
then decreased slightly due to the decrease of the activation level in
the first cycle—allowing relaxation of the uterus. After that, the
stress increased again in the second contraction. The maximum
stress for different regions within the uterus in the second cycle
(Fig. 7(d)) was higher than that in the first cycle (Fig. 7(c)).

The model was validated through comparisons with both
experimental and simulation results in the literature. Specifically,
the largest stress within the uterus was always in the fundus region,
which agrees with experimental results that show that the fundus has
a higher contraction intensity than the middle and lower parts of the
uterus [22]. The values of maximumVonMises and principal stress
within the pelvic floor muscles also agreed well with other
researchers’ simulation results [5]. In addition, the duration time
of the labor, the displacement of the fetus during the delivery, and
the rotation of the fetus were all within clinically observed ranges.
The details of validation comparisons are summarized inTable 2 and
are discussed inmore detail in subsequent paragraphs of the Results.
The Von Mises stresses for the pelvic floor muscles are shown in

Fig. 8. At time¼ 30 s, the largest stress of the pelvic floor muscles
was 0.03MPa (Fig. 8(b)). As the fetus continued to move forward,
the stress within the pelvic floor muscles became much larger. At
time¼ 50 s, the largest stress was 0.06MPa (Fig. 8(c)). The
maximum Von Mises stress was 0.11MPa at 98 s, occurring at the
midpoint in the second cycle, right before the fetal head was
delivered (Fig. 8(d)). Themaximumprincipal stresswas 0.12MPa at
an element in the centerline of the pelvic floor muscles. To validate
the simulation results of the pelvis structure, the values of the Von
Mises stress and the maximum principal stress were compared with
similar modeling work where the stresses of the pelvis floor muscles
were analyzed when the fetal head passed through [5]. Specifically,
in their work, the maximum Von Mises stress and maximum
principal stresswere 0.149MPa and 0.117MPa, respectively, for the
80mm fetal head case [5]. In comparison with their work, the values
from the current model for Von Mises stress (0.11MPa) and
maximum principal stress (0.12MPa) of the pelvis floor muscles are
very close to their results.
The fetal displacement with time during the delivery process is

shown in Fig. 9. The contraction of the uterus pushed the fetus
forward through the pelvic structures. The fetus naturally rotated in a
clockwise direction in the sagittal plane of the pelvis as it moved
through the birth canal. The outward displacement continued to
increase until 50 s in the first contraction, then decreased slightly in
the first recovery phase, and increased again in the second

Table 1 Material properties for the uterus, fetus, and the pelvic
structures

Parts Material properties

Uterus
(passive component)

Neo Hookean
(C1¼ 0.03MPa) [30]

Fetus Head Rigid body
Neck Elastic (E¼ 50MPa)
Body Neo Hookean (C1¼ 0.07MPa) [30]

Pelvic
structures

Bony pelvis Rigid body
Pelvic floor muscles Mooney–Rivlin

(C1¼ 0.016MPa
C2¼ 0.004MPa) [12]

Fig. 6 Boundary conditions of the cervix (a) and the pelvic floor
muscles (b). A scale bar of 50mm is provided.
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contraction cycle. The fetal head was delivered during the second
contraction. The overall displacement of the fetus during the
delivery processwas about 320mm.The delivery time of the fetus in
the model was validated in comparison to clinical data. In clinical
deliveries, the duration for the second stage of labor varies
significantly—from 2min to 200min [31]. In this current version
of themodel, it took 100 s for the fetus to deliver, which was close to
that lower bound of 2min. While this represents an extremely
precipitous delivery—a second stage that includes only two
contractions—the displacement of the fetus within the birth canal
and pelvis is representative of the normal clinical movement. More
importantly, by increasing the damping coefficient (DMP) value
within the Hill model, the delivery process can be slowed down and
the number of contractions and time of the second stage can be
increased.
Figure 10 shows the rotation of the fetus during the labor, and this

is the rotation angle that was used as an index for validation. By
comparing the initial and the last position of the fetus, the spine of
the model fetus rotated 46 deg within the mother’s sagittal plane,
which is quite close to the fetus’ rotation angle of approximately
45 deg during the cardinal movements of labor that span from the
completion of internal rotation to the end of restitution [32]. The
rotation in thismodel is solely the result of the interaction of the fetus
with the bone and soft tissue structures of the pelvis—it was not
prescribed.

The stress experienced by the fetus during the delivery process is
also shown in Fig. 10. The overall stress within the fetus increased
until 50 s (Fig. 10(c)), then decreased in the first recovery phase
(Fig. 10(d)), and finally continued to increase again in the second
contraction cycle until the delivery of the head (Fig. 10(f)). The
stress was concentrated in the fetus’ neck and was much larger than
the stress predicted within the fetus’ body.

3.2 Parametric Analysis. The results of the parametric
analysis of the effects of fetal head size on stresses in the uterus,
fetal neck, and pelvic floormuscles are shown in Fig. 11 andTable 3.
Two diameters of the fetal head, 80mm, and 90mm, were chosen
based on the normal size of a fetal head during labor, and this choice
was supported by its alignment with other studies presented in the
literature [5]. The VonMises stress andmaximumprincipal stress in
the fetal neck increased significantly (48.2% and 41.4%) with the
increase in the fetal head size from80mmto90mm.Both stresses in the
pelvic floor muscles also increased slightly (Von Mises: þ11.4%;
maximum principal: þ27.3%) with the increase in the head size.
Conversely, the size of the fetal head had almost no impact on the
stresses of the uterus. As the stress in the uterus is primarily created by
the active contraction of the tissue, and not as a result of a reaction to the
interactionof theuteruswith the fetus, this last resultmeets expectations.
In previous work published by Xuan that examined stress in the

pelvic floor muscles for different sizes of fetal head, the increase in

Fig. 7 Representation of the deformation and stress of the uterus at times of 0 s (a), 30 s (b), 50 s (c), and 99 s
(d). These were determined for the full model anatomy, including the pelvis and fetus.

Table 2 Summaries of the validations

Biological
structure

Index for
validation Simulation results Validation source Reference

Uterus Stress distribution Stresses in fundus region was
higher than that of lower

regions

Contraction was stronger in
the fundus region than the

lower regions

[22]

Pelvis floor muscles Von Mises stress 0.11MPa 0.149MPa [5]
Maximum principal stress 0.12MPa 0.117MPa [5]

Fetus Delivery time 100 s 2—200min [31]
Rotation angle 46 deg 45 deg [32]
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both the Von Mises stress and maximum principal stress within the
pelvic floormuscles increased by amuch greater degree (VonMises:
þ33.3%; maximum principal: þ58.3%) as the fetal head diameter
increased from 80 to 90mm [5], which is different from our work.
One explanation for this difference is that, in Xuan’s model, there
was only a fetal head modeled as a rigid sphere. In contrast, a
deformable fetal neck and body were modeled in the current work.
The deformation and bending of the fetal neck and body during labor
in the current model dissipated some of the energy needed to push
and deliver the larger fetal head—thus reducing the energy
transmitted to the pelvic floor muscles and reducing their stress.
This is demonstrated through the significant increase in the stresses
in the fetal neck, as shown in Fig. 11, with the larger fetal head.
The size of the fetal head also plays an important role in regulating

the delivery time. Clinical research has already shown that a larger
fetal head makes the delivery process more difficult and can cause
prolonged labor [33,34]. This can be predicted and analyzed by the
simulation model system. The fetal head with an 80mm diameter

was completely delivered at 99 s, while the fetal head with a 90mm
diameter was just partially delivered at this time, whichmeans that a
longer delivery time was required. With the larger fetal head, the
resistance force experienced by the fetuswill be increased. Evidence
for this is shown in the increased stresses that occur in the pelvic
floor muscles for the larger fetal head. Therefore, it is more difficult
for the fetus with the larger head to move through the birth canal. As
a result, more uterine contraction cycles are required, so that the
delivery time will be increased.

3.3 Limitations of theModel. As always, there are limitations
with the model described here—which do present opportunities for
future research. First, the structures of the uterus, the bony pelvis,
and the pelvic floor muscles are coupled tightly through connective
tissues in a woman’s body. However, in this model system, these
structures were put in their relative positions by applying boundary
conditions for each of them. This may affect the stress developed
within the tissues—in particular, the pelvic floor muscles, which
deform significantly and will react to deformation in adjacent
tissues. The incorporation of such connective tissues and surround-
ing organs, such as the vagina, the rectum, and the bladder, will
negatively impact computational time due to the increase in the
computation amount. The model as described in this paper already
required 14 days for each run. If these structures are included,
however, the forces resisting the movement of the fetus and the
stresses experienced by the fetus will increase, and the stress value
and distribution among the pelvis floormuscles will also be adjusted
and more accurate. Most models investigating the mechanical
behaviors of pelvis floor muscles have not considered such
connective tissues, while they have also lacked the uterus and
uterine active contraction [5,13,35]. In the previous studies, the
movement of the fetus was imposed as a specific trajectory. The
model in this study was able to push the fetus through the birth canal
due to the uterine active contraction. Also, in the majority of
previous models, only the fetal head was included, typically as a
sphere or based on real skull geometry fromMRI images [5,36,37],
and only one contact between the fetal head and the pelvic floor
muscles was defined. The model in this study introduced a whole
fetus, including the head, neck, and body. The added biological

Fig. 8 Stress nephogram of the pelvis muscle floor at times of 0 s (a), 30 s (b), 50 s (c), and 98s (d)

Fig. 9 Displacement of fetus during the delivery process

061002-6 / Vol. 146, JUNE 2024 Transactions of the ASME



structures of the uterus and fetal body, as well as defining and
calculating responses for more contacts in this study, increased the
number of needed computations and required longer computation
time.
For the contractile fibers, the current model was able to represent

the main characteristics of fiber distribution within the uterus, as
identified through experiments. For example, the fiber distribution
for human uterine tissue showed: strong anisotropy and heteroge-
neity between different regions—with higher fiber content in the
fundus region [22]; longitudinal and circumferential directions as
the two main fiber directions [20]; and fibers that are inclined with
respect to the uterine wall, which means they have a three-
dimensional fiber arrangement [18]. Although this model will allow
for easy adjustment of the distribution of fibers within the different
regions as the three fiber directions were modeled separately, the
distribution of the fibers in this version of the model was constant
within the middle and lower parts of the uterus (regions 2–7). More
experimental data based on high-resolution images of the variation
in orientation and statistics regarding fiber content will be needed in
order to model the fibers more accurately in these regions.
The uterine active contraction in this model was described using

the phenomenological Hill model, which has been used to model
other smooth muscle tissues or organs in literature [25,38,39]. The
Hill model has been shown to successfully match the macroscale
mechanical behavior of muscles found through phenomenological
experiments. However, there is no underlying biological or
chemical mechanisms at the cellular or subcellular level included
in the phenomenological Hill model to describe the activation of the

muscle contraction. Therefore, it cannot be used to investigate the
effects of cellular-level biochemical behaviors on the tissue and
organ-level behaviors. A few efforts have been made to include the
cross-bridge sliding [40,41] or calcium dynamics [42,43] within the
Hill model in order to generate the active force and then incorporate
that active component with a three-dimensional passive component
of the muscle within the framework of continuummechanics theory
to develop a multiscale model. This has not been attempted in the
current project but could be integrated in the future.
Finally, the intra-uterine pressure is the hydrostatic pressure

caused within the fluid inside the uterus. It is unclear how important
the intra-uterine pressure is for the delivery process. Many women
who experience spontaneous rupture of their membranes have a
labor that progresses without delay or complication; however, there
is generally some volume of fluid that remains within the uterus.
Evidence for this comes both from the ability to measure intra-
uterine pressure with a catheter during labor after the membranes
have ruptured and the gush of fluid that often accompanies the
delivery of the infant’s body. None of the current models of labor
and delivery, whether computational or physical models, include
this feature. This question can be explored in the future by including
hydrostatic pressure within the model system.

4 Conclusion

In conclusion, an FEM model system was developed in LS-
DYNA to simulate the uterine cyclic active contraction and delivery
of a deformable fetus through the bony pelvis and pelvic floor

Fig. 10 Stress nephogram of the fetus during the delivery process from 0 (a), 30 (b), 50 (c), 70 (d), 98 (e), and 99 (f)
seconds
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muscles. In this model, the uterus was able to perform the large
deformation, cyclic active contraction, and propagation of the
contraction wave needed to achieve delivery. During the childbirth
process, the greatest stresses for the pelvic floormuscles happened in
the contact area with the fetus’s head. For the fetus, the delivery
displacement increased significantly and then decreased slightly
with the rise and the decline of the activation level in different
contractions, respectively. The fetal neck had much higher stress
compared to the stress in the fetus’ body. The larger fetal head was
found to increase the stresses in the fetal neck significantly, while it
had smaller effect on stresses in the pelvic floor muscles and a
minimal effect on the uterus. This model matches the phenomeno-
logical activity of the uterus and the response of the fetus to that
activity. This is the first model that has relied on force derived
directly from uterine contractions to deliver a full fetal body through
the maternal pelvis. The model system will be used in the future for
analysis of tissue response linked to pelvic floor disorders and
brachial plexus injury.
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