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Vaginal childbirth is the final phase of pregnancy when one or more fetuses pass through the
birth canal from the uterus, and it is a biomechanical process. The uterine active contraction,
causing the pushing force on the fetus, plays a vital role in regulating the fetus delivery
process. In this project, the active contraction behaviors of muscle tissue were first modeled
and investigated. After that, a finite element method (FEM) model to simulate the uterine
cyclic active contraction and delivery of a fetus was developed in Ls-pyNA. The active
contraction was driven through contractile fibers modeled as one-dimensional truss
elements, with the Hill material model governing their response. Fibers were assembled in
the longitudinal, circumferential, and normal (transverse) directions to correspond to tissue
microstructure, and they were divided into seven regions to represent the strong anisotropy
of the fiber distribution and activity within the uterus. The passive portion of the uterine
tissue was modeled with a Neo Hookean hyperelastic material model. Three active
contraction cycles were modeled. The cyclic uterine active contraction behaviors were
analyzed. Finally, the fetus delivery through the uterus was simulated. The model of the
uterine active contraction presented in this paper modeled the contractile fibers in three-
dimensions, considered the anisotropy of the fiber distribution, provided the uterine cyclic
active contraction and propagation of the contraction waves, performed a large
deformation, and caused the pushing effect on the fetus. This model will be combined with
a model of pelvic structures so that a complete system simulating the second stage of the
delivery process of a fetus can be established. [DOI: 10.1115/1.4065341]

Keywords: uterus, fetus delivery, muscle tissue, active contraction, finite element method,

LS-DYNA

1 Introduction

Normal biomechanical function and regulation of the uterus are
vital for the childbirth process. Poor quality uterine contractions
contribute to many labor problems, including labor dystocia (a delay
in labor progression), which has proven to be a significant reason for
the rising Cesarean section rate [1]. In addition, the interaction of the
uterus, the fetus, and the maternal pelvis results in both the normal
cardinal movements of labor and abnormalities of descent that can
result in a shoulder dystocia (delay in delivering the shoulders after
the head delivers). Therefore, it is important to be able to model
uterine contraction behavior during the delivery process in order to
better understand the pathomechanics of the process itself and its
relationship to injuries that can occur in both the mother and the
infant.

The uterine wall consists of three layers: the endometrium, the
myometrium, and the perimetrium (from inside to outside). The
myometrium, the thickest layer, is composed of millions of smooth
muscle cells (SMC). Such SMCs are organized into fiber-like
constructs with different orientations, and this provides the complex
contraction behavior of the uterus [2]. The longitudinal and
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circumferential direction are the two main fiber directions inside
of the uterine wall [3-5]. Recent studies have shown that the fibers
inside of the uterine wall for both nonpregnant and pregnant women
are not perfectly parallel to the uterine surface but are inclined within
the uterine wall, which results in a three-dimensional organization
[6,7]. The distribution of the fibers shows strong anisotropy and
heterogeneity in different regions of the uterus, and such variations
have a significant effect on uterine mechanical behaviors [8,9]. The
contraction behaviors of the uterus are summarized in Grimm’s
review [10]. The typical contraction pattern of the uterus resembles a
bell-like curve [11], which takes on average 60 s for one cycle [12].
The active contraction is a force wave that is initiated from the
fundus and then propagates to the lower part of the uterus, which
takes 10-20s [13]. While the contraction in different regions
starts at various times, the peak force occurs almost at the
same time throughout the uterus, and then relaxation occurs
synchronously [13].

Due to ethical issues, human experiments during labor and
delivery are difficult to conduct. Computational modeling has
become a promising way to investigate the childbirth process. For
example, Myers have done several works about characterization of
mechanical properties of maternal tissues [14—16], constitutive
modeling [17,18], and finite element analysis of prebirth process
[19,20]. Oyen developed FEM models to investigate the rupture of
the uterus [21] and fibrous tissue during labor [22,23]. There are also
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some other works about simulating the movement of the fetus
through the pelvis structures without uterus [24,25]. However,
simulation of uterine active contraction is still a relatively new
research area. In 2009 and 2017, Buttin et al. [26,27] established an
FEM model of the female reproductive system containing the pelvis,
uterus, and fetus to investigate how the different forces influence the
fetus delivery process. However, in these simulations, the uterus’s
active contraction was not simulated directly, but rather an external
force was applied through the uterus to the rigid fetal model to
simulate what was assumed to be the resulting force. In 2015,
Cochran et al. [28] developed a three-dimensional electromechan-
ical coupling model of the uterus to calculate the mechanical and
electrical properties and the peak uterine pressure. A similar model
was developed by Yochum et al. [29] in 2016, where the mechanical
and electrical behaviors were analyzed on multiple scales. However,
the uterine geometries in these simulation models were highly
simplified due to their complexities, and the calculated strain was
too small to represent the large deformation of the uterus during
delivery. In 2019, Pouca, et al. [30] developed a chemo-mechanical
coupling model to simulate uterine contraction and fetal delivery.
However, the fibers only had two directions, the longitudinal and
circumferential direction, and the effects of anisotropy of fibers
distribution were not considered. Overall, the existing models in this
area still have many limitations.

In this project, the active contraction behaviors of a muscle tissue
were first modeled and investigated. Based on this, a FEM uterus
model was developed in Ls-DYNA to simulate the uterine active
contraction, where the contraction forces were driven by contractile
fibers. Multiple mechanical contraction properties of the uterus were
included in this model. Following the development of the model, it
was used to demonstrate its utility in simulating pushing to deliver a
fetus.

2 Materials and Methods

2.1 Muscle Tissue. A generalized structure of a unit of muscle
tissue was created within Ls-DYNA, and its mechanical behaviors was
investigated as the first step in this project (Fig. 1). The passive
portion of the muscle—representing the noncontractile components
of the cells and extracellular connective structures—was modeled as
a 100 x 10 x 10 mm solid (red portion in Fig. 1(a)) for convenience
in analysis. The active, contractile fibers of the muscle were modeled
using four truss elements, each with a length of 100 mm and a cross-
sectional area of 100 mm? (blue components in Fig. 1(b)). Each of
the four contractile fibers was placed along one of the four long
edges of the passive solid. The passive solid portion and the four
active beams were coupled by sharing the nodes between the truss
elements and the solid elements. There were no loading or boundary
conditions applied to the muscle tissue model.

The Hill material [31] was used for the beams, while an elastic
material model (E=2kPa, v=0.49) was initially used for the

(a)

passive solid. The activation level, with a range of 0—1, for the Hill
model was assumed as shown in Fig. 1(b). The normalized
force—length curve (SVS) and force—velocity curve (SVR), which
describe fundamental responses of muscle and have previously been
shown to be appropriate to describe smooth muscle’s behavior
[32,33], were obtained from the literature [34]. The maximum
isometric stress (PIS) was initially set at 50 Pa, which was a trial
value to generate a relatively small deformation based on the
Young’s modulus of the muscle tissue, and the damping coefficient
(DMP) was 0.001, which was close to 0.004 used previously in the
literature for muscle modeling [34]. Such a set of parameters was not
selected to represent a specific muscle tissue. There were two
purposes to modeling such a generalized muscle tissue. The first was
to verify whether the bonding of the active contractile fibers—using
the Hill model—and a passive portion of the solid elements would
work to simulate a muscle’s active contraction and relaxation
behaviors. The second was to investigate and understand how each
of the parameters affects the muscle tissue’s mechanical behaviors
(such as the contraction velocity, and contraction capacity)
quantitively and qualitatively. Therefore, a parametric analysis
was also conducted. The range for the parameters is provided in
Table 1. The Young’s modulus values selected of 2, 20, and 40 kPa
were within the normal range of values for muscle tissue. However,
the range of values for DMP and PIS for muscle tissues, especially
smooth muscle tissues, were unavailable from the literature. As
such, a range was assumed as shown in Table 1.

2.2 Uterine Model. The geometric models of the uterus and the
fetus (Fig. 2) were designed in NX software based on real-time
magnetic resonance imaging of the uterus and fetus during the
second stage of labor [35]. The inner diameter of the cervix was
100 mm, and the thickness of the uterine wall was set to be 10 mm
(Fig. 2(a)). The length and maximum width of the uterus were
349 mm and 156 mm, respectively (Fig. 2(b)). The fetus model
included three components: fetal head, neck, and body. The fetal
head was a sphere with a diameter of 80 mm, and the length of the
whole fetus (with arms and legs tucked against the body) was about
330 mm. All dimensions were representative of values that might be
observed at 40 weeks of gestation.

Table 1 Range of parameters investigated for generalized
muscle tissue

Parameter Range

Young’s modulus (E) 2,20, 40kPa

Isometric maximum
stress (PIS)
Damping coefficient (DMP)

5%x107°,5x 1074, 5% 1073, 5 x 107 >MPa

1x107%1x1073,1x1072

®) |

o
o
T

Activation level
1
&
T

time (s)

Fig. 1 Geometrical model the muscle tissue (a) and activation level for contractile fibers (b)
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(b)

156 mm

Fig.2 Geometrical models of the fetus and the uterus

Meshwork of the uterus (Fig. 3(a)) and fetus (Fig. 3(b)) was
established in Hypermesh software. Hexahedral elements and
tetrahedral elements were used for the uterus and the fetus,
respectively. The hexahedral elements were chosen and one layer
of such elements was defined in the normal direction for the uterine
wall because it is more convenient to bond with the contractile fibers.
There were 3636 nodes and 1795 elements for the uterus structure,
and 7367 nodes and 33,034 elements for the fetus in total. The mesh
for these two structures was then exported to LS-DYNA to assign
material properties and boundary conditions and to perform the
analysis. The contact between the uterus and the fetus was defined as
a surface-to-surface contact.

The fibers inside of the uterine wall have distinct directional
organization based on experimental findings [7]; therefore, it was
important to model the contractile fibers in three-dimensions in a
FEM simulation model, not only in two-dimensions—with fibers in
the longitudinal and circumferential directions parallel to the surface
of the uterine muscle tissue—as has been reported in some previous
studies [30]. The three directions of fibers can be used to investigate
the effects of fiber orientation on uterine mechanical behaviors more
accurately. From the mechanical perspective, any direction of force
can be divided into three basic forces along the X, y, and z-coordinate
axes. Therefore, the simulation model in this study created the
contractile fibers inside of the uterine muscle wall in three
directions—the longitudinal, circumferential, and normal directions
as shown in Figs. 4(a)-4(c).

In addition, the distribution for both the orientation and content of
the fibers changes dramatically in different regions of the uterus
[5,8,36]. Also, the contraction of the uterus has been shown to be a

force wave starting from the fundus region and propagating to the
lower segments of the uterus, with a higher contraction intensity in
the fundal region [13]. To consider such anisotropies and
heterogeneities of the fibers, the three types of contractile fibers in
the longitudinal, circumferential, and normal directions modeled in
the study were all divided into seven regions (Fig. 4) so that the
uterine contraction behaviors can be better modeled. These seven
regions were independent of one another. The seven independent
regions result in a model in which it is possible to adjust the fiber
distribution by changing the cross-sectional area in different regions
individually while not influencing the fibers in other regions. In
addition, in each region, the three directions of fibers were also
independent of each other, which means that adjusting the cross-
sectional area for one direction of fiber will not affect the fibers in
other directions in the same region. This will impact the resultant
direction of force generated by the contraction of each muscle
element. The model thus has great flexibility to adjust the
distribution of the three orientations of fibers within the different
regions. The passive portion of the uterine tissue was constant
throughout the model. Figure 4 shows the seven regions of the
longitudinal (Fig. 4(a)), circumferential (Fig. 4(b)), and normal
direction fibers (Fig. 4(c)) along with the combination of these three
types of fibers (Fig. 4(d)). The seven different colors for each
direction of fiber (Figs. 4(a)—4(c)), were used to differentiate the
fibers of the seven different regions. The seven regions were
arranged from the top to the bottom of the uterus. At the interfaces
between every two regions, they share the same element nodes.

In this uterine simulation model, the average size of a solid
element was 10mm X 10mm x 10mm (Fig. 3(a))—with a cross-

(b)

Fig. 3 Mesh of the uterus (a) and the fetus (b)
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sectional area of 100 mm?. For each solid element, there are twelve
edges that are all bonded with fibers (Fig. 4(d)): four in the
longitudinal direction (Fig. 4(a)); four in the circumferential
direction (Fig. 4()); and four in the normal direction (Fig. 4(c)).
The cross-sectional area for each longitudinal fiber was 20 mm
(Fig. 5), while each longitudinally oriented edge of a solid element
was shared by two elements (Fig. 3(a)). As aresult, the contribution
of each longitudinal fiber for a single solid element would be
10mm?>. The total cross section area from these four associated
longitudinal fibers is thus 40 mmz; therefore, the content of
longitudinal fibers would be approximately 40% for a random solid
element (Fig. 5). The reason for the approximation is that the
complex shape of the uterus results in some variation in the element
shape from a perfect cube. Similarly, the contribution of the four
20 mm? circumferential fibers to each element was around 40% of
the cross-sectional area in the fundus region. The cross-sectional
area of each normal fiber was set as 6 mm~ in the model, in order to
represent the fact that the fibers within the uterine wall are not
perfectly parallel to the uterine wall surface but are inclined with
small angles [7] Each edge on which a normal fiber was located is
shared with four surrounding solid elements (Fig. 3(a)), so the
contribution of the four normal fibers was 6% of the cross-sectional
area of the element. As aresult, the volume content of all of the fibers
in total was about 86%, which is close to the experimental finding
that—in a fundal region of a pregnant uterus’ myometrium—
smooth muscle cells that equate to the fibers account for
approximately 80% of the total tissue volume [7]. Also, in the
midcorpus of the uterus, the longitudinal direction fibers were the
dominant ones [8]. In this model, the cross-sectional area of
the circumferential fibers was set as 6 mm? in the midcorpus, with
the other two direction fibers unchanged. As a result, the total fiber
content in the midcorpus was 58%, which was also comparable to
the range of fiber content measured in the midcorpus for the pregnant
and unpregnant uterus of 40% and 63%, respectively [37].

A =20 mm?
|
4
|
N I
= I
3
3 I <
&
7
S L
C
I 10 mm | N

Fig.5 Arandomelement showing the muscle tissue volume and
four fibers in the longitudinal direction. L, C, and N represent the
longitudinal, circumferential, and normal directions,
respectively.

The contractile fibers were modeled as truss elements with the
Hill material model [31]. The SVS and SVR were kept the same as
the functions used in modeling the general smooth muscle tissue
[34]. APIS of 1.0 MPa and a DMP of 100 were used for the model of
uterine muscle. The parameters of PIS and DMP for the Hill model
were assumed based on the degree of tissue contraction that is
needed to push the fetus from the uterus with an overall delivery time
that aligns with clinical observation. For PIS, which again is the
maximum isometric stress that can be developed by the tissue, the
selected value of 1 MPa is comparable to values of 0.5—-1 MPa used
in prior muscle modeling described in the literature [38]. Clinically,
delivery time can vary significantly, from 2 min to 200 min [39]. In
this simulation, it was assumed that the fetus would be delivered

Fig. 4 Contractile fibers inside of the uterine wall: longitudinal (a), circumferential (b), normal (c), and
the combination of these three directions of fibers (d)
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Fig. 6 Activation level curves for the seven regions of contractile fibers

within 3 min. The activation-level curves for the seven regions of
contractile fibers were assumed as shown in Fig. 6. The starting time
for the activation of contraction for region one (fundal region) of the
uterus was at time Os. Each of the subsequent regions began
contracting 2 s later than the previous, higher region to simulate the
propagation of the contraction wave. The propagation of a
contraction wave initiated from the fundal region to the middle
and then lowest region of the uterus takes about 10-20s to finish,
according to experimental findings [13] and has been modeled as
125 in previous simulations [28,29]. In this model, the uterus was
divided into seven regions, and the delay for each region was 2 s so
that the time period for the propagation was 12 s in total. All seven
regions within the uterus reached a fully activated status and then
began to relax synchronously, which was based on the physiologic
behavior of the uterus [13]. Three uterine active contraction cycles
were modeled in this study (Fig. 6).

For the material properties of the uterus and the fetus, the passive
portion of the uterus muscle, representing the noncontractile
portions of the tissue, was modeled as a hyperelastic material with
aNeo Hookean model (C1 =0.03 MPa) [27]. The fetus was modeled
as a rigid body. The solid hexahedral elements for the uterus were

(a) LS-DYNA keyword deck by LS-PrePost X-displacement
Time = 0 42006400
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(b) LS-DYNA keyword deck by LS-PrePost
Time = 2

(d) LS-DYNA keyword deck by LS-PrePost

coupled with the truss elements for the contractile fibers by sharing
the nodes (Fig. S1 available in the Supplemental Materials on the
ASME Digital Collection). The cervix was fixed in the space as the
boundary condition.

3 Results

3.1 Active Contraction Behaviors of the Generalized Muscle
Tissue. The contraction and relaxation of the muscle tissue along
the x-axis are shown in Fig. 7. The muscle started to contract from
the two ends toward the middle once the model was activated. At
t=2s, the muscle model had shortened by 5.74mm
(strain =5.74%) (Fig. 7(b)). At t=40s, the solid reached its
contraction capacity with a strain of 8.09% (Fig. 7(c)). When the
activation level began to decrease (1 =40 s), the muscle started to
relax and return to its original state. At =100 s, the muscle tissue
had completely returned to the initial shape (Fig. 7(d)). The
mechanical behaviors of the muscle tissue were regulated by both
the contractile fibers and the mechanical properties of the passive
portion of the muscle tissue. The active contraction force generated
by the contractile fibers made the muscle tissue contract, while the

X-displacement
4.200e+00
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2.520e+00 _|
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8.400e-01
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Fig. 7 Deformation for the muscle tissue at times of 0s (a), 2s (b), 40s (c), and 100 s (d)
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Fig. 8 Relationship between the maximum strain of a muscle tissue and PIS (a) and curves describing the deformation due to

contraction as a function of time with different values of DMP (b)

passive portion of the muscle tissue represented by the solid
elements resisted such contraction and supported the complete
relaxation of the muscle tissue unit to its original length.

The contraction capacity (the maximum contraction deformation
that a muscle tissue unit can develop) and contraction speed are two
of the most important variables to describe a muscle tissue’s
mechanical behaviors. The parameter PIS (maximum isometric
stress) within the Hill model was found to significantly influence the
contraction capacity. Specifically, for all three Young’s modulus
values used to characterize the passive portion of the muscle (2, 20,
and 40kPa), the maximum strain produced within the solid
increased with an increase in PIS (Fig. 8(«)). As would be expected,
lower modulus values allowed more deformation during contraction
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for each level of PIS (Fig. 8(a))—the maximum isometric stress that
can be generated will cause greater deformation for tissue with a
lower modulus.

Likewise, the contraction speed of a muscle can be significantly
affected by the DMP coefficient in the Hill material model. The
contraction speed, which was the slope of the curves in Fig. 8(b),
increased with a decrease in DMP. DMP represents a viscous
component of the tissue, and greater viscosity will result in a longer
time needed for the muscle unit to contract. The maximum amount
of displacement was still governed by the combination of Young’s
modulus and PIS—which was demonstrated by the fact that the
curves in Fig. 8(b) for damping levels of 0.001 and 0.0001 both
plateaued at the same level. As the rate of contraction was much
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Fig. 9 Propagation of the contraction wave for three contraction cycles showing the strain within the uterine tissue
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Fig.10 Stress for an element in the fundus region (a) and stress nephogram for the uterus with a scale bar of 0-0.025 MPa (b). The
three red points in (a) represent the three time points for the stress nephogram for the uterus for the first cycle (first row in (b)). The
three blue and three green points were the time points picked for the second and third cycle, respectively.

lower at the damping level of 0.01, the amount of contraction that
was achieved was less than the maximum possible and was limited
by the time of activation.

3.2 Active Contraction Behaviors of the Uterus

3.2.1 Propagation of the Contraction Wave. The simulation
results for the propagation of the contraction wave through the
uterus are shown in Fig. 9. Each row of images in Fig. 9 represents a
single contraction cycle in the model. For the first cycle (first row of
Fig. 9), there was no deformation at t=0s. After that, the uterus
started to contract from the top of the fundus region and the
contraction wave started to propagate to the lower portion of the

(@) 50 (b) 0025

uterus. By r=2s, the whole fundus region of the uterus had
contracted. By 7= 8s, the first four regions had started to contract.
Byt =125, all of the seven regions within the uterus had contracted.
Once the uterus reached the maximum deformation, the uterus
started to relax due to the decrease in the activation level. The initial
strain for the second and third contraction cycles was not zero
because there was some deformation remaining from the previous
cycle—the passive component of the tissue had not completely
returned to its original state. Such a phenomenon occurred because
the damping effect on the uterus requires a longer time for the uterus
to recover than allowed due to the beginning of the next contraction
cycle. In each of the following cycles, a new contraction wave
propagated to the lower part of the uterus. The overall strain within
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the uterus increased with each subsequent contraction cycle. The
model successfully simulated the propagation phenomenon of the
contraction wave within the uterus.

3.2.2 The Element Stress and Stress Distribution Within the
Uterus. The stress of an element, picked in the fundus region of the
uterus, and distribution of the stress within the uterus through the
three contraction cycles are shown in Fig. 10. As the precise amount
of stress cannot be validated against experimental data, the
qualitative pattern of stress was the key result. The element stress
increased significantly due to the rise of the activation level and
decreased slightly due to the decline of the activation level within
each cycle (Fig. 10(a)). The element stress continued to increase
with the number of contraction cycles (Fig. 10(a)). For the
distribution of the stress within the uterus, the stress was almost
evenly distributed for the middle and lower part of the uterus, while
the largest stress occurred in the fundus region (Fig. 10(b)).

The mechanical response of elements in different positions of the
uterus during the simulation were investigated. Three elements, in
the fundus, middle, and lower position of the uterus (Fig. S2
available in the Supplemental Materials on the ASME Digital
Collection), were picked. The element in the fundus region had the
largest displacement, while the elements in the middle and lower
positions had the second and smallest displacement during the
contraction, respectively (Fig. 11(a)). The element in the fundus
region had much larger stress and strain compared to the elements in
the middle and lower positions (Figs. 11(b) and 11(c)). The middle
element had slightly larger stress and strain compared to the element
in the lower position (Figs. 11(b) and 11(c)). In addition, there were
slight phase delays for the three curves in each part of Fig. 11
because the contraction happened first in the top region of the uterus
and then propagated to the middle and the lower parts.

3.2.3 Parametric Analysis. Asinthe previous assessment of the
generic muscle contracting unit, the PIS and DMP values in the Hill
material model were found to significantly affect the contraction
behaviors of the uterus. The results for the element in the fundus
region were taken as an example. For the same PIS, the contraction
velocity (the slope of the displacement versus time curve) decreased
with an increase of the DMP value (Fig. 12(a)). For the same DMP
value, the largest displacement of the element in the fundus
(representing the contraction capacity or largest deformation of the
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uterus), the contraction velocity, and the element stress and strain all
increased significantly with an increase of PIS (Fig. 12). The larger
DMP was found to cause a longer time delay for the elements to
reach their largest contraction responses for the same PIS. This can
be demonstrated by the fact that the displacement, along with the
element stress and strain, reached their maximum values quickly in
the first contraction cycle for the smallest DMP, while they
continued to increase in the second and third contraction cycles
for larger DMP cases (Fig. 12). The elements in the middle and lower
positions had similar results (Fig. S3 available in the Supplemental
Materials).

In conclusion, the mechanical responses of the elements varied in
different positions within the uterus. The elements in the fundus
region had larger displacements along with larger stress and strain
values than elements in the lower part of the uterus. There was a
delay for such responses in the lower elements due to the
propagation of the contraction wave that was initiated from the
top region (fundus) of the uterus. In addition, the contraction
capacity or the largest deformation that a uterus can develop was
mainly controlled by the PIS parameter while the contraction speed
was mainly controlled by the DMP parameter.

3.24 Delivery of the Fetus. The simulation results for the
delivery of the fetus caused by the contraction of the uterus are
shown in Fig. 13. The uterus contracted significantly and relaxed
slightly in each contraction cycle, but the overall uterine
deformation increased with simulation time. In this version of the
model, the fetal head was smaller than the outlet of the uterus—so no
stretch to this region of uterine tissue occurred. In addition, the fetal
model was simplified as a rigid body, so that no deformation
occurred to any portion of the fetus. The contact between the uterus
and the fetus was a surface-to-surface contact with no friction
defined.

According to the mechanical process of labor, the movement of
the fetus is mostly caused by the pushing force from the active
contraction of the uterus with help from a maternal pushing force
acting within the mother’s abdomen [10]. The current model has not
considered the effect of maternal pushing, which would add an
effective outward force acting from the fundus. The sole source of
the pushing force from the uterus in this simulation was the active
contraction forces caused by the contractile fibers inside of the
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Fig. 13 The delivery of the fetus through the uterus
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uterine wall. The contraction within the uterus did not happen in all
regions simultaneously, but resulted from a contraction wave that
initiated from the top region and propagated to the lower part of the
uterus, as represented in the model. The fetus started to move at
t =2 s when the inner surface of the uterus started to contact the fetal
body. The contraction of the uterus and accumulated uterine
deformation in the longitudinal direction through the three
contraction cycles pushed the fetus to move downward through
the uterus. At = 180s, the fetus’ head and neck were delivered out
of the uterus. The largest element stress and strain was 0.13 MPa and
50.23% in the top of the fundus through the three cycles. The overall
displacement of the fetus was around 175 mm at the end of the
simulation.

The results of this model simulating the delivery of a fetus from a
uterus by the uterine active contraction have demonstrated that
bonding the three-dimensional contractile fibers with solid portion
of uterine muscle wall can simulate the uterine active contraction
successfully. In this case, the uterus contracts actively without the
need for any external loading, which aligns with what is observed
clinically. The model was able to produce a large enough
deformation to push the fetus to move through the uterus.

3.2.5 Validation of Uterine Model. As is typically true for
models related to childbirth, direct validation of this model is
difficult as the necessary parameters cannot be safely measured
during childbirth. Thus, phenomenological validation and verifica-
tion were used to confirm that the model is behaving in a manner that
matches clinical observations. First, the value of the stress was
higher in the fundus region as shown in Fig. 13, which agrees with
experimental findings that the intensity of the uterine contraction is
stronger in the top region of the uterus [13]. Second, according to
clinical data, the time period for the second stage of labor varies
between 2 min and 2 h. In this model, the delivery time was 3 min.
Finally, the propagation time of the contraction wave was 12 s (first
row of Fig. 9), which also agreed with experimental data [13] and
previous simulation results [28,29].

4 Discussion

Delivery of the fetus during childbirth is accompanied by not
insignificant risk to both the mother and the baby, and the active
contraction behaviors of the uterus are vital in regulating such a
process. In this paper, we first investigated the active contraction
behaviors of a unit of muscle tissue and then developed an FEM
model of uterine activation and contraction driven by contractile
fibers, and finally simulated the delivery of the fetus from the uterus.
The fibers inside of the uterus in the model were three-dimensional
and divided into seven regions. This results in a model that is very
flexible and can be used to investigate the effects of the strong
anisotropy of fiber distribution on the mechanical behavior of the
uterus, which is an improvement over a model with two-
dimensional, evenly distributed fibers within the uterus [30]. In
addition, this model can simulate the uterine contraction wave
propagation from the fundus region to the lower parts of the uterus.
In the simulation results, the fundus region experienced the highest
levels of stress during each contraction, which matched with
experimental findings that the contraction intensity is higher in the
fundus area than the middle and lower parts of the uterus [13]. The
PIS and DMP parameters in the Hill model can significantly
influence the mechanical behaviors for both the isolated muscle
tissue and the complete uterus. They can be tuned to produce a
contraction pattern that agrees with physiological behavior. Unlike
many other simulation models in the literature where the movement
of the fetus was imposed as a specific trajectory, the delivery of the
fetus in this model was caused by the uterine active contractions
without any prescribed curves for the fetus to move along.

The existing multiscale electromechanical coupling models that
have been used to simulate uterine active contraction are usually
mathematically complex, physiologically complicated, and compu-
tationally intensive [28,29], and they therefore would need an
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extremely large amount of computer memory and high computa-
tional speeds to predict macrolevel mechanical behavior. Due to
these challenges, these models were implemented with highly
simplified geometries for the uterus and were not able to simulate the
large deformations that are necessary to deliver a fetus. In addition,
for these previous models, only the structure of the uterus was
modeled, and they did not include a model of the fetus. In contrast,
this model can perform large uterine deformation simulation on a
complicated geometry and deliver a fetus. In addition, the developed
model only took 5h to complete its calculations, which is a much
simpler and less computationally intensive way to realize that effect,
and therefore it is an appropriate and efficient way to investigate
such an organ’s macroscale biomechanical behaviors.

There are of course limitations with this model, as is the case for
all physiological simulations. The intrauterine pressure is the
hydrostatic pressure of the amniotic fluid between the fetus and the
uterus, which contributes to pushing the fetus through the birth
canal. In the second stage of labor, the intrauterine peak pressure
varies from 50 mmHg to 150 mmHg [40]. Even though the direct
contact between the uterine inner wall with the fetus generated the
expected pushing effect on the fetus in this model, it is not clear to
what degree the increase in intra-uterine pressure contributes to the
fetus’ delivery. None of the current simulation models, however,
have considered the effect of intra-uterine pressure, including this
one. In addition, the pelvic structures, including the bony pelvis and
pelvic floor muscles, create a strong resistance to the fetus’ delivery
process. To better explore the pathomechanics of the entire
childbirth process, it will be necessary to build a model system
that includes both the uterus and the pelvic structures.

In conclusion, an FEM model to simulate uterine cyclic active
contraction driven by three dimensional contractile fibers and
capable of delivering a fetus was developed in Ls-DYNA. In this
model, the uterus was able to represent the anisotropy of the fiber
distribution as well as perform the large deformation, cyclic active
contraction, and propagation of the contraction wave needed to
achieve fetal delivery. The ability to phenomenologically model the
labor and delivery process will increase our understanding of how
variations in anatomy or the characteristics of labor might impact
injury risk to both the mother and the infant. While not biofidelic on a
micro or cellular level, this phenomenological model will be able to
demonstrate whether or not the uterus—with variations in its
physiological response—can appropriately cause descent of the
fetus through the birth canal. This uterine model has been
incorporated with pelvic structures so that a model system that
more accurately simulates the complete fetus delivery process
can be used to investigate the biomechanics of the second stage of
labor [41].
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