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Abstract

Many problems can occur during childbirth which may lead to instant or future
morbidity and even mortality. Therefore the computer-based simulation of the
mechanisms and biomechanics of human childbirth is becoming an increasingly
important area of study, to avoid potential trauma to the baby and the mother
throughout, and immediately following, the childbirth process. Computer-based
numerical methods, such as the Finite Element Method, have become more
widespread to simulate biological phenomena over the last two decades or so.
One of the important aspects of such methods is them being able to accurately
model the underlying physics and biomechanics of biological processes. In the
case of the childbirth process, an important role is played by the fetal head and
its motion as it is being born. The most important manifestations of the head’s
motion are described as the cardinal movements. Being able to model the cardinal
movements in a computer-based model of the human childbirth process is com-
pulsory as they occur in almost every normal delivery. Many existing simulations
use reverse-engineered approaches to model the cardinal movements by imposing
pre-defined trajectories that approximate a real childbirth. These approaches lack
physical accuracy and are unable to extend the simulation to unseen scenarios
where for example the childbirth process does not develop normally. To create
a simulation software capable of simulating realistic, including unseen, scenar-
ios, and which does not make any pre-simulation assumptions about the cardinal
movements, a physical and forward-engineered approach in which the motions of
the head are determined by the underlying physics, is required.

This thesis presents a simulation system where the physical behaviour of the
fetal head is modelled during the second stage of childbirth. Accurate models
of the fetal head and trunk, the maternal uterine cervix, bony pelvis and pelvic
floor muscles, were created. Some of these are considered to be rigid bodies in
the simulation (fetal head, trunk and maternal bony pelvis), whereas others are
considered to be deformable (maternal uterine cervix and pelvic floor muscles.
The Finite Element Method (FEM) is used to model the deformable tissues by
implementing the Total Lagrangian Explicit Dynamics (TLED) approach on the
GPU. The combined TLED /contact mechanics method was first tested on simple
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hyperelastic objects. Following successful validation, the interaction between the
fetal head and the deformable tissues was evaluated using a projection based
contact method in conjunction with TLED.

Several experiments had to be done to find the required set of factors con-
tributing to the occurrence of the cardinal movements. These steps are reported
in the thesis as well as the results of the final experiments which do exhibit the
key cardinal movements of a normal childbirth process, marking the successful,
and key, contribution of this thesis.

The GPU based acceleration allows running the simulation in near real-time,
which makes it possible to create interactive simulations for training purposes
of trainee obstetricians and midwives. The simulation system presented in this
work is also the first step towards a fully patient specific system that would allow
clinicians to diagnose and/or predict adverse scenarios of childbirth based on the
MRI scans of real pregnancies prior to labour.



Chapter 1

Introduction

1.1 Background and Motivation

Computer based simulations find numerous applications in medicine. Such ap-
plications include training of medical personnel, diagnosing patients based on
digital data and scientific research to gain better understanding of physiologi-
cal phenomena. Biomechanical simulations are one of the most challenging uses
of computer based simulation in medicine. The underlying principles are very
complex and thus require sophisticated theoretical formulations and considerable
software development efforts.

The process of human childbirth is sometimes labelled as the most critical time
of someone’s life. Many problems can occur during childbirth which may lead to
instant or future morbidity and even mortality. Therefore, the computer-based
simulation of the mechanisms and biomechanics of human childbirth is becoming
an increasingly important area of study, to avoid potential trauma to the baby
and the mother during the process. The combination of all the phenomena and
processes involved in childbirth comprize an intricately complex system. It is
difficult ethically and practically to observe the system throughout the birth
process. Childbirth may be a dangerous event for the child and the mother.
Monitoring the event via interventional devices may introduce additional risks
which is undesirable. Additionally, there are issues of legal and ethical approval,

which can be very difficult to overcome. These and many other factors make it
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difficult to study the childbirth phenomenon with great detail and accuracy. This
leads to the fact that the study of childbirth and the computational applications
therein can be seen as a niche area of science. The limited information available
studied had to be studied in depth to maximise the potential of the proposed
research.

One of the important aspects of such methods is being able to accurately
model the underlying physics and biomechanics of biological processes. In the
case of the childbirth process, an important role is played by the fetal head
and its motion as it is being born. The most important manifestations of the
head’s motion are described as the cardinal movements. Being able to model the
cardinal movements in a computer-based model of the human childbirth process
is compulsory as they occur in almost every normal delivery.

The main focus of this project, which is the main deliverable of this thesis, is
to create a realistic real-time computer based simulation of human childbirth with
the ability to simulate the cardinal movements of human labour (see sectionl.1.1).
Simulations of this kind require modelling biomechanical interactions of high
complexity. As mentioned before, this implies sophisticated efforts to solve all
the separate computational and design problems and then integrate the solutions
in a coherent manner to arrive at an adequate simulation system capable of
simulating childbirth in a forward-engineered manner. The main objective of
this thesis is to give sufficiently detailed information about all the steps taken
when implementing such a simulation system. The information should also be
sufficiently complete to allow other interested parties to replicate the results and

continue development of the system.

1.1.1 Importance of Cardinal movements

Many existing simulations use reverse-engineered approaches to model the car-
dinal movements by imposing pre-defined trajectories that approximate a real
childbirth. These approaches are unable to extend the simulation to unseen sce-
narios where for example the childbirth process does not develop normally. To
create a simulation software capable of simulating realistic, including unseen sce-

narios, should not make any assumptions about the cardinal movements, but
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should follow a fully physical and forward-engineered approach in which the mo-
tions of the head are determined by the underlying physics and biomechanics of
the process.

There is a consensus in the midwifery and obstetric profession stating that the
fetal position and orientation while progressing through labour has considerable
influence on the actual process of labour and outcomes for both the mother and
the child (Fraser and Cooper, 2009). The cardinal movements and their realistic
modelling will be an important part of the future predictive childbirth simulation
system. A predictive simulation must be able to simulate the cardinal movements
in a precise way, as they are a crucial factor in childbirth. Therefore, the main
aim of this thesis is to describe the steps taken in order to achieve a physically
realistic simulation of cardinal movements. All the other aspects of a childbirth
simulation, such as patient-specificity, fetal and/or maternal injury estimation,
intervention advice, etc, are left for future developments.

When the irregular form of the birth canal and the relatively large dimensions
of a grown up fetal head are taken into consideration, it can be seen how some of
the diameters of the fetal head cannot pass through the pelvis. This then suggests
that for the birth to take place, the head needs to undergo a certain number of
adaptation in order to accommodate the passage of the different dimensions of
the fetal head through the different dimensions of the birth canal. The combi-
nation of the birth canal shape and the relatively large fetal head dictate that
the passage of the head must be through the trajectory with minimal mechanical
resistance. These modifications in the position of the presenting part constitute
the mechanism of labor (Borell and Fernstrom, 1958).

A great amount of effort and extensive research has been done, but the knowl-
edge of parturition remains scant. There have been numerious investigations of
“the timing of birth” (Buhimschi et al., 2003), that is the kinematics of the pro-
cess. However, there is still a limited understanding of the biological mechanisms
that control the mechanisms of delivery. The methods investigating the ways to
prevent these mechanisms from acting inappropriately are also limited. A mul-
titude of factors and structures are involved and only partial understanding is
currently available. For example the optimal contractile forces that lead to suc-

cessful delivery are known, but the way of achieving these and the mechanics that
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make them optimal are not known (Buhimschi et al., 2003).

The effects of childbirth on the female pelvic floor organs is of particularly
great concern. The female post-partum pelvic organ prolapse is being studied
(Petros, 2011), but further investigations need to be undertaken. The computer
based simulations present a convenient tool for the study of the effects of child-
birth on organ prolapse. The majority of the works presented. It is emphasised
in this thesis that the effects of the childbirth on the movements of the fetal head
is of main focus. This does not, however, preclude this study from being irrele-
vant for the investigation of causes and the solutions of the pelvic organ prolapse.
As it will be demonstrated, the purely physical simulation of childbirth without
imposed trajectories has direct benefit on the study of the integrity of the pelvic
floor, as one of the most important factors in prolapse. Such type of childbirth
simulation allows higher fidelity and thus leads to more accurate results of the
experiment.

Thus it can be concluded that the cardinal movements play an essential role
in allowing the head to successfully navigate the birth canal. Therefore, the
following sections will be all dedicated to the anatomy, physiology and mechanics
of the parturition. The methods of computer simulation allowing to model all of

these will also be presented.

1.1.2 Problem statement

Great benefits can be achieved with further advancements in the theory and the
technology required for high fidelity computer simulations. One of such achieve-
ments is the creation of a patient specific system capable of high-fidelity simu-
lations of childbirth outcomes. The system should be able to predict the most
probable outcomes of a given childbirth based on various CT or MRI scans and
other patient specific data, such as the maternal age, medical history, etc. All
this data could be combined to comprise a complete FE model and a simulation
could be run. When a multitude of simulations are run in parallel with small vari-
ations of the initial parameters, the combined results of them could be used as an
indicator of the likely outcome of the given childbirth before labour starts. This

information can be useful for planning interventions, which carry much less risk
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than an emergency intervention if the complication in labour was not foreseen.
At this time we are at the stage when such a system cannot be created with-
out essential preliminary steps. One of the most important aspects of childbirth
simulation is concerned with the mechanics of the process. When considering the
mechanics of human parturition it is essential to study the motions and interac-
tions of the maternal and fetal body parts involved in the process. Therefore, the
research goal of this thesis is to have a simulation system capable of successfully
and consistently producing the cardinal movements of human childbirth (listed

in Section 1.4) in a fully forwards engineered by applying the FEA.

1.2 Anatomy

1.2.1 Maternal anatomy

One of the most important roles in childbirth is played by the maternal organs of
the pelvic cavity and the bony pelvis itself. The main substructures of interest

are (Figure 1.1):

e bony pelvis

levator ani muscle complex

uterine cervix

e sacrospinous ligament

tendinous arch

The image in Fig. 1.4 demonstrates the various types of female pelvic shapes.
The classification was introduced by Caldwell and Moloy (1938). The most im-
portant distinction between the different types is contained in the shape of the
pelvic inlet. The variation between the different types of pelvises is also based

on the relationship between the size of the pelvic inlet and outlet.

e Gynecoid — pelvis with a round inlet and spacious pelvic cavity. The overall

height of the pelvis is smaller than a male’s pelvis and other types of female
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U
Android Anthropoid

Figure 1.4: The different types of the female bony pelvis demonstrated. The
types are differentiated based on the shape of the pelvic inlet.

pelvises. This type of pelvis is considered to be the most beneficial during
pregnancy and during labour as its shape permits the fetal head to be

accommodated better.

e Android — pelvis with a “wedge” like shape of the inlet. The inlet is wider in
the posterior region and narrows down when approaching the pubic symph-
ysis. This type of pelvis is more widely found in males and is not particularly
facilitating childbirth.

e Platypelloid — is a pelvis with an oval shape with the antero-posterior di-

ameter being considerably narrower than the transverse diameter.

e Anthropoid — pelvis with a wider antero-posterior diameter when compared

to the transverse diameter as opposed to the Platypelloid type.

The visual subdivision of the pelvic floor is shown in Fig. 1.6. It can be seen
that the subdivision follows a pattern of radial bands receding from the central
area. The pelvic floor itself is a complex muscle structure consisting of a number
of substructures which are listed in the order adhering to the receding radial band

pattern:

e puborectalis
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Puborectalis

Tlliococcygeus £

Coccygeus

Figure 1.5: The substructures of the maternal levator-ani muscle as seen from
the inferior view.

e pubococcygeus
e illiococcygeus
e occygeus

The tendinous arches are connecting the internal side of the pubis to the
ischinal spines. They are also attached to the upper rim of the pelvic floor
overlapping the pubococcygeus and illiococcygeus.

The ligament connecting the coccyx area of the sacrum and the iscihnal spines
are known as the sacrospinous ligament. The ligament connecting the sacrum
with the pelvic tuberocities is known as the sacrotuberous ligament. These two
ligaments are closely connected to the substructures of the pelvic floor and may
play an important role in the progression of labour and the cardinal movements

in particular.

1.2.2 Fetal anatomy
Fetal head diameters

The anatomy of the fetus is another important subject of study when trying to
investigate the causes of the cardinal movements.

The average circumference of the term fetal head, measured in the occip-
itofrontal plane, is 34.5 cm. The most important diameters of the fetal head are
listed below (Hacker et al., 2015).
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Figure 1.6: The sacrospinous and the scacrotuberous ligaments demonstrated.
Image adapted from Haggstrom (2014)

1. Suboccipitobregmatic diameter — SOBD (approx. 9.5 cm), the presenting
anteroposterior diameter when the head is well flexed, as in an occipito-
transverse or occipitoanterior position. The diameter extends from the un-
dersurface of the occipital bone at the junction with the neck to the center

of the anterior fontanelle.

2. Occipitofrontal diameter - OFD (approx. 11 cm), the presenting antero-
posterior diameter when the head is deflexed, as in an occipitoposterior
presentation. The diameter extends from the external occipital protuber-

ance to the glabella (lower forehead).

3. Supraoccipitomental diameter SOMD (approx. 13.5 cm), the presenting
anteroposterior diameter in a brow presentation and the longest anteropos-

terior diameter of the head; it extends from the vertex to the chin.

4. Submentobregmatic diameter (SBD) (approx. 9.5 cm), the presenting an-
teroposterior diameter in face presentations. Extends from the junction of

the neck and lower jaw to the center of the anterior fontanelle.
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Figure 1.7: Fetal head diameters. (Hacker et al., 2015)

5. Biparietal diameter — BPD (approx. 9.5 cm), the largest transverse diame-
ter. Extends between the parietal bones.
6. Bitemporal diameter - BTD (approx. 8 cm), the shortest transverse diam-

eter. Extends between the temporal bones.

1.3 Human Childbirth

When considered as a whole, the process of human childbirth is a relatively
long process. The gestation period is considered to be normally 40 weeks long.

However, it often varies from the average by 3 weeks most often falling between

37 and 43 weeks. There are three stages:

1. The first stage is represented by slow descent of the fetal head towards the
pelvic inlet until the engagement of the pelvic rim. It is also important to
note that the first stage also involves the process of effacement, whereby

the fetal head engages the uterine cervix causing it to dilate slowly, as this

process may affect the next stage.
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2. The second stage is represented by the traversal of the birth canal by the

fetal head. This stage is when the cardinal movements take place.

3. The third stage is initiated when the baby is fully born and concluded by
the birth of the placenta.

The thesis is focused on the second stage. In the case of natural labour the
traversal of the birth canal by the fetal head occurs through a set of mechanisms
known as mechanisms of labour. Sometimes they are also called the cardinal
movements. A detailed account on the cardinal movements (which were intro-

duced in section 1.1.1 is given in the following section.

1.3.1 Second stage
Normal vertex presentation
Adverse presentations

There are several ways in which the fetal head can present during the second

stage of labour. The various ways it can present are classified as follows:

1. suboccipitobregmatic or occiput anterior presentation (OAP) presentation

(Fig. 1.8 A). The head is flexed and the occiput is the presenting part.

2. occipitofrontal presentation or the transverse presentation (Fig. 1.8 B). The
head is not flexed and the tip of the head (anterior fontanelle) is the pre-

senting part.

3. mentovertical presentation or the brow presentation (Fig. 1.8 C). The head

is partially extended and the fetal forehead is the presenting part.

4. submentobregmatic presentation or the face presentation (Fig. 1.8 D). The

head is completely extended and the fetal face is the presenting part.

Fig. 1.8 shows the above head presentations. The occiput anterior presenta-
tion (OAP) seen in the figure is considered to be the normal and most common
presentation provides the smallest diameter of the fetal head to be engaged with

the pelvic inlet and outlet.
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Figure 1.8: Fetal head presentations: a — suboccipitobregmatic (nornal) presen-
tation, b — occipitofrontal presentation, ¢ — mentovertical (brow) presentation, d
— (submentobregmatic) face presentation. Adapted from Gabbe et al. (1991).

1.4 Cardinal Movements

The cardinal movements are only manifested during the second stage of labour
described above. They are of great importance for this thesis and should be
considered separately with additional detail.

The fetal head undergoes a set movements during the second stage of labour.
The movements are descent, engagement, internal rotation, extension, external
rotation, restitution and expulsion. These are referred to as “mechanisms of
labour” or “cardinal movements”.

Investigating the mechanisms of labour is an important preliminary step be-
fore designing childbirth simulation software. The process of childbirth is complex
and involves a multitude of different mechanical processes. Gabbe et al. (1991)
describes the cardinal movements as the main mechanisms of labour and lists
seven distinct movements: engagement, descent, flexion, internal rotation, exten-
sion, external rotation (restitution) and expulsion. Liao et al. (2005) gives the

following definitions to the movements and provides figures:

1. Engagement — this step is identified by the passage of the widest diameter of
the fetal skull through the pelvic inlet (Fig 1.9). The widest diameter is the
Fronto-occipital diameter and the widest pelvic inlet diameter is transverse

diameter. Therefore, the head will engage while facing along the maternal
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Figure 1.11: Internal rotation

Figure 1.12: Extension

transverse axis as seen in Fig. 1.9

2. Descent — the stage when the fetal head passes further downwards through
the cervix towards the birth canal (Fig 1.12).

3. Flexion — is the process when the fetal head flexes with its chin approaching
its chest. The shape of the pelvis and the pelvic floor are said to cause
flexion. Flexion allows the fetus to pass through the birth canal with a

smaller diameter (e.g. the bi-parietal diameter (Fig 1.7) (Fig 1.10).

4. Internal rotation — is also thought to be caused by the shape of the pelvic
canal and soft tissues. It is represented by rotation of the fetal head from
facing sideways to facing backwards relative to the mother’s body. This can
be explained by the fact that the pelvic inlet has the widest diameter in the
sideways direction, whereas the pelvic outlet is widest in the sagittal axis
(Fig 1.11).
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Figure 1.13: External rotation Figure 1.14: Expulsion

5. Extension - happens while the neck of the baby is under the pubic symph-
ysis. During extension the head deflexes and in this stage, chin and head

are born facing outwards (Fig 1.12).

6. External rotation (restitution) is represented by external rotation of the

head to face sideways as compared to the rest of the body (Fig 1.13).

7. Expulsion - when external rotation is complete and the anterior shoulder

has moved under the pubic symphysis the fetus is born (Fig 1.14).

Fetal head trajectory

Known as Curve of Carus. One of the most important notions in the thesis is the
trajectory taken by the fetal head while progressing through the maternal birth
canal. The trajectory is not only represented by the translation motion of the

fetal head’s center, but also includes the rotations.

1.4.1 Childbirth simulators

There are a number of mechanical childbirth simulators that exist already. Such
simulators are designed to allow trainee obstetricians and midwives to interact
with a mannequin of a birthing woman. The mannequin is normally made of
plastic and/or metal.

The motivation behind using a computer based simulation in childbirth mod-

elling is dictated by a number of reasons. While having certain advantages the
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mechanical childbirth simulators often lack very important features. Primarily,
mechanical mannequin will typically be very poorly customizable. Such simulator
is typically used for training junior personnel and in many of training cases the
simulation scenario is required to be changed based on the type of the case that is
being practised. Using mechanical simulator means that only a specific scenario is
available for training with only slight variations. Additional mannequins of a dif-
ferent type will have to be acquired to perform training for alternative scenarios.
Contrary to this, computer based simulations allow unrestricted customization.
It is also worth mentioning, that there exists a hybrid type of simulators, that
combine a computer based underlying bio-mechanical model with an external
mechanical mannequin to provide the interface between the trainee and the sim-
ulator. Such, simulators combine the advantages of both types of simulators, but
also carry the drawbacks of at least one of them.

Computer simulations provide a useful tool for representing real world phe-
nomena, but they are only capable of representing the simulated objects to a
certain degree of approximation. Better approximations are predominantly much
more expensive in terms of computational power required for the simulation.
With the increased processing power of modern computers, it is possible to per-
form simulations with a higher degree of fidelity. However, even the most high-
performance machines can struggle with certain types of high-cost simulations.
In such cases, we have to utilize the underlying hardware to the highest degree
possible. This can be achieved by a number optimization techniques. One of
the most effective techniques is using parallel processing in order to speed up the
computation. Therefore a part of this thesis will be dedicated to describing the

various parallelization techniques utilized in the simulation system.

1.4.2 Reverse vs Forward engineered approaches

There are a number of existing mechanical and computer based simulators of
human childbirth. It is crucially important to contrast the approach chosen for
this research project from the existing reverse-engineered simulations.

One of the most important contributions of this thesis is that a fully for-

wards engineered simulation of childbirth is produced as its part. The forwards
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Figure 1.15: An example of an imposed trajectory applied to a fetal head. Image
from Dejun Jing, James A. Ashton-Miller (2013).

engineered approach is opposite the reverse engineered solutions. In the case of
the forwards engineered simulation, the simulation fully relies on the physical
models to simulate the phenomena that occur during the labour. As opposed to
this, the reverse-engineered solutions will use predefined animations to “fake” the
phenomena.

A review of the current state of the art work in childbirth simulators is pro-
vided in Section 2. The review shows that many of the papers listed used reverse
engineering where the fetal head movement is concerned. This renders these simu-
lations at the very least incomplete and in some potentially physically inaccurate.
In fact it appears that many computer based childbirth simulators ignore the me-
chanics of cardinal movements altogether, which strongly suggests lack of physical
fidelity when compared to the real life phenomenon. Some reverse-engineered sim-
ulators rely on animated sequences of the cardinal movements which means their
simulation component of the mechanisms of labour is non-existent.

The above mentioned reverse-engineered simulations are using superimposed
trajectories on the fetal head. The fetus or only the fetal head is forced to follow
a required trajectory without considering the causes of these imposed motions.
Even with reverse-engineered trajectories the cardinal movements are in most
cases not rendered correctly.

To give an illustrative example of how imposed trajectories are used in such

simulations a figure 1.15 from work by Dejun Jing, James A. Ashton-Miller (2013).
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1.4.3 Causes

The series of motions undertaken by the fetal head are collectively known as the
cardinal movements of labour. Generally speaking all of the cardinal movements
are caused by the birth forces and the interaction of the fetal structures with
the maternal structures in the vicinity of the fetus as it progresses through the
birth canal. The forces occurring as the results of the interactions between the
structures involved are not studied in detail. Even though there is good general
understanding of the process in terms of the stages involved (Stephenson and
O’Connor, 2000; Hacker et al., 2015), the particular contributions of each of these

interactions has not been investigated in detail.

Internal rotation One of the earliest investigations of the cardinal movements
of labour were undertaken by Paramore (1909). The author provides an exhaus-
tive and critical overview of the existing at that time ideas on the causes of the
internal rotation.

Paramore (1909) follows arguments concerning the importance of the shape of
the ischial spines. It is argued that the inwards projection of the ischial spines is
not a “specially” evolved feature of the human skeleton to facilitate the occurrence
of the internal rotation. The internal rotation is essential for the delivery of the
fetal head and the inward projection of ischial spines is essential for the internal
rotation to occur. The argument by Paramore (1909) is that the ischial spines are
evolved as part of the change towards an erect posture, but have no connection to
the internal rotation directly. That is they did not evolve to cause it, but rather
the internal rotation is caused by the fact that ischial spines are present. It is
argued that the causality is inverted and its the internal rotation that is caused
by the presence of the inwards pointing ischial spines, but their absence would not
prevent the head from being born without the internal rotation occurring. The
main relevant conclusion is that the internal rotation is caused by the contact
with the ischial spines.

Some of the earliest observations of these movements were done using various
radiological instruments by Borell and Fernstrom (1957, 1958); Borell and Fern-

strom (1959). The prior works would only qualitatively describe the movements
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of the head based on the position of the head when the birth has already occurred
(Paramore, 1909). Alternatively, the experiments would be done on post-mortem
cases where the mother and baby would not survive the labour (Edgar, 1916).
The radiological study was the first to allow observing the labour and the move-
ments of the fetus as the labour progresses within a live subject. The results of
the radiological study were used to formulate a detailed list of the movements
that comprise the mechanisms of labour. These results were used as basis for the
established theory of cardinal movements used in the contemporary obstetrics.

Further work by Borell and Fernstrom (1958) investigates the mechanisms of
fetal shoulder rotation in the later stages of labour. The terminology of internal
rotation is also attributed to the rotation of the shoulders as well as the head and
in both cases refers to the rotation occurring when the head or solders engage the
pelvic floor.

Sellheim (1924) suggested that the internal rotation is the effect of the in-
teraction between the fetal body (as a whole) with the maternal pelvic canal.
The bent nature of the canal causes the fetal body to bend to adapt its shape to
the canal. However, the flexibility of the fetus is different around different axes.
The most flexible axis is said to be the transverse axis, so that the fetus is most
flexible when flexing forward and extending backwards. This asymmtery leads to
the fetus orienting itself to go through the bent birth canal while rotating around
the transverse axis. For this to occurr the fetus needs to rotate internally. This
idea is strongly supported by Rydberg (1935).

Borell and Fernstrom (1959) propose an explanation for the occurrence of the
internal rotation. Whereby the rotation is attributed to the complex interaction
of the fetal head and maternal pelvic shapes along with the interaction of the
fetal head with the maternal pelvic floor. This view is disagreement with the
theory of Sellheim (1924) and the radiological studies of Borell and Fernstrom
(1957), Borell and Fernstrom (1958) and Borell and Fernstrém (1959) appear
more reliable.

Some modern medical literature also states that the shape of the bony pelvis
causes the internal rotation. For instance, Henry et al. (2011), when describing
the cardinal movements, only mentions the contact with the pelvis as the force
rotating the fetal head.
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The primary cause of the cardinal movements has also been attributed to the
irregular form of the birth canal and the size of the fetal head at full gestation.
This implies that not only the bony structures may have considerable effect on
the mechanisms of labour. The head must adapt its orientation. One of the
earlier works on this principle is by Geiger (1993) where it is shown that the head
successfully negotiates through the birth canal when some cardinal movements
are observed, but the physics model used in this study was simplistic. Similar
qualitative analysis is provided by Martins et al. (2007) where they investigate
the effects of cardinal movements on the pelvic floor. The limitation here is that
the main focus is on the effects on the pelvic floor rather than effects of the pelvic
floor and other structures on the fetal head.

Varnier (1900) showed that the bony pelvis of itself was insufficient to cause
the cardinal movements to be observed. A series of experiments were undertaken
where a fetus was pushed through the birth canal of a bony pelvis, which was
cleaned from all soft tissues. They observed that no cardinal movements occurred
during the experiment, which suggests that the interaction between the bony
maternal pelvis and the fetal head does not cause the cardinal movements.

At the same time there is an opinion that it is primarily the interaction of
the fetal head with the pelvic floor that cases the cardinal movements. This
view is attributed to Hart and often referred to as the Hart’s approach (Hart,
1912). The reasoning is that the larger occipital area of the fetus is able to
progress further in the direction of the vaginal opening. It is claimed that the
lesser resistance from the pelvic floor is in the anterior region closer to the vaginal
opening. This generates a rotational torque forcing the head to rotate internally,
with the occiput moving anteriorly.

Edgar (1916) undertook a series of experiments on a post-mortem case. The
fetal head was propelled through the maternal birth canal manually. The results
showed that the head internally rotated. The rotation was observed several times,
but later the rotation had stopped due stiffening due to rigor mortis.

The findins of Varnier (1900), Edgar (1916) and the approach of Hart (1912)
suggest the importance of the soft tissues in the occurrence of the cardinal move-
ments.

There are even opinions which state that the fetal trunk rotates before the
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rotation of the fetal head occurs. It states that the internal rotation is caused
by the pulsating uterine force. Eichstedt (1859) proposed that the shape of the
uterus changes considerably. The change in the uterine change then affects the
orientation of the fetal body, which in turn forces the fetal head to follow by
internally rotating. Olshausen (1906) had a similar opinion about the causes of
the internal rotation, but additionally also considered the shape of the pelvic floor

as another important contributor to the internal rotation of the fetal head.

Extension There have been two different theories proposed, when considering
the extension. Sellheim (1924) claimed that extension of the fetal head takes place
after impingement of the suboccipital region of the fetal head at the mother’s
pubic bone. A contact with the transverse axis running through the lower border
of the pubic bone was thought to be the cause of the deflexion of the fetal head
at the base of the skull and extension of the fetal neck. The main idea is that
source of the rotation is at the maternal pubis.

A set of radiological investigations of the extension suggested that the theory
of Sellheim (1924) where the rotation is caused by the interaction of the head with
the maternal pubis was incorrect (Borell and Fernstrom, 1957). The head was
seen continuously descending past the maternal pubis. The fetal spine undergoes
extension only during the last stage of labor. A relatively large distance between
the head and the lower border of the pubis was observed. Similar observations

were made by Bamberg et al. (2012) using dynamic MRI.

1.5 Thesis Overview

1.5.1 Contributions
Real-time interactive FE simulation using GPU acceleration

A finite element method (FEM) based simulation of soft tissues was implemented
(Section 3.2. The implementation is accelerated by the use of the graphical

processing unit (GPU) to achieve real-time simulation rates (Section 4.2.
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Mechanical model for efficient soft vs rigid tissues contact

The contact between the the soft maternal tissues and the bony skull is a per-
sistent phenomenon in childbirth simulation. The contact must be efficiently
detected and resolved. A contact method suitable for these purposes is presented
and evaluated (Section 3.3). The accuracy of the method and its robustness are

also presented (Section 5.2).

Fully physics based childbirth simulation system

The GPU implementation of FEM and the proposed contact method were uti-
lized to achieve a full physics based simulation of childbirth (Section 5.5). The
implementation details of the implemented system are outlined (Section 4.2).
As opposed to reverse-engineered solutions, where the motions of the head are

artificially imposed, our simulation features a realistic physical behaviour.

Experimental study of the cardinal movements

The fully physics based simulation of childbirth was used to investigate the me-
chanics of the cardinal movements. The physical mechanisms of the occurring
head motions have been visualized and reported (Section 5.5). The effects of

varying several simulation parameters have been studied and reported.

1.5.2 List of publications

In (Gerikhanov et al., 2013) we investigate the theory according to which the
cardinal movements are caused by the contact between the bony maternal pelvis
and the fetal skull. The results showed the theory to be incorrect.

In (Lapeer et al., 2014a) we investigate the effects of symmetric and asym-
metric placement of the obstetric forceps on the fetal head. The results indicate
that the asymmetric placement can result in major increase in the stresses oc-
curring in the fetal skull. The author of this thesis was involved in developing
the tools required for the experimental setup and also running the actual experi-

ments in Abaqus CAE !. The results reported in the paper can be useful for the

Thttps://www.3ds.com/products-services /simulia/products/abaqus/
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simulation system described in this thesis when considering obstetrical training
scenarios. The results became part of the dissertation by Audinis (2017). The
trainees’ forceps placement skills could be assessed based on the results of the
paper (Lapeer et al., 2014a).

In (Lapeer et al., 2014b) we investigate the effects of the correct and incorrect
placement of the obstetric vacuum extraction tool. The incorrect placement,
whereby the suction cup overlaps the anterior fontanelle was shown to have major
effect on the fontanelle that could lead to adverse effects. The author of this thesis
was involved in developing the tools required for the experimental setup and also
running the actual experiments in Abaqus CAE. Similar to the results presented
in (Lapeer et al., 2014a), the results of this paper can be used when training to

execute vacuum extraction scenarios.



Chapter 2

Literature review

2.1 Introduction

The theoretical background required for creating a childbirth simulation covers
a wide range of subject areas. These include both technical and clinical subjects
related to the childbirth process. This review chapter aims to cover some of the
most important scientific research in the relevant areas.

The first topics that are covered are related to the anatomy and biomechanics
of the fetal head as it plays an important role in the phenomenon of the cardinal
movements. Next we discuss the maternal pelvis anatomy and material proper-
ties. This is followed by a detailed account on childbirth simulators in past and

present.

2.1.1 Fetal head: anatomy and biomechanics

The fetal head plays a crucial role in the biomechanics of childbirth. The in-
teraction of the head with the surrounding maternal structures may is of great
importance and has a major effect on the outcome of childbirth. The fetal head
shape, which includes its general size and relative proportions which are repre-
sented by a number of key obstetric diameters, is thought to be one of the main
factors affecting the progression of the baby through the birth canal.

The material properties, which describe the deformation of the head while

progressing though the birth canal, are equally important. The deformation is
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caused by the pressures of the maternal anatomy on the fetal head and results in
the shape variation adequately described by the above mentioned diameters. This
phenomenon is commonly known as fetal head moulding. Only a small number
of researchers have investigated the particular effects of fetal head moulding on
the progression of labour.

Research by McPherson and Kriewall (1980a,b) was aimed at investigating
the material properties of the fetal cranial bones with a further intention of de-
veloping a model of fetal head moulding during the first stage of labour. The
work presented a series of experiments whereby bending tests were used to deter-
mine the material properties of the parietal bones of a fetal skull. Further, a low
element count FE model of the parietal bones was developed with the determined
material properties incorporated. The FE model was validated and shown to ex-
hibit similar behaviour to the tested samples of the real skull bones. Despite its
simplicity, the model was a first step towards the description of the deformation
of the fetal head during the first stage of labour, when subjected to the pressures
of the maternal uterine cervix.

The work by McPherson and Kriewall (1980b) was further extended by Lapeer
and Prager (2001). The first improvement was to create an accurate 3D model of
the fetal skull. A laser scanner was used to obtain a high-precision 3D model of
an exact plastic replica of a real fetal skull. The resulting data was post-processed
and a high-quality 3D model (with around 64,000 elements of approx. lmm in
size) of the fetal skull was generated. The model was then used to generate
a FE model by incorporating the material properties based on those reported
by McPherson and Kriewall (1980b). Intra-uterine pressure and radial cervical
pressure models were used to simulate the effect of the cervix on the fetal head
during the first stage of labour. All this was combined to obtain a FE simulation
of fetal head moulding during the first stage of labour. The results showed good
compliance with the clinical results by Sorbe and Dahlgren (1983) who measured
the principal obstetric diameters of 319 babies, directly after birth and one day
and three days later, to assess the moulding process in an inverse manner.

This research on the biomechanics of the fetal head present a suitable source
for the fetal skull models that can be used for childbirth simulation. The fe-
tal head shape used in the childbirth simulation system described in this the-
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sis is based on the models produced by Lapeer and Prager (2001) for the fetal
head moulding experiments. The model has been laser scanned and then post-
processed to generate a high-quality fetal skull model suitable for FEA. Note,
that the actual moulding phenomenon is not incorporated into the simulation,

but rather the fetal skull mesh geometry is used.

2.1.2 Pelvic floor: anatomy and biomechanics

Another important role in the biomechanics of labour is played by the pelvic floor.
The pelvic floor is the main source of the resistive pressures acting on the fetal
head. It is reasonable to assume that such a prominent source of interaction with
the head can have considerable effect on the movements that the fetal head makes
during the passage through the birth canal. Therefore, one of the main tasks of
this literature survey was to collect a sufficient number of data on the pelvic floor
anatomy and biomechanics. Specifically the data that are particularly useful for
the FEM simulation of the pelvic floor as part of our childbirth simulation are of
main focus.

A study of pelvic floor biomechanics was presented by Janda et al. (2003).
The paper describes the steps taken in order to obtain a geometrical model. The
fibre direction of the levator ani muscles are identified with the use of a palpation
device. Additionally, they obtained a data set of the pelvic floor structures from
MRI images. This information can be combined into a valid FE model that can be
used for childbirth simulation. Janda (2006) perform a series of tests that can be
used to generate material properties of the female pelvic floor. The paper presents
the study of pelvic floor prolapse mechanics and how the material behaviour of
the pelvic floor affects it.

d’Aulignac et al. (2005) et al. performed a series of experiments to study the
properties of the female pelvic floor. For the pelvic floor geometry they used
the point data made public by Janda et al. (2003). The material model used
for the simulation was based on the research by Humphrey and Yin (1987) on
cardiac muscle tissue tests. The material properties were applied to the geometry
constructed from the point data to obtain a FE model. The model was used

created to investigate the effects of childbirth on the pelvic floor. The actual
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childbirth was not simulated though in the same paper. The use of the cardiac
tissue material properties in a childbirth simulation could be a limiting factor in
terms of accuracy.

Lee et al. (2005) studied the effects of imposed contractions and strain on the
stresses occurring in the pelvic floor. A patient specific model of the pelvic floor
was constructed form MRI scans. The variations in the stress values are reported
when pelvic floor thickness is varied. The average thickness of the pelvic floor
is 3mm. The variations were -10% and +10%. The results indicated that the
stresses occurring in the muscles are inversely proportional to the pelvic floor
thickness.

Noakes et al. (2008) performed a FE simulation of the pelvic organs during
a “maternal bearing down” manoeuvre by applying a pressure on the FE mesh
in the downwards direction. The geometries for the several organs present in the
simulation was based on the data of MRI scans of live subjects. The material
model used in the simulation was a Mooney-Rivlin hyperelastic mode with ma-
terial constants c10=4.5 kPa and ¢20=2 kPa. The simulation was performed by
gradually increasing the simulated abdominal pressure. The results were vali-
dated by comparison to the dynamically captured MRI images. The results were
shown to be of adequate accuracy in general when compared visually to the dy-
namic MRI images, but at the same time errors were present when comparing
the deformations of particular tissues, such as the displacement of the organs in
the anteroposterior direction.

Rao et al. (2010) undertook the study of pelvic organs prolapse. The bladder,
vagina and rectum were simulated using FEA to investigate the pelvic organs
prolapse. MRI scans were used to construct the geometries of the pelvic organs.
Apart from these organs the simulation also included a model of the maternal
pelvic floor based MRI scan data. The elastic modulus of the pelvic muscles (6
MPa) was assumed to be 10 times the elastic modulus of the ligaments (0.6 MPa)
as the muscle strength is considered higher by the authors. An simulated increase
in the intra abdominal is used to analyse the behaviour of the FE model of the
organs to identify the areas undergoing larger strain.

Saleme et al. (2011) presented further developments in pelvic floor FE sim-

ulation. They utilized similar methods presented in (Rao et al., 2010). The
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geometry was obtained from MRI scans following manual segmentation. The
model obtained was used to simulate the deformations of the pelvic floor when
voluntary contractions are performed. The main aim of the experiments was the
study of the urinary continence mechanism and its maintenance. A FE simula-
tion of the pelvic floor and bladder, urinary tract, vagina and pelvic floor was
created. Different degrees of pelvic floor activation were simulated. The contrac-
tion degree sufficient for maintaining the urinary continence was the main subject
of study.

There has also been research where visco-elastic properties of the pelvic floor
were studied (Jing and Valadez, 2011) and (Dejun Jing, James A. Ashton-Miller,
2013). The data was used to perform childbirth simulations and study the defor-
mations imposed on the pelvic floor soft tissues. Data obtained from tests on the
pubococcygeus and the iliococcygeus muscles was reported by Jing and Valadez
(2011). Jing and Valadez (2011) undertook a series of bi-axial tests performed
on a sample pelvic floor sample tissue of squirrel monkey. Later Dejun Jing,
James A. Ashton-Miller (2013) created a computer simulation, which takes into
account the viscoelastic nature of the pelvic floor muscles, demonstrated that a
single volitional push synchronized with the uterine contraction results in more
effective progression of the fetus towards birth.

Rubod et al. (2012) conducted mechanical tests on human female cadavers
to obtain the mechanical properties of the pelvic floor organs. The tests were
conducted on the vaginal tissues, bladder and rectum. The study suggested
that the vaginal tissues play a more important role in abdominal organ support
than thought before. The findings were then used to suggest better ways of
applying prosthetic implants in the vaginal region when performing reconstructive
surgeries. The data, however, is only for the tissues listed and no information
is provided for the levator ani muscle complex. The importance of the vagina,
bladder and rectum is thought to be limited when compared to the effects of
the levator ani muscles in the context of fetal head movements (Li et al., 2010),
(Hoyte et al., 2008).

Brandao et al. (2015) continued the study of the effects of the voluntary
contractions on th