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1 Introduction

Obstetric procedures can lead to irreversible maternahaotatal sequelae.
During the 14" century, such accidents were cataloged but had no impadb-on o
stetric practices. In the 2Ycentury, these kinds of incidents have medical as well
as legal repercussions, which lead to an especially damagid vicious circle:
increase in practitioners faced with charges -includinmages and interest- in-
crease in physician insurance premiums and stress, dedretiee number of ser-
vices offered as well as a scarcity of obstetricians, coois increase in in utero
transfers, increase in caesarian sections, reductionsiewizc procedures (breech
births, forceps deliveries, and shoulder dystocia treatjnand a lowering of the
capacity to treat complications. This scarcity in dystazeatment could bring
about an increase in accidents. Breaking this viciouseciech major challenge for
the specialty.

For preventive purposes and to minimize risks, the leadehigh-risk indus-
tries -such as nuclear and aeronautics- have investedisagriifunding in sim-
ulation technology. With significant progress in new tedbg®s and modern
techniques in mini-invasive surgery, the introduction @&dical simulators is gain-
ing an increasing appeal in the clinical environment [1][2h authors described
the surgical simulation for medical education as a valualidition to traditional
teaching methods. Sataed al. show the role of simulators as another tool for
education [3]. These tools allow the visualization of theipon of organs, the



planning of surgical interventions, and the carrying outvaire comprehensive
postoperative monitoring. The flexibility of such tools@lsermits to reset some
parameters in order to adapt the medical intervention th @atient's data and
to adapt the difficulty of the procedure. In fact medical daars take into ac-
count the needs of physicians but also the ethical problemsiaks that patients
may be exposed to during the learning period of a new tecknigibhe main inter-
est of these tools is to train inexperienced physiciansawitiputting the patients’
well-being in danger. For instance, currently availablstetsic simulators make it
possible to train obstetrics residents in numerous praesdincluding episiotomy
suturing, total perineal repair, instrument-assistedvegl, and breech delivery.
Several teams have demonstrated the superior skills ofergsi trained with simu-
lators. Simulators also give experienced practitioneposire to rare and serious
complications that occur in obstetrics practice, such asi@tic embolism and se-
vere bleeding during delivery. Training using simulatidecamakes it possible
to avoid exposing pregnant women to the hazards of traditimining and of-
fers obstetrician gynecologists an ethical alternativéhwespect to training [4].
Simulation not only allows the training of practitionersjtpin the future, could
also allow them to demonstrate their skills. In the nearrytthe falling prices of
computer materials should favor the wider distributiont@ge learning methods.

This paper describes the approach which has led to the dekmrchildbirth
simulator developed in collaboration with physicians of CHyon Sud (South
University Hospital Centre of Lyon) [5, 6, 7]. This anthreporphic and dynamic
simulator is equipped with 6D position sensors that makeogsible to record
numerical data in real-time, which is then used into a dispiéerface. This sys-
tem offers real-time visualization of the position of bolie tobstetric instruments
and the patient’s body from several viewpoints [8]. Thisckof simulators offers
operators the possibility of viewing inside the patientsll, thereby making a ma-
nipulation inside the body visible. This helps the traineegnderstand the correct
gesture and for the instructors to check their knowledgés paper is divided into
three parts. Section 2 presents a classification systenb&tewic simulators and
describes their various uses. Then a short discussion ie atamlit this state of art.
The specifications of the BirthSIM simulator have been aredyand translated in
terms of mechanical, hardware, and software specificaiitie third section. We
then conclude by discussing some experimental resultsarfdtoire experimental
works.



2 A classification system for obstetric simulators

There are currently several types of childbirth simulatesch characterized by
their functionalities:

e Mechanical simulators generally make use of anthropomorphic manikins,
often used in midwifery and medical schools.

e Virtual simulators make it possible to observe the path of the fetus through
the pelvis. Some of these simulators offer haptic feedbgstems.

e Combined Mechanical and Virtual Simulators are much more attractive
because they integrate the functionalities of both of trevalypes.

2.1 Mechanical Anthropomorphic Simulators
2.1.1 First-Generation: Static Simulators

These simulators are anthropomorphic, reproducing a predwuman body. The
first versions of these simulators were static and had nomgosomponents. To
model a delivery, it was necessary to use an aid to push takdemmy through
the pelvic canal.

One of the first simulators of this type was constructed in91i3% Madame
du Coudray [9]. It consisted of a female pelvis and the bodg &tus and was
used to teach anatomy and the principles of childbirth (fedy). The dummy was
formed of tissue and a real pelvis. After 24 years of use, 58@vives and 500
physicians received their training using this system.

Figure 1: The first childbirth simulator



Nowadays, plastic simulators, created using rapid prptoty of anatomical
elements, are currently on the market, including a pelvith i full-term fetus
(Simulaids, Inc.) and perineum with anal sphincter (Limb3&ings, Inc.). They
cost between 500 and 1000 euros (Figure 2).

Figure 2: The commercialized childbirth simulator

These simulators make it possible to teach the anatomy qidivés and fetal
head, as well as provide an overall view of the delivery pseceThe perineum
simulator allows to train medical teams in episiotomy sarand total perineal
repair. Two US teams compared randomized, traditionadiynéd internal cohorts
with those using simulators. For both episiotomy suturing #otal perineal re-
pair, they demonstrated that the groups trained using atongl had significantly
stronger skills [10, 11].

2.1.2 Second-GenerationDynamic Simulators

These simulators are anthropomorphic as well as dynamianimg they can re-

produce the movement of the fetus through the pelvic canthlont external as-

sistance. With these simulators, the fetus is attached &il arrcylinder system

that allows its descent through the pelvic canal (FigureT)ese simulators are
available on the market for between 1700 and 2800 euros INS8b1 and S552
childbirth simulators). Using this type of simulator, it svahown that students
trained with simulators felt significantly better prepatedcarry out deliveries,

compared to those who only received theoretical trainirdj. [1

2.1.3 Third-Generation Dynamic and I nstrumented Simulators

These are anthropomorphic and dynamic simulators. Thegaquipped with sys-
tems that make it possible to record numerical data. Usiegelsystems, you can



Figure 3: The Noelle S551 childbirth simulator

quantify the procedures performed and offer more detansttuction. They all
continue to increase in complexity and cost.

Diagnosis Related to Cervical Dilation and Fetal Descent: The latest version
of the Noelle simulator (S565 about 20,000 euros) makes seipte to follow
cervical dilation and fetal descent. This simulator ineélsih mechanical birthing
system and a complete fetal heart rate simulation systemreTdre also programs
that allow students to practice normal and forceps detgesind learn episiotomy-
suturing technique. This type of simulator also allows edois to evaluate stu-
dents [13, 14].

Carrying Out Breech Deliveries: Deering developed a modified version of the
Noelle simulator to simulate breech births. His researemtelemonstrated that
training with this simulator significantly increased thefpemance of students in
performing breech deliveries [15].

Treating Shoulder Dystocia: Using birthing simulation, experimental and clin-
ical studies of shoulder dystocia have been carried out.



e Shoulder Dystocia Simulators: Gon@t al. developed an original sim-
ulator specifically designed to analyze shoulder dystot&.[ This non-
commercial, scientific simulator includes several innmrat: a pelvis with
changeable direction that simulates the pelvic inlet, altevered with a
silicon film and fitted with epoxy plates to simulate the rigicof the jaw-
bone, fetal shoulders with variable diameters, a bracH@atys simulator
attached to the base of the neck and including a potentionaditmving
determination of plexus elongation, a fetal neck, and umsémted gloves
with strain sensors. Using this system, the authors obdgtdemonstrated
the effectiveness of the McRobert maneuver. Up to biacrbdiganeters of
12 cm, this maneuver reduces the necessary tractive fareghsng of the
brachial plexus, and the rate of clavicle fractures. Regaptovements in
this simulator have made it possible to demonstrate therisuipe of the
Rubin maneuver over the McRobert maneuver in limiting ashras pos-
sible the tractive forces and stretching of the plexus wienlsler dystocia
occurs [17].

e The Modified Noelle Simulator: Deering’s research team tiedithe Noelle
simulator by installing a harness around the fetus to sitatdhoulder dys-
tocia [18]. They showed that interns trained using this $tan achieved
better results than those who received traditional trginespecially with
regard to the time between the delivery of the fetal head haddtlivery
of the fetal body; the time was half (61 seconds versus 14énsisg in the
simulation group [19].

2.2 Virtual Simulators

These simulators offer an entirely virtual environment tlelivery does not actu-
ally take place but is represented by 3D computer simulafitvese simulators are
often prototypes and, to the best of our knowledge, noneasfithave entered the
birthing simulator market. Currently, virtual simulat@ee for research purposes.
In France, Boissonnat developed a 3D model of the pelvis etad iead from
MRI images. The objective of this simulator is to perform agwosis of the deliv-
ery based on different pelvic parameters (size and shape gfelvis) and various
sizes of the fetal head (Figure 4). This program makes itiples simulate uter-
ine contractions and different positions of the fetal hdadlso allows simulation
of the fetal rotation within the pelvic canal [20]. The ComplSystems Laboratory
in Evry, France, also developed a simulator consisting dbaridel of a fetus,
pelvis, muscles, a force feedback system covering the tramslational axes, and
a virtual hand. Contractions move the fetus forward. Theatpe uses the virtual



Figure 4: A virtual simulator developed by Boissoneatl.

hand to control the delivery (Figure 5). This simulator mak@ossible to measure
the forces between the fetus and the muscles [21].

Figure 5: A virtual simulator developed by the Complex Systé aboratory, Evry,
France

One can associate this type of simulator with mathematicanams that al-
low the simulation of all or part of a delivery. Currently,dvteams in the United
States have developed such simulators. The team of Gorgktlgaleveloped a
model based on the MADYMO (MAthematical DYnamic Model) mbdehich is
normally used to simulate crushing and the forces at plainduraffic accidents.
After the modification, this model was able to analyze theogedious forces (uter-
ine contractions and expulsive forces) and tractive fotbasthe brachial plexus
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of the fetus is subjected to, depending on the type of mamgeréormed [22]. In
2000, the same team developed a basic mathematical modelliza the tractive
forces when shoulder dystocia occurs [23]. In the same nmahren [24] car-
ried out a simulation of soft-tissue deformation, focusargthe levator muscles
during delivery and [25] proposed a method, based on a bibamcal model-
ing of concerned organs, to recover the different forceegaad during delivery.
The modeling process should eventually permit to developva tnaining device
to take into account different anatomies and different sypiedelivery. To obtain
interactive time performance, a simplification of organatamy is proceed.

Finally, the simulator developed by Lapeer is a refined girsimulator, which
allows to manipulate a virtual fetus using real forceps imith pelvis skeleton.
Thanks to real-time optical tracking of the procedure by d Rblaris system, this
simulator makes it possible to analyze deformations of ¢el £kull based on the
movements performed [26].

2.3 Combined Mechanical and Virtual Simulators

These simulators consist of a combined mechanical systdnchvsimulates an
actual delivery, a control board, which reproduces ther&ffduring a delivery in
real time, and a computer system, which allows to treat asuhlize the data.

Simulator based on a 6-Axis Robot: In Switzerland, the Automatic Control
Laboratory developed an interactive birthing simulatoithfthis system, it is pos-
sible to position the fetus in a variety of ways using a 6-amlsot [27, 28]. This

simulator consists of a pelvis dummy, a model of a fetal heatljators, and a
programmable control unit (Figure 6).

Operators can train using obstetric instruments. The progrcan be modified
to simulate the different phases of delivery. The computstesn connected to the
simulator is complex and performs two types of measurematitect measure-
ments taken from different sensors, and force and momeatileéibns. Sensors
are placed on the neck to record trajectory, body shiftimgl laead movements.
Force sensors are placed on the top of the head to providk teetdback to the
operator. Display of the parameters takes place in real. tifiee display sys-
tem alerts the operator to dangerous situations usingaesaor-coded levels and
displays advice. Loudspeakers simulate sounds and imrtteesgperator in the
delivery room environment. This simulator includes a foleedback system on
the abdomen of the dummy. Any manipulation of the abdomeggérs a reaction
in the virtual model. The simulation programs work with mettatical models of
the uterus, pelvis, muscles, skin, and ligaments. Thesgraumts create dynamic



(a) General view (b) Simulator with forceps but without the pelvis

Figure 6: The patented simulator by Rieregial., 2003

relationships between the forces and moments exerted bypirator on biome-
chanical models. Changes in the parameters of the biomieghamodel allow the

simulation of rare or pathological situations. The dynamiadels produce reac-
tions in the virtual model and move the fetus forward. Beeaofsits cost, this

simulator is not available on the market.

Simulator based on electropneumatic actuator: A childbirth simulator has

been developed in collaboration with physicians of CHU Ly (South Univer-

sity Hospital Centre of Lyon) for the training and evaluatiof obstetric gestures
with forceps [5, 6]. This anthropomorphic and dynamic siatot is equipped with
6D position sensors that make it possible to record nunletigta in real-time,

which is then used by a dynamic display interface. This togga visualization

of the position of both the obstetric instruments and théepti$s body from sev-

eral viewpoints. An electropneumatic component allowefoduce the dynamic
process of a delivery and to perform extraction manipufetio

2.4 Discussion

Thanks to simulation, educators can evaluate studentsghra third party or self-
assessment (film and audio recordings). Simulation alswvalthe training and
evaluation of teams by exposing them to rare and dangertuegtions [29]. In
addition, simulation makes it possible to avoid the use aghahexperimentation.

Simulation offers a teaching method that applies to a largaber of fields,
including role-playing involving actors and simulator9[3 It can include the
complete immersion of a team of two midwives and one physitiaa scenario,



such as the care of a woman with serious bleeding duringedgl[29], or a simpler
case involving the simulation of a codified procedure (foaraple, episiotomy
suturing) by a single operator [10].

Regardless of the procedure simulated -episiotomy s(iidy], total perineal
repair [11], instrument-assisted delivery (personal ltegubreech delivery [15],
or shoulder dystocia treatment [18]- residents traineth wiinulators have signif-
icantly greater skills than residents who receive onlyitiaohl training. These
simulators make it possible to reduce the learning curveerdlare three types of
learners: those who learn theoretical concepts quicklyhbue difficulty making
accurate movements, those who learn slowly but succeedriorgeéng complex
movements, and rare individuals who have exceptional rhanthtechnical capa-
bilities, allowing them to learn both concepts and complexvements quickly.
The potential of each learner cannot be changed, but leathimugh simula-
tion can avoid having inadequately trained students congeritact with pregnant
women and newborns. Simulators also make it possible tg catrpre- and post-
testing before and after training. This is the case for theukitor we developed,
which automatically calculates the score of a resident byparing the trajectory
of the positioning performed with the reference trajectory

The third generation anthropomorphic simulators -thos@ipged with sen-
sors, virtual simulators, and combined simulators- alkmathe detailed study of
obstetric mechanics. In the United States, it was simuiatiat made it possible
to document the effectiveness of obstetric procedureseatiirg shoulder dysto-
cia; the effectiveness of the McRobert maneuver [16] and:emecently, that of
the Rubin maneuver [17] has been demonstrated. Virtuallators also allow
more basic research to be performed. Gonik's team usedavstmulators and
complex computer programs to demonstrate the extent offabbemdogenous me-
chanical forces (uterine contractions and expulsive &)raethe pathophysiology
of the brachial plexus [23, 22]. To the best of our knowledipere is however
none anatomical instrumented simulators offering a cotaptaining program. To
fill this gap the Laboratoire Ampeére has designed and dpeel@ new simulator,
called BirthSIM [7]. In the long term, we hope that this tooillvenable junior
physicians and midwives to train risk free and to acquirest ékperience before
proceeding to the classical training in the delivery ward.

3 Design of the childbirth simulator BirthSIM

The BirthSIM simulator integrates the following three @list components (Fig-
ure 7).

e a mechanical component and its forceps,
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Vizualisation Part

To vizualize forceps inside
the maternal pelvis in real
time.
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» Mechanical component =

Pelvis {(bone & muscle)
Fetal head
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Figure 7: The BirthSIM simulator

e an electropneumatic component,
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The mechanical component of the BirthSIM simulator cossi$tan anthropomor-
phic dummy of the pelvis (Fig. 8(a)) with the main anatomicarkers (ischial
spines, coccyx, sacrum, and pubis) manufactured by Sidwifaorporation [31].
Only the head of the fetus is used as the model for the fetusasaleme the fetus is
in a cephalic presentation and that, once the head has biaaoted, the rest of the
body is usually expelled without any complication. A 3-D rnebdf the cranium of
a fetus was obtained from medical scans provided by the tabspihen, through
rapid prototyping, we constructed a cranium and molded@osié head [32]. The
head bears the main anatomical landmarks (fontanels,esytears), allowing re-

alistic examination of the fetal head (Fig. 8(b)).

With the BirthSIM simulator, a medical professional canpaaé the expected
landmarks and make transvaginal assessment diagnosisT[Bi3]determines the



(a) Station (b) Location

Figure 8: The anthropomorphic models of the maternal panisthe fetal head

fetal presentation inside the pelvis. The fetal head ptasien is given by two
parameters: fetal head station and location. The statitheiglistance of the head
from the ischial spines, from -5cm to +5cm (Figure 9(a)), eféngtd by the Amer-
ican College of Obstetricians and Gynecologists [34]. Aistaof +5cm corre-
sponds to the moment when the fetal head is at the level ofabmal introitus.
Obstetrical instruments in deliveries are only used if #talfhead is in front of the
ischial spines (from 0 to +5cm). The location concerns thentation of the fetal
head around the axis of the pelvic canal. Traditionallyheidjfferent positions
(every 45) are used to describe fetal head orientation (Figure 9(b)).

/ Q00Y
i @@ ﬂ ,\ ©

LoT ROP LOP

(a) Station (b) Location

Figure 9: The different presentations of the fetal head r@ieg to the ACOG
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3.1.2 Instrumented Forceps

Forceps have been used for more than 400 years, but onlygdilnériast 70 years
has there been several research studies to measure the foiecsd with their
use. Several studies have been undertaken to quantify abtve effort to ap-
ply during instrumental deliveries. For example, forcepgenbeen equipped with
a dynamometer [35], strain gauges [36, 37] and analyzedigifréheoretical cal-
culations based on the maximum pressure of the amniotiddliquthe second
phase of labor [38]. The results were quite varied and inceihe; the maximum
tractive force ranged from 150 to 300 N. In addition, someaeshers have at-
tempted to quantify the compressive forces applied to ertehaf the fetal head
by instrumenting a forceps with optical fiber sensors [39ong the same lines,
Moolgaoker used water-inflatable sensors to study the cessjwe forces applied
by various types of forceps and vacuum extractors [40, 44.shbwed that the
total compressive and tractive forces were weaker for fisampared to vac-
uum extractors. Finally, a recent study focused its angalgsithe area of the fetal
head acted on by the forceps. Dupuis developed the concepiatity forceps
blade placement [42], which is based on this principle: aifizant force applied
symmetrically is safer than a weaker force applied asynioadty. Thus, we de-
veloped an instrumented forceps in order to measure fordisptacements. To
analyze forceps blade placement, the forceps were insin@th&vith position sen-
sors (Figure 10).

Figure 10: Instrumented forceps with position sensors
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3.1.3 Miniaturized Position Sensors

The originality of the instrumented forceps is that it makegossible to study
forceps paths inside the pelvis. To monitor the simulateagous components,
several challenges had to be overcome: the restricted packsand obscuring of
some objects means they cannot be monitored inside thespglid chose a system
using electromagnetic sensors that can follow masked hj€bese sensors have
six degrees of freedom (dof) (position and orientation). &hese the MiniBird
[43] system of measurement, developed by Ascension comganyeasures, in
real time, the position and orientation of one or severalaimized sensors. These
sensors measure the impulse of the magnetic field emittedbby aalled a trans-
mitter.

Three factors must be taken into account when using suchtensyshe pres-
ence of ferromagnetic materials in the measurement fielddtemipt measure-
ments; the measurement field is limited in size; and the 12@diapling rate is
divided by the number of sensors used. The first constraisblised using non-
magnetic materials for the simulator (wood, aluminium,sfi. Because tradi-
tional forceps used in delivery rooms are composed of magrehinless steel
material, it was necessary to manufacture forceps usingnagnetic material.
To construct a realistic simulator, we had to choose mattdrzd weighs approxi-
mately the same as that used in today’s hospital forcepsiingeé61 g for Levret's
forceps. Bronze, in addition to being nonmagnetic, has aitlesimilar to stain-
less steel. We, therefore, molded bronze forceps, whosg i;@g4 g. The second
constraint can be solved using appropriate sensors foashe Here the workspace
dimension of the sensors (a 80-cm diameter half-spherediie than sufficient be-
cause data acquisition takes place inside or beside themabfelvis. Since we
are using three sensors (one in the fetal head and one in eadps$ blade), the
sampling rate is 40 Hz. This frequency is compatible witlssia childbirth.

We calibrated the sensors in order to check their accuragyhaninfluence of
the simulator’s ferromagnetic materials on the measurégndrhe fetal head was
then moved inside the pelvis to reproduce the different Is¢égitbns and locations.
For each station, the head was moved through the differeatitms, thus delin-
eating a circle. This experiment was repeated throughautvienty centimeters,
which corresponds to the maximum displacement of the fetatihn the maternal
pelvis. The fetal head’'s workspace is shown in Figure 11 e/lleex-axis rests
along the pelvic canal (Figure 9).

Concerning the analysis of data, the Controldesk softwereiged with a D-
Space data acquisition board allowed us to collect the flodatd stemming from
the sensors [44]. Figure 12(a) shows the static errors leedong thex-axis.
They-axis corresponds to the transversal axis, whileztfais corresponds to the
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Displacement of the sensor along the X, Y, Z Axes - 3D view

-0.05

-0.15

Displacement on the Z Axis (m)

Displacement on the Y Axis (m) 0.2 0.05

Displacement on the X Axis (m)

Figure 11: Measurements of the sensor displacement onasegatircles of 0.5
cm along thex-axis

vertical axis. To control the errors along the andz-axes, the circular paths are
compared with perfect circles. This experiment was cawigdvhile the fetal head
was in motion. The worst dynamic errors are shown graplyig¢alFigure 12(b).
From a medical point of view, the BirthSIM simulator shouldagantee accurate
positions to within one centimeter; in our case, the maxinarror obtained was
less than one centimeter, allowing us to conclude that ttee Erinsignificant.
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Error on the displacement along the X axis in mm Study of the error on the Y and Z axes

——Error on the Y axis
8k Error on the Z axis

Error on displacement along the X Axis (mm)
i I I
Error (mm)

~08 i i i -10 I I I I I
0 5 10 15 20 0 20 40 60 80 100

Number of measured points Number of measured points

(a) Sensor static errors along tkeaxis (b) Sensor dynamic errors along tlye and z-
axes

Figure 12: Sensor errors along the three axes

3.2 Electropneumatic component

The BirthSIM simulator integrates an electropneumatidesys which allows to
simulate the dynamics of the childbirth process. This sgstensists of a servo-
valve and a pneumatic cylinder. Pressure sensors are naoneée each chamber
of the pneumatic actuator. Different control laws of thisteyn make it possi-
ble not only to position the head of the fetus but also to répce the different
childbirth-related forces. A force sensor is mounted betwihe fetal head and the
extremity of the pneumatic actuator rod to measure the fexegeted on the head
of the fetus by the operator (Figure 13).

The electro-pneumatic component of the BirthSIM simulagmlicates the dif-
ferent forces involved during a childbirth. Ten procedueguired by the medical
team are proposed and implemented (Figure 14) [45]. Thepased on a posi-
tion feedback control, but also velocity and force trackiogtrols. The originality
of this study comes from the use of simple control laws to &teudifferent de-
liveries which allow the operator to learn and to train gi@tiu The objective is
to improve his attitude and his reflexes for the transvagitiagjnosis, when the
parturient exerts her abdominal thrust, and when he apafiesdditional force to
expel the fetus with the forceps. During a delivery the imedl forces are:

¢ the resistive force due to the pelvic muscles which tend ¢vgmt the fetus

16
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Figure 13: Principle diagram of the electropneumatic comepo of the BirthSIM
simulator

progression inside the pelvic canal,
¢ the expulsive forces, which come either from :

— the Uterine Contractions (UC) which are involuntary pragiby the
parturient at a regular frequency. These UC can be easihtifidzl
using a tocography which provides the intra-abdominal qunes vari-
ation as a function of time. The UC are the source ofraoluntary
Expulsive Force (IEF) [46];

— The abdominal pressure the parturient exerts on her utdnichweads
to produce a/oluntary Expulsive Force (VEF). This force is volun-
tarily produced by the parturient and its aim is to complé [EF in
order to overcome the natural resistive force due to theipaiuscles.
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Training Medical goals Description Procedure Cfoyn;:ol
The fetal head is positionned o "
automatically N1 Position
< Force /
_‘g Velocity
a
z
£
o Force /
Position
Simple synchronization of IEF and N° 5
ITF. Weak resistive force.
Force
= Double synchronization of IEF, VEF N° &
'_% and ITF. Weak resistive force.
o
= §- Simple synchronization of IEF and N° 7
O ITF. Normal resistive force.
=6
E: Double synchronization of IEF, VEF N° 8
£ "é and ITF. Normal resistive force. Positi
2 osition
% Double synchronization of IEF, VEF N° 9
S and ITF. Strong resistive force.
Despite the double synchronization
of IEF, VEF and ITF the fetal N° 10
head won't move.

Figure 14: Available procedures of the simulator

During a childbirth without any complication, the parturidorces (IEF and
VEF) are sufficient to expel the fetus. When obstetric imateats are required to
extract the fetus, the sum of the expulsive forces, dentotal Expulsive Force
(TEF), has to be superior to the resistive force. This principd@$to the concepts
of simple and double synchronization. Its aim is to optintize TEF to ensure
the fetus progression with a minimum ITF in order to obtainrestrumental deliv-
ery as close as an eutocic delivery (when obstetric instnisrgre not necessary).
When only two expulsive forces are involved (IEF and VEF of dnd ITF), we
talk about simple synchronization concept. The double Isgorization concept
appears when the three expulsive forces are involved a®ftdr the case during
instrumental deliveries. Figure 15 shows an example of alsirand an excellent
double synchronization. On these figures, the basic tonenisidered as null and
the resistive force due to pelvic muscles is arbitrary fixeaiad 200 N. This value
can change according to the delivery difficulty.

Because this notion of resistance threshold is very diffiulquantify, only
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VEF but ITF is applied too late forces are synchronized

Figure 15: Simple and double synchronization concepts

a close collaboration with experienced obstetriciansaalobtaining an estimate.
Indeed, it depends on the mechanical properties of thesigard the vagina which
define the resistance force exerted by the organs on the fatusthic and practical
reasons, th&n vivo measurements of this force during a childbirth is not padesib
Therefore the tuning of the control laws has been thus chaig according to the
experience of senior obstetricians so that they best pertleé sensations they are
accustomed to feel in delivery ward.

3.3 Visualisation component

Nowadays simulators provided with a 3D visualization systge more and more
used in the medical field. Indeed such simulators allow tpeoduction of various
types of operations in order to train, to teach, to check themedge and the
know-how, and to try new techniques to validate them. Théwselations offer

several advantages (training without any risks for thegm#si, economy of time
and money, greater availability of the operating room. THus, in order to allow
the medical team a greater interactivity with the simulataio interfaces were
developed:

e Aninterface developed with ControlDesk dSPACE [44] allegvthe instruc-
tor to choose the procedure to simulate, to set and to visuttie different
forces involved during an delivery (Figure 16);

e An interface developed with MotionDesk dSPACE [47] wheris possible
to visualize in real time the position of the obstetricaltinsents and the
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Figure 16: Instructor Interface to choose and set up a stioala

fetal head with respect to the maternal pelvis from seveoaitp of view

(Figure 17). The BirthSIM simulator provides to operatdrs possibility to
watch inside the maternal pelvis and thus to make visibleliadbmanip-

ulation. To make this possible, it was necessary to digitieemechanical
component and the forceps blades.

4 Experimental Results

4.1 Forceps Blade Placement Training

Before proceeding to the forceps extraction, operatorg haknow how to cor-
rectly place the forceps. The study presented in this secbmcerns the measure-
ments recorded with the position sensors during the forbégate placement. In
this section, only the positions and orientations of thedps blades are studied.
The extraction manipulation will be taken into account ie section 4.2.
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Figure 17: The visual component of the BirthSIM simulator

4.1.1 Experimental Protocol

In collaboration with the Hospices Civils de Lyon (HCL),&erjunior obstetricians
were trained on the BirthSIM simulator. A junior obstetaiciis a young obstetri-
cian with less than twelve months of experience in obsttridhe training on the
BirthSIM simulator is supervised by a senior obstetricidmovihas the role of in-
structor. A senior obstetrician is defined here as an olsSteirwith more than
ten years of experience and uses forceps in more than 80%inkttumented in-
terventions. The presentation is OA+2 according to the AQ@Ssification [34].
OA means Occipito-Anterior location, forceps have to begthin a symmetrical
way. +2 means that the fetal head is at station +2 (two cetdirmérom the ischial
spines plan), forceps have to be placed deep inside themagpeivis. The training
lasted three days at the rate of one hour per day. At the biegimfthe training ju-
nior physicians placed the forceps as they will do in thevaeyi ward without any
advice from the senior physician. Then, during the trainihg senior physician
explained to them how to correctly place the forceps usiegiichanical and the
visualization components of the BirthSIM simulator. Thenpalations of junior
physicians are progressively recorded throughout thainitrg. Finally three for-
ceps recorded placements are carried out at the end of thimgralay because an
operator will have acquired a more secure manipulationea¢tid of a training day
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that at the beginning of the following one. Nine placemeiitseg per day) were
thus recorded at the end of training. In order to reprodueaeference manipula-
tion, junior physicians can use a visualization interfdegre 17), where concen-
tric spheres, called "guide spheres” (Figure 18), withaasiradii (one, two, and
three centimeters) are represented [48]. The centers s #heres correspond to
the coordinates of five particular points regularly laid alaing the reference path
defined by the senior physician. The training consists irsipgsthrough these
spheres with the numerical model of the forceps blades.odynfiysicians have
to place their forceps the closest to the centers of theskeduipheres in order to
reproduce the reference manipulation. The smaller thesetbsphere is, the closer
to the reference the manipulation is. During a learningisasgunior physicians
can visualize their manipulations off line and have a ait@nalysisa posteriori
They also have the possibility to compare on the visual fater their paths with
another trainee or with the reference manipulation.

Figure 18: The "guide spheres” (profile and face view) forfilreeps placement
training

4.1.2 Analysis Criteria of the Forceps Blade Paths

From an obstetrical point of view, manipulations have to h&lyzed according to
criteria established by the medical team. These critega ar

e Anindependent analysis from the duration of the manipaitatin fact, given
the dynamics of the manipulation, the time required to pldueeforceps
blades is not a critical parameter. In an emergency situaiios necessary
to remove as soon as possible the fetus. But a recent studhbas that ex-
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traction by forceps is twice faster than a Caesarean sgd®@ynFurthermore
the action to place the forceps is about several tens of decarhich makes
it a relatively short maneuver compared to a surgery act aséhCaesarean
section. The duration of the manipulation should not bertakéo account
in its analysis, the manipulation simply has to be studiespiace.

e The manipulation has to be entirely analyzed and not just antording
to particular points. Indeed forceps are almost always mtami with the
pelvic muscles and the fetal head inside the maternal peSisthere is a
continuous risk to injure either the woman or the fetus, dhbo

Three methods have been developed to analyze the forceges fplacement.
The first presented in [5] is used to study the operator rapday by calculat-
ing the distance between specific points from different atfhis analysis pro-
vides a time independent study, however, it takes into atconly a few specific
points. The second method developed takes into accounidhalgnanipulation
by calculating the error integral compared to a referenceipuéation defined by
a senior physician [6]. That calculation requires howeveo@analization of data.
This can lead to a modification in data especially when thatéhn difference is
large, which is the case for junior physicians. To completeiswer the obstetri-
cian requests, a third method is proposed in [8, 50, 51]. TWethod evaluates
the manipulations by comparing the correlation of theivatures. To ensure time
independence, data are first expressed as a function of thelative arc length
before proceeding to the curvature calculation. This nokitemn also be applied
to the manipulation orientations [52, 53]. In this caseythee first expressed in
the quaternion unit space to ensure the time independedce&s$. Once posi-
tion and orientation data are expressed according to tbgiective cumulative arc
length and after being filtered in order to reduce the noiss@gethe manipulation
curvature is calculated by a numerical derivation. The atumes of each manipu-
lation are calculated, then compared to the curvature afgfeeence manipulation
by calculating the Pearson correlation coefficient [56].e Thrvature gives also
information about how smooth is the manipulation carrietitiguan operator.

4.1.3 Clinical Results

Figure 19 represents the paths of both forceps blade dumiig pplacement. The
senior physician paths which are used as a reference atecpintbold. The paths
correspond to the forceps blade placements carried outgltive first training day
and during the third training day. On these figures, we nadktiaethe paths after the
training are more similar to the senior physician ones thefore the training, the
study of the curvature correlation allows to quantify thimitarity. Table 1 presents
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Displacement of the forceps along the X, Y, Z axes for OA+2 - 3D view Displacement of the forceps along the X, Y, Z axes for OA+2 - 3D view
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Figure 19: Junior manipulations before and after the tngiiompared to a refer-
ence manipulation (in bold)

the results according to the training day (from 1 to 3). Thesellts are the cor-
relation coefficient of the path curvature compared to theremce manipulation
curvature. It corresponds to an average of the three redaomdmipulations at the
end of the training day (except for the first training day witles first placement
allows to know the junior physician skills before trainirtbe recorded manipula-
tions were thus performed at the beginning of the training).din this table LFB
means Left Forceps Blade and RFB Right Forceps Blade.

For the position data, all the correlation coefficients éase to overcome 43%
(except for the right forceps blade of junior physician 3 #melleft forceps blade
for junior physician 4 where their coefficient reached 35%) comparing the
average of junior physician results between their first &g tast forceps place-
ments, we can notice that the correlation coefficients asmdoy 48% for the left
forceps blade and 178% for the right forceps blade. Conegrarientations, all
the correlation coefficients are higher than their initialues except for the right
forceps blade of junior physician 1. The average corretatioefficients of junior
physicians have increased about 136% and 41% respectuethid right and left
forceps blade between the initial and the final placements.

4.2 Training of the extraction with simulation of the involved forces

Once the forceps placement is correctly acquired by junitysigians, they can
proceed to the extraction.
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Correlation coefficient %
Presentation Position Orientation
OA+2 Training| Training| Training Training| Training| Training
Dayl | Day?2 | Day3 Dayl | Day?2 | Day3
Junior 1 LFB | 33.16 | 48.93 | 45.89 2293 | 21.18 | 30.79
RFB| 19.05 | 5142 | 70.49 46.59 | 26.76 | 25.87
Junior 2 LFB | 33.54 | 11.29 | 4451 4,92 7.88 30.96
RFB| 27.88 | 2545 | 52.95 2257 | 46.44 | 40.43
Junior 3 LFB | 17.92 | 38.23 | 4381 22.89 | 3558 | 46.48
RFB| 4.22 48.13 | 35.98 27.25 | 33.22 | 61.04
Junior 4 LFB | 29.49 16.66 | 35.15 8.69 2.66 31.99
RFB | 28.19 26.2 61.37 41.23 10.44 | 66.35
Junior | LFB | 28.53 | 28.78 | 42.34 14.86 16.83 35.06
Average RFB| 19.84 | 37.80 | 55.20 3441 | 29.22 48.42

Table 1: Evolution of the correlation coefficient during theining

4.2.1 Experimental Protocol for the Extraction Training

Five new junior physicians are trained on the BirthSIM siataf. During these
experiments, the forceps blade placement is not evaludtednstructor can help
to place the forceps if necessary. The fetal head presemtitialso OA+2 and
is considered as extracted from the maternal pelvis wheeaithred the station
+15 which triggers the end of the experiments. During thegm@ments, the
parturient is supposed to be too tired so that her expulsiree are not sufficient
to ensure the fetus progression. An ITF is then necessagnplete the parturient
efforts. The ITF has to be applied with a minimal intensityitoit the risks of
complications but with a sufficient intensity to allow thdug progression. To
minimize the ITF, the synchronization concept has to beaetsn (see section 3.2).
Operators have the opportunity to watch on a screen the IHRrenVEF of the
parturient and they can therefore synchronize their ITHRwie parturient forces.
The electro-pneumatic system of the BirthSIM simulatoresug to carry out the
procedure 8 (“difficult” forceps extraction in Figure 14)hé& objective of these
experiments is to enable junior physicians to be aware diofees involved and to
offer them a risk free training to master the ITF they develbipe training session
lasts about an hour during which they proceed to ten extnagtilt is thus possible
to observe the evolution of their ITF during the training dodletermine for each
of them if they are able to master their ITF before proceedmthe traditional
training in the delivery ward.
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4.2.2 Analysis of the Extraction Based on an Evaluation Furton

The parameters studied to evaluate the extraction are th@idvided by the op-
erator (work, maximum intensity, average intensity dedoespectively( T F,o 1,
ITF,,..; andITF,,.), the duration required to extract the fetal head dendied
the total displacement of the head during the extractioroehDisp, and finally
the synchronization percentage between the ITF and themah&xpulsive forces
(IEF and VEF) denoted,. The extraction ensuring the safest delivery is obtained
when the values oD, ITF,,u0, IT Fyork, 1T Fape and Disp are minimal and the
value of P, maximal. These evaluation parameters are then normaliggdeln

1 and 10 for the first five parameters (the highest value obdaby junior physi-
cians is assigned to 10 and the lowest value obtained by thiergghysicians is
assigned to 1). Concerning the paramdter it varies between 0.1 and 1 (0.1 is
the lowest synchronization percentage value obtainedédyuthior physicians and
1 corresponds to the highest synchronization percentdge whtained by the se-
nior physician). Once all the parameters are normalize@vatuation function E
is then defined by [51, 57]:

w1 w9 w3 w4 ws
EF=—
D + ITF % + IT Fyork + ITF, e + Disp

Where the terms); (i from 1 to 6) are the weight coefficients for each parame-
ter. To assign their values, the evaluation parameters seeted according to their
conseguences. So, with the medical team, we assign theshighefficient for the
maximum ITF intensity and for the work it applies on the fdtahd. Indeed the
developed ITF caused major problems for the fetus or theupent whether in
terms of its maximum intensity or its work. The average ITHses less important
consequences, the value assigned to its weight coeffigahus lower. Then, in
decreasing the importance of the consequences, come dhdigglacement of the
head, the synchronization percentage and the manipuldticetion. Indeed for
these parameters, the operator can watch on a screen theolEEan easily syn-
chronize both forces. Concerning the duration, the timaired to extract the fetus
is not a determining factor in the context of this experimértie values assigned
to these weight coefficients are:

+ we P (1)

w1:w6:5

w2:w3:30

W4:20 (2)
w5:10

The sum of these coefficients is equal to 100 which allows tainkscores
between 10 and 100. So, if an operator gets a value close {dh&Qfarried out an

26



ideal manipulation.e. all the parameter values are close to the minimum values of
the senior physician results (except for the synchrorimagiercentage which is a
maximum). Note that these values can be modified accordititetdesired exper-
iment. For example if an emergency procedure has to be dieaiilthe duration
will have a higher coefficient. In our case, the aim is to esttthe fetus with a
minimal ITF intensity in order to limit the risk for the fet@nd the parturient.

4.2.3 Clinical Results

By comparing the first results obtained with those issuethftioe literature, the
ITF intensity is in the range. It is noteworthy that the résfilom the literature are
disperse: the ITF intensity varies from 180 N to 300 N. Th&pdrsion comes from
the difficulty to achieve in vivo measurements and the viamatof each childbirth.
The literature results are issued from [35, 58] where thei$TReasured in vivo by
instrumenting forceps with a dynamometer. Fleming [36] toh Kelly [37] con-
firmed the range of these results by instrumenting forcepls @anstraint gauges.
The results obtained on the simulator are in the range ofrthvévo results while
offering the opportunity to carry out measurements withimht These results con-
firm the realism of the BirthSIM simulator concerning the slation of the forceps
extraction. In the literature, only the ITF intensity hagbédaken into account, we
propose here a more complete study by taking into accourtagvarameters.

Concerning the force involved, it can be studied considgeiis mean inten-
sity, its maximal intensity and its WorklT Fope, 11T Frnor @and ITF,,,.). The
following figures show the average results of all novices jparad to an expert.
On theses figures the extremal values and their averageatedpin a histogram
forms. Concerning the expert values, they are representéokethorizontal lines.
Figure 20 represents the ITF average values applied by tpemahile proceeding
to the extraction of the fetal head on the BirthSIM simulateéigure 21 represents
the maximal ITF applied and Figure 22 represents the ITF wrekted on the fetal
head.

Concerning the ITF maximal values, we notice that novicesiobd values
slightly beyond the expert values. Novices 1 and 5 managedatter the force
they applied.e. they reduce the risks. The other novices may continue to tnai
order to master more appropriately the force they exertedthe ITF work, results
are also disperse. Most of the novices (except novice 3) &aeage and minimal
values close to the expert ones. However, their lack of éxpee is translated by a
maximal ITF work beyond the expert ones. The same remarlsisalailable for
the average ITF. Their average and their maximal values eyertdl expert ones.
These remarks confirm the fact that novices do not need the saming time and
suggest a personalized training. A training adapted to aatlte can not be car-
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ried out during classical training, a childbirth simulakas to be used. To take into
account all the parameters previously identified, the emeln function is used.
The results stemming from the evaluation function are gatha Figure 23. The
curves represent the evolution of the evaluation functesults for the different ju-
nior physicians. The two rectangles correspond to the waligk for the upper one
and the non valid zone for the lower one. The frontier betwesh corresponds to
the average of the evaluation function obtained by a setigsipian. This figure
highlights the dispersion between the junior physiciamslekd, the junior physi-
cians 1 and 5 manage to obtain results in the valid zone whdheaother junior
physicians have all their results in the non valid zone (pktee first attempt of
the junior physician 4 which result is on the frontier betwége two zones). This
dispersion means that the junior physicians do not needetodsiine same training
time to begin to master their ITF and to become aware of thalved forces. This
leads to the following conclusion: the training has to bet@wized according to
the trainees. A simulator training allows to easily adapttiiaining to the trainee
whereas the classical training does not offer this oppdstufihe evaluation func-
tion used here enables to check if the trainee managed tmabtaults in the valid
zone on several attempts.
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5 Conclusion

Simulation is successfully used in a number of fields, sucaessnautics (flight
simulators), meteorology (avalanche simulators), andslaorse racing and rugby
simulators). These simulators are used for training, fogation, and continu-
ing education as well as understanding phenomenology. Idiaine, simula-
tion has appeared in heart surgery, laparoscopic surgedyamesthesia and crit-
ical care. Recent studies have demonstrated the value afation in obstetrics
[5, 6, 33, 59, 60], in gynecology [4, 61], in laparoscopicgary [62, 63], in en-
doscopic surgery [64, 65], in orthopedic surgery [66] or folagic surgery [67].
Studies are currently underway to evaluate the value okthesv teaching tech-
niques [68, 69, 70, 71]. There are numerous benefits in trgiby simulation.
Simulation benefits:

e The patients: because it reduces the compulsory traimmgan the patients
and reduces complications associated with the learningecofr the junior
physicians.

e The junior physicians: because it allows to repeat diffegtuations, to
customize the training and confront themselves to exceglicircumstances
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which can nevertheless lead to tragic consequences whgndhbar.

e The teacher physicians: because it offers the opportuoigssess students
in their abilities and to standardize the training.

e The researchers: because it allows them to experiment angase new
tools and techniques before validating thienvivo.

¢ Finally the society: because it leads to a financial gain dycing the train-
ing time of physicians.

We have shown in this paper that currently available obistetmulators make
it possible to train obstetrics residents in numerous moces, including epi-
siotomy suturing, total perineal repair, instrument-stesi delivery, and breech
delivery. Several teams have demonstrated the superits skresidents trained
with simulators. Simulators also give experienced priactitrs exposure to rare
and serious complications that occur in obstetrics pracsach as amniotic em-
bolism and severe bleeding during delivery. Training usimgulation also makes
it possible to avoid exposing pregnant women to the hazdrttaditional training
and offers obstetrician gynecologists an ethical alt@reatith respect to training.
Simulation not only allows the training of practitionersjtbin the future, could
also allow them to demonstrate their skills, when approgridn the near future,
the falling prices of computer materials should favor thdewvidistribution of these
learning methods and increase biomechanical researciblgpdsringing signifi-
cant benefits to pregnant women and their newborns.

Finally, this paper presents an overview of the differetees available on
the childbirth simulator, BirthSIM, as well as clinical tdts during the training of
junior physicians. The training is divided into two stepieTirst step is to allow
junior physicians to train in placing correctly the forcepExperimental results
have clearly shown that junior physicians are able to im@rbneir manipulations
by becoming increasingly similar to those of a senior phgsic The second step
of the training focuses on the extraction manipulation. Bstiumenting the head
with a force sensor it has been possible to record the foregexk by the junior
physician. In order to take into account the different cidtéo analyze the extrac-
tion manipulation, an evaluation function is used. It akboiw calculate a perfor-
mance score to evaluate the performed manipulations anefthe to quantify the
junior physician skills and ability. With a simulator tramg, junior physicians be-
come aware of the force intensity involved during an insental delivery and can
try to master their ITF without any risk. The BirthSIM simtda is a tool to train
junior obstetricians by offering them the opportunity teemome the constraints
related to the traditional training. The proposed trairaligws junior obstetricians
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to carry out obstetric manipulations with no time limit arminisk to acquire a first
experience. These first results are encouraging but hawedorhpleted with more
junior physicians to obtain more representative resultgpra&totype of the simu-
lator has been installed at a hospital (Centre Hospitaligivéisitaire Lyon Sud)
since July 2007.
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