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Delivery of Extremely Preterm
Fetuses in the Breech
Presentation

Vaginal delivery is typically avoided in the extremely preterm breech population due to
the concern of entrapment by the cervix of the aftercoming head. A mechanical device
concept is presented to enable vaginal delivery by preventing retraction of the cervix
against the fetus during delivery. The two-part device was designed to dilate the cervix,
prevent prolapse of small fetal parts and maintain sufficient dilation during delivery. The
two-part device was designed and manufactured with the following modules: an inflata-
ble saline-filled cervical balloon for dilation and a cervical retractor composed of semi-
rigid beams to stabilize the cervix and maintain adequate dilation. The device was tested
using a cervical phantom designed to simulate the compressive force the cervix exerts.
The cervical balloon reached a maximum dilation of 8.5 cm, after which there was leak-
age of saline from the balloon. While this dilation was less than the target goal of 10 cm,
the leaking was attributed to prototype manufacturing defects, which could be resolved
with further development. The cervical retractor was able to withstand between 1-3 kPa.
Although estimates of cervical pressure values can be upward of 30 kPa, there are no
in vivo measurements to formally identify the pressure values for patients in preterm
labor. This device serves as a viable proof-of-concept for utilizing an inflatable balloon
device to prevent cervical retraction in the setting of extremely preterm vaginal breech
delivery. Further manufacturing improvements and design changes could improve the
device for continued development and testing. [DOI: 10.1115/1.4049086]

1 Introduction

In most pregnancies that are carried to term, the fetus has typi-
cally moved into a cephalic (head first) presentation prior to deliv-
ery. Breech presentation occurs when the fetus has not moved into
a head-down position and the buttocks and abdomen are posi-
tioned to exit through the birth canal before the head. The proba-
bility of breech presentation decreases with advancing gestational
age. The rate of breech presentation at term (greater than
37 weeks) is 3-4% [1]. In stark contrast to fetuses born at term,
extremely preterm (less than 28 weeks) fetuses have a 25% likeli-
hood of breech presentation [2].
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Preterm fetuses exhibit a cone shape, where the head diameter
is substantially larger than the lower body diameter, more so than
in full term fetuses. In a vaginal delivery with breech presentation,
the cervix may dilate only enough to allow the lower body to exit.
This can then result in head entrapment by the insufficiently
dilated cervix (Fig. 1). Head entrapment can cause poor oxygen-
ation and blood flow in the fetus due to pressure around the fetus’
neck or the umbilical cord. Due to this risk, doctors usually resort
to delivering the fetus via Cesarean section (C-section) despite
continued controversy over the benefits of cesarean delivery in
this setting [3]. The type of C-section used at very early gesta-
tional age is associated with increased maternal morbidity, includ-
ing the need for blood transfusions [4—6].

To enable vaginal delivery of extremely preterm fetuses, a
device that both expands the cervix to 10cm and holds it open to
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Fig. 1 Schematic of the cephalic position, breech position,
and head entrapment with anatomy labeled

prevent head entrapment is needed [1]. To the authors’ knowl-
edge, there are currently no devices on the market that expand the
cervix up to 10 cm for birth, nor any devices that are used for cer-
vical retraction during delivery. However, there are several meth-
ods, such as osmotic expanders, rigid dilators, and balloons that
are used to dilate the cervix up to 4cm [7]. The precedent for a
balloon type device to dilate the cervix is strong since Cook Cer-
vical Ripening Balloons and Foley catheters are currently used to
initiate cervical dilation [8,9]. Obstetric providers control dilation
of balloon dilators with the volume of fluid pumped into the bal-
loon [10]. Balloons used for cervical dilation are considered safe
for the patient and easy for clinicians to use [11]. In the case of
head entrapment, mechanical dilation of the cervix with a balloon
based device would appear to be a viable and clinically acceptable
option. To prevent head entrapment, our proposed solution is a
two part device; a cervical balloon that dilates the cervix and a
cervical retractor that holds the cervix and birth canal open during
delivery (Fig. 2). As with any device in obstetrics that will be
used in close proximity to the fetus, the device needs to be made
of reasonably soft material to prevent direct injury to the fetus,
such as bruising, nerve damage, or bone fracture. The cervical bal-
loon is placed inside the cervical retractor and both devices, unin-
flated, are inserted into the cervix. The uterine ring is then
advanced slightly and placed in the lower uterine segment. The
perineal ring remains just outside of the vaginal introitus and rests
against the perineum. The cervical dilation balloon is inflated
slowly over a period of time, which may take several hours. In
emergent situations, the balloon can be inflated in tens of minutes,
however, the inflation rate should be determined by the clinician.
The balloon inflation also facilitates the ring balloons unfolding.
Once the cervix reaches optimal dilation, the two rings are inflated
with saline and become rigid. The cervical dilation balloon is then
deflated and removed, leaving an open channel through the cervi-
cal retractor for delivery. After delivery of the fetus, the rings are
deflated and the device is removed.

2 Materials and Methods

2.1 Design Criteria. The need for this device was identified
by Dr. Alissa Dangel, who also was a design team member and
participated in its development and testing using a deterministic
peer-review based method for rapid device development [12,13].
The design criteria are summarized in Table 1. The proposed
device would ideally dilate the cervix from 4 cm to 10 cm (Fig. 2).
In clinical practice, the precise dilation at which delivery is inevi-
table varies with the clinical situation. However, for purposes of
device development, 4 cm of cervical dilation was the point cho-
sen as the minimum dilation at which the device would be placed
[14]. Medical consensus is that 10cm is the necessary dilation
diameter for delivery of a fetus [1]. However, dilation slightly
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below 10 cm may still be acceptable as the device is intended for
extremely preterm fetuses and the 95th percentile for a biparietal
diameter of a male fetus at 28 weeks is 8.04 cm [15].

With regard to cervical geometry, the primary variables used
by clinicians are dilation and effacement. The cervix is approxi-
mately a hollow cylinder in shape, with effacement corresponding
to the height of the cylinder and dilation corresponding to the
diameter of the internal os. For the cervical model, the starting
shape, at time zero, is assumed to be 4cm of dilation and 50%
(2cm/4 cm) effaced. The shape at the final time (f) is 10cm of
dilation and approximately 100% effaced (0.1cm/4cm) as
described in Eqgs. (2) and (3) [14].

Prior research was consulted to estimate the force required to
dilate the cervix. Research has been done on mechanical proper-
ties of the cervix in vitro at term and early term [16]. There also
exists some in vivo data of cervical forces during pregnancy, but
limited data exists on cervical properties and forces at the time of
birth [17]. Measuring these properties is not easy, nor of priority
during delivery. Therefore, assumptions about forces must be
made from existing data to model the scenario of delivery at a
gestational age of around 28 weeks.

Using data from in and ex vivo testing of pregnant cervixes, the
pressure needed to dilate the cervix was overestimated to be about
30kPa [18-20].

The area of the cervix is approximated as the outer surface of a
cylinder

A =2nrh M
Atr = 0,A = 27(2cm)(2cm) = 8mcm? )
Atr = f,A = 27(5cm)(0.1cm) = mem? 3)

When determining the maximum anticipated pressure, the min-
imum area is A = = cm?. From Drunecky et al., force is estimated
to be 10N

F o1
p=E_ N 30kpa @)
A mem?

This matches Hee et al., where P =4-15kPa, with a safety factor
of 2.

This pressure was chosen to ensure that the device could dilate
a cervix. The cervical pressure was assumed to be constant and
time-related mechanical properties were ignored. In clinical use,
doctors can control the inflation of the device and can account for
viscoelastic or other time dependent mechanical responses with
feedback from the patient and/or clinical exam information.

) i

[ -
Cervical Retractor —,| Perineal Ring
Cervical Balloon
Uterine Ring

Fig. 2 Schematic of the two part device to dilate cervix and
hold birth canal open. A cervical balloon dilates the cervix while
a cervical retractor device with a ring balloon (uterine ring) in
the uterus and a ring balloon (perineal ring) outside the vagina
connected together with beams holds the birth canal open.
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Table 1

Table of design criteria

Design criteria

Requirements Cervical retractor

e Anchor in uterus
e Keep birth canal open
e No sharp edges

Safely deliver fetus

Cervical balloon

e Dilate cervix to 10cm
e Block birth canal until delivery
e Expand radially and not axially

e Take up minimal space in uterus

Minimal harm to mother
o No sharp edges

Withstand forces of birth e Rings must remain open

e Remains open for minimal time

e Slow, controlled inflation

e Expand under constant pressure of 30 kPa

e Beams must not deflect > 1 cm into canal

e Use sanitizable materials
e Easy for physician to use

Medically compatible

e Use sanitizable materials
e Easy for physician to use

The device must also hold the cervix open during delivery.
Although some research has been completed on cervical material
properties, the viscoelasticity of cervical tissue at the time of
delivery is not well understood [16,17]. Therefore, there is little
evidence to suggest how long the cervix will maintain its dilation
and there is a risk that the cervix could retract prior to delivery
being completed, thus leading to head entrapment. A device that
holds the cervix open during delivery will reduce this risk.

Aside from forces directly associated with the cervix, there are
additional forces that occur during birth. Forces from contractions
and the pelvic floor muscles were not considered in this phase of
development. The fetus can also exert a downward force on the
cervix. Research by Allman et al. reported this force to have a
value of 0.8 N and that was used as an additional parameter for
the device design [21].

2.2 Cervix Phantom Development. A cervix phantom was
developed for device testing (Fig. 3). This provides a necessary
first benchmark to ensure that the device can overcome the pres-
sure exerted by a cervix during forced dilation. No cervical mod-
els that mimic pressure, effacement, and dilation of the cervix are
known by the authors to exist at this time. Additionally, definitive
values for pressure needed to dilate the cervix up to 10 cm are not
known, so the calculated pressure of 30kPa was used to design
the cervix phantom.

The design involved a loop of material placed in tension by a
high extension spring. To determine the correct spring constant,
the force of the spring was related to pressure and balloon size
according to Eq. 8. As shown in Fig. 4, r is balloon radius, x is

High
Extension
Spring
Nylon Strap Caliners

_——
Saline Inlet
Tube

e

Pressure

Gauge \T

‘\Cerv1cal
Balloon

Saline
Filled _,
Syrlnge

Fig. 3 Cervix phantom comprising of a wooden frame, eyelet
screws, nylon webbing, and high extension spring. Close up of
cervical balloon being tested in the phantom on bottom right.
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length of spring extension, 4 is strap height, T is the tension in the
band, and P is the internal balloon pressure

2T = 2Prh = 2P(ro + Ar)h ®)

T = kx = k(xo + 27Ar) (6)

T = P(ro + Ar)h = k(xo + 27AF) v
P(ro + Ar)h
k=—"——"

Xo + 2mAr ®

To expand under a constant 30 kPa of pressure, the spring needs
to be nonlinear. However, it is unclear if the cervix resists dilation
with constant pressure so this requirement may not be strictly nec-
essary. A spring constant of 131 N/m was chosen to test the
device.

2.3 Cervical Retractor Development. A cervical retractor
component was designed to maintain cervical dilation during
delivery. It was constructed of two inflatable rings: one placed in
the lower uterine segment (uterine ring) and the other placed out-
side of the vagina on the perineum (perineal ring). Six stabilizing
beams were used to connect the rings and provide rigidity to coun-
ter the pressure by the cervix and birth canal. Final dimensions of
the retractor were as follows: maximal outer diameter of 14 cm,
inner diameter of 12 cm, and a cross-sectional diameter of 1 cm.

In this prototype, the perineal and uterine rings are identical.
The device cannot be placed backward as the beams are symmet-
ric. In future iterations, the perineal ring may differ from the
uterine ring to provide greater stiffness.

The beams are designed to follow the shape of the pelvis, mod-
eled from the pelvic curvature of standard forceps and thus they
are curved (Fig. 5). The beams have a “T” cross section to allow
their ends to fit into molded features in the inflatable rings and not
twist as the uterine rings inflate. The “T” also provides sufficient
rigidity and bending strength. The flat surface of the “T” faces the
open channel to ensure nothing protrudes into the passageway
while the fetus is delivered. The exterior surface of the columns

—T
4
—T 2r <+« P
! /
b

Fig. 4 (Left) Diagram of cervix in phantom for Eq. (5). (Right)
Free body diagram of the phantom strap around the cervix
balloon.
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Fig. 5 Redesign of cervical retractor beams to follow the cur-
vature of the pelvis

could also be wrapped in a plastic sheeting to ensure the sections
of the cervix not supported by the relatively thin columns are also
held open sufficiently.

The number of beams in this prototype was set at six. This was
an attempt to sufficiently distribute the load over the individual
beams, while balancing the need to maximize available space.
Fewer beams would result in a reduction of the available space for
a fetus to pass through due to the inability to create a circular
shape. However, an excessive number of beams would become
cumbersome and difficult to insert into the cervix at 4 cm dilation.

High-density polyethylene (HDPE) was selected for its elastic
modulus to provide sufficient rigidity to prevent bending and sub-
sequent protrusion of the columns into the birth canal under load.
The prototype devices uses 3D printed beams to enable tests to
rapidly converge on the final geometry, but injection moldable
HDPE or similar biocompatible plastics should be used in any
future prototypes that might be tested in patients.

The beam performance was predicted through initial closed
form analysis verified with a finite element model to check for
buckling of a circular arch under continuous load. Each model
had margin for error, so both methods were checked against each
other to help rapidly evolve the design and enable future scaling
of the device. The software aBAQus standard (version R2017x),
was used for the finite element model. The mesh used linear hexa-
hedral elements of type C3D8R with an approximate global size
of 1 (Fig. 6). The mesh was dependent on the beam geometry.
The beams were modeled as pinned on both ends. The cervix is
approximated as a cylinder with a 30cm circumference and a
1 cm height that exerts a pressure of 30kPa over its entire area.
Thus, a total force of 94 N is applied to the six columns of the cer-
vical retractor. Assuming the load is distributed equally over the
six columns means that each column experiences a 15.7 N load.
Dividing this force over the area of contact for each column
(17 cm) equates to a pressure of 157kPa (0.157 N/mm?). In

Fig. 6 aBaaus model of the cervical retractor beams with the
mesh shown

021002-4 / Vol. 15, JUNE 2021

addition to the pressure applied by the cervix, an additional pres-
sure of 5kPa (0.005N/mm?) was applied to the outer surface of
the columns to represent the pressure imposed by the birth canal
(Fig. 7).

The finite element model resulted in a maximum stress of
1.04 x 107 N/mz, which is less than the yield strength of HDPE,
around 2.7 x 107 N/m?. The maximum stress occurs at the end
connection of the columns, which is an area of error for the model.
The maximum stress along the length of the column is 4.23 x 10°
N/m?. The maximum deflection, 3 mm, is at the location of the
load from the cervix (Fig. 8).

Analysis estimated a deflection of up to 5.25 mm and a critical
buckling load over 84 N. For analysis, deflection of a fixed end
flat beam with a uniform load was used (Eq. (9)). Since the beams
are curved and materials fail in tension, the equation overesti-
mates the deflection for the convex beams and underestimates it
for the others

4
5max = il
384EI

(C)]

The formula for critical pressure at which buckling of a uni-
formly compressed circular arch occurs (Eq. 10) was used [22]

~_E (n2 1)
qull - R?’ az

Although the analysis methods are not in perfect agreement,
they provided the confidence to move forward with manufacturing
and testing. Even in the most extreme predicted case, there will be
sufficient space for the fetus to be delivered through the cervical
retractor (<1 cm deflection) and the beams should not fail under
load. The uterine and perineal rings were thermoformed from flex-
ible thermoplastic polyurethane sheeting. This material was
selected to allow for sufficient malleability so that the rings can be
folded during insertion. The beams are attached using thermo-
formed pockets on the rings. When the uterine rings are inflated
they become rigid and expand to the desired diameter of 12 cm,
ideally large enough to not be expelled by the uterus during deliv-
ery. Ring rigidity is imperative to ensure the cervix stays open
during delivery. Rigidity of the rings was estimated using calcula-
tions that predict critical buckling pressure of a pressurized toroi-
dal ring [23]. This calculation considers several variables,
including the ring wall thickness and internal pressure. The mate-
rial used for prototyping had a wall thickness of 0.16 mm, which
equates to a critical buckling pressure of 1kPa with an internal

(10)

Birth Canal
/ Pressure

Ve

¥

Fig. 7 aBaaus model of cervical retractor with locations of the
pressure experienced while holding open the cervix and birth
canal
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Fig. 8 Von Mises stress and deformations in the finite element
model. Stress is displayed in N/mm?.

pressure of 1kPa. This closely matches the testing result of
1-3kPa buckling pressure. The following equations (Egs.
(11)—(13)) determine P, the out of plane ring buckling circumfer-
ential pressure given the constants in Eqs. (14)—(21):

94 1.125T
7o = P+S
o 1+5¢ 12375+ 13.875¢ r

4+ 5¢ 0.5 +0.625¢
T s+p TPy 03T002)
(1)

4o EL
=" (12)

q
P, =— 13
b =5m (13)

Given the following constants:

JG
r=— 14
EI (14)

AGR?

= 1

2EIL (13)

PAR?
P= 16
I (16)
A =2nrt (17)
A = (18)

r

=— 19
c=xz (19)
I =nr't (20)
J =2mr't 1)

Calculations indicate that a completely solid ring of thermoplastic
polyurethane would be needed to withstand 30 kPa. However, a
slightly stiffer material could be used in an inflatable device to
resist buckling under higher pressure values. Preliminary testing
was done to confirm that thicker walls would improve the device
with regards to the point at which buckling would occur. A test
retractor with rings made from polyurethane tubing, outer diame-
ter 12.7 mm (0.5 in) and inner diameter 6.35 mm (0.25 in), demon-
strated the ability to withstand approximately 30 kPa of pressure
applied by the cervical phantom. The tubing was not internally
pressurized and was connected to itself using a 3D printed double-
ended tube stopper that defined the ring’s diameter through it’s
own curvature. However, it is expected that the pressure required
to maintain cervical dilation at 10cm will be significantly less

Journal of Medical Devices

than 30kPa estimated for this study, as the cervix will have
already dilated to the full diameter at this time. Knowing the cer-
vical properties at the point of full dilation would help clarify the
maximum pressure values exerted and guide subsequent design
improvements of the uterine and perineal rings.

2.4 Cervical Balloon Development. A balloon concept was
selected to dilate the cervix, as saline-filled balloons are common
in medical applications [24]. Initially, both compliant (elastic) and
noncompliant balloon materials were considered, but a compliant
design was selected due to nonlinear effects in noncompliant bal-
loons. To achieve the desired expansion from 4cm to 12cm in
diameter, a compliant balloon material needs to accommodate a
stretch of at least 300%. A two part silicone platinum rubber was
selected to provide the necessary stretch and to represent a medi-
cally compatible material. A wall thickness of 0.15cm was
selected for initial testing, as that would be thin enough to inflate
by hand, but thick enough to mold easily. A higher wall thickness
also decreases the effect of effacement in concentrating force on
the balloon. As wall thickness increases, the assumption of low
internal resistance to bending becomes less valid. The bending
resistance of the balloon will reduce the deformation, distributing
the load across more of the surface of the balloon. Another mea-
sure to decrease the force concentrations caused by effacement is
to reduce expansion in the vertical direction. This also reduces the
risk of the balloon protruding into the uterus. A central column
was molded in the balloon to resist excessive vertical expansion
as well as to decrease the amount of saline needed to inflate the
device. ABAQUS was used to verify that the central column would
create the desired balloon expansion (Fig. 9). The simulation
accounted for nonlinear behavior by using the Ogden hyperelastic
material model. Additionally, effectively inextensible Kevlar
strings were placed vertically along the outside edge to reduce
excessive vertical expansion. Processes for incorporating the Kev-
lar strings included direct application with glue or incorporation
into the wax mold. Once the geometry of the balloon was final-
ized, lost wax casting with a 3D printed mold was used to create
the balloons (Fig. 10).

2.5 Syringe-Pump System. The system for inflating the
device consists of commonly available medical syringes, intrave-
nous (IV) saline bags, and tubing connectors so that medical
practitioners can easily operate the device. The system employs
three-way stopcocks that connecting the IV bag, balloons, and
60mL syringes. The syringes are used to pump saline out of the
bag and into the balloon. For the cervical balloon, a one way valve
is used as well as an additional syringe to deflate the balloon
(Fig. 11). The amount of force necessary to operate the system

S, Mises

(Avg: 75%)
+8.960e+05
e
+7.485e+ / [
+6.748e+05 y IR !ﬂm
+6.010e+05 ! = pagp)
+5.272e+05 ;
+4.535e+05
+3.797e+05

+3.060e+05
+2.322e+05
+1.584e+05
+8.468e+04
+1.092e+04

Fig. 9 aBaaus simulation showing von Mises stress and radial
expansion of the balloon when axial expansion is constrained
with a central column. The simulation used an internal pressure
of 30kPa. Stress is displayed in N/'mm?2. The balloon stretches
radially because it experiences the most stress on the outer
surface.
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Fig. 10 Cervical balloon pre-inflation, left, and postinflation,
right, showing preferential inflation in the radial direction. Initial
height is 3cm and initial diameter is 4 cm. Final height is 5cm
and final diameter is 8.5cm.

To Syringe

Ring Balloon
© * To Splitter then IV

To Syringe To Syringe

<

Fig. 11 Schematic of syringe pump system. The three headed
arrows represent three-way stop cocks. The single headed
arrow represents a one-way valve.

manually was calculated to ensure that the balloon could be filled
by healthy practitioners. The force a practitioner’s thumb would
need to exert on the syringe was found to be 20 N. Through exper-
imentation, this was found to be within the range of operational
comfort.

3 Results

3.1 Cervix Balloon Testing. Several iterations of the cervical
balloon were tested using the cervix phantom. The maximum dila-
tion achieved by a balloon in the cervix phantom was 8.5cm of
dilation. The reason these trials could not progress beyond this
level of dilation was due to manufacturing defects of the balloon
that resulted in leakage at that point. Our resources to manufacture
the balloons were limited, but the technology sound, so achieving
larger more reliable rings this should not be an issue for appropri-
ately funded further work. The phantom was manually tested by a
board-certified obstetrician-gynecologist with experience in cervi-
cal exams to confirm that the stiffness of the model was consistent
with the expected in vivo level of cervical stiffness during labor.
During testing, the balloon produced maximum pressure values of
about 30 kPa, which aligns well with our estimate of 30 kPa neces-
sary to dilate the cervix. An in line dial pressure gage, =2%

40 T T T T T T T
Adjust Balloon
351 Phantom Leaks 7
A30 | Strap ~ i
©
225 . :
[
=20 C 4
=
3 g
915 L] ___________'
o i -
10 . 1
— ‘Predicted Phantom Pressure
5 —Adjusted Phantom Pressure
e Data
0 L L L L
40 50 60 70 80 90 100 110 120

Diameter (mm)

Fig. 12 Testing results and analysis for cervical balloon
inflation
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accuracy, and 2kPa resolution, measured the pressure in the bal-
loon. A one-way valve prevented back flow and allowed for a
static pressure measurement. Additionally, the pressure values
recorded are similar to predicted pressure values, with a constant
factor of 2.5 between them. Measured pressure in the balloon, pre-
dicted pressure the phantom applies, and phantom pressure
adjusted for friction are graphed versus the balloon’s diameter
(Fig. 12). The source of the difference between predicted and
measured pressure is suspected to be due to friction, as there are
certainly frictional forces between the balloon and retractor ele-
ments involved that were not accounted for in our spring-pressure
relation. Assuming the difference is attributable to friction, this
would correspond to a frictional constant of 0.15, which is plausi-
ble for the materials we used. Future work would aim to reduce
the coefficient of friction by about half by using biocompatible
lubricants.

3.2 Cervical Retractor Testing. The cervical retractor was
tested in a similar setup with a spring scale to determine the cir-
cumferential pressure that would lead to buckling of the inflated
rings. The spring scale was used in place of a spring due to lack of
availability of weak springs with known spring constants. Using
the same relation, this showed that the retractor rings would
buckle at 1-3 kPa of pressure. This matches well the 1kPa calcu-
lated using an out of plane ring buckling hand calculation [23].

4 Discussion

4.1 Cervical Balloon. The maximum dilation of the cervix
phantom achieved by the cervical balloon was 8.5 cm, above the
minimum necessary diameter of 8.04 cm, but below the goal of
10 cm. Improvements in the manufacturing quality of the balloon
should increase the maximum dilation achievable due to the limit-
ing factor of balloon expansion appearing to be a manufacturing
defect and not an essential design failure. The manufacturing pro-
cess typically inadvertently produced up to six holes in the bal-
loon, along the junction between the tubing and the balloon, all of
which were potential failure points resulting in leakage, in addi-
tion to the defects from inadequate liquid polymer degassing dur-
ing the molding process. The connection between the tubing and
the balloon may also be a potential source of leaks. This could be
resolved by adding a shaped connection to reduce the concentra-
tion of stress. During testing, several balloons did not leak at this
junction; therefore, it seems plausible that the silicone glue used
would be acceptable if an appropriate application process was
developed and tested.

4.2 Cervical Retractor. The measured 1-3kPa buckling
pressure of the cervical retractor rings is well below the estimated
target of 30kPa necessary to dilate the cervix, but calculations
showed that increasing wall thickness could raise the buckling
pressure significantly. However, when the cervix is fully dilated,
the mechanical properties of the cervix would be expected to
change and exert less pressure but to what degree is unknown.
Determination of a more exact estimate of this pressure would be
an important future step for research into devices for cervical
retraction. Additionally, since the perineal ring never enters the
bodys, it is possible to modify the design of the retractor to incorpo-
rate a solid perineal ring. In this case, it would likely be necessary
for the clinicians to attach the perineal ring to the rest of the retrac-
tor after the cervix has been dilated since the solid ring would not
be able to be folded and placed at the time of insertion.

4.3 Future Work. The initial device developed and tested
can be greatly improved with advanced manufacturing techniques
and technology, as well as a few design changes. However, the
lack of available data on the material properties of the cervix,
uterus, and vagina limit the extent to which the device can be
evolved. Accordingly, the device itself could be modified in order
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to remedy the lack of data available about cervical properties at
the time of birth. Attaching a digital pressure gage in line with the
cervical balloon capable of logging data could collect valuable
information on cervical properties that could then help to evolve
the device. Similarly, a device that measures the volume of the
balloon in concert with balloon pressure would provide additional
information on the mechanics of cervical dilation. Because the
device would eventually be used in a medical context, subsequent
versions should be made with medical grade sterilizable materials.
Additionally, the folded geometry of the device (including the cer-
vical balloon, retractor, and tubing) will need to fit into the antici-
pated 4cm diameter of a partially dilated cervix. Special
packaging or an additional insertion device could be made to
facilitate insertion. In future design iterations, the cervical retrac-
tor design should also seek to increase the pressure with standable
by increasing uterine and perineal ring wall thicknesses or consid-
ering a solid perineal ring. If increasing the wall thickness on the
uterine ring significantly decreases folding capabilities, linkages
or hinges might be used but pinch points are of concern. Cervical
balloon design changes should focus on increasing maximum dila-
tion diameter as well as potentially adding features to encourage
proper placement relative to the cervix. For the cervical balloon,
more advanced manufacturing techniques will be needed to
remove air bubbles, create even wall thicknesses, and patch holes
inherent to the manufacturing process. There are many custom
medical balloon sources and it is suggested to work with one of
them for further balloon development. To counter the risk of bal-
loon failure, a double-walled design or multiple balloons inside a
single encasing could be used. In addition, in the case of a clinical
emergency where quick removal is necessary, the balloons could
potentially be attached to a suction system so that the saline could
be removed rapidly and the device withdrawn quickly.

5 Conclusions

Development of this device prototype has shown that a balloon
derived device can expand to 8.04 cm in the setting of a phantom
used to mimic the cervix. This dilation can then be maintained
with a retractor to create a channel through which the fetus can be
delivered. Further development of this device could help obtain
data on cervix’ mechanical properties, in turn enabling develop-
ment of better medical devices that engage the cervix. Ultimately,
it is envisioned that an approved medical device will be developed
that mitigates the risk of head entrapment by the cervix in the
extremely preterm vaginal breech fetus to enable avoidance of C-
sections in this population.
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