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Abstract

Purpose — The purpose of this study is to describe the design and validation of a three-dimensional (3D)-printed phantom of a uterus to support the
development of uterine balloon tamponade devices conceived to stop post-partum haemorrhages (PPHs).

Design/methodology/approach — The phantom 3D model is generated by analysing the main requirements for validating uterine balloon
tamponade devices. A modular approach is implemented to guarantee that the phantom allows testing these devices under multiple working

conditions. Once finalised the design, the phantom effectiveness is validated experimentally.

Findings — The modular phantom allows performing the required measurements for testing the performance of devices designed to stop PPH.
Social implications — PPH is the leading obstetric cause of maternal death worldwide, mainly in low- and middle-income countries. The proposed
phantom could speed up and optimise the design and validation of devices for PPH treatment, reducing the maternal mortality ratio.
Originality/value — To the best of the authors’ knowledge, the 3D-printed phantom represents the first example of a modular, flexible and
transparent uterus model. It can be used to validate and perform usability tests of medical devices.
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1. Introduction

Physical models of organs, or phantoms, are already used in
medicine to plan and simulate surgical operations, develop and
test new devices and train medical staff and patients. Additive
manufacturing (AM), coupled with tomographic scans of the
human body, makes it possible to obtain highly accurate and
patient-specific, three-dimensional (3D) physical models at a
relatively contained cost. Through these models, surgeons can
select the most suitable surgical approach and estimate surgical
risks in the preoperative stage without using cadaveric samples,
avoiding the transmission of infectious agents and solving
ethical issues (Wang ez al., 2017). Despite this broad use of
3D-printed phantoms, their application in the field of the
reproductive system and, more generally, in gynaecology is still
limited (Flaxman er al., 2021), even if a few interesting
examples are already available (Cooke et al., 2019; Flaxman
et al., 2021; Kondoh ez al., 2019; Mackey er al., 2019; Sayed
Aluwee et al., 2017). This is a relevant issue because phantom
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could be wused to assist reproductive techniques, help
presurgical planning, provide additional support for validating
medical devices and favour studies on endometriosis (Barbosa
et al., 2019). Indeed, several gynaecological simulators are
already available on the market, but they are, for example, not
conceived for validating medical devices. This study is part of
a broader project focused on developing an innovative device
for treating an obstetric emergency called post-partum
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haemorrhage (PPH). Thanks to 3D-printing technology, the
study aims to address the lack of a proper validation setup and
related procedure to drive the preliminary lab testing of this
device as a fundamental step for supporting its development.

PPH is defined as blood loss above 500 ml within 24 h of
birth. It is the leading obstetric cause of maternal mortality
worldwide, especially in low- and middle-income countries
(LMICs) (World Health Organization, 2012). Reducing the
global maternal mortality ratio is one of the targets of the third
Sustainable Development Goal (SDG 3, Good health and well-
being) of the United Nations (United Nations, 2021). The
most common cause of PPH is uterine atony. The myometrial
contraction that follows delivery is the first mechanism of
haemostasis, and when uterine tissue loses tone, bleeding
occurs. PPH can be managed in developed countries using
uterotonic drugs and uterine balloon tamponade (UBT)
devices like the Bakri® Postpartum balloon, consisting of a
double-lumen catheter that allows blood drainage and
monitoring of the bleeding (Cook Medical, 2021).

On the contrary, PPH is life-threatening in LMICs, because
UBT solutions are prohibitive due to their costs. The low-cost
alternative to UBT 1is the so-called “condom balloon
tamponade” (CBT) solution (World Health Organization,
2012). This solution consists of a condom tied to a catheter
through strings, inserted into the uterus through the cervix and
filled with physiological solution or water to stop the bleeding
(Figure 1). However, the methods used to connect the condom
to the catheter usually result in leakage, and specific training is
required to perform the procedure. Attempts to overcome these
limitations are available (Massachusetts General Hospital,
2021; Mishra er al., 2016) with few results. Therefore,
developing a new low-cost CBT kit for LMICs is necessary.

The mechanism of action of UBT devices in stopping the
bleeding is a combination of several concurring factors
(Georgiou, 2012). However, if the balloon’s pressure on the
uterine wall is higher than that of the bleeding vessel, then the
bleeding should stop (Condous et al, 2003; Danso and
Reginald, 2012). In years, the effectiveness of UBT devices was
also observed in-vivo using devices working at lower pressures
(Antony et al., 2017; Belfort ez al., 2011; Georgiou, 2010; Kong
and To, 2018). Nowadays, new UBT solutions should
demonstrate their equivalence to devices already on the market
for being commercialised as medical devices, following the
Food and Drug Administration (FDA) premarket notification
or the 510(k) pathway (Food and Drug Administration, 2021).
Multiple tests are usually performed to assess the mechanical
properties of these devices, including, for example, the
measurement of the intraluminal pressure (ILP), that is, the

Figure 1 How a condom balloon tamponade kit works: (a) the deflated
probe cover; (b) the inflated probe cover. Images inspired by
(MedicalAidFilms, 2021; Candidori et al., 2021)
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pressure inside the balloon/condom, and of the intrauterine
pressure (IUP), that is, the pressure exerted by the balloon/
condom on the internal uterine walls. However, how to
perform these measurements, i.e. the procedure to follow and
the necessary testing setup, is not specified.

In this study, the testing setup described in Mollazadeh-
Moghaddam ez al. (2019) was considered a reference because it
was used to test a CBT device that received FDA approval
(Food and Drug Administration, 2019).

Then, we exploited the potential of AM technologies to
provide an effective strategy to improve and make systematic
the design and validation phases of new CBT solutions. To this
aim, we developed a modular 3D-printed phantom of the
woman’s uterus (where the PPH occurs and the UBT/CBT
device is inserted), whose effectiveness was validated by testing
a commercial CBT device. The uterus phantom allows
usability testing, as CBT solutions require specific training
about their assembly and correct usage. Hence, the
contribution of this paper is to demonstrate the potential of 3D-
printed phantoms in supporting the design and testing of a
gynaecological medical device.

The paper is organised as follows: Section 2 presents the
state-of-the-art in the use of anatomical 3D-printed phantoms
in medicine, with a focus on the gynaecological field; Section 3
describes the method used to design and 3D-print the proposed
modular phantom and the protocols of the validation tests;
Section 4 presents the obtained results; in Section 5,
conclusions are reported.

2. Background

Although virtual models and technologies are increasing in the
medical field, physical models provide tactile feedback and a
better perception of the dimensions of the organ, thus allowing
surgeons to develop a clearer understanding of the surgical
anatomy (Marconi et al., 2017; Smelt ez al., 2019). Unlike
conventional manufacturing methods, AM technologies have
made more affordable the possibility to create high-quality
phantoms (Gebhardt, 2012), especially for visual inspections in
several surgical subspecialties such as cardiac surgery (Bartel
et al., 2018; Giannopoulos, Mitsouras, et al, 2016;
Giannopoulos, Steigner, ez al., 2016; Kim ez al., 2008; Riedle
et al., 2021; Vukicevic et al., 2017; Yoo et al., 2016; Yoo and
van Arsdell, 2018), neurosurgery (Baskaran ez al., 2016;
Randazzo et al., 2016; Vakharia er al., 2016), spine surgery
(Garg and Mehta, 2018; Senkoylu ez al., 2020; Sheha et al.,
2019; Wilcox et al., 2017), craniomaxillofacial surgery (Choi
and Kim, 2015; Ghai er al., 2018; Meglioli ez al., 2020),
abdominal surgery (Bangeas et al., 2019; Muguruza Blanco
etal.,2019; Perica and Sun, 2018; Pietrabissa et al., 2020; Soon
etal., 20165 Sun, 2020; Tejo-Otero et al., 2021; Witowski ez al.,
2017), thoracic surgery (Giannopoulos, Steigner, ez al., 2016)
and urology (Ghazi and Teplitz, 2020; Mathews ez al., 2020).
In preoperative planning, these models allow surgeons to
visualise the patient’s anatomy, anticipate potential difficulties
and tailor their surgical approach accordingly. Physical models
help reduce intraoperative time, minimise anaesthetic and
radiation dosage and optimise surgical outcomes. If the
phantom can replicate the consistency of biological tissues,
then it may also allow the simulation of the operation.
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However, to provide 3D-printed phantoms which such a
capability, further research efforts are needed because of the
difficulties of correctly mimicking the behaviour, particularly of
soft living tissues, with currently available materials (Tejo-
Otero et al., 2022; Tejo-Otero ez al., 2020a; Tejo-Otero er al.,
2020b).

3D-printed phantoms can enhance the education of trainees
and patients and can be used to facilitate interdisciplinary
communication between health-care providers (Yap er al.,
2017). Current surgical training in several specialities is mostly
opportunity-based, limiting the trainees’ constant exposure to
the various procedures. However, most of the existing
simulators used for educational purposes only roughly mimic
the details of human organs’ morphology and physical
properties. The preoperative visual inspections can potentially
revolutionise surgical education, leading to a requirement-
based standardised approach (Giannopoulos, Mitsouras, et al.,
2016). Besides, 3D-printed models represent an effective and
innovative tool at the disposal of the specialist and the patient,
capable of bridging the language gap between these figures
through a practical and tangible approach. They also increase
the awareness of the patients and their families regarding the
risk of the operation and make it easier for the surgeon to obtain
informed consent (Marone ez al, 2018). Eventually,
anthropomorphic 3D-printed models are increasingly used to
validate and test medical devices because they allow for
preliminary validation before running -vivo experiments.

As already underlined, a few examples of phantoms for
surgical treatment of gynaecological pathologies exist in the
literature. In Ajao er al. (2017), a 3D-printed model of deep
infiltrating endometriosis with an unusual nodules’ location
was generated from magnetic resonance imaging (MRI) to
support the selection of the best surgical approach for the
specific case study. In Flaxman er al. (2021), 3D-printed
patient-specific models were obtained from MRI-derived
images for surgical planning and risk reduction of complex
myomectomies, that is, removal of uterine fibroids.
Anthropomorphic phantoms were also used for preoperative
evaluation of complex hysterectomies, that is, the uterus’
removal. In Sayed Aluwee ez al. (2017), two technologies were
combined to obtain five patient-specific polymeric uterus
phantoms to improve the accuracy of the surgical procedure. In
Mackey er al. (2019), an extrusion-based technology is used to
obtain a patient-specific uterine model and highlight the
best location to apply the incision for a complex caesarean
delivery because of fibroids. In Kondoh er al (2019), a
postpartum uterine cavity model was manufactured using
stereolithography, starting from computed tomography (CT)
data. However, the authors themselves highlighted as
limitations the fact that the model was derived from CT images
of a single patient and that it barely mimics the elastic
properties of the tissue. Eventually, in Cooke ez al. (2019), two
cases of 3D-printed patient-specific models for the preoperative
planning of minimally invasive gynecologic surgeries are
presented. They are created by following a dedicated protocol
and using MRI.

Gynaecological and obstetric training is primarily performed
using simulators, commercial products conceived only for the
education of healthcare providers (Laerdal, 2021a; Limbs and
Things, 2021). Medical professionals use uterus simulators for
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exercises involving the simulation of vaginal deliveries and
possible bleeding, significantly reducing severe haemorrhage
cases and blood transfusion rates after birth (DeStephano ez al.,
2015). However, while commercial simulators are suitable for
training, they cannot be used for device validation.

These models are often unrealistic and loosely reflect the
specific morphological characteristics of the tissues but only
replicate the dimensions of the female uterus. Being not
transparent, they do not allow us to visualise the inside of the
organ. The data in the literature regarding the characterisation
of uterine or cervical tissue refer primarily to tests performed on
pathological tissues obtained following hysterectomies. These
data do not provide helpful information regarding the change in
the mechanical behaviour of the tissue during the various stages
of pregnancy and childbirth and refer to specific portions of the
organ. One of the few studies available in the literature to deal
with this lack is Myers ez al. (2010). In this paper, a mechanical
testing protocol was developed to investigate the response
of pathological cervical tissue to wuniaxial tension and
compression. Mechanical responses were compared between
samples obtained through hysterectomies in patients with
different obstetric backgrounds. The results demonstrate the
anisotropy of the cervical tissue, the asymmetry between the
two studied loading conditions and the dependence of
mechanical properties on obstetrical experience. Two further
studies (Kauer er al., 2002; Mazza et al., 2006) describe the
mechanical properties of the human uterine cervix and body
evaluated through -vivo and ex-vivo aspiration experiments.
Tests were performed by inserting an aspiration device,
consisting of a tube in which the internal pressure can be
controlled, into the organ. By pushing it against the tissue and
creating a vacuum, the tissue is sucked through the aspiration
area: images of the tissue profile are simultaneously acquired
and analysed. However, these data help compare patients
with different pathologies. Eventually, indentation tests are
performed on uterine tissue samples excised from several
anatomical locations (fundus, anterior and posterior wall of the
uterus) and sliced through their thickness (Fang ez al., 2021).
The results show that the uterine tissue displays heterogeneous
and anisotropic mechanical properties at different locations
and across different layers through the wall. Again, however,
the pathological nature of the specimens influences the results.
Despite all these relevant efforts, the lack of data on the
characterisation of healthy uterine and cervical tissues makes it
challenging to develop a uterine phantom with mechanical
characteristics similar to the physiological organ during and
after pregnancy.

However, despite this lack of data, given the relevance of
developing an adequate setup for testing gynaecological
devices, there are few cases regarding developing reproductive
system phantoms for device validation in the literature. In
Whalen et al. (2021), a cervical phantom, not 3D-printed, was
designed to simulate the compressive force exerted by the
cervix on a mechanical device to achieve optimal dilation
during delivery. This physical model made it possible to verify
that the device enables vaginal delivery by preventing retraction
of the cervix against the foetus during delivery.

In Mollazadeh-Moghaddam ez al. (2019), three machined
aluminium uterus phantoms of three different sizes were made
to test CBT devices and evaluate their function when subjected
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to high ILP values. The proposed aluminium phantom does
not allow seeing inside the cavity, and its rigidity does not
simulate uterine and cervical tissue consistency. A further study
(Hu er al., 2020) proposed a phantom of a uterus in three
different sizes. They were 3D-printed in polycaprolactone to
validate a UBT device. In this case, the phantoms were
designed to measure the IUP value, that is, the pressure exerted
by the balloon on the uterine walls. Also, in this case, the
uterine models are rigid and unable to mimic the elastic and
contractile properties of the uterine muscle. In addition, the
different sizes of the models represent the different sizes that the
uterus reaches during gestation but do not mimic the variable
dilations of the cervix. This phantom only represents the uterus
and fails to mimic the vagina, as it lacks tissue at the cervical
end of the uterine model. The authors underlined this proved
to be a problem: the device occasionally expands slightly
outside the model through the cervical opening, affecting the
intrauterine pressure exerted by the balloon on the phantom
walls.

As highlighted through this state-of-the-art analysis, there is
the need to design and fabricate a phantom of a uterus that
could work as an effective setup for UBT/CBT devices’
validation and approval because current commercial simulators
are not designed for this purpose. To address this need, we
propose a method for designing and fabricating a modular
uterine phantom that overcomes the limitations of commercial
simulators and existing phantoms for medical device validation.

3. Materials and methods

3.1 Definition of the phantom design requirements
Before starting the design of the modular phantom, an analysis
of the structure of the real organ was made. This analysis is
essential to evaluate the biomechanical characteristics of each
part of the organ and tissue relevant for validating a UBT/CBT
device. Besides, it was also crucial to reach a proper trade-off
between the effectiveness of the phantom for the device testing
and the need to guarantee its technical feasibility.

The uterus or uterine cavity is composed mainly of two
portions that have different physiological functions and
mechanical behaviour: the body of the uterus and the cervix.
The literature is confusing, as the term uterine cavity is used to
describe the endometrial cavity with the endocervical canal by
some authors and the endometrial cavity only by others
(Goldstuck, 2012). In this paper, the term wuterine cavity
represents the inner of the uterus without the endocervical
canal and opening. During the labour, the cervix dilates, and
PPH could occur immediately after the delivery or some hours
later (within 24 h). PPH could also arise after caesarean
delivery: in this case, there could be different cervix dilation
conditions according to what time of labour or even out of
childbirth the caesarean section takes place. From these initial
considerations, the requirements for the design of the phantom
were set.

The first requirement is to reproduce the actual size and
shape of the uterus at the time of delivery. Data were taken
from a study on two-dimensional ultrasound images of the
uterus and cervix in pregnant subjects (Louwagie et al., 2021).
However, it is worth pointing out that during pregnancy, the
uterine tissue easily adapts to the size of the foetus and can
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quickly recover its size after delivery, thanks to the contraction
process that follows the birth. Because of the loss of tissue tone,
which can occur in some clinical cases, the uterus cannot
contract after delivery. This is one of the main complications
leading to PPH. UBT or CBT devices allow to tamponade the
tissue and stop bleeding; they should stay inside the uterus for
24 h. Hence, it is essential to test them in a phantom
reproducing the uterus’ size at the delivery time. The uterus
phantom described in Edwards and Ellwood (2000) roughly
mimics the size and shape of the organ a few days or a week
after delivery. However, it is also correct to consider the uterus’
tissue as atonic and, therefore, unable to contract. In such a
situation, the organ does not quickly reduce in size.

A second requirement related to the previous one is to
validate the device in its worst working conditions in terms of
maximum and minimum cervix dilations. Hence, developing a
phantom that simulates the adaptations of the single parts
throughout the gestation period and finally with delivery is
necessary. In addition, cervical dilations and the different
inclinations of the uterine walls, which change according to the
dilation size, need to be considered.

Given the necessity to validate a UBT device, the phantom
should allow the measurement of all the required parameters
(i.e. the ILP and IUP values). At the same time, for performing
usability tests, the possibility of simulating the bleeding should
be implemented. As we are dealing with a bleeding process and,
thus, with a fluid, the phantom should also guarantee hydraulic
sealing.

Data related to uterine tissue samples obtained from
hysterectomies (Myers et al., 2008) were also considered to
choose the most appropriate material to reproduce the
flexibility of the uterine walls. An additional requirement
related to the material selection was the phantom’s
transparency. This characteristic allows for checking the inside
of the organ during the inflation procedure of the device.

All these requirements were matched with the necessity to
guarantee the printability of the designed phantom using state-
of-the-art 3D printing machines and materials to quickly
validate its effectiveness and foster a wide diffusion of the
proposed solution.

A summary of the requirements is reported in Table 1. The
three main design needs from which they were derived are the
anatomical conformation of the phantom, the possibility of
performing all the necessary validation tests of the device and
the technical feasibility of the phantom.

3.2 Design of the phantom

A modular solution was considered to simulate the different
dilations that can occur after delivery. The phantom was
designed as a single uterus body coupled with different cervices.
The uterine body was designed by referring to data taken from
two studies. In Louwagie ez al. (2021), several measurements of
the structural dimensions of the gravid uterus and cervix during
gestation are available, while in Paliulyte ez al. (2017), fewer
parameters (uterine size in the three directions) are provided.
The phantom was created using Autodesk Inventor™. In
Figure 2(a), its exploded view is shown. It consists of the uterus
body, three interchangeable cervices, two flanges and a sealing
ring. Three cervix models with different distal diameters and
extensions were considered to simulate diverse delivery
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Table 1 Definition of the phantom primary design needs and requirements
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Adequate anatomical
conformation of the

Needs
Possibility to perform

all the necessary validation Technical feasibility

Requirements phantom tests of the device of the phantom
The anatomical shape/size of the phantom must

mimic the uterus at the time of the delivery v v

The phantom must allow the testing of the

device in different delivery conditions v v

The ILP and IUP values must be measurable 4

The phantom must simulate the flexibility of the

uterine walls v v

The phantom must allow the visual monitoring

of the inflation process of the condom/balloon v/

The phantom should be printable using state-

of-the-art 3D printing machines and materials 4

Figure 2 CAD model of the uterus phantom: (a) exploded view; (b) the assembled CAD model with the 20 mm cervix, (c) with the 50 mm cervix and (d)
with the 80 mm cervix. The "extension" and "diameter" dimensions correspond to the values reported in Table 2

b

Cervix ~ -

20 mm
Cervix
50 mm

Sealing
Gripping ring
zone

(@)

conditions. The three distal diameters are 20 mm, 50 mm and 80
mm, corresponding to three situations during which PPH could
occur. The assembled versions are shown in Figures 2(b)—(d).
The uterus body has five holes [Figure 2(a)] that were modelled
to allow the connection of pressure transducers to measure the
IUP. The extremities of the flanges were designed as gripping
areas for the phantom to allow different modalities for orienting
the uterus body. The phantom’s orientations with respect to the
horizontal plane (i.e. 100°, 90° and 80°) were estimated and set
based on a discussion with the gynaecologist. A reclinable
structure was also modelled to precisely control the phantom

1"

orientation and guarantee a stable positioning during the
simulation of the device insertion [Figure 3(a)].

An elliptical shape with a vertical semi-axis of 50 mm and a
horizontal semi-axis of 55 mm was used to create the internal
sections of the uterus in the posterior part. For the anterior part
of the uterus, in contact with the plane of separation with the
cervix, a circular shape with a 110 mm diameter was used
[Figure 3(b)]. The values in Table 2 were used to model the
three cervixes [Figures 2(b)—(d)]. The internal volume of the
phantom’s cavity is between 2.5 1 and 3 | in the three
configurations.
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Figure 3 (a) CAD model of the uterus phantom and the reclinable support; and (b) CAD model of the uterus and cervix structure with main dimensions

(@)

Table 2 Dimensions of the three different cervixes with diameters of 20,
50 and 80 mm (Figure 2)

Cervix model Diameter [mm] Extension [mm]
1 20 65.5

2 50 40

3 80 33

For prototyping the phantom, the Formlabs Flexible 80 A
resin (Formlabs Inc., 2017) was used together with the Form
3B printer (Formlabs Inc.). This resin has a Shore Hardness
equal to 80 A and is semi-transparent. Tensile tests were
performed on three dog-bone specimens vertically 3D-
printed with the selected resin and sized according to ASTM
D412 (ASTM International, 2021) to characterise the
material. The manufacturer’s indications for this material
were followed to cure the resin (i.e. 10 min at 60°C). The
machine used for the tensile tests is the MTS Alliance RT/10
equipped with a 1 kN load cell. Tests were performed under
displacement control using a crosshead speed of 500 mm/min
and data acquisition at 20 Hz. A tensile modulus of 17 MPa
was obtained.

Because of the limited data in the literature regarding the
characterisation of healthy and living uterine tissue, seven
specimens with a rectangular cross-section (10 mm x 30
mm) and a height/thickness ranging from 2 to 8 mm,
respectively, were 3D-printed. A gynaecological surgeon
with over 30 years of clinical and surgical experience was
asked to interact with them manually and to identify the
sample with a consistency closer to that of uterine walls.
Based on this tactile feedback, a 2.5 mm thickness (mean
value between the first and the second specimen) was
selected.

12

)

3.3. Three-dimensional printing and assembly of the
phantom

The uterus’ body and the three cervices were manufactured
using a Formlabs Form 3B printer. Four flanges (one for each
cervix and one for the body) were made from a Plexiglass panel
of thickness 2 mm and shaped using the Adom Vrel Laser
CO2-N600/80W laser cutter. Each cervix and body were glued
to their respective flange with Super Attack Power Flex Gel
from Loctite® and connected using M2.5 bolt coupling to
obtain interchangeable disassemblable models. Figure 4 shows
the obtained 3D-printed modular phantom.

For convenience, the reclinable support was manufactured
using two AM technologies. Some parts were 3D-printed using
an Ultimaker 3 and the white Ultimaker Tough PLA
(polylactic acid); for the remaining ones, the Form 3B printer
and the Formlabs Clear resin were used. The support allows
positioning the phantom into the three selected orientations, as
shown in Figure 5.

3.4 Testing protocol and setup for the evaluation of the
intraluminal pressure
To validate the phantom, tests were performed using the Bakri
post-partum balloon (Cook Medical, 2021) to demonstrate
that the phantom allows the measurement of both ILP and IUP
and can be used to validate UBT/CBT devices. The tests for
the ILP were performed using the Bakri device inside the
phantom, and the results were compared with those measured
inside a commercial simulator. The aim was to validate the
correct functioning of the modular phantom and to emphasise
its advantages over commercial simulators that are not
conceived for this purpose.

The Bakri is a disposable device, therefore, not designed to
be wused several times. However, the ILP and IUP
measurements were carried out with the same balloon to
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Figure 4 Modular phantom of the uterus with interchangeable cervices

optimise the number of devices needed for the experimental
campaign. To this aim, a preconditioning process was applied
to the balloon, through inflation/deflation cycles until its
stabilisation. Five preconditioning cycles were performed. By
gradually filling the Bakri balloon with water up to 500 ml as
prescribed in the Instruction of Use, the ILP was measured first
without inserting the device in the simulator (i.e. in the air),
then by inserting it inside the commercial simulator Prompt Flex
PPH Module 1.IM-80101 (Limbs and Things, 2021) which has
a 50 mm cervix and, finally, inside the phantom. The ILP was

Volume 29 - Number 11 - 2023 - 7-20

measured with a pressure transducer (42PC15D pressure
sensors, Honeywell Inc.®, Freeport, IL, the USA).

Figure 6 shows the testing setup used to measure the ILP:
the Bakri in the air [Figure 6(a)]; the Bakri inserted
inside the commercial simulator [Figure 6(b)]; and the
Bakri in the modular phantom with two different cervices
[Figure 6(c) and 6(d)]. Each measurement was repeated
three times. The circuit includes a transducer connected to
the internal lumen of the Bakri. The connection is made
using two stopcocks: a two-way valve allows opening/closing
the hydraulic circuit, while a three-way valve connects the
Bakri alternately to the syringe or the transducer for
filling/emptying the balloon and measuring the pressure,
respectively. A 60 ml syringe was used to fill the balloon
gradually and manually. Tests were performed by filling
the Bakri progressively with water from 0 to 50 ml using
10 ml and 50 ml steps to reach 500 ml. The pressure
developed inside the balloon was measured at each step.
The average pressure and the related standard deviation for
any given volume were calculated. The measured ILP values
for each step were collected through the NI USB-6218
DAQ board (National Instruments, Austin, USA) using
LabVIEW software.

For the commercial simulator, support clamps were used
[Figure 6(b)] to simulate the physiological inclination of the
uterus during childbirth which corresponds to the most

Figure 5 The phantom, with its reclinable support, in three different inclinations: (a) 100°, (b) 90° and (c) 80°

P

0) [—

b T

Figure 6 The setup used for all tests to calculate the intraluminar pressure: (a) Bakri in the air; (b) Bakri inside the commercial simulator; (c) Bakri inside
the phantom with the 50 mm cervix; (d) Bakri inside the phantom with the 20 mm cervix
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critical inclination for a UBT device. If not correctly
supported by the operator, the device can escape from the
cervical opening during inflation because of its increased
weight and the force of gravity. The sliding of the device from
the uterine cavity may compromise the success of tamponade
and slow down the whole procedure of contrasting the
haemorrhage. Clamps are needed to ensure that the simulator
is set at a height equal to that of the phantom and to avoid the
influence of height on the pressure measurements. Besides,
the Bakri was placed inside the simulator so that the posterior
end of the balloon was in line with the cervical opening and
did not leak out. Manually, the operator holds the device in
line with the cervical opening of the simulator, mimicking
what would happen when using the device in a real-life
situation.

3.5 Testing protocol and setup for the measurement of
the intrauterine pressure

The phantom also allowed the measurement of the IUP
exerted by the balloon. This pressure was calculated using a 1
psi transducer (42PC1D pressure sensors, Honeywell Inc.®,
Freeport, IL, USA) inserted into the rear hole of the uterus
body (Figure 7). The transducer was connected to the
phantom through a flexible connector to measure the
pressure exerted by the balloon on the internal walls of the
uterine cavity.

The pressure increases as soon as the balloon, thanks to the
inflating, blocks the cervical opening and does not allow air to
escape. Therefore, the air inside the uterine cavity compresses
and exerts a certain pressure on the internal walls of the
phantom. During iz-vivo conditions, the device cannot exercise
the necessary pressure to stop the bleeding directly on the inner
walls of the cavity only by contact. The device counteracts the
haemorrhage by occluding the cervical opening and exerting a
certain pressure on some vascular structures subjected to
bleeding because the size of the uterus is bigger than that of the
balloon in the maximum inflation condition.

For the IUP measurement, the Bakri was placed inside the
cervical opening of the phantom and held manually for
the entire test duration to ensure that the posterior limit of the
device remained in line with the cervical opening. The balloon
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was inflated to approximately 500 ml, as previously described
for the ILP tests.

Trials were performed with the different configurations of
the phantom: in the configuration with the small cervix
(20 mm) and the medium cervix (50 mm), pressure begins to
develop within the uterine cavity after device inflation when it
perfectly occludes the cervical opening. Tests were also
performed with the 80 mm cervix configuration. Still, in that
case, it was difficult to measure the IUP because the device,
even at its maximum inflation, cannot occlude the cervical
opening. During PPH treatment, the surgeon proceeds by
applying complementary techniques, such as tamponing or
using surgical clamps to close the dilatation manually during
such a wide dilatation. These approaches facilitate the work
of the surgeon and the device under “extreme” conditions. In
our case, therefore, it was considered sufficient to test the
phantom with the medium and small configurations. For
each arrangement, three repetitions were performed to
calculate the mean and standard deviation.

4. Results and discussion

The preconditioning of the balloon consisted of five inflation/
deflating cycles, which led to the five curves shown in Figure 8.
In the first cycle (Figure 8), the Bakri balloon reached a high
initial pressure of 100 mmHg at 50 ml. By repeating these
cycles, the pressure values gradually decrease, becoming more
homogeneous and reaching a maximum of about 110 mmHg
upon reaching 500 ml. The data collected from these first tests
made it possible to understand that balloon preconditioning
was necessary to avoid any influence on the ILP and IUP
values.

After the preconditioning phase, the ILP tests were
performed. The interpolated mean curves, with standard
deviation, are shown in Figure 9. The tests labelled Bakri in
the air reported an average maximum pressure value of
93 mmHg at a filling volume equal to 500 ml, lower than
110 mmHg achieved in the first trial during the
preconditioning (first cycle, Figure 8). This aspect highlights
how the Bakri device is disposable and how its behaviour is
affected by the number of inflation/deflation cycles and the
amount of water introduced into it. The coefficients of

Figure 7 Experimental setup for the measurement of the intrauterine pressure
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Figure 8 Preconditioning phase
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Figure 9 Average intraluminal pressure with the relative standard deviation developed by the Bakri device in different setups
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variation were calculated for all the points of the Bakri in the
air curve: all of them are lower than 0.05, proving that the
preconditioning phase was effective and that the three
repetitions of this test are comparable.

The second test series was performed using the commercial
simulator. In these tests (Bakri in the commercial simulator,
Figure 9), the mean pressure values are equivalent to those
obtained in the previous test (Bakri in the air) at low volume
values (lower than 350 ml). In comparison, they are higher at
high volumes (higher than 350 ml), reaching a maximum
value equal to 115 mmHg at 500 ml. This behaviour is
because, during the filling, the balloon progressively gets in
touch with the internal walls of the simulator, which,
counteracting the expansion of the balloon, determines an
increase in the ILP value. Also, in this case, the coefficients of
variation were computed: they are all lower than 0.05, except
for three points (0.08, 0.07 and 0.06 corresponding to filling
volumes equal to 10, 40 and 500 ml, respectively). For the
two low volumes (i.e. 10 and 40 ml), this higher variability
can be because of errors during testing, while for the
maximum volume (500 ml), it could be because these tests
are operator-dependent.

The third test series was performed using the phantom with
the medium cervix (Bakri in the phantom with the medium cervix,
Figure 9). As in the commercial simulator, the ILP mean values
are superimposed to those obtained in the air at low volumes,
while they become higher at high filling volumes, reaching a
maximum of 96 mmHg at 500 ml. Eventually, the last tests
were performed using the phantom with the small cervix. In
this case (Bakri in the phantom with the small cervix, Figure 9),

o Volume (ml)300

15

—Bakri in the air

—Bakri in the phantom with
the medium cervix

—Bakri in the phantom with
the small cervix
Bakri in the commercial
simulator

400 500

the mean pressure values start to deviate from the reference in
the air (Bakri in the air) at a volume equal to 200 ml, increasing
up to a value equal to 117 mmHg at 500 ml. The behaviours of
these two last curves are because the Flexible 80 A resin, with a
thickness of 2.5 mm, is more deformable than the commercial
simulator’s material. Hence, comparing the Bakri in the
commercial simularor curve with the Bakri in the phantom with
the medium cervix curve, the latter shows a behaviour closer to
the Bakri in the air curve (Figure 9), as the phantom walls less
limit the balloon expansion. The high ILP values of the Bakri in
the phantom with the small cervix curve are instead because of the
geometry of the small cervix. As shown in Figure 4, this cervix
has a funnel shape, limiting balloon inflation compared to all
other geometries. Also, for these two-test series, the coefficients
of variation were lower than 0.05, confirming the repeatability
of the tests.

The results of these tests can be read in two ways. On the one
hand, they demonstrate the effectiveness of the phantom in
allowing the measurement of the ILP needed for the approval
of the device. On the other hand, they highlight the dependence
of this parameter on multiple factors. From an engineering
perspective, it is evident that the ILP value depends on the
stiffness of the material the balloon is made of and the
environment in which it inflates. In the case of confined
expansion, the volume of the uterine cavity and the properties
of the material play a crucial role. The commercial simulator
and the phantom have an internal volume equal to 650 ml and
2.5 1, respectively. Although the phantom volume is four times
bigger than the one of the simulator, comparable ILP curves
were obtained because of the different material properties and
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the stiffness of the Bakri balloon. This aspect was already
highlighted in Antony ez al. (2017). That study demonstrated
that multiple UBT/CBT devices, all effective in obtaining a
“positive tamponade” in-vivo, are characterised by highly
different ILP values, proving that there is not a specific ILP
value to be reached. This result underlines another aspect not
addressed by other researchers: the extreme need for proper
training on using UBT/CBT devices. The tamponade is not
guaranteed only by the fact that a device is approved because it
can reach the target pressure value but also by the operator’s
experience and manual skills. Hence, the designed phantom
can be used to validate the device and train operators in
multiple working conditions.

Figure 10 shows the obtained from the
measurement of the IUP. Six tests were performed, three
with the 50 mm cervix and three with the 20 mm cervix.
The IUP increases only when the device completely occludes
the cervical opening, and this happens almost instantaneously
in the configuration with the 20 mm cervix. Indeed, the
balloon immediately fills up and does not allow the escape of
air from the uterine cavity. At the same time, it begins to exert
pressure on the internal walls of the uterus, compressing the
air inside. The pressure starts to rise until it reaches values
close to 23 mmHg.

The instant at which the balloon occludes the cervix depends
on how full the device is and how the operator holds the device
within the cervical opening. In the case of the 50 mm cervix, the
various tests’ closure of the cervical opening and the increased
intrauterine pressure always occur after at least a 250 ml filling.
In this case, the onset of pressure growth varies between tests
because of the manual procedure. Indeed, the curves do not
overlap, as occurs for the 20 mm cervix. The pressure exerted
by the balloon on the internal walls of the uterine cavity is
higher in the case of the phantom with the 20 mm cervix. This
occurs because the balloon occludes sooner the small cervix,
and the air inside the phantom compresses as the device
inflates.

This result underlines how the operator’s experience and
capabilities are fundamental to dealing with such variable
working conditions, influencing the device design. Indeed, this
test has also highlighted that the balloon becomes effective at
different filling volumes according to the working conditions.
This is an important insight to underline when training the
operators in using it and selecting the urinary drain or saline
bag to be included in the kit.

curves

Figure 10 Intrauterine pressure acquired with a phantom equipped
with the 50 mm and 20 mm dilation cervices
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5. Conclusions

This paper presents a 3D-printed modular phantom of a uterus
for biomedical device validation. This phantom was conceived
to test medical devices that counteract PPHs, one of the leading
causes of maternal death, especially in LMICs. Although
these devices are available, the state-of-the-art analysis has
highlighted the lack of a proper setup and procedure to validate
their effectiveness and collect design feedback before running
in-vivo tests, that is, directly on patients.

The contribution of the study is threefold. First, the
proposed modular phantom further demonstrates the potential
of AM technologies in driving innovation in the medical sector,
with a focus on the gynaecological field. The phantom is one of
the first examples of a 3D-printed uterus model conceived to
validate medical devices. Compared to the model described in
Kondoh ez al. (2019), the proposed phantom is not derived
from medical images of a single patient. It is designed using
mean dimensional values available in the literature and
representing a good compromise between different situations
that can occur after the delivery. Moreover, the material and
the model’s wall thickness were selected to reproduce the real
organ’s consistency in the best possible way. The multiple
commercial uterus simulators nowadays available, such as
MamaU, MamaNatalie or the Postpartum Hemorrhage
Module - PROMPT Flex (Laerdal, 2021a, 2021b; Limbs and
Things, 2021) are conceived for training purposes and not for
medical devices validation. For example, they cannot recreate
the different moments of childbirth and the natural dilation of
the cervix corresponding to caesarean delivery. Instead, the
modular architecture of the proposed phantom allows
interchanging the cervix having diverse dilations corresponding
to distinctive moments of delivery. Unlike the other uterus
phantoms, it is possible to simulate both the presence of the
vaginal tissue and the condition in which the surgeon manually
tampons and reduces the cervical opening. The surgeon
performs this tamponing strategy to avoid the leakage of the
balloon inserted into the uterus to stop the haemorrhages
through the so-called UBT technique. Unlike commercial
uterus simulators, the proposed phantom allows testing the
device and, thus, collecting design feedback under multiple
working conditions. Although the phantom does not include
the vaginal tissue, this lack is compensated by the flexibility of
the material used to print it. Moreover, it is worth underlying
that the phantom (i.e. the uterus plus the three cervixes) can be
printed using less than 1 1 of material (Flexible 80 A), while the
support was 3D-printed using desktop stereolithography and
fused filament fabrication machines. Overall, it is an affordable
and effective solution that can be fabricated in-house, for
example, directly inside hospitals or research labs. Finally, the
phantom has been conceived to perform measurements of
intraluminal pressure exerted by the balloon, which is necessary
to obtain approval from the FDA.

Second, the study details the implemented design process to
stimulate the development of more systematic approaches in
3D-printed phantom design. The intent is to further push its
diffusion in the medical field for training and surgical planning
purposes and as an effective strategy to drive the development
of medical devices.
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Third, the phantom was 3D-printed using a transparent
and flexible material that helps to see the simulation of
bleeding inside the model and mimic the uterine tissue’s
deformability as much as possible. Although its effectiveness
was confirmed by the surgeon involved in the study and the
performed experimental tests, the study highlights the need
for further research to extend the range of AM materials to
improve the development of 3D-printed phantom organs
specifically conceived to support the design of medical
devices. The faithful reproduction reduces the risks of
incorrect device design and, consequently, the risks of
incorrect device use. AM technologies could, thus, be used to
create phantoms capable of supporting the entire validation
process of new biomedical devices. It guarantees the
measurement of fundamental parameters for validating a
UBT device, such as the ILP and the IUP. However, to
measure the IUP, the hydraulic seal with the device (an
instant that occurs when the inflated device completely
occludes the cervical opening) is necessary. If this condition is
fulfilled, then the increase in the balloon volume causes the
pressure inside the uterine cavity to rise. It, therefore, makes
possible the measurement of the IUP at the bottom of the
uterus. In the future, it would be interesting to reproduce a
condition as similar as possible to the -vivo one, measuring
the pressure exerted by the balloon on the walls of the lower
uterine segment. This measurement could be performed by
inserting in the phantom a force transducer and adding a hole
at the level of the cervical walls.

The study’s next step is to use the uterus phantom to
conduct usability tests of UBT devices involving expert and
non-expert operators. These tests could allow to not only
further optimise the design of the device in terms of its
effectiveness and usability but also push their domestic use,
especially in LMICs, in case of difficulties in quickly reaching
hospital infrastructures.
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