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Abstract
User testing is crucial for ensuring that systems meet user expectations, involving both low- and high-fidelity prototypes. 
Recently, mixed-fidelity prototypes, which blend various levels of detail, have gained popularity but are mainly used for 
evaluating single digital prototypes. Typically, medical devices are tested only after engineering is complete, using high-
fidelity prototypes in realistic environments. This paper explores when different fidelity levels can be applied and which levels 
are suitable for creating realistic use environments in medical technology evaluations. We used the PRETAR framework to 
determine the appropriate fidelity for each artefact based on study constraints, resources, ethical considerations, and data 
analysis methods. Using a case study of a sensorised glove for vaginal examinations, we developed artefacts with varying 
levels of fidelity to replicate the fetal head and birth canal to test whether mixed-fidelity prototypes can replicate clinical 
environments effectively while being cost- and time-efficient and critically examine each design suggestion, discussing the 
benefits and limitations of our decisions.
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1  Introduction

Within design and development there is an emphasis on 
testing early and testing regularly (Dumas and Fox 2012; 
Rueda et al. 2013) to identify potential issues early in the 
design phase Jensen et al. (2017). To achieve this, low-
fidelity prototypes are typically developed that allow users 
to test a design idea, communicate how a system may 
work, validate designs, and identify issues without incur-
ring high costs (Virzi 1989; Kelley 2001; Blackler 2008). 
For example, within web design, paper templates or mock 
pages created with online tools such as Figma can be used to 
demonstrate to a user the flow of a website to identify user 
concerns (Yew et al. 2020).

As a project progresses, there is a desire to develop 
higher-fidelity prototypes to assess realism (Rueda et al. 
2013) or to justify stakeholders’ investments (Deininger 
et al. 2019). Nevertheless, developing high-fidelity products 
can sometimes be cumbersome, costly, or overly restrictive 
for the requisite studies needed to evaluate the system (Rudd 
et al. 1996; Dieter and Schmidt 2021). Moreover, in the med-
ical device community, there is an urge for higher ecological 
validity studies to be conducted as evaluations move from 
lab testing to the bedside (Borycki and Kushniruk 2010), and 
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for researchers to report compromises made to ecological 
validity in their studies (van Berkel et al. 2020). To ensure 
researchers report on all aspects of a usability study, van 
Berkel et al. (2020) developed a framework comprised of 
seven dimensions; (1) user roles, (2) environment, (3) train-
ing, (4) scenario, (5) patient involvement, (6) software, and 
(7) hardware. However, this framework was not designed 
to assist with determining the appropriate level of fidel-
ity within each dimension. Instead, this framework was 
designed to prompt researchers to consider all aspects when 
designing their usability studies.

The fidelity of a prototype is considered by most a direct 
relationship with the level of resolution or refinement of 
the object. McCurdy et al. (2006) describe mixed-fidelity 
as ‘a prototype which is high fidelity in some aspects and 
low fidelity in others’. They translate fidelity from a low- 
to high- spectrum of five orthogonal axes evaluating the 
levels of visual refinement and interactivity, the depth and 
breadth of functionality, and the depth of the data model for 
a single prototype. However, this definition of mixed-fidelity 
was designed to evaluate the fidelity of a digital prototype. 
In our study, we are exploring the use of mixed-fidelity in 
the use of both physical and digital artefacts not only in 
the prototype being developed but also in artefacts used to 
provide context of use during user evaluations.

Within HCI research, the use of low- and high-fidelity 
prototypes is commonplace and has been explored and 
compared extensively (Derboven et al. 2010; Lim et al. 2006; 
Brooks and Lopes 2023; Chen and Yoon 2024; Meck et al. 
2022; Sim et al. 2016). Within the domain of healthcare, low-
fidelity devices are often used in simulation environments 
to provide training on technical skills (Massoth et al. 2019). 
Studies have scrutinized the effectiveness of low- versus 
high-fidelity training simulators. For instance, Melvin et al. 
(2023) conducted a study in which they explored whether 
higher-fidelity prototypes outperformed lower-fidelity 
prototypes for achieving competency in fiber-optic intubation 
with resident clinicians. This involved residents performing 
20 fiber-optic intubations with either an ORSIM airway 
simulator (high-fidelity) or a wooden-block task trainer 
(low-fidelity). Then, four months later their participants 
attempted a fiber-optic intubation on an anaesthetised patient 
whose airway was considered preoperatively normal. They 
found that using the high-fidelity device led to participants 
reaching fiber-optic intubation competency quicker and 
with fewer attempts during training. However, there was 
no statistically significant difference in their performance 
in regards to their checklist score, global rating scale, and 
the time to reach the carina, which is a ridge of cartilage 
located where the left and right bronchi split. A similar study 
was conducted by Chandra et al. (2008), who also found 
no significant difference when comparing a low- and high-
fidelity simulators. Massoth et al. (2019) conducted a similar 

study with 135 medical students using low- and high-fidelity 
Advanced Life Support trainers and found that training 
medical students with high-fidelity simulators can lead to 
overconfidence in their abilities, which may have adverse 
learning affects. These studies highlight that similar levels of 
effectiveness can be obtained with different levels of realism. 
Similarly, Marcilly et al. (2024) evaluated a pain monitor 
using both low- and high-fidelity ecological validity to 
determine whether the level of fidelity affected participants’ 
ability to identify areas of concern. They concluded that 
regardless of the fidelity level, they still identified the same 
number of use errors.

In usability evaluation, recent advancements in computer-
aided design, 3D printing, and virtual environments have 
led to increased adoption of low-fidelity models (Joyner 
et al. 2022; Schembri et al. 2017). Despite this trend, there 
has been minimal exploration of mixed-fidelity in usability 
testing, where certain study aspects exhibit high fidelity 
while others remain low-fidelity. Existing studies mostly 
focus on combining virtual and real components (Barbieri 
et al. 2013; Speicher et al. 2021; Zhou and Rau 2019) or 
varying fidelity within a single component (Jensen et al. 
2018). When evaluating the context of use for a novel 
medical device, phantoms or mannequins are commonly 
used as they provide a high-level of realism (DeWerd and 
Kissick 2014; Keenan et al. 2024; Gosselin et al. 2014). 
However, depending on the current state of the device 
and what aspect of the device is being evaluated, this 
level of realism may become a hindrance as high-fidelity 
prototypes may lead to the perception from users that they 
are interacting with a finished product and that their input 
is less valuable  (Viswanathan and Linsey 2011; Jensen 
et  al. 2018). Conversely, low-fidelity prototypes allow 
participants to create mental models of how they perceive 
the system could be, essentially a “deficiency compensation” 
effect (Sonderegger and Sauer 2010).

Within healthcare, several studies have reported on user 
evaluations of novel medical devices (Candidori et al. 2024; 
Dimitrakakis et al. 2022; Goldman et al. 2013; Li et al. 2012; 
Ramalhinho et al. 2023; Kotecha et al. 2021; Schnittker et al. 
2016). However, for the most part these studies are carried 
out only after the medical device has reached a certain 
level of maturity, typically high-fidelity, and is evaluated in 
high-fidelity settings. This is a common theme, where the 
primary focus is on achieving the engineering requirements 
to develop a fully functional system, while neglecting to 
integrate human factors methods in parallel (Jerome and 
Kazman 2005).

In previous studies, we have shown that low-fidelity 
artefacts can be used in conjunction with high-fidelity 
medical devices to create a suitable use environment. In a 
study assessing the usability of a liver support device (Opie 
et al. 2024), the medical device itself was high fidelity; 
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however, to properly assess the device it needed to be 
connected to a patient. As the study was conducted prior 
to in-human studies, a jar of fluid was used to represent the 
patient, as this was the minimum requirement to assess the 
device.

In another study, we were assessing user perceptions of 
continuous AI in colonoscopy procedures (Van Berkel et al. 
2022). For this study, we created a custom application to 
record participants’ navigation behaviour and clinical assess-
ment during a mock AI polyp examination. Initially, a cus-
tom 3D printed interface was developed to mimic the exami-
nation of the colon allowing participants to scroll through 
videos with two buttons they could use to classify the area 
highlighted by the AI as either a polyp or not a polyp. When 
this design was shown to the research group prior to com-
mencing the study it was decided that the interface was too 
low-fidelity and there was concern that the device may look 
unprofessional to the study participants, all of whom were 
clinicians. The custom interface was scrapped and an Xbox 
controller was used in its place. However, during the study, it 
was observed that participants who were familiar with Xbox 
controllers used the device as expected, whereas those less 
familiar with Xboxes used the device in a variety of ways, 
with one participant positioning it on the table in front of 
them on its side and only interacting with the joystick with 
their fingers. In this instance, a lower-fidelity interface could 
have been utilised, on the proviso that the custom interface 
was designed to be more aesthetically pleasing.

To establish the appropriate level of fidelity of an 
artefact the design of a study should be scrutinised to 
ensure that it fits within the framework of that study. 
PRETAR  (Blandford et  al. 2008) is a framework that 
has been established to assist researchers in planning 

a user-centred study. Specifically, PRETAR focuses 
on the Purpose or goals of the user study, Resources 
and constraints the study has to work within, Ethical 
considerations, Techniques used for collecting data, 
how the data will be Analysed, and finally Reporting the 
findings.

The aim of the work reported here is to determine 
whether the use of mixed-fidelity artefacts in user 
evaluation can reproduce ecologically valid environments 
for the early assessment of medical devices. Our paper 
uses a case study of the evaluation of a sensorised 
glove used to assist clinicians in correctly identifying 
the position of the fetal skull when performing vaginal 
examinations during second stage labour. However, the 
effectiveness of the glove is not the focus of this paper. 
Therefore, to determine whether mixed-fidelity artifacts 
can reproduce ecologically valid environments, we focus 
on the level of abstraction suitable for user studies by 
using the PRETAR framework to help guide suitability. 
We found that incorporating mixed-fidelity into our 
artefacts allowed us to create an ecologically valid use 
environment whilst working within the constraints of our 
project. This environment was evaluated with participants 
(n = 18), who provided feedback on the study design 
through a think-aloud and a semi-structured interview 
after the user evaluation. To illustrate this, Fig. 1 depicts 
the relationship between the case study, the PRETAR 
framework, and the overarching principles of fidelity. 
Specifically, the case study objectives are assessed using 
elements of the PRETAR framework, which inform design 
recommendations for each artefact. Based on established 
design principles, each environmental artefact is then 
classified with some level of fidelity.

Fig. 1   The relationship between 
the case study, PRETAR frame-
work, and level of fidelity for 
each artefact
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2 � Case study: Vaginal examination 
during second stage labour

Digital vaginal examination (VE) is a technique where a 
clinician inserts digits, i.e., their fingers, into the vagina 
of someone who is in labour to identify the position of 
the foetus based on anatomical landmarks on the foe-
tal skull (Lipsett et al. 2023). The sutures are the joints 
between the five main skull bones of the baby’s head: fron-
tal bones, parietal bones, and the occipital bone. At the 
intersection of the sutures are fontanelles, with the ante-
rior fontanelle at the front of the head having four sutures 
adjoining it, and the posterior fontanelle at the back of the 
head having three sutures intersecting (Lipsett et al. 2023). 
Using the tactile feedback from their fingers, clinicians 
can find suture lines, allowing them to locate the fonta-
nelles and determine the position of the foetus based on 
the position of the anterior and posterior fontanelles. There 
are four positions the foetus may be, which are: occipito-
anterior (OA) (head facing back), occipito-posterior (OP) 
(back to back), and occipito-transverse (either LOT (left 
occipito-transverse) or ROT (right occipito-transverse) 
depending on the direction the foetus is facing) (on their 
side), see Fig. 2. Correctly identifying the position of the 
foetus is essential so that appropriate means are used to 
assist with labour (i.e., manually or instrumentally rotat-
ing the foetus to the correct position, OA, for delivery). 
However, during labour, pressure from the birth canal can 
affect the shape of the foetal skull. As the bones of the 
foetal skull and suture lines are still soft and malleable 
the shape of the skull can deform, causing the bones to 
overlap slightly which is known as moulding. This pres-
sure can also cause swelling on the scalp known as caput 
succedaneum, which can sometimes occur over the suture 
lines making them more difficult to identify. From this 
point forward we will refer to this as caput as this is the 
term commonly used in conversation.

Accurately determining the position of the foetus during 
second stage labour is critical to ensure that the correct 

method is used to safely deliver the baby. Currently, 
instrumental births (ventouse/forceps) are common, 
with up to 30% of first-time mothers undergoing such 
procedures  (Anim-Somuah et  al. 2018), and around 
20% of women having caesarean sections (NHS 2022). 
In approximately one-third of instrumental births, 
incorrect instrument placement occurs due to inaccurate 
assessment of the fetal position, potentially causing 
trauma to both mother and baby (Ramphul et al. 2015). 
Failed instrumental attempts often result in a caesarean 
section when the woman is fully dilated. Performing a 
caesarean at full dilation can increase the risk of preterm 
birth in future pregnancies by about 15% (Hotton et al. 
2019), a significant contributor to neonatal morbidity and 
mortality (Richter et al. 2019). In 2012–2013, preterm 
deliveries cost the UK public sector £3.4 billion (NENC 
Preterm Birth Group 2021).

Although ultrasound scans  —  considered the gold 
standard — can accurately diagnose fetal position (Ghi 
et  al. 2018), they are often unavailable in emergency 
situations due to the machine’s size, lengthy setup time, 
and operator dependency. As a result, the current standard 
practice is to rely on digital vaginal examinations (VE), 
where clinicians use haptic feedback to identify anatomical 
features of the foetal head. This method is challenging due 
to factors like swelling on the baby’s head, overlapping 
skull bones, and the inability to directly visualize the 
examined area.

To aid in determining fetal position during this critical 
time, we are developing a novel wearable, sensorised 
surgical glove. This glove incorporates a triboelectric 
sensor onto the index finger, capable of detecting real-time 
changes in rigidity as it moves across surfaces (Jaufuraully 
et  al. 2023). For instance, the sensor can distinguish 
different surface textures when moving over materials 
of varying rigidity. In this study, we evaluated the 
glove — referred to hereafter as the ‘suture glove’ — to 
assess its ability to detect when a suture has been crossed 
during vaginal examinations in the second stage of labour 
(full dilation).

Fig. 2   Positions of the foetal 
skull during second stage labour 
using their abbreviated terms a 
‘OA’ b ‘OP’ c ‘LOT’ d ‘ROT’
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3 � Using PRETAR as a guide

PRETAR has been established as a framework used for 
structuring user-centred evaluation studies  (Blandford 
et al. 2008) and has been used in various domains (Edwards 
et  al. 2013; Hess 2015; Makri et  al. 2011). As noted 
above, PRETAR focuses on the Purpose or goals of the 
user study, Resources and constraints the study has to 
work within, Ethical considerations, Techniques used for 
collecting data, how the data will be Analysed, and finally 
Reporting the findings.

In this study, we are assessing whether mixed-fidelity 
artefacts can provide realistic environments when 
assessing early-stage medical devices. To establish the 
appropriate level of abstraction for each artefact, we 
employed the PRETAR framework to systematically guide 
our decisions on fidelity design for each environmental 
component, incorporating the suture glove in alignment 
with the study’s objectives. We have included Table 1 to 
summarise how each element of the PRETAR framework 
relates to the aims of the case study, and the following 
subsections provide a detailed discussion of each of its key 
elements. However, the reporting column has been omitted 
as the results of this study are designed to be reported to a 
regulatory body in preparation for potential clinical trials.

3.1 � Purpose

The vision is that the suture glove is a device that can be 
used during vaginal examinations by a trained healthcare 
worker to recognise obstructed labour earlier, improve 
safety, and reduce the number of vaginal examinations 
required. The suture glove is designed to be used globally, 

including in rural communities, and is estimated to have a 
cost of approximately US$1 per set of gloves.

Currently, the suture glove is in early development, 
and this is an early formative study to help in the future 
design and implementation of the device. To determine the 
effectiveness of the glove, how to improve the glove in future 
iterations, and how a broad range of users may use the suture 
glove, we designed this study with three core aims: 

1.	 To ascertain whether the suture glove could accurately 
and reproducibly determine the foetal position on a 
phantom neonatal head.

2.	 Whether intended users are comfortable using such a 
device, to determine how they perceive it amalgamating 
into their current workflow, and identify design 
requirements to improve the system.

3.	 To understand the various techniques that intended 
users currently employ when conducting vaginal 
examinations.

Essentially, we are investigating whether the sensor can 
detect the change in surface texture between the foetal bone 
and the sutures when participants with varying techniques 
and healthcare disciplines use the glove.

3.2 � Resources and constraints

It was possible to conduct this study due to the multidis-
ciplinary team that developed the study and the available 
resources within our lab. Our team included a clinical fellow 
with 7+ years of training in obstetrics, an engineer special-
ising in nanotechnology, a human factors expert specialis-
ing in healthcare, and a medical student with a passion for 
women’s health. This team made it possible to understand 
the clinical factors associated with second stage labour and 

Table 1   Relationship between the case study objectives using the PRETAR framework

Research objective Effectiveness of the suture glove Participant feedback Vaginal examination method

Purpose Determine if the suture glove 
is accurate and findings are 
reproducible

Thoughts on suture glove, 
Integration into current workflow, 
and design improvements

Understand the various techniques

Resources and Constraints High-resolution data required from 
participant examination of mock 
foetal skulls

Level of participant experience, 
recruitment method, duration of 
study, and timeframe to complete 
study

Ability to view the movements of the 
hand at all times

Ethics Could only be evaluated in a mock 
scenario

The data would be anonymised Could only be evaluated in a mock 
scenario

Techniques for data collection Record signal readings from the 
suture glove via a data acquisition 
device

Think-aloud, semi-structured 
interview, and a questionnaire

Video recordings of hand movements 
on the foetal skull

Analysis Review of electrometer readings in 
conjunction with video data

Thematic analysis and using the 
questionnaire protocol

Analysis of the recorded video 
capturing hand position and finger 
techniques
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the difficulties with correctly identifying the position of the 
foetal skull. We had the knowledge and resources to develop 
the sensorised gloves within our lab and to validate the accu-
racy and reproducibility of the suture glove, create artefacts, 
conduct user studies, evaluate qualitative data, and produce 
design requirements that can improve future iterations.

Additionally, our lab provided the resources to design and 
develop most of our artefacts, having 3D design software 
and printers, access to modelling materials, electronic 
instrumentation, and software. We also had access to 
classrooms where studies could be conducted that were 
easily accessible.

Despite the high level of resources available, two of the 
team members were conducting this research as part of their 
PhDs, allowing only a few months to conduct the studies. 
Additionally, even with our access to 3D design software and 
printing capabilities, we were unable to generate some of the 
artefacts due to the complexity of their design. However, we 
did have access to external suppliers who have the capability 
of developing and 3D printing high-fidelity parts.

3.3 � Ethics

Based on the level of maturity of the suture glove, that is 
having only been lab tested, using an early prototype of 
the glove that is still physically connected to the signal 
acquisition device by a wire, and software that is also still 
in early development, this study was designed for this stage 
of evaluation. With a more mature iteration, an in-human 
study, that is conducting a VE on a patient during second 
stage labour with the suture glove, may be feasible; at this 
time we are unsure of the potential risk this system may have 
on the patient and unborn child. Therefore, a mock VE was 
deemed most appropriate.

Additionally, as this study was collecting a significant 
amount of qualitative data from audio recordings of the 
participants, from the outset we informed them that this 
information would be anonymised. To achieve this, after 
each session all recordings, both video and audio, were 
immediately transferred to a secure password protected 
university research drive. The audio was then transcribed 
and participants were given new identifiers, P1-P18, so that 
data between the various methods could be synchronised, 
and the original recordings deleted. During the interviews 
and think alouds, when specific details were mentioned, 
e.g., names, institutions, etc., these were generalised in the 
transcriptions, e.g., [patient], [researcher], [hospital], etc.

Based on these constraints, ethics for this study was 
obtained from UCL, 22491/001, which allowed for the 
acquisition and analysis of participants using the suture 
glove during mock VEs. After being recruited, participants 
read the participation information sheet and signed a consent 

form to state that they were happy to be involved in the 
study.

3.4 � Techniques for gathering data

This study employed a mixed methods approach to gathering 
data, which included sensor data acquisition, audio 
recordings, video recordings, and a questionnaire.

The sensor data was captured via LabVIEW, the software 
used to program the glove, through an electrometer (Keithley 
6517B), as it can measure low currents and is controlled via 
software written in LabVIEW.

The audio recordings were taken from think-alouds as the 
participants were using the devices and from semi-structured 
interviews. Think-aloud enabled participants to verbalise 
their thought processes including what they were trying to 
do, what they were feeling, and any other comments about 
the study. The focus of the semi-structured interview was 
to determine their thoughts on using the glove and how it 
affected their tactile feedback, how it could be adopted into 
clinical practice, barriers that may arise, and their opinion 
on the interface. Additionally, we explored the ecological 
validity of the study design, with a focus on the setup and 
the fidelity of the phantom foetal heads.

To identify how people performed vaginal examinations, 
and to validate if they were using the glove correctly, video 
recordings of the participant’s fingers on the phantom foetal 
skulls were captured.

Lastly, a System Usability Study (SUS) questionnaire was 
also used, for the participant to report on the usability of the 
suture glove in its current state.

3.5 � Analysis

The data from the sensor was analysed by reviewing the data 
and looking for changes in the current. A drop in current 
represented a transition from one material to another. These 
moments were then compared to data captured from the 
video recordings, to ensure that the participant was moving 
over a suture and not over a different part of the foetal skull. 
This provided a complete picture of the effectiveness of the 
suture glove.

The audio recordings were transcribed verbatim and 
anonymised (i.e., all identifiable information was removed). 
Then, using NVivo, a software program designed specifically 
for qualitative research, the data was coded and labelled. 
Once completed, the labelled sections of the transcript 
were grouped based on their coding into themes to identify 
participants’ perceptions on the use of the suture glove, how 
it fits within clinical practice, and any barriers that exist to 
moving this device to clinical trials.

The SUS scores were all generated and analysed 
following the protocol for this questionnaire (Brooke 1996).
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3.6 � Reporting

This study was conducted as a formative evaluation of the 
device as part of regulatory requirements before beginning 
clinical trials. This was to ensure that the device was safe to 
use, as well as being reliable and repeatable in its use.

4 � Pilot study

4.1 � Participant

Before conducting our study, we ran a pilot study to test our 
setup and identify any areas of improvement. An obstetrician 
with 6 years’ experience who had no prior experience with 
the suture glove was recruited by the clinical researcher on 
the team.

4.2 � Artefacts

4.2.1 � The suture glove

The suture glove was developed at UCL and was the focus 
of the study; it consists of a flexible triboelectric sensor 
attached to the index finger of a surgical glove (Jaufuraully 
et  al. 2023). The sensor is made using a metal-oxide 
nanocomposite spray, allowing for flexibility and, using 
the properties of triboelectrification, it generates a current 
when two originally uncharged materials are separated after 
making contact. The resultant current can be measured 
to identify when a change in surface texture occurs; this 
has been previously lab tested (Jaufuraully et al. 2023). 
To ensure sterility when using the suture glove a second 
standard surgical glove will be used to cover it, known as 
double-gloving.

Currently, one of the constraints of the suture glove 
is that it needs to be physically connected to the signal 
acquisition device to read the signals. The final proposed 
version of the suture glove is intended to be wireless, via 
Bluetooth, with the ability for the output to be viewed from 
a different device, potentially a mobile phone. However, at 
this time the hardware is still undecided until further design 
considerations are understood, i.e., context of use, hospital 
regulations, and intended users.

4.2.2 � The phantom foetal skulls

To evaluate the suture gloves under various conditions, 
two replica foetal skulls were hand-made using 3D CAD 
software based on images of foetal skulls; (1) a ‘normal’ 
phantom with no suture deformation, and (2) a phantom 
with ‘moulding’. The normal foetal skull had average 
width suture lines whereas the other had wider suture lines 

representing a foetal skull with moulding. From the designs, 
negative moulds were created and using a silicone elastomer 
to fill the moulds the foetal skulls were created. During the 
pilot study, the phantom skulls were attached to a stand so 
they could be rotated to different positions.

4.3 � User study

4.3.1 � The setup

Prior to conducting the study, the participant was provided 
with the participation information sheet, which they read, 
and then signed the consent form. Following this, they pro-
ceeded to put on a suture glove with a secondary regular 
glove on top and attached it to the signal acquisition device. 
The participant was then asked to sit down beside the setup 
to hold the foetal skull, positioning themselves next to the 
foetal skull as they would in a normal VE. Then one of the 
two phantoms was placed onto the setup for them to begin 
exploration. So that the participant could not see the position 
of the foetal skull during the study, they were asked to look 
away from the model and close their eyes. An image taken 
during the study can be seen in Fig. 3.

4.3.2 � Assessment

With a foetal skull in place, the participant was asked 
to conduct a VE on the skull as they normally would to 
identify its position while using the think-aloud method 

Fig. 3   A still image taken from the pilot study, showing the partici-
pant conducting a mock VE on the low-fidelity foetal skull cap
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to verbalise their thought processes (Ericsson 2003). The 
participant was asked to evaluate the position of the foetal 
skull as they would in their clinical practice. When the 
participant was confident with their decision regarding the 
position of the foetal skull, they were asked to move to 
one of the two fontanelles and then use the suture glove to 
move around the fontanelle while the engineer captured 
the readings from the glove. Using this approach, we could 
compare (i) the true position of the foetal skull by the way 
it was placed, (ii) the participant’s assessment of the foetal 
skull’s position, and (iii) the suture glove’s estimation of 
the foetal skull position. The study was repeated eight 
times, with the position and type of foetal skull changing 
between each examination. For two of the recordings, two 
pieces of cling film with gel between them was placed over 
the ‘normal’ foetal skull to represent caput.

During the assessment, the participant did not view the 
computer monitor with the outputs of the gloves readings 
so as not to influence their perception of whether they 
could feel a suture. However, after these assessments, they 
conducted two unassessed examinations where they could 
observe the output from the monitor. In this evaluation, 
the participant continued to use the think-aloud method, 
so we could identify how they interpreted the data from 
the suture glove.

Each researcher had a specific role in coordinating the 
study and helping it run smoothly. One of the researchers 
was video recording each of the assessments, another 
was logging the data on the computer, and a third was 
managing the position and type of the foetal skulls. 
During the evaluation, all of the researchers were actively 
watching the participant and asking questions relating 
to their evaluation to better understand their thought 
processes, which were captured as part of the think-aloud.

Additionally, during the studies body language and 
the position/posture of the participant were observed 
and recorded to identify moments when the participant 
appeared frustrated or unsure as to what they were 
feeling/seeing. When these moments were identified the 
researchers would remind the participant to verbalise their 
thoughts to gain insight into the frustration. Furthermore, 
the researcher who conducted the semi-structured 
interview included some of these observations in the 
interview to explore potential solutions to overcome those 
frustrations.

4.3.3 � Post‑assessment

After the examination with the suture glove, a semi-
structured interview was conducted with the participant and 
a System Usability Study (SUS) questionnaire, as described 
in Sect. 3.4.

4.4 � Analyses

The data from the study was analysed using the approach 
described in Sect. 3.5. However, for this pilot study we 
were specifically exploring areas of the study that needed 
improving so future studies could yield robust results.

4.5 � Results

From the pilot study we were able to identify several key 
elements that needed further refinement; (1) a screen 
to hide the foetal head, (2) a means to restrict hand 
movements, (3) a higher fidelity phantom foetal skull, (4) 
an easier method to switch and rotate phantoms, and (5) 
changing the colours of the fontanelle indicators on the UI.

Our study was specifically designed to observe the 
participants’ hand movements during the mock VEs, 
ensuring the foetal head remained completely unobscured. 
However, from the pilot study, this was found to create a 
lack of realism, thus impacting the ecological validity of 
the environment of use.

One of the main observations was that, as they were 
required to look away and have their eyes closed, the 
participant was facing away from the skull, which was not 
representative of how they would be sitting in practice. 
Therefore, a screen to hide the foetal head was required.

Another concern from the participant was the freedom 
to touch the foetal head without any barriers, stating “You 
haven’t always got the full range of movement or the full 
feel of the full foetal head. But to make it more realistic, 
it should be for me a sort of tube that you put your hand 
into... and then assess it in a tight spot”. When discussing 
the phantom foetal skulls, the participant shared that they 
thought the feel of the foetal skulls was generally good, 
but “less realistic” than they would expect, particularly 
the caput.

During the study, a lot of time was spent between VEs 
switching and repositioning the phantom foetal skull due 
to how they were mounted and the limited range of motion 
of the setup. To rotate the phantom foetal skull 90 degrees, 
from either OA or OP to LOT or ROT, required loosening 
two parts of the setup to swivel it into the right position.

Lastly, during the semi-structured interview, the pilot 
participant remarked that “[the fontanelle colours] may be 
alarming to have one that’s green and one that’s red. I think 
if they were... more neutral like blue and yellow, then maybe 
that would be less confusing than green and red”.

From our pilot study, we identified several artefacts that 
required improvement before proceeding with the user 
study. The following sections will focus on the user study, 
emphasising the modifications made to both the methods and 
artefacts as a result of the pilot study.
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5 � Method

5.1 � Participants

As our team included an obstetrician and a medical student, 
recruiting participants from within obstetrics, midwifery, 
and student groups was relatively easy. Using mostly word 
of mouth, we were able to recruit participants for the study 
(n=18). These included: obstetricians (n=4), midwives 
(n=6), student midwives (n=3), and medical students (n=5), 

see Table 2. These participants were included because they 
were identified as intended users or potential future users, 
that is student midwives and medical students with an inter-
est in women’s health. Ideally, we were hoping to have five 
participants per user group. However, despite our personal 
connections, we found it difficult to recruit obstetricians due 
to their busy schedules and the location for the studies being 
off-site; also, during the time we conducted the studies, stu-
dent midwives were in the middle of their exam period.

5.2 � Artefacts

The artefacts used for this study, specifically those in relation 
to the simulated environment, differ from those described in 
Sect. 4.2. These new artefacts are described below. However, 
the suture glove remained the same between the pilot and 
the main study.

5.2.1 � The phantom foetal skulls and caput

As with the foetal skulls used during the pilot study, we 
developed two foetal skulls with one representing a ‘normal’ 
skull and the other ‘moulding’. These new foetal skulls were 
3D printed from 3D scans of a real foetal skull. As we were 
unable to produce these parts in our own labs, we had these 
developed by an external supplier. Different consistencies 
of silicone were used so that the skull bones were rigid, 
but the sections replicating the suture lines and fontanelles 
were a softer silicone. The caput used during the pilot study 
was also inadequate and was difficult to hold in place on the 
foetal skull during examination. To improve this a caput was 
made using soft silicone to create a membrane that acted like 
a cap that rested on top of the ‘normal’ skull.

These models satisfied the first goal by creating high-
fidelity models to generate high-resolution data to evaluate 

Table 2   Participants used in the study, highlighting their role and 
years of experience within that role

ID Role Years XP

P01 Midwife 7
P02 Midwife 6
P03 Midwife 6
P04 Midwife 6
P05 Obstetrician 4
P06 Obstetrician 4
P07 Student midwife 3rd year
P08 Obstetrician 9
P09 Student midwife 3rd year
P10 Medical student 3rd year
P11 Medical student 3rd year
P12 Medical student 2rd year
P13 Medical student 3rd year
P14 Medical student 3rd year
P15 Midwife 9
P16 Student midwife 3rd year
P17 Obstetrician 2
P18 Midwife 7

Fig. 4   Various high-fidelity skulls used during the study: a ‘Normal skull’ b ‘Normal skull with caput’ c ‘Skull with moulding’
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the suture glove, as well as satisfying the feedback from the 
pilot study. All of these variants can be seen in Fig. 4.

5.2.2 � The phantom birth canal

During our pilot study two issues arose relating to the birth 
canal, (1) there were no constraints to the hand movements 
making it feel unrealistic, and (2) too much time was spent 
changing the position of the foetal skull.

Currently, in obstetrics, mannequins are commonly used 
in training scenarios when learning child birthing techniques 
(e.g., forceps, ventouse, manual rotation, etc.). These man-
nequins are lifelike and display the anatomy from the top 
of the belly down to the middle of the thigh. One of the 
downsides of using these mannequins is that it is difficult 
to observe exactly what the trainees are doing with their 
hands, even with the mannequin’s belly skin removed, and 
training is given via verbal instructions based on the trainee 
verbalising what they are feeling rather than observing their 
hand movements and providing direct feedback. This is in 
contrast to one of our study goals, as we wanted to observe 
how participants used their hands to conduct VEs to gain 
an understanding of common practices. Therefore, it was 
important that the participant’s hand be visible during the 
study.

When designing the phantom birth canal, many ideas 
were put forward, including using an existing silicone 
mould of a birth canal, creating our own mould, or creating 
an abstract opening to represent a birth canal. The issue with 
existing moulds is that the study is designed for patients 
who are in the second stage of labour, essentially fully 
dilated, which these moulds are not. Additionally, to make 
a mould of a fully dilated patient would necessitate taking 
the shape during a live birth, which would be unsafe for the 
unborn child and impractical for the mother, as full dilation 
only occurs just before birth. Also, to create and modify 
an existing model to be fully dilated is impractical. We 
also contemplated 3D printing a transparent birth canal so 
that the hands could always be seen, yet providing a high 
level of realism. However, the time and financial resources 
required to achieve a robust setup exceeded the project’s 
constraints. Thus, we were left with creating an abstract 
opening to represent a birth canal; we cut a hole in a piece 
of plywood to represent the size of a fully dilated patient, 
approximately 90  mm in diameter. The hole was large 
enough for the participant to insert their hand, but small 
enough that it obscured the participant’s view of the foetal 
skull and limited their hand movement.

As we were using a phantom birth canal rather than a 
patient or mannequin there was no pelvic bone to secure the 
foetal skull into a set position. We designed our system to 
allow for quick adjustments of the foetal skulls and positions 
using a camera tripod stand that provided a large range of 

rotation and a quick release as a base for the setup. Con-
nectors designed in Autodesk Fusion 360 were 3D printed 
to attach to the tripod stand to hold the board representing 
the phantom birth canal, and quick release connectors were 
added to the bases of the foetal skull 3D prints so they could 
be interchanged quickly between examinations. This setup 
allowed us to quickly and easily switch the positions and 
foetal skulls, allowing us to explore more positions within 
the allotted time. A screenshot taken from one of the record-
ings can be seen in Fig. 5 that shows the setup of the device 
in use.

5.3 � User study

Following the same process as the pilot study, see Sect. 4.3, 
the user study was made up of three parts: the setup, 
assessment, and post-assessment. The only differences 
were a consequence of the inclusion of the phantom birth 
canal, and a method to remove bias due to the number of 
participants within the study. These are both described 
within the part of the study where they were conducted. 
Additionally, the data from the study was analysed using the 
approach described in Sect. 3.5.

Table 3   Example order of assessments of the foetal skulls showing 
the position of the foetal skull and the type of foetal skull (Participant 
6)

Position Foetal Skull

occipito-posterior (OP) Normal
occipito-transverse (ROT) Normal
occipito-anterior (OA) Normal (Caput)
occipito-transverse (ROT) Moulding
occipito-anterior (OA) Moulding
occipito-posterior (OP) Normal (Caput)
occipito-transverse (LOT) Normal (Caput)
occipito-posterior (OP) Moulding

Fig. 5   A snapshot of the device being tested with a participant
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5.3.1 � Assessment

A foetal skull was attached to the phantom birth canal 
setup, and when the participant was ready, they were asked 
to insert their hand into the phantom birth canal and begin 
their evaluation using the sensorised glove.

To remove bias, each participant performed eight 
randomly selected case scenarios, which were randomised 
using the Latin Square method so that as many possible 
variations to the order could be tested, with each assessment 
changing the position and type of foetal skull, see Table 3 
for an example. Additionally, participants were not given 
an exhaustive list of positions to assess to reduce the time 
of the study.

6 � Results

As this study took a mixed-methods approach, we were able 
to capture data specific to each of our research objectives. 
As these outcomes are not the focus of this paper, which is 
instead exploring the use of mixed-fidelity in user evaluation 
to reproduce ecologically valid environments, they are not 
reported in detail here and instead are being reported in other 
outlets. However, we offer some of the overarching results:

•	 Participants were impressed by the simplicity of the 
device and that it did not impact their tactile feedback

•	 The method of using the suture glove was well received, 
with some participants stating they would adopt this 
technique in their current practice

•	 The use of a suture glove was perceived as having little 
impact on the existing workflow

•	 The Design of the glove needs to be improved for use 
in clinical practice, i.e., feedback modality, wireless 
connectivity

•	 The suture glove did not perform as well as expected 
from a technical perspective and requires further 
development and evaluation

•	 The suture glove’s intended users should only be 
obstetricians, as midwives have different clinical 
objectives

These outcomes, plus others, will be taken into consideration 
for future iterations and studies with the device. For this 
paper, we assess each of the artefacts used to create an 
ecologically valid environment based on the results from 
the semi-structured interview, where participants were asked 
to comment specifically on the artefacts. This resulted in 
participants discussing their likes and dislikes for each item 
and whether in provided a level of realism that mimicked 
that of an actual vaginal examination.

6.1 � The suture glove

Despite the suture glove being the medical device evaluated 
in this study, we included participants’ thoughts on the use 
of the suture glove as the way it was situated within the 
environment impacted the ecological validity of a vaginal 
examination.

One of the major concerns, and a cause of frustration 
during the study, was that the suture glove was tethered 
to the signal acquisition device. During the first couple of 
studies, participants would complain that their arms were 
getting tired or they would pull their hand out from the 
phantom birth canal, as they would in clinical practice, 
resulting in them either disconnecting the glove from the 
device or pulling the wire off the sensor requiring them to 
put on a new suture glove. To alleviate this, participants 
were asked to rest their hands either inside or on top of the 
phantom vagina.

6.2 � The phantom skulls

One of the most notable achievements of this study was that 
we were able to design a system that provided participants 
with enough realism to mimic VEs in the real world. When 
discussing the setup of the study, specifically the skulls 
and the caput, for the most part participants had similar 
comments with P04 sharing “I thought they were like really 
quite realistic compared to like, the [ones used with the 
mannequins] that I’m used to.” The moulding skull was 
unanimously considered to be realistic, “This is like really 
realistic... This is what it always feels like.” (P01).

Despite the majority of the feedback being positive (n 
= 14), three participants indicated that the skulls seemed 
unrealistic. When asked to explain they expressed their 
thoughts on specific skulls articulating that the normal 
skull felt to have unrealistic landmarks, specifically, “the 
fontanelles felt bigger than they really would be in real life” 
(P01), the “suture lines were a bit far apart” (P02), and “you 
didn’t have the same movement of the bones that you have 
in real life” (P05).

However, there was one standout comment raised by each 
of the obstetricians that was unexpected in that the foetal 
skulls lacked ears with P8 expressing “Your foetal heads 
don’t have ears. So that threw me a bit initially because I 
tend to use ears”.

6.3 � The caput

The participants’ reactions to the caput were mixed between 
unrealistic, difficult and confusing, through to realistic. For 
the most part, participants with little to no experience with 
VE found identifying fontanelles through the caput difficult, 
as it created another barrier between their tactile feedback 
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and the sutures. However, those with more experience with 
caput shared their frustration stating, “this [caput] feels 
more firm than [normal] caput and feels more diffused over 
the foetal head rather than in real life where the caput feels 
more like it’s on one focal point of the head that has been 
pushing down on the cervix rather than spread over the 
whole head” (P17) and “I think the cap was a lot less true 
to real life” (P05).

When using the caput during this study it quickly became 
apparent that the design of the caput created moments of 
frustration because the caput was designed to sit on top of 
the foetal skull with nothing to hold it securely in place. This 
required one of the researchers to hold it in place with their 
fingers while the VE was being carried out to stop it mov-
ing, see Fig. 6. This in turn resulted in participants either 
moving beyond the caput and onto the foetal skull or feeling 
the fingers of the researcher who was holding the caput in 
place and thinking it was something else. However, when 
this occurred the researcher would inform the participant 
that it was their fingers they were feeling and not another 
part of the foetus’ anatomy.

6.4 � The phantom birth canal

When describing the phantom birth canal, participants 
reported that it provided them with a sense of realism despite 
the abstract nature of the design, “it is clearly not real, but 
I think it is quite high fidelity in the sense that is the same 
struggle to try and identify what position the baby’s in and 
I was using the same technique that I would use clinically” 
(P08). Additionally, “it’s not quite like how it feels like in 
real life, but it does approximate to the fact that there is 
some kind of obstruction” (P01) and “you don’t have the 
patient impact and the rest of the environment but as a test, 
it’s perfect” (P06). The design was also noted as a guide for 
participants with P12 sharing “I quite like how simple it is 
because I think if there’s loads of like, other strategies, could 

be quite distracting. When it’s just like, a cardboard with a 
hole cut out. I know that that’s what I have to do. Just put 
my hand through, so I quite like the setup.”

To observe the participants’ VE techniques, we opted 
to have an open birth canal, as discussed above. However, 
for the midwives, this was a point of frustration and some 
found it “off putting” (P09) and “you’ve got a lot more space 
to move your hand all the way around” (P03). The open 
space and lack of a cervix and vaginal wall were found to be 
initially disorientating for these users.

During the interviews, it became clear that the vaginal 
wall was something that some participants relied on to assist 
with their examinations. P09 shared “there was none of the, 
like the vaginal wall that you’d be pushing against with 
your hand to get to the heads ⋅ So, you would be in but your 
hand would be more sturdy because you’re being clamped 
by the woman. So, you’re just at the cervix and you’re trying 
to feel the head. That wasn’t as easy to do which is why 
you have to hold on⋅ Whereas normally, you’ve got that 
barrier the woman’s vagina would be gripping⋅ you feel a 
bit more guarded and [here] you just rotate your fingers. 
Whereas normally you can’t rotate your whole hand or put 
more fingers in.” Additionally, it was observed that P18 
was using multiple fingers during their observations, when 
asked about this they responded “I usually have two fingers 
in but when I was doing the manoeuvring on the skull, I was 
resting my other fingers on there, which I wouldn’t usually 
do. But I guess because there’s usually less space. It felt 
harder to almost manoeuvre my fingers because there was 
so much space. Whereas you kind of sometimes use like the 
vaginal wall I would use to kind of as like a, like a surface 
to be able to push against to be able to move your fingers 
a bit more so it felt more awkward on there on the models, 
which I would expect it to but I don’t know whether that’s 
because I’m just so used to examine in a normal situation”. 
Some of the midwives felt that the inclusion of having a 
cervix would help focus access to the skull with P15 sharing 
“is that sometimes I got confused on where the end of the 
skulls was. Quite often when I was touching, [the clinical 
researcher] was like, ‘Oh, you’re going too far.’ Whereas if 
there was a cervix there, I’d kind of know that that was my 
stopping point”.

Additionally, during the first few observations of 
midwives, the clinical researcher observed that the midwives 
were trying to first examine the cervix to determine the 
dilation of the phantom model. However, as our phantom 
birth canal was an abstract concept, there was no cervix. For 
future participants, we made them aware of the limitations 
of the model prior to commencing and put more emphasis 
on the state of the foetus for this scenario. Despite these 
limitations, all of the participants noted that without the 
presence of a vaginal wall and cervix it allowed us to 
observe and record their examinations.

Fig. 6   One of the researchers holding the Caput in place while the 
participant is examining the foetal position
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7 � Discussion

When conducting user evaluations, creating an environment 
that best represents that used in clinical practice yields better 
outcomes and can highlight areas of design that require 
further attention early in the development phase. Although 
there have been several studies that have conducted early 
user evaluations on medical devices  (Candidori et  al. 
2024; Dimitrakakis et al. 2022; Goldman et al. 2013; Li 
et al. 2012; Ramalhinho et al. 2023; Kotecha et al. 2021; 
Schnittker et al. 2016), the methods by which the fidelity 
of environmental factors are considered are typically not 
specified. The seven dimensions of ecological validity can 
be used to provide researchers with an understanding as to 
what aspects of their study they can improve to increase the 
ecological validity of their study (van Berkel et al. 2020). 
Furthermore, when discussing ‘Environment’ Van Berkel 
et al. discuss the need for attention to be given to practical, 
ethical, and study design to inform the realism of the study. 
Although they provide a high-level overview of what 
factors researchers should attend to to improve ecological 
validity, this dimension does not provide guidance for the 
level of fidelity of artefacts that can provide an appropriate 
level of realism. Therefore, we propose that using mixed-
fidelity artefacts can establish adequate ecologically valid 
environments for evaluating early-stage medical devices.

By using PRETAR (Blandford et al. 2008) as a guide 
in our study, as done in Table 1, we were able to identify 
what was achievable given the contrasting elements to reach 
a desirable outcome. With this information, coupled with 
the feedback from the pilot study, we were able to identify 
where more effort was required to create a satisfactory 
use environment that would help to identify key areas of 
improvement for the suture glove.

Additionally, extending on the idea of mixed-fidelity by 
McCurdy et al. (2006), we were able to evaluate whether 
mixed-fidelity artefacts were able to provide the same level 
of realism for user evaluation. Although our use environment 
had a striking difference in relation to the fidelity of the 
apparatus, with one being extremely high-fidelity (the skulls) 
and the other being very low-fidelity (the birth canal), we 
were able to create an environment that was considered 
“quite high fidelity in the sense that is the same struggle to 
try and identify what position the baby’s in” (P08).

Through the use of PRETAR and feedback from the 
pilot study, we were able to gain an understanding of which 
aspects of the use environment required high-fidelity and 
which did not. Additionally, our multidisciplinary research 
group allowed us to thoroughly discuss the feasibility of 
each design decision during the study’s planning phase. This 
ensured that any changes to one artefact did not adversely 
affect the quality of other researchers’ primary objectives, 

which all have competing interests (van Berkel et al. 2020). 
When researchers incorporate their known constraints 
within the development artefacts to create a realistic use 
environment, their medical devices can be assessed in a more 
ecologically valid environment that will help to uncover 
design considerations earlier in the product development 
lifecycle, leading to more user-friendly medical devices and 
better patient outcomes. Additionally, our findings support 
that of Sonderegger and Sauer (2010) in that low-fidelity 
objects can still support participants in their decision-
making and allow them to envision how something can work 
in practice. Conversely, high-fidelity artefacts used to create 
a sense of realism may be regarded as the ‘gold standard’, 
when assessing medical devices. However, during the early-
stages of development, this may introduce unnecessary costs 
and time in their development. PRETAR has been a useful 
tool for assessing study requirements before developing any 
artefacts, and it can effectively determine the appropriate 
level of abstraction for each artefact. However, it became 
evident that not all elements of the PRETAR framework are 
necessary; rather, the first four phases-purpose, resources 
and constraints, ethics, and techniques for data gathering-
play a valuable role in assessing design requirements.

The application of mixed-fidelity artefacts provides 
medical device developers with the ability to quickly test and 
evaluate medical devices during early-stage development 
without incurring high costs and unnecessary time to create 
realistic environments.

7.1 � Environmental artefact fidelity: lessons 
and reflections

In this study, we employed the PRETAR framework to 
inform design decisions regarding the appropriate level of 
abstraction for each environmental artefact. In the following 
sections, we critically analyse each design choice, evaluating 
its benefits and limitations in the context of the study’s 
objectives.

7.1.1 � The suture glove

The suture glove in its current state was low-fidelity. 
Although the vision is to develop a wireless device, we 
felt it was appropriate to evaluate the device at this point 
to determine whether it was worth investing in further 
development. As discussed by Marcilly et al. (2024), a low-
fidelity evaluation of a device does not decrease the ability 
to identify use errors and they encourage developers to 
evaluate their medical devices with low-fidelity prototypes 
to ‘anticipate problems and guide the development and 
implementation’. Furthermore, the capability of the device 
was at a level where the sensor was attached to a surgical 
glove and changes between surfaces could be detected. 
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Therefore, we concluded that this was the minimum viable 
design that could be used in a mock scenario.

Despite our attempts to ensure that the device was tested 
in an accurate representation of its ideal use, the glove still 
posed limitations that affected the study. The two biggest 
constraints were that we were double gloving to ensure a 
sterile environment. Doing so caused the wire from the 
sensor to become detached on multiple occasions and 
caused frustration to the participant as it took a few minutes 
to re-glove. Secondly, the wire between the sensor and the 
connection to the electrometer was purposely short to ensure 
that a good reading could be captured. This ‘tethered’ the 
participant to the device and required that we made changes 
to the way they interacted with the device and how the 
sensor was connected to the electrometer, as it was causing 
discomfort. However, this also resulted in wires being pulled 
off the sensor if participants got excited or forgot they were 
tethered and yanking their hand out of the birth canal.

Furthermore, as discussed in Sect. 3.3, using this glove in 
its current state was only ethically viable if it was conducted 
in a mock environment, to remove unknown risks to any 
patients.

7.1.2 � Foetal skulls and caput

The foetal skulls used in this study were high-fidelity. This 
was necessary to determine whether the gloves could work 
accurately and repeatably on a foetal skull, our first research 
objective. Fidelity was improved based on feedback from 
the pilot study participant. Because of the high-fidelity 
foetal skulls, we could determine that the sensors in their 
current state were not sensitive enough to distinguish the 
subtle changes of such a complex model compared to that 
of the pilot study skulls. Therefore, these skulls allowed us 
to determine this research objective.

A few participants still found the skulls to not be 
satisfactory: most notably that the skulls did not have 
ears. This level of fidelity had not occurred to us as being 
necessary for this study; further, producing ears would have 
been difficult and costly. However, overall the skulls were 
well received and allowed us to reach our objective.

The caput caused the largest disparity of perceptions 
regarding fidelity. Developing a realistic caput was a 
challenge, not only to design something that was a snug fit 
to the foetal skull but also with the same feeling of loose 
skin. This is partly due to the constraints with the materials 
available to produce the caput, but also the time and cost 
associated with producing something more life-like. 
Additionally, during the studies, multiple users interacted 
with the researchers’ fingers holding the caput in place as no 
thought had been put into how to hold the caput in place: all 
the effort was put into creating them. In hindsight, a lower-
fidelity caput, similar to that used in the pilot study with gel 

between plastic wrap, could have been sufficient with the 
addition of a fixing to hold the caput in place.

Furthermore, some participants stated that just including 
lubricant between the glove and the skull could have helped 
improve the realism of the study. However, this was not 
considered initially and we did not change the method once 
the study had begun to ensure all participants had a similar 
experience.

7.1.3 � The phantom birth canal

The development of the phantom birth canal was in direct 
response to the different constraints between the purpose, 
resources and constraints, ethics, and techniques used for 
collecting the data of this study. As previously mentioned, 
it was necessary to observe the participant’s hands whilst 
simultaneously reproducing the feeling of performing a 
VE, resulting in a low-fidelity model. Given more time and 
budget, we could have developed a high-fidelity model; 
however, it is unclear whether this would have significantly 
impacted the results obtained. Although the birth canal 
can be viewed as a crude representation of a birth canal, 
participants reported that it was able to recreate the same 
constraints as those they have during a real VE. Furthermore, 
due to the low-fidelity nature of the phantom birth canal, we 
consider there to be no risk to the participant.

7.1.4 � User groups

Originally, we believed that this system would be useful 
in practice for both midwives and obstetricians, so we 
recruited participants from each of these groups as we 
had access to both. We also included student midwives 
and medical students with an interest in women’s health 
to identify potential issues with vaginal examinations 
in general, as it is common for professionals to create 
workarounds to overcome issues that then become part of 
their routine (Lalley and Malloch 2010; Blandford et al. 
2014). As neither group of students had ever conducted a VE 
before this study, it allowed us to identify other aspects of 
VE that could be improved. However, nothing was identified 
during the study.

The study highlighted that the suture glove would 
primarily be used in cases where the attendee was 
uncertain of the position of the fetus rather than in general 
examinations. During second stage labour, which is when 
the glove is designed to be used, these examinations are 
conducted by obstetricians. Thus, the user groups used for 
this study were not ideal. The time spent conducting studies 
with the incorrect user groups could have been better spent 
recruiting and observing more obstetricians. However, recent 
studies have explored the use of surrogates to perform user 
studies, that is students, engineers, etc., in place of intended 
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users and found they can still provide valuable insight during 
evaluations (Yoo et al. 2024).

7.1.5 � Study location

Although this study was able to reproduce the interaction of 
the clinician with the foetal skull, there were environmental 
factors that were ignored. Referring to the medical 
device usability regulatory standard IEC:62366, use 
environments should also take into consideration ‘chaotic 
versus calm, stress level and length of shift’ (International 
Electrotechnical Commission 2024), all of which are 
major contributors to birth management. This study, like 
others (Schnittker et al. 2016), was conducted in isolated 
rooms, whereas some participants expressed that in practice 
“you’ve already got CTGs Going on what ’bop bop bop 
bop bomb’ and like other things, bleeping syringe drivers 
making other weird noises and alarm that have many alarms 
going off all the time.” P01, and “If she has an epidural she 
might just be making a couple of sounds but no epidural she 
might be screaming like there’s no tomorrow” P16. As our 
study was an early assessment, we decided that this level of 
realism was unnecessary.

We considered using a room within the birthing suite, to 
which we had access, to conduct more realistic studies and 
have better access to our intended user groups. However, 
acquiring the necessary ethical clearance to conduct research 
studies within the hospital would have taken a great deal 
of time. Also, unlike surgical theatres which are typically 
pre-booked, a birthing suite may be required at a moment’s 
notice by the clinical team. Furthermore, conducting user 
studies in the hospital does not guarantee that participants 
will be able to join as they may also get called away at a 
moment’s notice.

7.1.6 � Room setup

The constraint of the room setup was to achieve the purposes 
of two of our research objectives: to determine whether the 
suture glove is accurate and reproducible and to understand 
different participants’ vaginal examination methods. We 
decided to locate the monitor such that participants could 
not view it because the techniques they used to perform 
VEs might have changed with feedback from the monitor. 
Also, as some of the participants had never conducted VEs 
previously, it could have created habits that may not work 
in practice.

7.2 � Application of PRETAR to determine level 
of fidelity

There are several standards and books written for medical 
device development that discuss how to conduct human 
factors research, most notably (Cassano-Piché et al. 2015; 
Food and Drug Administration (FDA) 2016; MHRA 2021; 
International Electrotechnical Commission 2024; Asso-
ciation for the Advancement of Medical Instrumentation 
2009). Each of these describes a range of standard methods 
(i.e., contextual inquiry, task analysis, observations, usabil-
ity studies, etc.) for evaluating medical devices. While not 
revolutionary, each of these methods can be used to assess 
specific traits of a medical device. However, none of these 
resources discuss what defines a satisfactory environment 
when conducting studies or the level of fidelity of environ-
mental artefacts. What they do discuss, which is specific 
for medical devices, is that medical devices are applied to 
human beings, and therefore, researchers need to think of 
surrogate environments and surrogates for patients because 
it is not safe or ethical to deploy test prototypes in natural 
environments. van Berkel et al. (2020) begins to unpick this 
by highlighting that the study design should inform the real-
ism of the study, but they do not provide a practical method 
to achieve this. Nagy and Haidegger (2022) define the level 
of environmental complexity (LoEC) in surgical practice, 
specifically for the evaluation of robotic-assisted minimally 
invasive surgery. However, these definitions only describe 
the characteristics of each level of environmental complex-
ity and do not provide a means to determine the level of 
environmental complexity required to perform evaluations. 
For example, LoEC 1 - Training phantoms: described as a 
highly abstract representation of the surgical environment, 
and at the other end, LoEC 5 - Dynamic, realistic surgical 
environment: described as having realistic surgical phan-
toms conducted in in vivo environment with all relevant 
physiological motions. The contribution of our research is 
to provide a means by which researchers can determine the 
level of abstraction of environmental artefacts for early-stage 
medical device evaluation based on their study requirements.

We used PRETAR in this study to support reasoning 
about fidelity, and on reflection, we identified that the first 
four stages of PRETAR are necessary to help determine the 
level of fidelity, which Fig. 7 illustrates. Firstly, the Purpose 
of the study shapes what is important for fidelity. If what 
you are studying is the clinical accuracy of some aspect 
of a medical device, then you need to ensure that it can 
perform its task accurately. However, if you are evaluating 
the usability or experience of using an early-stage medical 
device then it is important that you are measuring the 
outputs of the medical device accurately and how people 
feel about it, but the level of fidelity of the environment 
maybe less important. Secondly, Resources & Constraints 
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shape what is practically possible and where you need to 
invest your efforts. The version of the suture glove evaluated 
in this study was not wireless, whereas the intention is that 
the final version of the suture glove will be. Although this 
affected how the participants were able to perform certain 
tasks, assessing the suture gloves as an early prototype 
allowed us to gain insight into how the participants reacted 
to it and what elements of the suture glove required more 
attention. Thirdly, Ethics shape what is ethically acceptable. 
For early prototypes, most usability studies would be 
considered unethical to evaluate with patients. Therefore, 
developing a surrogate patient that is still able to provide the 
necessary level of realism is important. Lastly, Techniques 
for data gathering determines what data can and/or should 
be collected. The limiting factor in this study was the need 
to observe the movements and techniques of the participants’ 
hands, which required a birth canal that allowed us to view 
the hands of the participants. By uisng PRETAR as a 
guide and considering all of these aspects, researchers can 
determine the fidelity of each environmental artefact, which 
may result in low-fidelity, high-fidelity, or, as in our case, 
mixed-fidelity artefacts.

8 � Conclusion

This paper explores the development of mixed-fidelity 
artefacts to create realistic use environments. Our findings 
indicate that mixed-fidelity environmental artefacts 
can provide adequate ecologically valid environments, 
particularly for early-stage user evaluations of medical 
devices. Additionally, they help reduce the cost and time 
required for artefact development, enabling researchers to 
allocate more resources toward refining and assessing their 
medical devices.

The first four phases of the PRETAR framework-
purpose, resources and constraints, ethics, and techniques 
used for collecting data-play a valuable role in guiding 
these decisions. While high-fidelity environments are often 
considered ideal for medical device evaluation, mixed-
fidelity artefacts can offer comparable insights at a fraction 
of the cost and complexity in formative studies.
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