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Abstract

Introduction : Hysteroscopy is regarded as the gold standard for evaluating and treating
abnormal uterine conditions andwhile typically performed in the operating room with
general anaesthesiaoffice procedures without general anaesthesia has been proven to
be safe and efficient. However, shortcomings with existing hysteroscopy systems, such as
patient discomfort and equipment cost, impede the adoption and success of office
hysteroscopy. This esearch project aimed to develop a new hysteroscopy system that
was more accessible to gynaecologists by reducing cost, eliminating equipment
requirements, and improving the patient experience. Tis increases the rate of office
hysteroscopy and, as a result, improvesatient access to the procedure.

Materials & Methods : By reviewing the current hysteroscopy landscape, need criteria
were determined and translated into design requirements to guide the design and
development of the new hysteroscopy system. The design process followed an iterative
prototyping approach whereprototypes were built on the previous version until a system
that met all the design requirements was developed The prototype system then
underwent verification testing to establish the design specifications to compare against
the desgn requirements and if successful, proced to validation testing through a
comparative usability trial. The trial protocol was developed according to the IEC 62366
1:2015 standard using an ISO 14971:2019 risk analysis as input. The trial involved 10
gynaecologists performing simulated procedureswith the prototype and a standard
system,thereafter, providing feedback through a System Usability Scala,post-session
guestionnaire, and a procedure review form.

Results & Discussion: The outcome of the design process was a mobile flexible
hysteroscopy system with a singleuse sheath with a channel for distention media. The
prototype was all-in-one with a built-in camera, light source, and battery power source,
and it could be operated singlehandedly. It was verified to have a 260mm working
length, 42mm diameter scope with a 236° bending range, 79 minutes of continuous
usage, and the disposable sheath could isolate the system while fully submerged and
supply saline solution at over 200mmHg pressure. Thdrial results showed the prototype
system to have higher usability than the standardscoring 86 and 67, respectively.
Furthermore, less experienced gynaecologists scored the prototype system much higher
than the standard, indicating it was easier to use. This was further shown in the pest
session questionnaire where a MannWhitney U test determined the significance
between ratings of the two systems and the prototype system was found to be
significantly easier to clean, set up, and use. Finally, the procedure review form confirmed
all participants could perform a hysteroscopy procedure with the prototypesystem
without using tools such as a speculum or tenaculum. The prototype system was
therefore validated as a functional hysteroscopy system that successfully incorporated
features to address the identified shortcomings of existing hysteroscopy systems.
Conclusion: The research project, therefore, successfully achieveis aim, having
developed the prototype hysteroscopy system that could increase the adoption of office
hysteroscopy procedures. This is possible through the system requiring no additional
equipment and sterilisation facilities while offering an improved user and patient
experience through the usesfriendly design, minimal diameter flexible scope, and not
requiring tools during procedures. Future work could be aimed at refining the
hysteroscopy system and preparing it fothe first human testing to demonstrde clinical
safety and efficacy.
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1 Introduction

Hysteroscopy is a valuable procedure for diagnosing and treating abnormal conditions
within the uterus, and while typically performed in the operating theatre, caralso be
conducted in the offices of gynaecologists without general anaesthesia. However, the
existing equipment limit the adoption and application of in office procedures due to
several shortcomings. This research aims to develop a new hysteroscopy systémat
addresses the shortcomings of current systems and evaluate its efficacy as a solution. This
chapter will introduce the research by first discussing the background and problem
identification, followed by the research approach, question, aims, objectigeresearch
scope and finally, an overview of the thesis.

1.1 Backgroundand Problem Identification

In the field of gynaecology, hysteroscopy is a procedure for viewing and operating in the
uterusby inserting a long, narrow telesco known as ahysteroscopethrough the vagina
and cervix.A complete hysteroscopy system consists of a hysteroscope connected to a
light source, cameraand display screen to allow the user to observe the inside of the
uterus (Pados & Makedos, 2015)Furthermore, agas or fluid is pumped through the
hysteroscope to enlarge the uterine cavityfor improved visualisation and operative
procedures are performed by inserting surgical instrumentgCooper et al., 2011)

Hysteroscopy offers an excellent minimally invasive method for diagnosing and treating
uterine conditions (SantosPaulo, 2019) Compared to alternative methods of uterine
evaluation, the diagnostic performance of hysteroscopy was found to be significantly
better (Grimbizis et al., 2010) Given its efficacy, hysteroscopy is acknowledged as the
gold standard for uterine cavity evaluation (Mairos & Di Martino, 2016). In terms of
settings, hysteroscopy istraditionally performed in the operating room with general
anaesthesia applied to the patient. However, the development small-diameter and
flexible hysteroscopes has allowed for successful procedures in tlodfice (Jacobs et al.,
2005)8 4EEO 1 AQT OAEDEAI @i 11, vhicte ref€rOt8 inderding thd U
hysteroscope without a speculum or anaesthesiéSharma et al., 2005) Office operative
hysteroscopyhaOET xT EOO AAAOEAEI EOUh OAAZAOUh AT A A
OOAAO6 dndakodindtiiedosts and risks involved with general anaesthesia and
hospital admission(Moawad et al., 2014)

Following the successful performance of office hysteroscopthe further development of
hysteroscopy systems that aimed to improve the office hysteroscopy experience for both

patient and clinician continued These developments led to morenobile hysteroscopy

systems by either combining equipment or replacing the entire system with an ailh-one

handheld device (Connor, 2015). Equipment derilisation requirements were also

reduced by using disposable componenthat allow back-to-back procedures(Salazar &

Isaacson, 2018)) T O0O0O0OT h OEA DAOEAT 060 AgGPAOEA] AA xA
rigid scopes with reduced diameters that lowered discomfort during procedures.

However, although office hysteroscopy offersseveral benefits, it still remains
underutili sed (Isaacson, 2002) This is due to the perceived notion by both patient and



physician that office hysteroscopy without general anaesthesia is too painf{Cicinelli,
2010). The low use is further attributed to the expensive equipment costskills required
to perform office hysteroscopy, and setup requirementgSalazar & Isaacson, 2018)
Flexible hysteroscopes, while shown to lower patient discomfort, are rarely used due to
higher cost, fragility, and increased effort to sterilisg(Jacobs et al., 2005)As a result,
hysteroscopy is still typically performed under general anaesthesia in the operating room
with rigid hysteroscopes.

While recent developments have addressed some of the shortcomings pffevious
hysteroscopy systems, no one syste®@ EAO T £ZAO0O0 A Oi 1 OOET I
DAOEAT 08 O 1 AA A Dherefdré) A da dxists fBriahidndvative hysteroscopy
system that provides a complete solution to the problems preventingdoption and
success ofoffice hysteroscopy procedures and in doing so, provide increased patient
access to a valuable healthcare tool.

1.2 Research Approach

This research project consistd of two major components, firstly, the design and
development of a hysteroscopy systemaccording to the requirements established by
reviewing the current landscape, and secondly, performing verification and validation
testing on the developed system to determine its efficacy as a solutiagainst the
requirements. The design and development process followed an iterative approach
whereby prototyping focused on addressing critical technical challenges, and each
subsequent prototype produced incorporated findings from the previous. The
verification and validation testing determined if the device was designed correctly and if
the correct device was designed It was done by verifying the design through simulation
and bench testing and validating it through user interaction and comparison with existing
devices.

1.2.1Research Question

Following the observation of several hysteroscopy procedures, interviews with
gynaecologists, and a literature review of the hysteroscopy landscape, tlmesearch

guestion for this project was proposed: could anew hysteroscopy system be developed
that incorporates features to addresshe identified shortcomings ofcurrent technologies

and successfully demonstrate its efficacywhen used to perform proceduresand

compared to a typical hysteroscopy system?

1.2.2Aim

The research aimgo develop anew hysteroscopy system for application outside of the
operating theatre, verify it through simulated and bench teshg, and validate it with a
comparative usability trial.



1.2.30bjectives

The objectives of the study are broadlgategorisedinto prototype design, verifying the
technical specifications of the prototype, and validating its efficacyThe objectives are
broken up into secondary objectives forclarification. The primary and secondary
objectives are as follows.

il

Iterative design of the hysteroscopy system prototype
i Establish the desigrrequirements of the hysteroscopy system.
i Identify and prioritise the subsystems of the hysteroscopy system.

i Develop prototypes of the system that demonstrate prioritised subsystems
until a prototype meets all the desigrrequirements.

Performing mechanical characterisation andn-silicotesting on thefinal prototype to
verify its designspecifications:

i Testing functional parameters of the prototype.

i Simulate aspects of the prototype to evaluate performance.

i Record thedesignspecifications to compare against desigrequirements.
Performing design validationon the final prototype by:

i Perform arisk analysis on the prototype to determine theasksof the usability
trial protocol.

i Perform a comparative usability trial between the prototype and a standard
hysteroscopy system with gynaecologists.

i Evaluate theusability trial results to determine the prototype's efficacy

1.2.4Study Scop& Limitations

The scope of the study is limited in the following ways:

1

Prototypes are developedin a university lab environment as such, certain
requirements of medical devices, for example sterility and biocompatibility,
ordinarily need to bemet, howeverare beyond the scopeof the study.

As a result, human trialsare outside the scopebecause the prototypes needed to meet
the requirements.

The prototypes will be evaluated against requirements for performing hysteroscopy
outside of the operating theatre established througHiterature and analysed for
efficacy through gynaecologists performing mock procedures.

Thestudy focuses on developing prototype hysteroscopy system that demonstrates
its potential for performing procedures outside of the operating theatre Therefore,
design choices and testing details werkmited to achieving the focus.



1.2.5Thesis Overview

This thesis details the development process of a novel hysteroscopy system and the
testing thereof. An overview of the thesis structure is shown in Figure 1.1 below.

1. INTRODUCTION TO

RESEARCH PROJECT

.
HYSTEROSCOPY SYSTEM L oy

Problem background & identification
Framing the research project approach &
question

Aim & subsequent chjectives

Study scope & limitations

2. LITERATURE REVIEW
OF HYSTEROSCOPY
SYSTEM

Review of hysteroscopy landscape
Relevant anatomy, alternative evaluation
methods, and hysteroscopy shortcomings
Criteria for novel hysteroscopy system

3. HYSTEROSCOPY
SYSTEM DESIGN
METHODOLOGY &
OUTCOMES

Hysteroscopy system design process &
prototype development

Analysis of prototype hysteroscopy system
versions

summary of final hysteroscopy system

4 VERIFICATION &
VALIDATION TESTING OF & ey
HYSTEROSCOPY 5YSTEM

Werification testing through bench testz and
computer simulations

Walidation testing through a com parative
usahbility trial

5. DISCUSSION &
INFERENCE OF
HYSTEROSCOPY SYSTEM
TESTING

Verification results compared to design
requirements of hysteroscopy system
Walidation results analysed to determine
functional efficacy of the system

6. CONCLUSION ON
NOWEL HYSTEROSCOPY & oy
SYSTEM

Com pare outcomes against project
chjectives & aim

Determine if hysteroscopy system answers
research project question

Discuss limitations & future
recommendations

Figure 1.1-1 Thesis Overview

Chapter 1 provides a brief background to the study and the problem identification
followed by the aims and objectiveso answerthe proposed research questionChapter

2 examines the literature regarding the current landscape of hysteroscopy to understand
aspects such as the relevant anatomy, conditions, procedure settings, and equipment
used. This culminates in the criteria drawn from this examination for a novel
hysteroscopy system.Chapter 3 details the design process of the hysteroscopy system
by showing each pf OT OUBPA AAOAT 1 PAA AT A Ei x EO COEAA,
desigm endingwith a detailed breakdown of the final prototype.Chapter 4 presents the
verification and validation testing of the final hysteroscopy prototype. The verification
section includes function testing and simulations performed with the resultsthe
validation section details the comparative usability trial performed on the prototype and
the results thereof. Chapter 5 discusses theprototype's overall functional efficacy by



analysing the verification and validation testing results The original need criteria
established will be used to determine if the prototype offersa successful solution.
Chapter 6 concludes the thesis with theoutcomes achieved andshows the research
guestion was answered. Recommendations for future development of the prototype
hysteroscopy system are providedas well.



2 Literature Review

This chapterreviews OEA OAlT AOAT O AOPAAOO 1T &£ OEA OAOGAAO
gynaecology. This includes a basic overview of the anatomy of the female genitalia,
specifically looking at the uterus A description of the existing methods foevaluatingthe

uterine cavity follows this. The research project aims to develop one of the methods of

uterine evaluation, namely diagnostic hysteroscopy; the specific aspects of this method

will, therefore, be described in further detail. This includes an overview dhe procedure,

existing hysteroscopy systems, their shortcomings, and the criteri@r developing a new
hysteroscopy system.

2.1 Relevant Anatomy of Female Genitalia

Understanding the methods for evaluation of the uterine cavity requires knowledge of

OEA ZEAT AT A CATEOAI EAG6O0 AT AOI i U8 4EEO A1 60O
understood by providing a clear image of where and how each is performed. Describing

the anatomy also seeks to highlight where potential faults or limitations of evaluation

methods may occur.

2.1.1The Vagina

The vagina is a fibromuscular tube and is capable of considerable distentidhe tube
inclines posteriorly at an angle of approximately 45° with the vertical plane of the body
(Ball et al., 2014) as shown in Figure 2.1. The entrance to the vagina, the vaginal orifice,
forms part of the external female genitalia. Located at the upper end of the vagina is a
blind vault into which the cervix projects. The cervix divides the vagina into four fornices.
The shallow anterior fornix or anterior cul-de-sag the deep posterior fornixor posterior
cul-de-sac, and the lateral fornices(Ball et al., 2014) The fornices are of clinical
significance because the internal pelvic organs can be palpated through their thin walls
(Ball et al., 2014) The length of the vagina, however, varies as the tnior vaginal length

is approximately 6 to 9cm, while the posterior length is approximately 8 to 12 cm
(Baggish & Karram, 2020; Gershenson et al., 202T)his broadly describes the vagina,
however, the exact shape cannot be characterised as reported Barnhart et al.(2006),

as a result of variables such as parity, age, and height causing variation.
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Figure 2-1 Cross Section of the Female Pelvis (Ball et al., 2014)

2.1.2The Cervix

The cervix is described as a barrethaped structure that consists predominantly of
fibrous tissue (Ball et al., 2014) The cervix extends from its external cervical 0s, to its
internal cervical os where it continues into the uterine cavity. These two openings are
connected by the cervical canahs shown in Figure 2.2. The external os in women who
have not given birth vaginally is small and circular while in women who have had vaginal
deliveries, it is linear or oval(Swartz, 2014). The cervical canal is fusiform in shape, and
its length and width vary; it is usually 2.5 to 3cm in length and 7 to 8mm at its widest
point according to Gershenson et al(2021). The cervical canal opens into the vagina at
the external os and the uterine cavity at the internal oss seen in Figure 2.2. Direct
visualisation of the cervix for examination is achieved with the aid of a speculum, as seen
in Figure 2.3.
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2.1.3The Uterus

The uterus is a hollow, muscular, peashaped organ situated in the pelvic cavityBall et
al., 2014) as seen in Figure 2.2. Its size depends @revious pregnancies andthe
hormonal status of the female(Gershenson et al., 2021)The uterus of a nulliparous
xIT TATh TTA xEI EAaprdidatey 5.HtA B cmloBgaOdB5 to &
across at its widest point(Ball et al., 2014; Gershenson et al., 2021jh a parous woman,
one who has given birth, the uterus is on average 9 to 10 cm long, and 6 to 7 cm wiglall
et al., 2014; Gershenson et al., 202T)ypically, an angle of at least 90° is formed between
the axis of the vagina and the axis of the uter&ershenson et al., 2021; Standring, 2020)
this can be seen in Figure 2.1. This position is known as anteversion, such that the uterine
fundus is anterior to the uterine cervix. However, this positiordiffers, and it is possible
for the uterus to be either anteflexed, anteverted, retroverted, or retroflexeqSwartz,
2014), as shown in Figure 2.4 leading to different angles between the uterus and the
vagina.

Normal
(Anteverted, anteflexed)

\ Retroflexed / Retroverted

Figure 2-4 Common Uterine Positions (Swartz, 2014)



2.1.4Summary ofkKey Anatomical Features

In summary, successfully navigating the anatomy of the female genitalia into the uterine
cavity requires taking note of key features discussed iBection 2.1. A hysteroscope, for
example, would need to pass through the length of the vaginal canal and cervix, then
navigatearound the angle created by the axes of the vagina and uterus which depends on
the position of the uterus. Table 2.1 below lists the features that would impact a
hysteroscope when navigating the anatomy during a procedur@he requirementslisted
alongside the anatomical features in Table 2.1 will be used in the development process of
the hysteroscopy system described in Chapter 3 of thtkesis.

Table 2.1 Key Anaotomical Features & Requirements

Anatomical Feature Requirement

Vagina length 12 cm based on maximum length of
posterior vaginal lengtht.2

Length of cervix 3 cm based on maximum length
Angle of uterus 90° angle between uterus and vagine3
Uterus length 10 cm based omaximum length in

parous woment:2

Uterus width 3.5cm based on minimum width in
nulliparous woment.2

Total length 25 cm combining vagina, cervix, and
uterus length

1(Gershenson et al., 2021) ; 2(Ball et al., 2014) ; 3(Standring, 2020)

2.2 Methods for Uterine Evaluation

Different methods for evaluation of the uterine cavity exist that provide the ability to
visualise its structural components. Although similar, each diagnostic method has a focus.
Factors such as simplicity, accuracy, and degree of invasiveness furtherfeliéntiate
methods and influence the application thereofWhile office hysteroscopy is thetheme of
this research project, he alternative methods ofin-office evaluation are discussed in this
sectionto ensurethis decision is justified.

2.2.1Transvaginal Sonography (TVS)
Transvaginal sonography uses an ultrasound probe that is placed directly into the vagina

to obtain detailed images of the cervix and uterusTVS has traditionally been the first
line diagnostic tool for uterine evaluation, and most gynaecologists are familiar with the
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technique as it forms part of basic training in obstetrics and gynaecolodgi Spiezio Sardo

et al., 2016) The close proximity of the probe to the uterus allows for use of high
frequency transducers which provides better image quality and anatomic detgiRumack

et al., 2005) The goal of a TVS examination is to exclude pathological conditions and
thereby make endometrial sampling unnecessar{L.alchandani & Phillips, 2003) TVS is

an easy, fast, and cheap technique that is less invasive, and generally painless without
complications (Abd Elkhalek et al., 2016; Lalchandani & Phillips, 2003)

2.2.2Saline Infusion Sonohysterography (SIS)

Saline infusion sonohysterography isan ultrasound technique where the uterus and
contents of the uterine cavity are analysed through the use of high contrast medium
(Zinna et al., 2015) It is a lowtech, lowcost, and low pain score enhancement of TVS
(Lalchandani & Phillips, 2003) SIS involves the instillation of sterile salinsolution into
the uterine cavity under ultrasound guidance. The saline is injected through a special
transcervical catheter inserted into the uterus. The saline distends the cavitythereby
showing structural abnormalities, while the uterus is scannedsystematically, and
appropriate images are recordedBrown et al., 2000) However, compared to TVS, due to
the catheters used, SIS is more invasive investigation that causes discomfort to patients
and occasionally a vasovagal attadkalchandani & Phillips, 2003)

2.2.3Diagnostic Hysteroscopy (DH)

Diagnostic hysteroscopy is an evaluation method that involves the use of a telescopic
device, known as a Hysteroscopeio observe the uterine cavity directly The
Hysteroscope may be either rigid or flexible and employs a sheath to deliver distention
media as it travels through the vagina, cervix and into the uterine cavitifnfried et al.,
2001). The sheath also provides working channels for the insertion of operative
instruments. These instruments are used to perform simple operations such as a biopsy.
DH can be performed either iroffice or as a daycase procedure, in the operating theatre
where full fithess to work occurs more quick after an iroffice procedure (Lalchandani &
Phillips, 2003). The advantage of direct visualizatiorand the ability to treat in the same
procedure has resulted in hysteroscopy generally being accepted as the gold standard for
evaluation of the uterine cavity(di Spiezio Sardo et al., 2016)

2.2.4Comparison of Methods

Numerous studies have been performed to investigate and compare the efficacy of the
uterine evaluation methods mentioned (Grimbizis et al., 2010; Kelekci et al., 2005;
Soguktas et al., 2012)TVS is highly applicable, noimvasive and typically used as a first
line investigation, SIS provides improved visualization by distending the uterine cavity
while still being well tolerable, and finally, hysteroscopy offers the advantage of direct
visualization of the uterine cavity. The performance of these methods was evaluated by
comparing factors such as diagnostic accuracy, procedure time, and pain scores. In a
study conducted byKelekci et al.(2005) TVS, SIS and DH were assessed to determine
AAAE OAAETENOAGO AAEI EOU Ol Kdekddd mG2005] OOAAA
reported that SIS and DH had a similar diagnostic performance, however SIS was found
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to be less painful for patients than DH. In this study office hysteroscopy was performed
using a 3.5mm rigid Hysteroscope in an outpatient setting without anaesthesigelekci
et al. (2005) concluded that SIS may be useful and nanvasive, however hysteroscopy
still enabled the option for simultaneous diagnosis and treatment.

Grimbizis et al.(2010) reported performing a more precise statistical methodo compare
different diagnostic techniques. The study implemented a receiver operating
characteristics (ROC) analysis to compare the diagnostic performances of TVS, SIS, and
DH in a statistically rigorous fashion. Thenalysis resuls are shown in Figure 2.5 with
the ROC curves for each techniqué&rimbizis et al.(2010) stated that while hysteroscopy
remains an expensive, interventional method, it was found to be the better diagnostic
technique for any endometrial abnormality.SunaSoguktas et al. (2012) determined the
overall effectiveness of TVS, SIS, and DH in a third stumlycomparing the area under the
curve (AUC) values. The study found that although DH is invasive, expensive, and
uncomfortable when compared to TVS and SIS, it offers superior diagnostic performance
and allows biopsy to be taken.

A comparative summary of the characteristics of TVS, SIS, and DH are shown in Table 2.2
below. From the comparison andstudies performed byGrimbizis et al.(2010), Kelekci et

al. (2005) and Soguktas et al(2012) it can be concluded that diagnostic hysteroscopy
offers the highest performance regarding uterine evaluatiomombined with the ability to
treat in the same procedure However, hysteroscopy is limited in its application because
of the high cost, invasiveness, and complexity involved with procedures in the operating
theatre.

Table 2.2 Comparative Summary of Uterine Evaluation Methods

METHOD TVS SIS DH
ACCURACY 23 Lower value than| Comparative value| Highest diagnostic
SIS to DH performance
PROCEDURE Rapid procedure Rapid procedure Time consuming
TIMEL 4.5
DIFFICULTY# 5 Simple, basic Simple procedure | Most complex
training procedure
COS®B .45 Low cost Low cost High cost
INVASIVENESS# | Least invasive Invasive catheter Most invasive with
hysteroscope
SETTING In-office In-office In-office or
operating theatre
OPERATIVE Requires follow-up | Requires follow-up | Treatment in same
ABILITY# operation operation procedure
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1(Kelekci et al., 2005) 2(Grimbizis et al., 2010) 3(Soguktas et al., 2012)*(Lalchandani
& Phillips, 2003); 5(Abd Elkhalek et al., 2016)
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Figure 2-5 Receiver Operating Characteristics of Uterine Evaluation Methods for
A. Any Endometrial Pathology, B. Endometrium Diseases, C. Intracavitary Masses,
D. Myomas, E. Polyps, F. Structural Abnormalities (Grimbizis et al., 2010)
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2.3 Hysteroscopy forUterine Evaluationand Treatment

Hysteroscopy has been identified as the gold standar(Ma et al., 2017; Mairos & Di

Martino, 2016), allowing for diagnosing and treating uterine conditions in the same

DOl AAAOOAh OAOOI OET ¢ ET OEA OOCAA AT A OOAAOQGS
do exist that effect the application of hysteroscopy. This section aims to identify these
shortcomings by reviewing the procedure and current equipment used to perform
hysteroscopyas well as the findingsof literature in the hysteroscopy landscape.

2.3.1HysteroscopyProcedure

Hysteroscopy is typically performed in hospitals or in the offices of the medical
professional (Capmas et al., 2016) The procedure involves the following steps
(Zelivianskaia & Robinson, 2022)

1 The patient is placed in the lithotomy position for access to theagina

1 A speculum maythen be inserted into the vagina to hold it open.

1 The hysteroscope is then inserted into the vagina and gently moved through the
cervix into the uterusas seen in Figure.6 below.

Bladder

(—

Hysteroscope

Rectum

Vagina

Figure 2-6 Hysteroscopy Procedure with Rigid Hysteroscope (Outpatient
Hysteroscopy, 2018)

1 If entry is difficult, a tenaculum may be used to grasp angosition the cervix to gain
entry with the hysteroscope.
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Through the hysteroscope, a distention mediatypically saline solution or carbon
dioxide gas,is pumped into the uterus to expand it and clear away any blood and
mucus.The different options for distention media are shown in Figure.7 below.

SALINE

» = )

A @g - c

Figure 2-7 Distention Media Options used in Hysteroscopy: A. Gravity Saline
Infusion B. Syringe Saline Infusion C. Carbon Dioxide Insufflator (Bradley &
Falcone, 2008)

Light generated from an external sourcend connected to the hysteroscopds shone
through the hysteroscope, allowing the physician to examine the utee cavity.

A video camera mounted on the hysteroscopés used to display the live image on a
screen for the physician to view. Images can be captured during the procedure for
later review.

If needed, small instruments are inserted through the hysteroscopgheathinto the
uterine cavity to perform surgeries such as taking biopsies or removing polyps.

The physician manipulates the hysteroscope by rotating and tilting tio observe the
entire uterine cavity fully.

Hysteroscopy procedures lasts between 10 to 15 minutgg$saacson, 2002) once the
procedure is completed, the hysteroscope is removed from the patient and sterilised
for reuse.

The general procedure of hysteroscopy is described asbove; however, different
hysteroscopy systems exist that impact factors of the hysteroscopy procedure.

2.3.2EXxisting Hysteroscopy Systems

The current hysteroscopy systems used consist of different components to enable
procedures to be carried out. The primary component being the hysteroscope, which can
be either rigid or flexible (Unfried et al., 2001)
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2.3.2.1Rigid Hysteroscope

The 5 mm igid hysteroscopes are the most commonly used to perform hysteroscopy
procedures and consist of twacomponents:the inner rod lens telescope and the outer
sheath (Campo et al., 2005) The telescope is inserted into the outer sheatand fixed in
place as shown in Figure.8 below.

Figure 2-8 A. Rigid Hysteroscope in Sheath B. Hysteroscope without Sheath
C. Closeup of Assembled Rigid Hysteroscope (Bradley & Falcone, 2008)
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The viewing angle through the lens of the hysteroscope can be varied as shown in Figure
2.9 below, with 30° being the typical level of deflectionthat provides additional utility
when examining the uterine cavity.

Variations in
viewing angle

J 12°— deflection

30°— deflection

Figure 2-9 Rigid Hysteroscope Viewing Angles (Bradley & Falcone, 2008)

Developments with rigid hysteroscopes have led to reducing the outer diameter to
improve the both the patient and physician experience, while maintaining excellent
visual quality (Cicinelli et al., 2003)

2.3.2.2Flexible Hysteroscope

The other main type of hysteroscopesare flexible hysteroscopes that offer several
benefits during use. These hysteroscopes have a bidirectional bendable distal tip that is
capable of angulation ugo 100°in some deviceqIsaacson, 2002) This allows for easier
navigation through the B A O E d&nhtd@r§y @ around obstructions as shown in Figur@.10
below.
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Figure 2-10 Flexible Hysteroscope Navigating Obstruction (Bradley & Falcone,
2008)

Both types of hysteroscopy systems described thus faequire additional equipment for
operation that increases the cost of setting up for woffice procedureswhich also impacts
the potential application of office hysteroscopy(Isaacson, 2002)

2.3.2.3Additional Equipment

The standard hysteroscopy systems used consist of the hysteroscope and several pieces
of additional equipment. Figure2.11 below showsthe basic setup for performing office
hysteroscopy.
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Figure 2-11 Office Hysteroscopy Setup Showing the Gynaecological Chair,
Hysteroscopy Stack, and Distention Media (Pados & Makedos, 2015)

This setup has a gynaecological chair, video camera, monitor, light source, light cable, and
pressure cuff for a fluid distention medium(Kolhe, 2015). Additionally, the facility should

be equipped to sterilise the hysteroscope and accessories. The suitable sterilisation

i ACET A AAPATAOG 11 OEA EUOOAOT OAT PAGO 1 Al OEA
method is autoclaving.The guidelines for sterilisation would include additional cleaning

steps required or the duration for which equipment remains sterilised.

2.3.2.4New Hysteroscopy Systems
Developments with hysteroscopy systems have continued, leading to miniaturised
hysteroscopes, more mobile equipment, and alh-one systems with builtin cameras,

light sources, and display Examples of these new develops are shown in Figuz12
below.
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Figure 2-12 New Developments in Hysteroscopy Showing (left) A Mobile Camera
with a Light Source and (right) an Endosee Hysteroscopy System (Emanuel, 2013)

The Endosee showron the right in the Figure above is an example of hysteroscopy
systems that have single use components. The Endosee uses a single use cannula that
includes the camera and light source while the handheld component and screen are
reusable. This allows the system to avoid intese sterilisation between uses(Harris,
2013).

While current and new hysteroscopy systems allow physicians to perform procedures,
several shortcomings have been identified that effect the application of hysteroscopy
outside of the operating theatre.

2.3.3ShortcomingsPreventing Office Hysteroscopy

Hysteroscopy is an effective minimally invasive procedure that allows for direct
visualisation and examination of the uterine cavity. While hysteroscopy has typically
been performed in the operating theatre with patients undergoing general anaesthesia,
office hysteroscopy without gereral anaesthesia is found to be successful, safe, and
tolerated by patients(Isaacson, 2002) Compared to performing in the operating theatre,
office hysteroscopy offers a decrease of anaesthesiaassociated risks, time-cost
effectiveness, and faster recovery. However, office hysteroscopgmains underutilised,
and procedures are still performed in the operating theatrelsaacson(2002) estimated
that only 15% of gynaecologists in the US routinely perform office hysteroscopwhile
Cooperand Clark (2013) stated that in 2010, 70% of diagnostic hysteroscopies were
performed under general anaesthesia in the UK. These numbers are likely to have
changed, howeverthe reasons provided forlow office hysteroscopy rates may not have
changed.

The reasons for low rates for office hysteroscopyre often stated to beinadequate
management of pain, cost prohibitions for purchasing the necessary equipment, and the
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high level of expertise required to perform office hysteroscopySalazar & Isaacson,
2018).

2.3.3.1Patient Discomfort

Pain experienced by patients during office hysteroscopy is one of the primary factors
impacting the feasibility and rate of successful procedures. The diameter of the
hysteroscope being used hasbeen shown to contribute to the pain levels during a
procedure significantly (Romani et al.,, 2013) Office Hysteroscopies are generally
performed with 5mm instruments, more recent hysteroscopes with diameters of 3.5mm
resulted in less painful proceduregCicinelli, 2010). Numerous other studies(Campo et
al., 2005; de Freitas Fonseca et al., 2014; del Valle et al., 20h&ye reported similar
findings showing that smaller diameter instruments reduce painhowever, when using a
rigid hysteroscope, discomfort atthe introduction of the scope and during the procedure
is still experienced (Capmas et al., 2016)This is due toup and downand sideto-side
motions necessary to inspect the uterine cavityUnfried et al., 2001) This problem is
addressedOOET ¢ &A1 AGEAT A EUOOAOI OAT PAO OEAO AAI
motion and, thereby, less pain thamigid hysteroscopes. Flexible hysteroscopes are even
capable of negotiating the cervical canal of acutely an acutely anteverted or retroverted
uterus (Marsh & Duffy, 2004)

However, flexible hysteroscopy systems have several disadvantages that hamper its use;
higher cost to purchase and maintain equipment, increased effort for sterilisation and
often not autoclavable, greater frailty due to fibreoptics used, andnore incredible
difficulty to use (Salazar & Isaacson, 2018; Sardo et al., 2015; Unfried et al., 2001; Vitale
et al., 2020)

'T AAAEOETTAI 1 AAOOOA O OAAOAA PAOEAT O DPAE
Ol OAES APDPOI AAE8 4EEO OAZEZAOO OiF xEAOA OEA E
through the cervical canal, and into the uterine cavity without the need for a speculum or
tenaculum. This technique is associated with significantly less procedural pa{ikin et

al., 2009)

The type of distention media used in office hysteroscopy was not found tffect pain
when either saline or carbon dioxide was usedaccording to a systematic review
completed by De Silva et al.(2021). However, saline was associated with less
unsatisfactory images, faster procedureshigher patient satisfaction, and improved
diagnosis confidence of gynaecologists.

2.3.3.2Level of Expertise Required

Studies reported that office hysteroscopy was perceived to require a level of skill to
perform (Cicinelli, 2010; Isaacson, 2002)however, the developments in hysteroscopes
benefited the physician as well in this regardCampo et al(2005) determined in a trial
evaluating factors influencing the success rate of office hysteroscopy, that the skill of the
operator is not important when small diameter hysteroscopes are usedA study
conducted byPluchino et al.(2010) also found that gynaecologist experiencevas not
important when using small diameter scopes, however, they also found that adverse
effects and complication rates were affected by experience level. Therefore, both
instrument size and training level played critical roles for well tolerated procedures.
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2.3.3.3Cost of Equipment

While developments have succeeded in addressing factors impacting the rates of office
hysteroscopy, the cost of equipment potentially remains a barrier to gynaecologists.
Isaacson(2002) reported that the basic office hysteroscopy package costs approximately
$5000USD without the hysteroscope. Rigid hysteroscopes are priced at approximately
$2500USD and flexible hysteroscopes between $5000USD and $7000USD. A more recent
study completed by Munro et al. (2022) developed an economic model comparing
different hysteroscopy systems. These included traditional systems angurpose-built
systems such as the Endosee in the previous Figu®l2. The primary costs of two
traditional systems and one purposebuilt system are given in Table 2.3 below. The
purpose-built system has a single use camera and light source cannula.

Table 2.3 Cost of Hysteroscopy Systems (Munro et al., 2022)

Hysteroscopy System  Total Equipment Cost (USD) Consumable Cost (USD)

Traditional A 53 599 0
Traditional B 62 549 0
Purpose-Built 3295 175

The above Table highlights the incredibly high wgront cost for procuring traditional
hysteroscopy systems, that still exclude additional minor instruments. The purposeuilt
systemsoffer an alternative solution to performing office procedures, however with a
consumable peruse cost that can be prohibitively high as stated bWright and Simko
(2021).

2.3.4Summary of Hysteroscopy Systems

Current hysteroscopy systems use either rigid or flexible hysteroscopes, where each type

I £FEAOO AEAEEAOAT O AAOAT OACAO 1T O AEOAAOAT OACAC
making when procuring equipment for inoffice procedures. Table 2.4 below summarises

the advantages and disadvantages of the types of hysteroscopes following the findings of

the literature review.

Table 2.4 Advantages & Disadvantages of Hysteroscope Type

HYSTEROSCOPE TYPE RIGID FLEXIBLE
ADVANTAGES 1 Miniature scope sizes Y Significantly less pain
available(Romani et al., than rigid (Unfried et
2013) al., 2001)
1 High quality images| 1 No cervical dilation
(Unfried et al., 2001) required (Sardo et al.,
1 Vaginoscopic technique 2015)
(Sharma et al., 2005)
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Able to navigate
different uteri (Marsh
& Duffy, 2004)

DISADVANTAGES

Pain dependent on size
operator  skill level
(Pluchino et al., 2010)
Motions during use
cause pain(Siristatidis
et al., 2010)
Requires
equipment
2015)

High cost (lsaacson,
2002)

additional
(Kolhe,

May require tools to
enter cervix (Marsh &
Duffy, 2004)

Much  higher  cost
(Jacobs et al., 2005)
Increased effort to
clean, disinfect, and
sterilise (Salazar &
Isaacson, 2018)
Reduced image quality
(Unfried et al., 2001)
Fragile (Salazar &
Isaacson, 2018)
Greater difficulty to use
(Sardo et al., 2015)

In summary, both rigid and flexible hysteroscopes offer several advantages when
performing office hysteroscopy procedures. Rigid hysteroscopes have undergone
developments to produce miniature diameter scopes that not only reduce the pain
experienced by patients but dbw for less skilled operators to perform procedures.
Additionally, these still produce excellent images and when combined with the
vaginoscopic technique, further reduces the pain. However, the pain caused is dependent
on the size of the scope and the ogeA OT 06 O A@PAOEAT AA AO
result in greater discomfort. Lastly the rigid scopes still require expensive additional
equipment, causing the overall cost of equipment to be a barrier for adoption.

I TOET I

Flexible hysteroscopes offer an improvement by reducing the pain during procedures
even further, without needing cervical dilation and can navigate even acutely anteverted
or retroverted uteri. However, these scopes are even more costly than rigid scopesile
potentially requiring use of a speculum or tenaculum to enter the cervix which also

increases the difficulty to use. Flexible scopes require increased effort to clean, disinfect,
sterilise and are more fragile than rigid scopes, these factors potentip limit the
adoption of flexible scopes for iroffice procedures despite the decreased patient

discomfort.

2.4 Proposed Hysteroscopg8ystem Needriteria

The review of the current hysteroscopy landscape showed that while being a safe and
effective procedure outside of the operating theatre, several factors reduce the
application of office hysteroscoy procedures It is the aim of this research project to
develop a hysteroscopy system that addresses the shortcomings of existing systems that
could potentially increase the adoption of office procedures, thereby increasing the
access for patientsTo achieve this, the need criteria of a proposed hysteroscopy sgm
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should be established. Need criteria represent what a potential solution should do
without specifying how it will do it. Essentially guiding the process of developing a
solution without immediately determining what the exact solution is.

The need criteria for the hysteroscopy system are focused on thrdactors: the patient,
the physician, and the facility. By addressing the shortcomings of current systems with
regards to the three factors, the proposed system would provide the means for increasing
the application of office hysteroscopy. Based on the literatureeview of the relevant
anatomy, alternative evaluation methods, current hysteroscopy systemand observing
hysteroscopy procedures while interacting with gynaecologists, the need criteria
selected are listed in the Tabl@.5 below.

Table 2.5 Need Criteria of Proposed Hysteroscopy System

FACTOR SHORTCOMING NEED CRITERIA

Patient Causes of patient discomfort Small diameter and flexible

Use of tools such as speculum ¢ Able to apply vaginoscopic

tenaculum technique

Gynaecologist | Difficult to use User friendly design
High effort to clean Disposable components

Facility High setup cost Eliminate additional equipment
Requires sterilisation Isolate equipment from

environment

The needcriteria shown in Table 25 represents what impedes the adoption and success
rate of office hysteroscopy procedures. A hysteroscopy system that meets these need
criteria would present a solution that would be more affordable, easier to use, set up and
clean, while reducing patient discomfort. Essentially addressing the shortcomings of
hysteroscopy systems that prevent or discourage gynaecologists from performing office
hysteroscopy proceduresThe need criteria from Table 2.5 will be used in the subsequent
design process as design inputs to guide the development of the proposed hysteroscopy
system.
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3 FlexiGyni A Mobile Flexible Hysteroscopy System

This chapterdescribesthe design methodologyfor developingthe hysteroscopy system.
The design requirementsof the proposed hysteroscopy are presentedpllowed by an
overview of the prototypes developed that include findings gained from each. The
chapter ends with an overview of the final prototypedesign, the outcome,a basic
overview of its operation, and a summary of the design outcomes.

3.1 Design Methodology

The design methodology of this research project followed a-model approach, as shown
by Figure 3.1 below. This model rgoresents thedeveloped novel hysteroscopy system's
design process that begins with the identification of identifyinghe need criteria through
thorough background research. These criteria were then translated into measurable
design requirements to guide the prototyping stageFurther simplification of the
prototyping stage was achieved bydividing the hysteroscopy system into subsystems
representing different functions. The subsystemswere then prioritised according to the
anticipated level of technical challenge, which determined the order for prototyping,
beginning with the most challenging subsystem.

Was the right
device designed?

Need Criteria Validation

Design S Was the device
) Verification . .
Requirements designed right?

Prototyping
W, !

\ 4

Design Freeze

Figure 3-1 Design Methodology V -Model. The model shows the design approach of
the research project that consisted of translating need criteria to design
requirements, prototyping around the requirements, and the performing

verification and validation on the resulting prototype.

Prototype development was an iterative process thatas repeated until a prototype was
produced that, through initial evaluation, seemed to meet all design requirements. The
design was then frozen and taken into the next stage, verification testing. The purpose of
verification was to compare the prototype gstem against the design requirements to
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determine if it successfully demonstrated the requirements. Testing consisted of bench
tests and computer simulations toassessto what extent the prototype system met the
requirements.

If a prototype demonstrated its capability to a sufficient level, it would proceed to the
final stage of the Vmodel, validation testing. Validation determined if a prototype
performed its intended use successfully and to what level according to the initimeed
criteria established. This involved user testing of the prototype and comparison with the
current standard systems used. The research project would be concluded following a
prototype that passed the validation stage.

3.1.1DesignRequirements

According to the Vmodel, the need criteria established irChapter2 should be translated

ET OT AAOGEcCT OANOEOAI AT 008 4EEO DPOI AAOGO EO
01 AT 86 OiF OEI x A OUOOAI xEII1l Al EQCslbeloWA EO
shows the proposed hysteroscopy system's need criteria and related design
requirements. These requirements were determined from the background research and
interviews conducted with gynaecologists.

Table 3.1 Design Requirements of Proposed Hysteroscopy System

NEED CRITERIA DESIGN REQUIREMENT

Small diameter and flexible Diameter < 4.7 mm

)l
1 Flexible with 100° bidirectional
Able to apply vaginoscopic technique bending? 3

1 Working length => 250 mn?

User friendly Design 1 Handheld and mobile userfriendly
device
Eliminate additional equipment T Built-in camera, light source, anc
display
1 Battery powered for 10-minute
procedures*
Disposable components 1 Disposable, singleuse sheath
7 Distention media channel for saline
Isolate equipment from environment solution up to 200mmHg pressure

1(Siristatidis et al., 2010} 2(Table 2.1); 3(Marsh & Duffy, 2004) 4(Oraif, 2016)

The design requirements represent thegparameters of a tangible hysteroscopy system
that this research project aims to developTheserequirements were assigned to the
hysteroscopy subsystemdo guide the prototyping process furtherand is discussed in
more detail in the following section.
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3.1.2Hysteroscopy Subsystems

The system's designis an iterative process prototypes are adjusted and modified to
improve functionality. The design of the susystems is an integral part of the design
process as each represents a parameter that influences theverall efficacy.Figure 3.2
below shows the hysteroscopy subsystemwith high-level components and funcibns.
From the figure, these are the Smart Bending Mechanism (SBM), Mobile Visualisation
Platform (MVP), Handheld Base (HB), and Disposable Sheath (IE&)ch subsystem would
be prototyped until the design requirements were met and integrated to build a complete
hysteroscopy system. Howeverthe development of the subsystem prototypes would
occur in order of the technical difficulty of each to focus on refining the highsk
components of the hysteroscopy system for a more timefficient process.

Hy=steroscopy
Systemn

¥
. 2. Mobile

1. Smart Bending Visuslisation
SERETELE Platform [MVP)

* lightsource L J
. Camera
. Distention
- Display
mediachanne
* Graphical user
. . solae system
nterface
Y ;
* Contro _ Y
rterface . Handheld
. Flextible rod . Power supply
- Actuation L Houses
system components

Figure 3-2 Proposed Hysteroscopy Sub -Systems. The proposed hysteroscopy was
broken up into sub -systems with the main functions listed for each sub -system.

17 Smart Bending Mechanismz the SBM has the highest technical challenge as it
determines the system's flexibility and diameter These two factors will determine
how easily the usercanT AOECAOA OEA PDPAOEAT 6060 AT AOI i U
much pain due to excessive motions. The control interface of ti8BMshould also be
simple and intuitive to use to ensure users with varying levels of experienceanuse
the system. Lastly, theSBM should allow for integration of the MVP and being
integrated into the Hardheld Base.
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1 Mobile Visualisation Platformz This subsystem provides the means for viewing and
displaying images during the hysteroscopy procedure with sufficient lighsources
and a graphical user interface for the operator to adjust settings. The MVP must meet
the size limitations of the system and integrate into the Smart Bending Mechanism
while the display forms part of the Handheld Base.

1 Handheld Basez The primary purpose of the HB is to house the power supply and
electronics of the system while integrating the other subsystems. It wjltherefore,be
designed around the form factor of thee components. The user should be capable of
holding and operating the system with a single hand, and the base should allow for
this.

1 Disposable Sheatly The Disposable Sheath is the final subsystem to be prototyped
once the other subsystems have been developed to an acceptable standard. This is
due to the sheath being heavily dependent on the size and shape of the components
it will be placed over. Prototyping the sheath too earlwill likely lead to designs being
redone too oftef] O E A O AmsreGflidient Fo@évElop sheaths once the other
subsystems are nearing completionThe primary purpose of the sheath is to isolate
the main reusable system from the environment during procedures to avoid it
requiring intense sterilisation between uses The distention media supply would
therefore, need to be connected through the sheatland the visuals should not be
obscured when the sheath is in place.

3.2Prototype 1i Proof of Concept

A proof-of-concept prototype of the proposed hysteroscopy system was developed to
demonstrate the feasibility of theSBM MVP, and HB in one device. The concept resulted
from a brainstorming session focused on how controlled bending of a hysteroscope could
be achieved. Figure8.3 below shows the initial Computer Aided Design (CAD) model of

the flexible tip that was part ofthe SBMconcept.

Figure 3-3 Flexible Tip Concept . The concept consisted of a camera module
mounted on the distal tip with actuation wires connected  that ran through a
segmented flexible rod.
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The concept involved the use of nitinol wires for its actuation of the bending of motion.
Nitinol is a known as a shape memory alloy (SMAand has widespread uses in medical
devices due to its properties. SMA wires are able to contract like muscles when
electrically driven or heated andcan be stretched out again as it cools back down. These
wires are ideal for producing motions in applications that have limited size constraints
and were therefore selected for the Smart Bending Mechanism concept.

Figure 3-4 Side View of Flexible Tip . The view shows the segmentation of the
flexible rod to facilitate the bending motion when the actuation wires are
contracted.

As shown in the above Figur8.4, the nitinol wires run along the length of the flexible rod,
and towards the distal end, the rod is segmented. The purpose of these segments is to
facilitate and localise bending when a wire is electrically activateds the wire contracts,
the segmented rod bends towards the side of the activated wire, the user would therefore
be able to contract the bending direction depending on which wire is activated, while
allowing the flexible rod to remain completely flexible.

A prototype of this concept was built using the following materials and is shown in the
below Figure 3.5 with the Handheld Base (HB), Smart Bending Mechanism (SBM), and
Mobile Visualisation Platform (MVP) subsystems labelled

1 The Handheld Base was 3D printed out of ABS plastic material and designed for the
controls of theSBMto be mounted and hold its power supply.

1 The Smart Bending Mechanism was constructed usirgn 8 mm, 2-lumen catheter
with segments manually measured and cut out of. The catheter had nitinol wires
mounted for each segmenthat was fixed in the Handheld Base and connected to a
control circuit powered by a battery.

1 The Mobile Visualisation Platform consisted of a 7mm android endoscope camera
with built -in LED lights that was guided through thesBMand fixed to the distal end.
The camera connected directly to an android smartphone was used as a display.
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HB

MVP

SBM

Figure 3-5 Proof of Concept Prototype . The prototype consisted of (HB) the

Handheld Base, (SBM) the Smart-Bending Mechanism, and (MVP) the Mobile
Visualisation Platform

The proof-of-concept prototype system demonstrated the feasibility of the three core
subsystems of the proposed hysteroscopy systerBpecifically,the potential of the SBM
by using nitinol wires to produce bending motions which is shown in Figure3.6 below.
However, several issues were identified with the prototype that needed to be considered
for the next, these aresummarisedin Table 3.2 below.

Figure 3-6 Proof of Concept Bending Tip . The bending capabilities of the

prototype was measured using a protractor

Scale z The scale of the prototype, 8 mm, exceed the size requirement specified and
needs to be greatly reduced. This can primarily be done by sourcing smaller components
and improving manufacturing methods. Additionally, the working length of 150 mm
needs to be extended to meet the design requirement.
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Flexibility z The prototype was only capable of motion in one direction, up to 70°, which
did not satisfy the requirements. This was due to constraints from manufacturing by hand
which would need to be improved uponThe scope was primarily rigid as well and would
require redesigning to make the scope flexible.

Accuracy z The nitinol wires produced bending motion whenactivated but immediately
began stretching back to normal when deactivated, as a result the prototype did not
maintain positions which would affect accuracy of proceduresimprovements to the
bending mechanism should be made to maintain fixed positioning.

Table 3.2 Prototype 1 Issues & Interventions

ASPECT | ISSUE INTERVENTION
Scale 1 8 mm diameter 1 Replace camera module with
1 150 mm working length smaller unit
1 Extend portion of catheter
tubing
Flexibility | 1 70°one way bending 1 Add additional nitinol wires for
1 Rigid scope bi-directional bending

1 Increase the number of
segments to improve the
bending angle

1 Extended catheter length for
flexibility

Accuracy | Unable to maintain bending § Improve control system by

position maintain activation

1 maintain  position through
mechanical design

The subsequent prototype would focus on addressg the issues of the proofof-concept
prototype.

3.3 Prototype 2i Multiple Direction Bending

The second prototype aimed tamprove the Smart Bending Mechanism further, following

the proof-of-concept demonstration as this was identified as a critical subsystem for
developing a flexible hysteroscopy systemSeveral design changes were made which
resulted in the CAD model of the system shown in FiguB7 below.
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Figure 3-7 Prototype 2 Concept . The changes made to the prototype included a
handheld grip and potentiometer joystick to control the bending mechanism that
had improved bending and added directions.

The design changes consisted of the following:

1 The Handheld Base was redesigned @®EEO AAOOAO ET 01T OEA OOAO0G
additional space for the large controls and electronics of the Smart Bending
Mechanism. The HB was still produced by 3D printing ABS material.

1 The Smart Bending Mechanism underwent several changes to improvis
functionality. The first was using guides along the flexible rod to maintain the
position of the wires to ensure bending occurs in a specific direction, as shown in
Figure 3.8. Additionally, a rig was usedo produce the segmented portions of the
flexible rod with more consistency.The nitinol wires were also replaced with nitinol
springs that provided increased contraction distances;esulting in greater bending
motion as shown in Figure3.9. The redesignedSBMhad 4 nitinol springs that allowed
for bending in 4 directions that were activated independently through a
potentiometer joystick. When the joystick was pushed into a direction, it would
activate the corresponding spring for the direction. Furthermore, tke joystick was
connected to a microcontroller that activated the springshrough a pulse width
modulated (PWM) signal.PWM is often used to control speeds of motors, in this
application it is used to control the speed of the nitinol spring contraction, thereby
allowing for a more controlled motion.

1 The Mobile Visualisation Platform was slightly improved by using a cameraodule
with a much smaller 4 mm diameter that still connected to a smartphone for
displaying the camera view.The details of the camera module are provided in the
manufacturer's datasheet in Appendix G.

32



Figure 3-8 Flexible Tip with Wire Guides . Wires guides were added to the
prototype to avoid actuation wires becoming enta ngled to preserve the bending
motion.

Figure 3-9 Prototype 2 Bending Mechanism . The bending mechanism
implemented shape memory alloy springs that acted as pairs, when one contracts
the opposite spring extends.
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Figure 3-10 Prototype 2 Bending Tip . The bending motion of the prototype was
improved to produce greater bending while also bending in multiple directions.

The completed system prototype is shown in Figur8.11 below. Arigid tube was added
to a portion of the flexible rod, this was used to make hanitig the completely flexible rod
easier. Without thetube, it is difficult to guide the tip of the flexible rod which is a
common problem with flexible scopes The nitinol springs added another advantage over
using wires, after activation the springs would not immediately extend again, thereby
maintaining the current position of the tip. The nitinol springs would however, require a
bias force to be extended agaihefore it can be reactivatedThe mechanism was designed
so that nitinol springs would act as opposing pairs, as one activates, it would extend the
spring on the opposite side.

Figure 3-11 Prototype 2 Completed . The prototype improved on the prev ious with
a smaller diameter camera, multiple bending directions and greater bending
angles.
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While the prototype offered improved functionality comparedto the previous version, it
did not yet meetall the requirements of the proposed hysteroscopy system. Issues that
required further refinement are outlined in Table 3.3 below.

Scale z The overall size of the flexible rod is still beyond the minimum diameter
requirement. Although a smaller diameter camera was used, the diameter was increased
by the flexible rod around itand remained at 8 mm The current design of the flexible rod

is the limiting factor preventing the diameter from being reduced. The following version
of the prototype would drastically need to decrease the diameter of the flexible rod to
achieve the requirement.

Flexibility z The flexibility of the rod was improved through both degree of bending, up

to 100°, and number of bending directionsup/down and left/right . However, navigating

OEA DPAOGEAT 660 AT AOIT iU x1 OI A OANOEOA Oi AllAO
bending tip would be unable to fully bend in the environment. The flexible rod also

required the rigid tube as the fully flexible length resulted m difficulty when handling.

The rigidity of the rod would need to be increased to facilitate easier malling.

Accuracy z The spring configuration did improve the accuracy of the Smart Bending
Mechanism. The springs were better able to hold the position of the tip after being and
when not activated. However, due to requiring a bias force to be reset, repeated large
bending maions could not be achieved. The microcontroller providing a PWM signal did
improve the bending motion by controlling the speed of contraction and would be taken
into the next version.

Table 3.3 Prototype 2 Issues & Interventions

ASPECT | ISSUE INTERVENTION
Scale 1 8 mm diameter of flexible rod | Replace flexible tube with
custom parts or smaller
component
Flexibility | I Length of bending tip 1 Replace bending tip with
1 Flexible scopedifficult to handle smaller parts to reduce length
1 Balance rigidity and flexibility of
scope
Accuracy | Resetting nitinol springs after § Improve mechanical interaction
contraction between  opposing  nitinol
springs to reset

The next prototype version of the hysteroscopy system would aim to reduce the diameter
of the flexible rod to be capable of performing procedurewhile improving the bending
mechanism even further.
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3.4 Prototype 3i All-in-one System

The third version of prototype hysteroscopy system was developed as the first complete
system. The design had reached a satisfactory stage where the Disposable Sheath
subsystem could also be developed to complete the systefrhis section will provide a
brief description of the third prototype to showcase to the major components and sub
assemblies of the devicethe CAD model the prototype is shown in Figurg.12 below.

Figure 3-12 Prototype 3 Concept . Prototype 3 included an integrated screen and
improved camera insertion rod design to reduce the size.

The research project aimed to develop mobile flexible hysteroscopy system that can be
held and operated singlehandedly. It consists of the following subassemblies:

1 An ergonomically designed handheld base that houses the electronics, batteries,
bending mechanism, and controls of the system.

1 The camera insertion rod that is made of two lengths; a semi flexible length of
Polytetrafluoroethylene (PTFB tube and a distal tip of rolling segments that contain
the camera and light source.

1 A disposable single use sheath that covers the camera insertion rod during
procedures, the sheath has a transparent cap for visual clarity and an additional
liquid channel for connecting the distention media source.

Each of the subassemblies and their major components will be discussed briefly in the
section.

3.4.1Handheld Basend Mobile Visualisation Platform
The handheld base was a critical component of theysteroscopy system, not only did it

need to house all the electronics and provide attachment for other components, but it
needed to fit comfortably in one hand while not being too heavy. These factors played a
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role in the ergonomics of the system which have substantial influence on the overall
usability of the device. Figure3.13 shows a transparent view of the handheld base with
the components inside.

Figure 3-13 Prototype 3 Transparent View . The handheld base was redesigned to
incorporate the integrated screen along with redesigned bending mechanism and
electronics.

Table 3.4 shows the major components of the Handheld Basdongside a brief description
I £/ AAAE AT 1 D1.1 AT 606 &£O1 AOGEI 1

Table 3.4 Handheld Base Components

COMPONENT FUNCTION

Nozzle Provides attachment and securing of the camera insertion rod to th
handheld base.
Outer Shell Holds inner components secure and firmly in place while offering

comfortable grip for user.

Power Consists of batteries and charging module that provide power to th
Supply Unit | electronics.

User Consists of theintegrated touchscreen display and buttons that are
Interface used to operate the display and provide visualisation.

Electronics Primary components are the microcomputer, spring drivercircuit and
voltage regulator that controls the software and operation of the
device.
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Bending The bending mechanism is controlled by user input and moves to ber
Mechanism | the distal tip of the camera insertion rod during operation.

The function critical components of the handheld base will be discussed in more detail as
follows.

3.4.2SmartBending Mechanism

The most important component of the handheld base is the bending mechanism within
it allows for navigation around the anatomy of the patient to improve both patient
comfort and procedure outcome. Figure 34 shows a closeup of the bending mechanism.
Table3.5 shows the parts of the bending mechanism, it consists of a rack and pinion linear
actuator. Each rack connects to a Nitinol spring on one end, and a pulling wire on the
other that feeds through the camera insertion rod and attaches to the tip of the ratig
segments. The pinion of the actuator is mounted onto a rotating potentioner that
allows it to the turn. As the pinion turns the potentiometer, it sends a signal to the
microcomputer that uses it to determine how much the linear actuator has moved. This
is for providing feedback to the user on the current degree of bending dung procedures
for both entry and removal of the device.

Figure 3.15 shows how the linear actuator moves during activation of one spring. There
are two major advantages in using the linear actuator setup in the device. When not
moving, the opposite sides keep the system rigid and maintains the current position. This
allows the user to observe a specific area when found. The second advantage is during
motion, as one side contracts, the opposite side is extended. This provides slack in the
system to ensure full bending motion of the tip can occur.
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Figure 3-14 Bending Mechanism . The components of the Bending Mechanism are
(1) Rotating Potentiometer, (2 ) Pinion Gear, (3) Rack Gear, (4) Nitinol Spring, and
(5) Conductive Rail.

Table 3.5 Bending Mechanism Parts

PART NAME FUNCTION

NUMBER

1 Rotating Potentiometer Relays position feedback

2 Linear Actuator Pinion Gear Turns racks andpotentiometer

3 Linear Actuator Rack Gear Pulls wires in camera insertion rod

and turns pinion

4 Activating Nitinol Spring Contracts when activated to move
the attached rack

5 Conductive Rail Provides power to the spring
during activated motion

When the bending mechanism is activated as shown in FiguBl5, the following steps

occur:
1. User presses button to move in the camera tip, this causes the corresponding

Nitinol spring to activate through the conductive rail and begin to contract.

2. As the Nitinol spring contracts, it pulls on the attached rack which pulls on the
wire attached to the tip of the camera insertion rod, causing it to bend in a specific
direction.
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3. The movement of the rack causes the pinion to rotate that relays a signal to the
microcomputer through the potentiometer and also moves the opposite rack in an
opposing direction.

4. The second rack is moved towards to the camera tip, thereby providing slack to
the attached wire which ensures the wire being pulled can move without
resistance while also extending the nitinol spring connected to reset it for
activation.

Figure 3-15 Bending Mechanism Activation . The activation of the mechanism
results in the (1) spring contraction, (2) connected rack gear moving, (3)  pinion
gear rotation, (4) opposite rack gear moving.
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The completely assembled handheld base with inner components is shown in Figi#d6.

Figure 3-16 Assembled Handheld Base
Camera Insertion Rod

The Camera Insertion Rod consists of two separate lengths as mentioned, the flexible
PTFE tube that the camera and pulling wires feed through and the segmented bending
tip. This is shown in Figure3.17. A camera with a smaller diameter of 2.%nm replaced

s~ A o~ N

in Appendix G.

Figure 3-17 Camera Insertion Rod . The rod had two separate lengths, the flexible
PTFE tube, and the segmented bending tip.

The flexible PTFE tube is rigid enough to prevent kinking when the bending mechanism
is activated to ensure controlled bending only occurs at the tip of the rod. The tip of the
rod is designed to allow for bending in two directions, depending on which putig wire

is activated. A closaup of the segmented tip is shown in Figur&.18.
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Figure 3-18 Segmented Tip Close-Up. The tip consisted of (1) PTFE Tube, (2), Lock
Segment, (3), Rolling Segment, (4) Head Segment, and (5) Cap Segment

The segmented tip is made up of several distinct segments that perform different
functions as shown in Table8.6. Figure3.19 shows the cap segment unscrewed to show
the camera within.

Table 3.6 Segmented Tip Parts

PART NAME FUNCTION

NUMBER

1 PTFE Tube Provides required working length and protects wiring

2 Lock Segment| Design to fit into the PTFE tube and lock into place t

prevent segment rolling freely

3 Rolling Designed to roll across adjacent segments to result i
Segment bending of the tip whenwires are pulled

4 Head Segment Fastening point for the pulling wires that are held in

place together with threaded cap segment

5 Cap Segment | Threaded cap segment that screws onto the hea
segment and covers the camera
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Figure 3-19 Unscrewed Cap Segment The Cap Segment screwed in place to secure
the camera module in the distal tip.

The final dimensions of the camera insertion rod were 375mm in length with an outer
diameter at the widest point of 4.90mm as shown in Figur8.20.

Figure 3-20 Camera Insertion Rod Diameter . A digital vernier calliper was used to
measure the rod diameter of 4.90 mm.

The bending capabilities of the camera rod tip is shown in Figurg&.21. The camera tip
was roughly capable of bending up to 130in two directions which equalled a total of

260° of bending.
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Figure 3-21 Camera Tip Bending . The bending capabilities of the tip was
measured using a 360° protractor and was able to bend 1 30° up and 130 ° down.

3.4.3Disposable Sheath

The final major component of thehysteroscopy system is the disposable single use
sheath, which also proved to be one of the most challenging due to the constraints. The
sheath needed to perform sevaral key functions to facilitate success during device
operation and procedures, these were:

1 Visual Clarityz The sheah should not impede the clarity of the camera to an extent
that made use difficult.

1 Sizez The outer diameter of the system should not be increased to drastically with
the sheath on that would prevent successful entry into the uterine cavity.

1 Flexibility z The sheath must be flexible enough to not impede the bending motion of
the camera tip.

7 Additional channel z the sheath needed to provide an additional channel for
distention media to be pumped through, this is necessary to inflate the uterine cavity
for observation.

The above factors combined made the production of working sheath prototype difficult
as the manufacturing methods to produce the required materials would be too costly on
a small scale. The sheaths therefore needed to be prototyped with materials and mediso

available in the UCT Medical Devices Lab. The final prototygeshown in Figure3.22.

Figure 3-22 Disposable Sheath. The components of the sheath are (1) Transparent
Rigid Cap, (2) Liquid Channel, (3) Outer Sheath, (4) Fluid Connector.
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The disposable sheath components were made of the following materials and
manufacturing methods:

1. A transparent rigid cap wasvacuumformed from 0.5mm thick transparent
polyethylene terephthalate glycol (PETG sheets. The cap maintained visual
clarity while providing a rigid base for attaching other parts.

2. A soft thermoplastic tubing was used as the liquid channel. The tube was formed
into a flat oval shape at the tip to reduce the overall diameter of the sheath slightly.

3. Soft 0.02mm plastic film was heat sealed together to make the outer sheath that
covers the camera insertion rod. This film was soft enough to not impede the
bending but strong enough to stay leak proof during use.

4. A fluid connector wasstereolithography (SLA 3D printed to clip onto the camera
insertion rod firmly to hold the disposable sheath in place. The connector could
then be connected through standard tubing to the fluid source commonly used.

The prototype sheath was successfully produced using the materials and methods
discussed above. The final diameter of the camera insertion rod with the sheath was
6.55mm as shown in Figure3.23, while the increase was not insignificant, it did not
prevent insertion through the model cervix used for bench testing as shown in Figure
3.24. Figure3.24 alsoshows bending was still capable with the sheath however the extent
of bending was slightly reduced but not unacceptable. Finally, the visual clarity through
the sheath is shown in Figure3.25 and with the light source set to a lower brightness,
there was no visible reduction in clarity. However, as the brightness was increased, some
reflection on the cap would occur to a point that visuals were completed obscured. This
would need to be addresed in future iterations to ensure varying degrees of light
intensity can be usedvithout obscuring vision.

Figure 3-23 Camera Insertion Rod Diameter with Disposable Sheath . A digital
vernier calliper was used to measure the diameter with the sheath on and was
6.55 mm.
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Figure 3-24 Model Cervix Insertion and Bending with Sheath . The sheath was
found to reduce the bending capability of the tip when in place
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Figure 3-25 Visual Clarity at Increasing Brightness through Sheath. The sheath
reduced the visibility due to the LED light reflecting back as the brightness
increased.

3.4.4Prototype 3 Design Outcomes

The completed third version prototype, when compared to the design requirements,
presented a system that nearly meall the requirements for the proposed hysteroscopy
system. However, several key issues with the prototype were identified that required
further refinement before the design could be frozen, these atested in Table 3.7
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included a potentiometer for providing feedback to the user regarding the current degree
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being unable to opeate. The pinion gear was instead mounted with bearings onto a fixed

shaft which resulted in a smooth operation. The potentiometer was left out of the design
going forward.

Flexibility z The flexibility of the rod and tip was improved from the previous design,
while able to reduce the diameter of the rod at the same time. However, the rod was
potentially too flexible, as it tended to buckle when attempting to pass through the model
cervix. As a result, it would require a redesign in the next version.
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Display z The decision was made to integrate the display into the handheld base, instead
of using a separate smartphone. This was done to avoid compatibility issues that was
resulting from different connection types, and to improve ease of use during operation. A
smartphone resulted in the user having to hold it with their hand while operating the
device with the other. However, the display of the prototype had two major issues; the
first being the angle and the second was the low refresh rate. The anglaisad the user

to either bend over the device or rotate the device to properly view the screen, this was
not conducive to ease of use and excessive motion of the device would cause patient
discomfort. The low refresh rate of the screen made navigation witthe device difficult

as the delay on the screen could result in mistake occurring. These two issues would need
to be addressed going forward.

Sheath z A prototype of the disposable sheath was successfully built as part of this
version. While it was able to isolate the main device from the environment and provide a
distention media channel, it did have issues to refine. The diameter of the sheath needed
reduction as it influenced the final diameter of the system. The flexibility of the sheath
would also need improvement as it reduced the bending ability of the system to an
unacceptable degree. Lastly, the visibility through the sheath needed reément as with
the current version, increasing the LED brightness would result in losing visuals.

Table 3.7 Prototype 3 Issues & Interventions

ISSUE ISSUE INTERVENTION
Bending 1 Potentiometer stiffness impacting| 1 Pinion gear mounted with
Mechanism pinion gear rotation bearings on fixed shaft

Flexibility 1 Flexible scope prone to buckling 1 Redesign to create separate

when entering cervix rigid and flexible portions
Display 1 Screen angle not ergonomic 1 Raise screen angle
1 <15 fps screerrefresh rate 1 Replace microcontroller
with  higher  computing
power
Sheath 1 6.55 mm diameter of sheath 1 Manufacture sheath out of
1 Stiffness reduced bending to 99 thinner and softer material
! Loss of image when increasing 1 Replace cap with more
LED brightness transparent material

The subsequent prototype would focus primarily on the issues discussed in TabBe7
above as the system was nearing completion.

3.5 Prototype 4i Miniaturisation & Optimisation

The fourth version prototype focused on miniaturising and optimising the third version
of the hysteroscopy system. The third version demonstrated its potential by nearly
meeting all of the design requirements pending further refinement. Therefore, the next
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version left areas that performed satisfactory unchanged, and solely focused on solving
the issues identified in the previous section. This resulted in the CAD model of the
prototype shown in Figure 3.26 below.

Figure 3-26 Prototype 4 Concept . The prototype focused on improving aspects of
the previous prototype by addressing ergonomics, bending capabilities, and
diameter.

This prototype improved the following aspects from the previous version:

1 The mobile visualisation platform replaced the display screen and microcomputer to
improve the refresh rate of the camera feed. The screen was also raised at an angle
to improve the view during operation.

1 The smart bending mechanism had the flexible insertion rod redesigned to provide
more rigidity for navigating through the cervix while maintaining flexibility for the
DAOEAT 060 AGPAOEAT AAS

1 The disposable sheath was redesigned to reduce the diameter, improve visibility, and

increase flexibility. These three factors should improve the functionality of the
system with the sheath in place.

These aspects are discussed in greater detail in the subsequent sections.

3.5.1Handheld Base and Mobile Visualisation Platform
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Overall, the design of the handheld base did not undergo drastic changes from the
previous version, with the only major change being the angle of the display screen that is
better seen in Figure3.27 below.

Figure 3-27 Prototype 4 Side View . The adjusted screen angle is shown to improve
ergonomics for the user during operation.

This angle change should allow the user to maintain the position of the device without
having to adjustthe deviceor their position during operation. Additionally, the mobile
visualisation platform replaced the display screen with a larger one to provide the user
with a larger image to view. The microcomputer from the previous version was also
replaced with a more conputationally powerful one to ensurea live video feed could be
displayed that did not suffer from low refresh rates and delay.

3.5.2Smart Bending Mechanism
The actuating mechanism of the Smart Bending Mechanism was left unchanged from the

previous version as it was capable of controlled bidirectional bending to the degree
required. Figure 3.28 below shows the actuation mechanism of this prototype version.

49



Figure 3-28 Prototype 4 Smart Bending Mechanism . The bending mechanism
remained unchanged from the previous prototype.

The most critical element of the Smart Bending Mechanism was the flexible insertion rod.
It was crucial to both miniaturise and optimise this component to meet the final design
requirements to ensure navigating through the anatomy could be done successfullThe
previous prototype was both too flexible and its diameter too large. The final version of

the flexible rod is shown in Figure3.29.

Figure 3-29 Prototype 4 Flexible Rod . The redesign rod included a semi -rigid
plastic tube, springs for a flexible portion, and spaced wire guides for the bending

tip.

The flexible insertion rod consisted of three distinct portionsMost of the length was a
semi-rigid plastic tube stiffer than the previously used PTFE tubingThe increased
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stiffness would aid in guiding the tip of the device without needing to use additional tools.

The second portion of the rod was made of springsvith a wire guide at each end. The

guide separated the wires coming from the device while the springs provided increased

£l AGEAEI EOU OEAO EO AAT A O 1T AOECAOA AOI OT A
form. The last portion of the flexible ral is the distal bending tip consisting of three equal

spaced wire guides and the camera module, a closeup ofstiportion is shown in Figure
3.30below.

Figure 3-30 Prototype 4 Flexible Rod Closeup . The spaced wire guides are shown
that allowed the diameter to be reduced while improving bending.

The three wire guides in the tip performed similarly to the rolling segments from the

previous prototype. The wires connected to the bending mechanism were fixed the last

guide, and when pulled, would cause the tip to bend towards the corresponding side of

the wire. The wire guides in this configuration reduced the diameter and length of the

bending tip while still allowing for maximum bending to be achievedThe result of the

updated flexible insertion rod is a semirigid design with a minimal bending ip and small

AEAT AOGAO & O 1 AOE CA OHheGamérk doddeAréraideld Bé sameAT AOT |
from the previous prototype and the details are listed in thenanufacturer's datasheet in

Appendix G.

3.5.3Disposable Sheath

The disposable sheath required several improvements from the previous version to meet
the requirements. These improvements focused on the flexibility, size, and visibility of
the sheath. The subsequent sheath design is shown in Figid&1 below.
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Figure 3-31 Disposable Sheath Concept. The redesigned sheath concept
implemented plastic film instead of tubing to and a  separate tran sparent cover .

The design left the fluid connector unchanged from the previous version as it was able to
connect to the distention media source through standard connectors. The first change to
the design was the distention media tube. Previously, plastic tubing was usdbat
reduced the flexibility of the sheath and increased its diameter. Instead, a tube was
manufactured similar to the main sheath that covers the device. Plastic film was heat
sealed to form a tapered tube that was connected to the tip of the sheath with
waterproof soft plastic adhesive. The edges of both the main sheatind the distention
tube were sealed with this adhesive for reinforcement. The second major redesigns
occurred on the tip of the sheath, a section of which is shown in Figu8e32 below.

Figure 3-32 Disposable Sheath Closeup Section View. The transparent cover was
used to improve visibility through the sheath without light reflecting.

As seen from Figure8.32, the tip of the sheath was redesigned to consist of a 3D printed
cap and a separate transparent cover. The previous design of vacuum formed caps would
distort the camera image, instead transparent discs were punched from acetate sheets
that would provide better visibility. These discs were press fitted into the caps and
secured with the waterproof adhesive before the plastic film tube was attached,
completing the sheath. The result being a flexible sheath that reduced diameter and
improved transparency.
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3.5.4Prototype 4 Design Outcomes

The fourth version of the proposed hysteroscopy system prototype was successfully
constructed and is shown in Figure3.33 below. This prototype successfully implemented
the changes made to the previous version.

Initial evaluation of the prototype showed that it would meet all design requirements
outlined for the proposed hysteroscopy system. Based on this, the decision was made to
freeze the current design and proceed to the next stage of the development procdss,
verification and validation testing. If the testing at any point results in unsuccessful
results, the design would be unfrozen and redesigned.

During the development of the hysteroscopy system, a US patent application based on the
technology was filed on the % of March 2019 and was granted on the 22 of November
2022. The patent publication number is 20190269301.

Figure 3-33 Prototype 4 Completed .

3.5.5Prototype 4 Operation

Thetypical operation of the developed hysteroscopy system described as follows:

1. The button layout of the hysteroscopy system is shown in Figur8.34 and
perform the functions outlined in Table3.8.
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Figure 3-34 Prototype 4 Controls . The user is able to control bending up or down

record images and videos, and switch the device on and off.

Table 3.8 Prototype 4 Button Functions

BUTTON

FUNCTION

|

Capture Button zwhen pressed captures the current image displaye«
on screen and saves it in a designated folder for viewing later.

Record Button z when pressed immediately begins recoding a vides
and only ends recording once the button is pressed again. The reco
video is saved in a designated folder for viewing later.

Up Button z when pressed bends the tip in the upwards direction in
relation to the device, refer to Figured.5for showcase of bending. The
tip bends as long as the button is pressed and will maintain ber
position when released.

Down Button z when pressed bends the tip in the downwards
direction in relation to the device, refer to Figure4.5 for showcase of
bending. The tip bends as long as the button is pressed and w
maintain bent position when released.

On Button z switches the device on when pressed.
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Off Button z switches the device off when pressed.

OFF

2. The user OOAOOO AU DOAOGOGETI ¢ OEA O/176 AOOOI
microcomputer has switched on, the user starts the camera software by using the
touchscreen display to launch the software. The camera will switch on
automatically and the live view will be displayed on the screeras shown in Figure
4.6.

3. The user can use the software to adjust camera settings such as white balance or
contrast. If the camera settings are satisfactory, the user can proceed on to the
next step.

4. The disposable sheath is thefitted onto the main device by sliding the insertion
rod into the main channel of the sheath. Once the tip of the rod is flush against the
sheath cap, the fluid connector is connected to the rod as shown in Figil8&5.

Figure 3-35 Disposable Sheath Fitment . The camera rod is first inserted through
the outer sheath, then the fluid connector is clipped on, and the tubing is
connected.

5. The distention media source can then be connected to the fluid connector of the
sheath and the flow through the sheath can be tested by opening the fluid supply.

6. After the sheath is in place and distention media source is connected, the
procedure may begin.

7. The user then navigates through the anatomy of the patient adjusting the guidable
tip with the controls as necessary, as shown in Figu&36.
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Figure 3-36 Prototype 4 Bending Tip Controls . The bending mechanism is
controlled to either bend up or down through user input.

8. Although the device only provides bidirectional bending either up or down, the
user can view left or right by rotating the entire device as shown ifigure 3.37to
gain full viewing capabilities.

i
[ [i

Left Right

Figure 3-37 Prototype 4 Rotation for Left/Right Viewing . Observing either left or
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right involves the user rotating the entire device left or right

9. Once the procedure is completed, the user can remove the device from the patient,

disconnect the media supply, and remove the sheath. The sheath is then disposed

of, and the main device isswitched off and wipeddown.



3.6 Summary of Design Process & Outcomes

This chapter presented the design methodology followed to develop the proposed
hysteroscopy system according to the design requirements established from the need
criteria identified. An iterative prototyping process was completed where after a
prototype was produced, issues were analysed, and improvements were made to the
follow up prototype. This process repeated until a prototype system was developed that
based on initial review, metall the design requirements, and could proceed into
verification testing. A summary ofthe design process of each prototypeis discussed
below and describes the key outcomes, issues, and improvements of each prototype
developed.Table 3.9 provides a comparison of the different prototypes against the design
requirements outlined for the proposed hysteroscopy system.

Version 1: Proof of Concept z This prototype served as the proof of concept for the
proposed hysteroscopy system and specifically the bending mechanism that
implemented shape memory alloy for achieving bendingnotion. It demonstrated the
concept of a mobile hysteroscopy system with built in camera and light source which
remove the need for bulky additional equipment. However, the prototype needed to be
scaled down and further improve its bending tip.

Version 2: Multiple Directional Bending z The version 2 prototype focused on refining
the bending mechanism concept from the previous. It successfully implemented SMA
springs instead of wires that offered greater contraction lengths that in turn would result
in larger bending motions. Together wih a dedicated spring control circuit, and a spring
for each direction, the prototype was able to produce bending motions in the up/down
and left/right directions. The diameter of the tip remained too large, howeverand the
prototype still lacked the disposable sheath component to complete the hysteroscopy
system.

Version 3: All-in-One System z Prototype 3 successfully represented a complete
hysteroscopy system that aligned with the proposed need criteria. It did so byducing

the diameter of the tip through improved manufacturing methods while also refining the
bending mechanism. Furthermore, the disposable sheath component was completed,
meaning the prototype demonstrated all features could successfully be integrated.
However, disposable sheath presented several issues: the sheath increased the diameter
and reduced the flexibility of the scope tip to an unacceptable level. The visibility through
the sheath was also a critical issue, as the brightness of the LEDs weneréased,
reflection would obscure the vision.

Version 4: Miniaturisation and Optimisation Z The final prototype produced
addressed the critical issues with the previous version while further improving the user
experience. The diameter of the scope was further reduced that even together with the
improved sheath, resulted in a diameter well withinthe maximum size requirement. The
improved sheath design also did not impact the flexibility or visibility of the system
thereby producing a system that could undergo full verification testing
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Table 3.9 Design Requirements Versus Prototypes Comparison

DESIGN REQUIREMENT PROTOTYPE 1 PROTOTYPE 2 PROTOTYPE 3 PROTOTYPE 4

Diameter < 4.7 mm

Flexible with 100°
bidirectional bending

250 mm working length 250 mm

Handheld and mobile Handheld, requires 2 Handheld, requires 2

user-friendly device hands hands

Built-in camera, light Separate display using | Separate display using | All-in-one system, low
source, and display smartphone smartphone quality display

Battery powered for 10-
minute procedures

Disposable, singleuse Low visibility, thick, and
sheath stiff sheath

Distention media
channel, saline solution
up to 200 mmHg
pressure

UNSATISFACTORY PASS

*To be confirmed in verification and validation testing
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4 FlexiGynT Verification and Validation

This chapter discusses the detailed testing process performed on théeveloped
prototype hysteroscopy system. The consist of a breakdown of the testing methodology
to show the high level stages, followed by the verification and validation testing chapters.
The verification testing explains the tests performed to establishiie design specifications
of the prototype while the validation testing details the setup and results of the usability
test testing conducted on the prototype.

4.1 Testing Methodology

A flowchart of the testing methodology followed is shown in Figuret.1 below. Upon
completion of the prototyping stage, the current prototype would undergo verification
and validation testing.If the prototype failed either stage of testing, the projectvould go
back to prototyping to fix the cause of testing failure.

Prototyping Design Freeze
F 9
Functional Testing
Verification Testi Design R i ts
L 5imu'ﬁlion TESting

Yes
b4

Risk Analysis
Validation Testing USabim:?:i';

Yes
b4

Meed Criteria

Figure 4-1 Testing Methodology . The testing methodology aimed to first verify the
prototype through functional and simulate d testing compared to the design
requirements, then validate it through a comparative usability trial to determine
if need criteria were met.

The purpose of each stage of testing is further described as follows:
1 VerificationzO7 A0 OEA AAOEAA AAOEtesiing dagalidtetn@ngdsA O1 Ue 6
the technical specifications of the developed hysteroscopy system to compare against

the design requirements outlined by the research project. This essentially confirms
if the hysteroscopy systemcan function as intended by the design, which is the first
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step required to prove its viability as a solution to the research problem. Verification
consists of testing components, subsystems, and the integrated system by measuring
and simulating functional aspects of each. The resul@re used to determine the
system's design specifications These specifications represent thesimulated and
functional parameters such as dimensions, component lifespan, and power
consumption.

1 Validaton 7 O7T A0 OEA Al OOAAO AAOE Acdtinglstadgeis @l AAe 6

determine if the developed hysteroscopy can successfully perform its intended use.
This is done through simulated scenarios with real users and comparing the
prototype against an existing system. The project aisto develop a hysteroscopy
system and validation testing essentially confirms whether what was produced can
function as a hysteroscopy system. This consist of performing a risk analysis and a
usability trial. The risk analysis aims to evaluate the prototype for potential
hazardous use scenarios to inform the usability trial protocol. The usability trial has
users complete use scenarios with the prototype while being observed and collect
their feedback. The outcome of the usabilityrial is used to validate thedeveloped
system against the need criteria and its capability as a hysteroscopy system.

4.2 Verification

This chapter details the verification tests performed on the prototype hysteroscopy
system. The tests consisted of determining functional parameters, computer simulations
on components, and calculations using measurements to determine specifications. The
chapter concludes by summarising thalesignspecifications of the hysteroscopy system
and comparing it with the design requirements of the research project. Successfully
meeting the requirements will allow the developed system to progress to the netsting
stage

4.2.1Functional Parameters

The tests performed on the hysteroscopy system and the main subsystems are outlined
as follows. Testswere performed on individual components as well as on combined
subsystems to determine functional parameters after integration.

4.2.1.1Handheld Base

The handheld basé O AO1 A @ibviding tkeAdatform for integration of the
subsystemswhile housing the electronics and power supply unit of the systenT.he result
needed to be held and operated with a single hand while being comfortable and avoid
straining the user. These aspects could be investigated by the designer but required
validating by end users, as such would form part of the validation testing process. One
parameter could be measured, however, the weight of the device, as shown in Figdr2
below.
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Figure 4-2 Prototype Weight . The entire prototype was weighed on a scale and
found to weigh 500 g.

The final weight of the device wa$00g as measured using a digital scal€his weight was
deemed acceptable and as stated would Barther evaluated by the actual users during
the validation testing stage. The handheld base also successfully integrated all
subsystems and electronicsconfirming the system to be alin-one without the need for
additional equipment to operate.

4.2.1.2Smart Bending Mechanism

The parameters of the smart bending mechanism were critical when considering the
design requirements of the proposed hysteroscopy system. The SBM would directly
influence the design outcomes that determined potential viability of the hysteroscopy

system asa solution. The following tests were therefore performed to measure these

parameters.

The working length of thehysteroscopy was determined by the length of the flexible rod
with the disposable sheath in place. This was measured as shown in Fig4r& below
from the distal tip to the fluid connector of the sheath. The total working length was
measured to be260mm.

Figure 4-3 Working Length of Prototype . The working length was measured with
a ruler and with the sheath on found to be 260 mm.

The diameter of the flexible rod with the disposable sheath was the next parameter to be
measured, a digital vernier calliper was used as shown in Figu#e4 below. The outer
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diameter of the hysteroscopy system with the disposable sheath was measured to be
approximately 4.2mm.

Figure 4-4 Outer Diameter with Sheath on . A digital vernier calliper was used to
measure the diameter of the rod with the sheath and was approximately 4.2 mm.

The final critical parameter of the SBM was the bending capability with the disposable
sheath in place. This parameter was measuragsing a 360°protractor with the bending
tip placed over and activated to bend in both directions as shown in Figure5 below.
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Figure 4-5 Bending Angles of Prototype . The bending angle was measured with a
360° protractor and was able to bend 120 ° up and 116° down.

4EA 3"-60 AAT AET ¢ AADAAEOK &elrees uphatds &nd1Ad O0OA A ¢
degrees downwards resulting in a total bending range d&36° degrees.
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anatomy during procedures. The designer successfully navigatedveodel; however, this

parameter would be validated inthe usability trial by real users.

4.2.1.3Mobile Visualisation Platform

The mobile visualisation platformd © DA OAI AOAOO OAOGT 1 OAA AOI1 O1 A
These included the framerateof the camera view displayed on the screen, as well as the
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effect of the disposable sheath on the visibility. These parameters were tested and
measured as follows.

The framerate of the camera display was tested by switching on the hysteroscopy system,
starting the camerasoftware, and recording the framerate while the camera is on. The
software indicated the framerate displayed on the screen which could be compared
against the framerate of the camera as stated on the manufacturer's datasheet to
determine if any delay or framerate bss is occurring. Figure4.6 below shows a screen
capture of the display during this test.

Figure 4-6 Framerate of Displayed Camera Feed. The framerate of the camera
display matched the framerate of the camera module listed in the manufacturer's
datasheet of 30fps.

A consistent framerate of 30fps was recorded during the test which matches the

i AT OEAAOOOAOS8 O AAOAOEAAO T £ xEAO OEA AAI AOA
The visibility parameters of the MVP with the disposable sheath in place requirgdsting

as with previous prototypes the sheath greatly affected the image quality. The
parameters tested were image quality with and without the sheath, with the sheath and

varying intensity of LED brightness, and finally the image quality with the sheath in a
submerged environment.

The image displayed by the camera with and without the disposable sheath in place is
shown in Figure4.7 below.
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Figure 4-7 Image Quality with Sheath On vs. Off. The visibility through the sheath
(right) versus without the sheath (left) was compared and found to be acceptable
with little loss in visibility.

The next test recorded the image displayed by the camera with the sheath in place at
different levels of LED brightness, these images are shown in Figute3 below.

Figure 4-8 Image Quality with LED Increasing Brightness . Left to right, the
visibility through the sheath with increasing levels of LED brightness was tested
to confirm visuals were possible at each level.

Several images were also recorded with the sheath in place while using the prototype to
investigate the cavity of a uterus model. These images are shown in Figdr8 below.
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Figure 4-9 Uterine Cavity Images with Sheath on . The uterine cavity of a
hysteroscopy simulator was observed with the sheath on and was able to observe
the entire cavity.

The final the test performed was recording the image displayed by the camewath the
sheath on while submerged. The images below Figure 4.10show the results of this test.

Figure 4-10 Submerged Uterine Cavity Images with Sheath on . A uterus model was
submerged, and the device was used to observe the cavity to confirm its ability to
function while fully submerged.

An additional test was performed to measure the temperature of the LEDs on the tip of
the prototype with the sheath in place. According to th&nited States of America Food &
Drug Administration (2018) guidance document on hysteroscopy systems, the
temperature at any patientcontacting part of the system should not exceed 4C. A
temperature probe of a digital multtmeter was fixed to the tip of the prototype using
polyimide film heat resistant tape. An initial temperature was recoreéd with the system
off, thereafter the system was switched on with the LEDs set to maximum brightness. The
system was left in this state for 10 minutes and the temperature was recorded again. The
results of these two tests ae shown in Figure4.11 below.
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Figure 4-11 LED Temperature Test Result . A temperature probe was fixed over
the LEDs to measure the temperature after 10 minutes . The temperature was
measured to be 35°C.

The temperature probe measured a maximum of 35C after 10 minutes and which is
below the required 41°C.

4.2.1.4Disposable Sheath

The disposable sheath has two elements that requiretesting: the distention media
channel and the main device channel. The distention media channel was tested to
determine if it could supply media at the pressure required while the main channel was
tested to measure its capability of isolating the device at the wking pressures.

The distention media channel was tested using a pressure infusion cuff with a 1000ml
saline solution bag shown in Figuret.12 below.

Figure 4-12 Pressure Cuff with Saline Bag
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The disposable sheath was then connected to the saline solution bag through standard
irrigation tubing as shown in Figure 4.13 below. The pressure was then raised to

210mmHg.

Figure 4-13 Distention Media Channel Pressure Test Setup . The pressure cuff was
using to raise the pressure of the s aline bag to 210 mmHg and connected to the
distention media channel of the sheath.

The channel was then opened, and the saline solution allowed to flow throughigure
4.14 below shows the flow through the distention media channel of the sheath.

Figure 4-14 Distention Media Channel Flow . The distention medial channel was
tested by allowing the saline to flow through  while connected to the pressure cuff.

The same pressure infusion cuff was used to test the pressure capability of the main
device channel on the sheath. The irrigation tubing was inserted into the channel on

fastened in place, as shown in Figuré.15 below.
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Figure 4-15 Main Sheath Channel Pressure Test. The outer sheath was connected
to the saline bag in the pressure cuff and the pressur e was raised to 225 mmHg.
This resulted in a small leak towards the base of the sheath but no leak was
observed at the tip.

The pressure was raised to 225mmHg, and the channel was omethto saline solution. A
small leak was observed towards the base of the sheath as can be seen in Figui®
above, the tip of the sheath did not produce any observable leaks.

4.2.2Battery Life Calculations

The developed hysteroscopy system should be capable of operating for the full duration
of a procedure without requiring recharging. Tests were therefore completed to measure
the current drawn by the electronics and bending mechanism activation to calculatbe
expected lifespan of the specific battery used. Figure16 below shows theblock diagram

of the entire system circuit.
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Figure 4-16 Prototype 4 Circuit Block Diagram . The major components of the
electronics are shown in the diagram.

Figure 4.16 above indicates the two major power drawing components in the system; the
microcomputer that powers all components directly connected, and the nitinol springs
that are activated by the spring drivercircuit but powered directly by the battery.
Measuring the current draw of these two components would provide the information
required to calculate the battery lifespan.

The current measurement for microcomputer was setup by connecting a digital mudti
meter in series between the battery and the voltage regulator. The system was then fully
switched on, camera display enabled, and LEDs set to maximum brightness. The
measurement shown on the multtmeter was then recorded, the setup for this
measurement isshown in Figure 4.17 below.
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Figure 4-17 Prototype 4 Current Measurement Setup . Highlighted in a red box is
the mul ti-meter connected in series between the battery and the voltage
regulator to measure the current drawn.

A measurement of 1.052A was recorded during this test. Measuring the current drawn
by the nitinol springs during activation required a different setup.A duplicate of the
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bending mechanism circuit was built and connected to the battery of the system to isolate
and measure the current draw of the nitinol spring. The setup of this configuration is
shown in Figure4.18 below.

Battery

Multi-
meter

v A J
Spring
Driver
Circuit

Nitinol
Springs

Figure 4-18 Nitinol Spring Current Measurement Setup . A multi-meter is
highlighted in the red box that is connected in series between the battery and
nitinol springs to measure the current drawn by the springs during activation.

The multi-meter was connected in series between the spring and battery and the current
draw when activated was recorded for several activations. These measurements are
shown in Table 4.1 below. The time taken to fully contract the spring was recorded
alongside the current measured.

Table 4.1 Nitinol Spring Contraction Time vs . Current

Contraction Time (Ss) Current (A)

1.410 0.92

1.520 0.92

1.530 0.91

1.520 0.92

1.530 0.93
Average | 1.502 0.92

The battery has a capacity of 2.@\h, to calculate the lifespan the following equation is
used.

6O ODdAO ®

YQaQ ——
006i 1 Be o

The battery lifespan when powering the microcomputer and connected components can
then be calculated agollows.
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However, the current drawn of the nitinol spring is not continuous as it only draws
current when activated. The battery lifespan is therefore dependent on the number of
activations during a procedure. The conservative calculation performed estimates the
battery lifespan assuming the microcomputer and nitinol springare fully activated until
the battery runs out, the result being 1.32 hours which exceeds the average duration of a
hysteroscopy procedure.

4.2.3Finite Element Analysis of Nitinol Springs

Finite Element Analysis (FEA) is a numerical method used for the predication of how a
component behaves under certain conditions. FEA software allows engineers to perform
simulations to reduce the number of experiments andptimise designs. The stresses
experienced by the nitinol springs in the hysteroscopy system can be estimated through
a FEA which is ideal for the purposes of this research project as the experiments required
to determine the stresses are beyond the projescope.

4.2.3.1Load Measurement

The purpose of the nitinol spring FEA is therefore to estimate the stresses experienced to
determine the rough number of activations cycles the springs are capable of according to
the manufacturer's datasheetThe first step torequired is measuring the load placed on
the spring when activated. The fully assembled hysteroscopy system with the disposable
sheath in place was used during this test to ensure the full load is measured.

A 5N spring balance was connected to one of the gear racks at the spring connecting end.
The spring balance was then pulled in the direction of the spring contraction, essentially
acting in place of the nitinol spring. During this action, the force measudeon the spring
balance from the start of the motion to the end was recorded. This motion represented
the full activation of a nitinol spring that would bend the tip from one side to the other.
Table 4.2 below shows the force measured at the start of the ation, and the force at the
end of the motion.

Table 4.2 Bending Mechanism Load Measurements

Force Measured (N)

Motion Start Motion End

2.5 3.5

The increase in force measure is likely due to the increased resistance of the tip as it
nears themaximum bending position. These measurements represent the load placed on
the spring during activation and results in the stresses experienced. The load was used in
the FEA to simulate these stresses.
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4.2.3.2Nitinol Material Properties

The software chosen to perform the FEA is Ansys Workbench 2022 as it provided access
to a pre-built shape memoryA FAAAO | AOAOEAI
(Auricchio & Sacco, 1997) Ansys, however, require seven constants for the material
parameters, these are listed in Tabld.3 below.

OEAO EI Pl AT AT C

Table 4.3 Ansys Shape Memory Effect Model Material Constants

CONSTANT| MEANING | PROPERTY

C1 Q Hardening parameter

C2 Y Reference temperature

C3 Y Elastic Limit

C4 I Temperature scaling Parameter

C5 - - A8 OOAT O&I Oi AGETT OOOAEI
C6 O Martensite modulus

C7 a Lode dependency parameter

These material parameters unfortunately are not allprovided by the nitinol spring
manufacturer. Boufayed(2021) provides expressions of the seven inputs as a function of
parameters typically known which can be used to calculate the inputs. The expressions

used to calculate the unknown inputs are listed in Tablé.4 below.

In the above
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Table4.4h

Constant Corresp_onding

expression
C1 g o 0 jd
C3 I 6 0 Vg
C4 TWco
C5 'V ajg
Cc7 L1

#x AEAOAAOAOEOAO OEA 1 AOAOEAI 6«
tension andcompression. The nitinol springs are subjected to tension only as such C7 can
be set to zero without effecting the model. Tabld.5 below lists the material properties

known or assumed based on similar materials used in similar studies.

Table 4.4 Expressions for Unknown Material Constants



Table 4.5 Known Material Properties of Nitinol Spring

PROPERTY SYMBOL VALUE
I OOOAT EOA 91 01 ¢c60 -TAOI G © 75GPa
- AOOAT OEOA 91 01 ¢cd0 -1TAOI © 28GPa
Martensite Start Temperature 0 72°C
Martensite Finish Temperature 0 62°C
Austenite Start Temperature 0 88°C
Austenite Finish Temperature 0 98°C
0T EOOI T80 2A0EI 0 0.33
Max. Transformation Strain I 7%
Slope of the transformation lines in the state diagram I 8MPa/°C

All of the values in Table4.5 above were obtained from the manufacturer of the nitinol
springs (Dynalloy, n.d.) excluding the value for the slope of transformation lines in the
state diagram, . This value was assumed to be 8MP& as in studies byvoore and Bruck
(2002), Churchill et al. (2010), Boufayed (2021), and El Mtili et al. (2022) the value
ranged between 7.8VIPa/°C to 8.3MPa/°Cwhere each study used nitinol from the same
manufacturer as used in this research project.

Using the material properties in Table4.5 above and the expressions for the unknown
constants, the values for the seven constants of the Ansys model were calculated, the
values are shown in Tablel.6 below.

Table 4.6 Calculated Ansys Material Constants

Constant Value
C1l 761.9MPa
C2 62°C
C3 84.91MPa
c4 6.5MPa/°C
C5 8.6%
C6 28GPa
Cc7 0
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After calculating the values of the seven constants, a stasitructural analysis was setup
in Ansys Workbench and the nitinol material with the shape memory effect model was

added.
4.2.3.3Nitinol Spring Geometry

A 3D model is required to performthe FEA on, subsequently a simplified model of the
nitinol spring was developed with the physical dimensions of actual spring.The
dimensions of spring model are listed in Tabld.7 below.

Table 4.7 Nitinol Spring Model Dimensions

Dimension Value
Outer Diameter 3.45mm
Wire Diameter 0.51mm
Number of Coils 10
Pitch No Pitch

The spring model used for the FEA is shown in Figure19 below.

Figure 4-19 Nitinol Spring CAD Model . The model is based on the dimensions of
the fully compressed nitinol spring used in the system.

4.2.3.4Boundary Conditions and Thermomechanical Loads

74



4EA OPOEIT C8O AiI O1 AAOU ATTAEOQEIT O xAOA OAOGO
mechanism. Therefore, the spring was fixed at one end while the mechanical load was

applied to the other end additionally the spring was limited to displacement along the-y

axis simulate the fixed movement in the mechanism. The boundary conditions of the

spring are shown in Figure4.20 below.

Figure 4-20 Model Boundary Conditions . The conditions are (A) Fixed end, (B) 2.5
N force applied in the Y axis, (C) Displacement was limited along the Y axis.

The temperature of the spring was assumed to be applied uniformly across the body and
varied according to time, as shown in Figurd.21 below.
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Temperature (°C)

\
Time (s)

Figure 4-21 Thermal Load vs Time . A thermal load of 98°C was applied over 1
second for two activations of the nitinol spring.

The thermal load in Figure4.21 above represents two full activation cycles of the nitinol

OPOET ¢C8 4EA OOAOO 1T &# AT AAOEOAOEITT AUAIT A TA
raised to 98°C, at this temperature the spring is fully contracted and is kept at this
temperature for 1 second while the load is being applied. The spring is then cooled down

to ambient temperature again to end the activation cycle. A cycle is then repeated to

determineif any change in stresses experienced occurred.

The mechanical load on the spring was also setup to apply two cycles of loading and
unloading along with the two activation cycles. Figur&.22 below shows a load applied

to the spring, with the maximum load being applied during the contraction cycle. This
would result in the greatest potential stresses as when the spring is attempting to fully
contract, the highest load is being applied.

Force (N)

1, 2, 3, 4, 5 6, 7 8
Time (s)

Figure 4-22 Mechanical Load vs Time. A mechanical load of 2.5 N was applied for 1
second to the nitinol spring for two activation cycles.

4.2.3.5Finite Element Mesh

A meshfor the FEAwas generated byusing 3D structural elements of the type SOLID186
Mesh convergence was assessed by reducing the element size of the masti,comparing
the equivalent stresses produced by each mesh. The details of the different meshes
generated are listed in Tablet.8 below.

76



Table 4.8 FEA Mesh Details

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Element Size Default 0.2mm 0.16mm 0.1275mm
Number of Elements 2750 7408 11560 21750
Number of Nodes 14542 36171 56137 105957

The equivalent stress alonghe same edge of the spring model was used to compare the
results produced by each mesh, Figur4.23 below shows the edge selected.

}‘“\ "a\ LR\ &
LR BT TR T
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Figure 4-23 Selected Edge for Mesh Comparison. The selected edge in the nitinol
spring model was used to compare the results of different meshes to determine
the appropriate mes h.

The results of the equivalent stress along the specified edge produced by each mesh are
shown in Table4.9 below.

Table 4.9 Equivalent Stress Results per Mesh

Mesh 1 Mesh 2 Mesh 3 Mesh 4
Minimum (MPa) 18.631 16.695 16.324 12.041
Maximum (MPa) 68.111 84.621 85.238 89.220
Average (MPa) 52.810 68.584 69.308 71.911
Maximum Value Over 196.27 200.31 199.63 201.00
Time (MPa)
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After the results were compared, the ™ generated mesh was selected as thHixed mesh
for the FEA. This mesh produced results for the maximum stress and maximum value
over time that differed from the 4t mesh by less than 6%, while completing in a much
faster time.

4.2.3.6Mechanical Loading Results

The equivalent stress experienced by the nitinol spring under three different loading
conditions was produced using the boundary conditions, thermal load, and fixed mesh.
Figure 4.24 below shows the different loads applied.

35

Force (N)

Figure 4-24 Mechanical Load Scenarios Applied . Three different loading scenarios
were applied to the nitinol spring model which were (top) 3. 5N, (middle) 4.5 N,
and (bottom) 5.5 N.

In each case, the load is set to 2.5N at the start of the contraction period, &od each
scenarioraised to 3.5N, 4.5N, and 5.5Nespectivelyby the end of the contraction. The
equivalent stress experienced across the spring body during the 3.5N loading cycle at
three different time steps is shown in Figure 4.25, 4.26, and 4.2below.
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Figure 4-25 Equivalent Stress at 1.9394s Time Step. The time step shows the
stress at the moment before the contraction begins during the 3.5 N load scenario.
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Figure 4-26 Equivalent Stress at 2.0202s Time Step . The time step shows the
stress at the time of the initial contraction during the 3.5 N load scenario.
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Figure 4-27 Equivalent Stress at 2.9899s Time Step . The time step shows the
stress at the end of the contraction during the 3.5 N load scenario.

The three Figures above show the spring at the moment before contraction begins, initial
contraction occurs, and the end of the contraction where the load is at its highest value.
The maximum stress within the spring is experienced at the end of a contraction as seen
from Figure 4.27, the point at which this stress occurs is shown in Figur4.28 below.
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Figure 4-28 Spring Free End Stresses. The maximum stress occurred on the free
end of the nitinol spring model at the end of the 3.5 N load scenatrio.
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A section of elements along the spring body was analysed to calculate the maximum
stress experienced without thelocation in Figure 4.28 above. Theresult of this analysis
is shown in Figure4.29 below.

Figure 4-29 Spring Body Section Stresses in 3.5N Scenario. The spring body
section was isolated from the free end that resulted in the highest stress to
determine the maximum stress in the body of the spring.

The element group in Figure 4.29 above provides a narrower look at the stress
experienced in the spring at the point of maximum loading. This setup was repeated for
the remaining two loading scenarios as shown in Figure$.30 and 4.31below.
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Figure 4-30 Spring Body Section Stresses in 4.5N Scenario. The spring body
section was isolated from the free end that resulted in the highest stress to
determine the maximum stress in the body of the spring.

Figure 4-31 Spring Body Section Stresses in 5.5N Scenario. The spring body
section was isolated from the free end that resulted in the highest stress to
determine the maximum stress in the body of the spring.

The results of the three loading scenarios are shown in Tabfel0below, Figure 4.32and
4.33 shows the averageand maximum stress respectively, during the 3.5N loading
scenario. The remaininggraphs of theaverage and maximunstress experienced during
the different load scenarios areshown in Appendix A
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Table 4.10 Equivalent Stresses on Body Section during Load Scenarios

Scenario at 3s Timestep 3.5N Load 4.5N Load 5.5N Load
Maximum Stress (MPa) 293.12 393.26 423.64
Average Stress (MPa) 243.79 307.95 377.33

243,79
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0, 1,25 25 3,75 5, 6,25 5 8,

Figure 4-32 Average Stress Graph for 3.5N Loading Scenario. The graph shows the
highest average stress occurring d uring the 3.5N load scenario at the 3s timestep
which resulted in 243.79MPa.
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Figure 4-33 Maximum Stress Graph for 3.5N Loading Scenario . The graph shows
the highest maximum stress occurring during the 3.5N load scenario at the 3s
timestep which resulted in  293.12MPa.
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354MPa and is capable of exerting this force for a single pull, however, to have repeat

cycling it is recommended touse no more than 2/3 of this level or 230MPa. Tablé.10

above and Figure 4.32shows the 3.5N load scenario produces an average streat

maximum 6% greater than the recommended stress for repeat cycling while the

maximum stress seen on Figure 4.33s still less than the yield stressAs a result, regat

cycling is possible under the applied load.

However, the 4.5N and 5.5N load scenarios are unlikely to produce repeat cycling in the
nitinol spring. The 4.5N load may result in a low number of cycles as the average stress is
below the yield stress as seen in Table 4.1(Repeating cycles is therefore possible but

permanent deformation will occur with each cycle as the maximum stress exceeds the
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yield stress. A 5.5N load on the spring would prevent even a single cycle from completing
as it exceeds the yield stress of the nitinol spring.

4.2.3.7FEA Limitations

The FEA performedhas several limitations:

1 Material properties were not experimentally confirmed as this was beyond the scope
of the project.

1 The model therefore would need further verification to confirm the accuracy of the
results, the first step being confirming the material properties of the nitinol spring.

1 The physical nitinol springs are capable of repeat cycling in the prototype produced,
however, the FEA was performed to provide insight into the longevity of the springs
without needing to damage the limited number of springs available.

4.2.4Computational Fluid Dynamic Model of Enclosure

A Computational Fluid Dynamics (CFD) analysis can be performed to predict the fluid
flow and heat transfer occurring in a model under specified conditions. CFD can be used
to perform a thermal analysis to determine temperature distribution and potential ho
spots in a design. The nitinol springs used for actuation in the developed hysteroscopy
system operate at relatively high temperatures, a thermal analysis should therefore be
conducted to ensurethe user or system are not affected.

4.2.4.1CFD AnalysisConfiguration andAssumptions

A transient external analysis was configured using Solidworks 2020 Flow Simulation as

the CFD software tool. The analysis was configured as transient as it would be limited to

OEI Ol AOGET ¢ pn 1 ET OOAO 1 &£# OOEI ¢ OEA #®UOOAOI
determine the temperatures after the duration. The analysis was specified to be external

to consider the effects of the environment on the model together with the internal
temperatures. The following major assumptions were made after configuring the

analysis.

¢ The fluid modelled is air with environment conditions set to 20C and 101kPa.

1 Radiation effects are neglected, conduction and convection heat transfer will be
considered.

1 Heat generation from sources is assumed to be uniform.
1 Thermal contact resistance between surfaces is ignored.

1 Material properties were obtained from Solidworks material database, the nitinol
material properties were defined according to manufacturer's information.

1 The thermal effect of the nitinol springs alone was considered, the heat generated by
minor components was assumed to be negligible to improve the efficiency of the
computation.
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1 The handheld base model was simplified to analysis the enclosure around the nitinol
springs, large openings were closed with lids to avoid additional flow entering the
enclosure.

4.2.4.2Simplified Enclosure Model

The model of the developed hysteroscopy system required simplification to focus on the
thermal effect of the nitinol springs, reduce computational time of the analysis, and avoid
factors that could influence the results, such as flow through openings. Figue34 below
shows the simplified model of the enclosure, with unnecessary components removed and
openings sealed with lids.

Figure 4-34 Simplified Enclosure Model for CFD Analysis . The simplified
enclosure implemented lids to sea | the internal housing of the model and
removed unnecessary components to reduce computational time.

Figure 4.34 above was used tagimulate the internals of the enclosure for the CFD analysis
with the two nitinol springs setup in the configuration shown.

4.2.4.3Boundary Conditions

The boundary conditions of the analysis are the environmental conditions within the
boundary domain, theseare set as 20C and 101kPa to represent ambient temperature
and pressure used in the analysis. Similarly, the initial temperature of solids is set toZD.
The charging port at the end of the enclosure is also setup as an outlet to the environment
while initial flow velocities of the boundary domain are set to zero in all directions.

4.2.4.4Mesh Refinement

Mesh is required for CFD analysis which should be refined to ensure mesh independence
when conducting the simulation. Solidworks Flow Simulation allows for generation of a
basic mesh that automatically refines cells as required, the initial level of refingent can

be adjusted to develop produce a basic mesh with cells already refined to a certain level.
The mesh for the CFD analysis was produced with an initial refinement level set to 3
which was then increased up to an initial refinement level of 5. The tals of these two
meshes are shown in Tabléd.11 below.
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Table 4.11 CFD Meshes

Initial Refinement Level 3 Level 5
Total Cells 277 396 | 447 296
Fluid Cells 175169 342524
Solid Cells 102 227 104 772

Figure 4.35 below provide a sideby-side comparison of the two meshes to provide a
visual indication of the difference initial cells of the mesh.

Figure 4-35 A. Level 3 Refinement Mesh, B. Level 5 Refinement Mesh. The level 3
mesh refinement resulted in 277 396 cells while the level 5 resulted in 447 296
cells.

An initial analysis with the meshes produced results that were concluded not to be
significantly different, therefore the mesh with refinement level 3 was selected as it was
computationally more efficient. The analysis performed with each mesh produced
maximum temperatures thatdiffered by 0.18%.

4.2.4.5Thermal Analysis Results

Two scenarios were simulated using the model, boundary conditions, and mesh
described. These scenarios represented different use conditions of the nitinol springs, the
first simulated both nitinol springs at maximum temperature of 98C for the full duration

of the analysis,and the second scenario simulated a user activating a different spring
every 5 seconds for a 1 second activation at 98. Both scenarios represented worst case
scenarios, however, were analysed to determine the thermal analysis in the st@xtreme
case.

A cut plot showing temperatures of the fluid resulting from the analysis of scenarios one
and two are shown in Figurs 4.3 and 4.37 below. The Figures show a sectioned view of
the enclosure the end of each scenario.
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Figure 4-36 Air Temperature in Scenario 1 . The scenario involved raising the
temperature of both nitinol springs to  98°C for the full duration of the 10-minute
analysis.

Figure 4-37 Air Temperature in Scenario 2 . The scenario involved alternating
activation of each spring every 5 seconds for a 1 second activation at 98°C for the
duration of the 10 -minute analysis.

From Figures4.36 and 4.37, the temperature of air around the nitinol spring in the section
increases drastically closr to the surface of the springyeaching 9800°Cin scenaio 1
and 84.37°C inscenario 2. However, the temperature of the air in scenario 2 reaches the
maximum in an area closer to the fixed end of the spring. This is likely due to the other
end connected to the rack gear is connected to the conductive brass arm which is
transferrin g heat away. The fixed end results in the temperature increase due to the lack
of additional conductive material acting as heat sinks. Compared to scenario 1, where the
springs are not switched off, the air along the entirspring length reaches a maximum
temperature is the rate of heat transfer is insufficient.
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The outside temperatures of the enclosure for each scenario were also examined and are
shown in Figures4.38 and 4.3 below, these can be used to determine the potential
temperature a user is exposed to when handling the enclosures during each scenario.

Temperature (Fluid) [°C]

Surface Plot 3: contours

Figure 4-38 Enclosure Surface Temperature in Scenario 1. The surface
temperature of the enclosure from scenario 1 reached approximately  65°C

Tarmperatuta (Fluid) ['C]

Surface Plot 3: contours

Figure 4-39 Enclosure Surface Temperature in Scenario 2 . The surface
temperature of the enclosure from scenario 2 reached approximately 38 °C

The majority of the enclosure surface is observed to remain at ambient temperature,
however, hot spots on the surface below the nitinol springs occur, as seen from the
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Figures.Scenario 1 results in spots reaching up to approximately 8&while scenario 2
had temperatures reaching up to approximately 38C. While the first scenario resulted in
temperatures that are harmful to the user when handled, scenario 2 shows the enclosure
can likely be handled even in the simulated use case without injury.

Although the CFD analysis performed was simplified, it provided an initial understanding
of thermal effects the nitinol springs have on surroundings. In the case of scenario 1, if
the controls failed and the springs are activated continuously, the scenario shows how
the temperature could drastically increase. Scenario 2 does not result from failure,
however, could occur through user interaction in an extreme case. The results of scerari
2 fortunately do not indicate it would harm the user, and the majorityof air inside the
enclosure does not exceed normal operating temperatures of typical electronic systems.
The enclosure material is a made of Polyamide 12 which has a melting point at 285
according to its datashee(Sinterit, 2022) and is therefore not in risk.

4.2.4.6Preliminary Validation of Thermal Analysis Results

Validating the results of the thermal analysis simulation is required to ensure the device
is safe to be held and operated by users in the next stage of testing. A simplified test was
performed, as a preliminary validation, given more extensive validatioof the CFD model
would form part of future work and is beyond the scope of this project. Figure 4.40 below
shows the setup of the equipment used to perform the tesA thermocouple was fixed
outside on the housing over the location shown to have a high tgrarature in the
simulation. The temperature of the thermocouple was displayed on the connected multi
meter and measured with an infrared thermometer for confirmation. Both nitinol springs
were fully activated by connecting eacldirectly to a DC power supply bypassing the
circuits, to avoid potentially damaging the electronics of the device.

Figure 4-40 Thermal Analysis Validation Testing Setup . The setup consisted of a
thermocouple fixed to a spot on the enclosure shown in the simula tion to reach
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the highest temperature while an infrared thermo meter was used to confirm the
reading. A DC power supply was used to fully activate both springs during the
testing.

Two scenarios were tested, for scenario 1 the springs were each powered by 1 Amp for
10 minutes and the temperature was measured at-ghinute intervals. Immediately
following this, scenario 2 occurred where the current was increased to 2 Amps, and
temperature was again measured at -Phinute intervals. This was to measure the
temperature when the springs were continuously powered through the circuit, and a
worst-case scenario were a short circuit occurred and the springgere oversupplied. The
results of the two scenarios are shown in Table 4.12 below.

Table 4.12 Thermal Validation Testing Results

Time Scenario 1 | Scenario 2
(minutes) | (°C) (°C)

0 31 33

2 31 34

4 31 35

6 31 36

8 31 37

10 32 38

Table 4.12 shows thénhighest temperature reached during the worstcase scenario 2 was
38°C, which is within safe operating conditions for device use. This does, however,
confirm that that model would need to be refined to simulate the temperature of the
device more accurately. However, for the purposes of this project it was deemed
sufficient to continue with the validation testing of the prototype.

4.2.5Summary of Verification Results

The results of the verification testing stage are summarised in Tabke 13 below. These
results representthe design specificationf the developed hysteroscopy systerthat are
compared against the design requirements proposed by the research projecthe
specifications of the final prototype against the previous prototypesvere shown in Table
3.9in Chapter 3

Table 4.13 Design Specifications and Requirements

Design Requirement Design Specification

Diameter < 4.7 mm
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Flexible with 100° bidirectional bending | Flexible tip, 120° upwards bending,
116° downwards bending

250 mm working length

Handheld and mobile useffriendly | Handheld, 500 g weight, able to operats
device single handedly

Built-in camera, light source, and displa

Battery powered for 10-minute
procedures

Disposable, singleuse sheath Disposable, singleuse sheath

Distention media channel, saline
solution up to 200 mmHg pressure

Passed Pending Validation

Beyond the specifications shown in Table 43, simulated testing was performed to
determine the longevity and heat generation of the nitinol springs used in the device. The
FEA showed the nitinol springs experienced stresses within the allowed range for
repeated cycles as stated by the manufacturefhe CFD analysisind validation testing
thereof confirmed the handheld base remained below the maximum temperature for safe
and comfortable usageThe design specifications of the hysteroscopy systetherefore
successfully met the design requirements to s the verification testing stage of the
research project. This excludes the design requirement of user friendhas although the
system was designed with simple operation and usability in mindyalidation by actual
users of the hysteroscopy system will most accurately determine if this requirement was
met. The prototype hysteroscopy system thereforgrogressedto the validation testing
stage.

4.3 Validation

Following the successful completion of the verification stage, the developed hysteroscopy
system proceeded into the validation stageAs mentioned before, the purpose of
validation is to confirm whether the prototype system can perform its intended use
Testing this involves performing a risk analysis toidentify potential hazardous use
scenarios, this information is then used to develop the usability trial protocol. The
usability trial will validate the device through real user interaction and feedback.

4.3.1Risk Analysis

A risk analysis is required by thdnternational Electrotechnical Commission(IEQ as per
the standard for application of usability engineering to medical device$lEC 62366
1:2015) and should be done according to the standard for application of risk management
to medical deviceq1SO 149712019). The purpose of a risk analysis is to identify hazards
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and subsequently, estimate the associated risk as shown in Figutell below. Risk has
two key components:the probability of occurrence of harm, and the consequences or
severity of that harm. Risks relate to injury to both the patient and user but can also be
related to damage to property.

Risk Analysis

Intended Use (2 EEL Estimate Risk
REYES

Figure 4-41 1SO 14971 Risk Analysis Steps. The steps consist of determining the
Intended Use of the Device, Identifying potential Hazards, and Estimating the
associated Risk.

Hazards are the potential sources of harm when using a medical devitkerefore, to
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4.3.1.1Device Intended Use
The intended use of the developed hysteroscopy system is described in Tabl&4 below.

Table 4.14 Hysteroscopy System Intended Use

Intended Use The hysteroscopy system developed is used to permit viewing ¢
the adult cervical canal and uterine cavity for the purpose o
performing diagnostic procedures. The indications for diagnostic
hysteroscopy include:

1 Abnormal uterine bleeding

1 Infertility and pregnancy wastage

1 Evaluation of abnormal hysterosalpingogram
1 Intrauterine foreign body

1 Amenorrhea and pelvic pain

Intended Users Gynaecologists

Use Environment | Hospitals and physician offices

Operating The hysteroscopy system is handheld, battery powerecbnsisting
Principles of a reusable device and singlese disposable sheath. The
reusable device has a flexible bidirectional bending tip with ¢
built-in CMOS camera and LED light source. The user switches
the device to view the camera feed on a builh display while
controls enable the user to bend the tip in two directions, capture
images, and record videos. The bending tip is actuated by
mechanism using nitinol springs housed in the base of th
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reusable device. The user fixes the singlase sheath over the
flexible tip before use. The sheath consists of a main channel f
the device with a transparent cap for the camera and light source
An additional distention media channel is provided on thelseath

with a fluid connector that the user connects a fluid supply to
After use, the user disconnects the fluid supply and removes tr
sheath from the reusable device. The sheath is disposed of whi
the device is switched off and connected to a microSBpower

supply.

The intended use of the hysteroscopgystem serves as input for identifying useelated
hazards and hazardous situations.

4.3.1.2ldentification of Hazards

Table4.15 below lists the hazards associated with the hysteroscopy system based on the
intended use. For each identified hazard, the designer considered sequences or
combination of events for the potential cause and the resulting effect of the hazard.
Hazards resulting from user interaction were specifically considerednd are highlighted

in Table 4.15as these would guide the usability trial designHazards relating to the
current stage of development and use were considered sufficient, as a total produiée
cycle risk analysis was beyond the scope of the research project.
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Table 4.15 Hysteroscopy System Use Related Hazards

System Hazard Risk | Cause Effect
Component ID
Disposable Sheath | Disposable sheath | R User places sheath incorrectly on devic{ Reduction of image quality orcomplete
displacement or does not fasten with fluid connector | loss of visuals result in procedure failure
or misdiagnosis
Disposable sheath | Rz User uses excessive force when placin Cross contamination between
tear the sheath environment and reusable device
leading to infection or device damage
Excessive Rs User does not manage media flow o| Fluid overload in the patient, distention
distention media over pressurises the saline bag medical channel burst
pressure/flow
Fluid connector Ra User does not properly connect medig Loss of fluid flow, extended procedure
disconnection tubing to connector duration
Fluid connector Rs Faulty design leading to material failure| Discarded disposable sheath
fastener break when placing fluid connector component wastage, cost to user
Sheathtransparent | Re Excessive force breaking tip whern Discarded disposable sheath
cap failure placing disposable sheath due to desig| component wastage, cost to user
fault or material weakness
Distention media | Ry Channel separating from main sheath| Unable to distend uterine cavity,

channel separation

during procedure due to

connection

faulty

procedure restart, patient and user time
wasted
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Transparent cap Rs Low quality or damaged material used Unable to perform procedure, discarded
blocking vision to produce transparent sheath cap disposable sheath, cost to user
Smart Bending Bending tip Ro User activates the bending control for Damage to device, unable to retrac
Mechanism malfunction too long, causing the nitinol spring to| device when inside of patient, possible
burnout uterine perforation
Rio Loss of power due to user not chargin¢g Unable to retract device when inside of
device patient, possible uterine perforation
Ri1 User activating bending while tip is| Damage to device, unable to retrac
obstructed from moving, causing nitinol| device when inside of patient, possible
springs to overstress uterine perforation
Ri2 User accidently switches off devicg Unable to continue with procedureuntil
during use device has restarted
Mechanism Ris Mechanism locking or failing due to geal Device unable to function, user unable tc
mechanical failure teeth breaking due to faulty| retract device if bent inside patient,
manufacturing and poor design harm to patient
Mechanism Ria Short circuit in electronics due to| Loss of function, device failure, unable tc
electrical failure cleaning error causing failure to bending| perform procedure or procedure failure
mechanism
Actuation wires Ris Actuation wires disconnecting due to| Loss of function, device failure, unable tc
breaking or poor manufacturing or material fault perform procedure or procedure failure
disconnect
Wire guide failure | Ris Wire guide breakage due to poor desigf Reduced functionality in bending

or manufacturing fault

mechanism, procedure failure
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Control button Ri7 Button failure due to mechanical fault or| Device bending locked, procedure
failure poor design failure, harm to patient
Conductive rail Ris Mechanism unable to activate due tq¢ Device unable to function, user unable tc
failure poor connection with conductive rail | perform procedure
due to design or manufacturing fault
Mobile Display screen Rio Loss of power due to user not chargin¢g Unable to retract device when inside of
Visualisation malfunction device patient, possible uterine perforation
Platform
R2o User accidently switches off devicg Unable to continue with procedure until
during use device has restarted
Camera failure Ra1 Camera failsdue to manufacturing fault| User cannot perform or complete
or user disconnection procedure until reconnected or replaced
LED failure R22 LEDs fail due to manufacturing fault o User cannot perform or complete
user disconnection procedure until reconnected or replaced
Low LED R2s3 User fails to adjust LED brightnesy User cannot perform or complete
brightness during procedure procedure until brightness is adjusted
Camera image Roa Camera is in the wrong orientation due User disorientated when using device
orientation to manufacturing fault and unable to complete procedure
Handheld Base Flexible rod Ros User drops device during use as a resu| Uterine perforation, possible damage tc
excessive motion of rotating for view device
Ros User attempts to manually guide Uterine perforation, possible damage tc

bending tip instead of using controls

device
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Excessive force or Rez User applies excessive force to nozzl Device damaged, flexible roc
nozzle causing breakage while manoeuvring | disconnected from device
Handheld base| Rzs Device is dropped by user Device damaged, internal component:
damaged damaged resulting in devicdailure
Screen housing| Rz9 Screen housing separating from devic{ Device damaged and user unable t
disconnect due to poor design or manufacturing perform or complete procedure
Unable to charge | Rso Charging module not fixed in placed dug User able to charge device for use

to poor manufacturing prevent access
Loose internal | Rs1 Internal components not adequately| Device loss of function, componen
components fixed in place due to poor manufacturing damage

After identifying the use related hazards, a risk estimation was completetd determine if any of the identified risks should prevent the
device from proceeding into the validation testing stage. Unacceptable risks would require possibly redesigning the devicéobe the
usability trial could occur. As mentioned, for the purposg of developing the usability trial protocol, only use related hazards were included
in the risk estimation. The remaining hazards were due to design, material, and manufacturing and wotltetrefore not form part of the
usability of the device. Instead, if any of these hazards appeared, a fault analysis would be performed to determine thiseand an

attempt to mitigate the hazard would be done.
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4.3.1.3Risk Estimation

Various methods for estimating risk can be used, and when suitable data is available, a
guantitative risk estimation can be performed. However, without the data, a qualitative
analysis of risk estimation can suffice. Given the lack of data regarding the newly
developed hysteroscopy system, a qualitative analysis for risk estimation was used.

A risk matrix was used to estimate the risks associated with each hazardous situation.
The rows and columns of the matrix represented the two components agk: probability
and severity respectively. Each column and row represented a different level of severity
or probability. Table 4.16 and Table 4.7 below show the description of these levels.

Table 4.16 Risk Severity

Level Description

Significant Death or loss of function, device
replacement

Moderate Minor injury, repairable device damage

Negligible Will not cause injury or device damage

Table 4.17 Risk Probability

Level Description

High Likely to happen, frequent
Medium Can happen, but not frequently
Low Unlikely to happen, rare

Risks are placed into the risk matrix according to its probability and severity. The
resulting risk matrix is shown in Figure4.42 below.

The initial risk estimation performed with the risk matrix shown in Figure 442 below did
not identify any unacceptable risks. However, risks were identified that would require
possible mitigation, while the remaining risks were deemed to be acceptable. Risk
mitigation would not occur at this time, instead the results of the risk analysiwill be used

to develop the usability trial protocol. The results of the usability trial would provide a
better understanding of the cause of the use related hazards which turn would best
inform how to mitigate the risks, if necessary.
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Severity Levels

Negligible Moderate Significant

High
Probability | Medium Ro, Rio, Ri1, Rs,
Levels R27
Low

Requires

Figure 4-42 Risk Matrix . The risk matrix was used to identify potential
unacceptable risks by comparing the probability and severity levels of each
identified risk. This resulted in risks being classified as either (red) unacceptable,
(yellow) requires mitigation, or (green) acceptable.

4.3.2Usability Trial

The application of usability engineering is becoming more relevant as medical practice
increases use of medical devices for diagnosis and treatment of patients. The concern of
inadequate medical device usability is the increase of use errors thednsequently result

in injuries or death. The purpose of the usability trial in this research project is therefore
to validate the developed hysteroscopy system and ensure it is safe and effective to use.

The usability trial protocol was designed according to thénternational Electrotechnical
Commission(2015) IEC 623661:2015 standard for application of usability engineering

to medical devices. This standard specifies the process for a designer to analyse, develop
and evaluate the usability of a medical device, as such was used referred to frequently
during the trial design. A overview of themain elements of thetrial protocol designed is
shown in Table4.18 below.

Table 4.18 Usability Trial Protocol Overview

Item | Protocol Element

1 Test Purpose

2 TestMethod Overview

3 Test Items (medical device and accessories)
4 Test Materials (supporting materials)
5 Test Environment
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6 Test Participants (user groups, number, and selection criteria)

7 Test Personnel (staff roles andesponsibilities)
8 List of Tasks (based on hazard related use scenarios)
9 Data Collection Techniques and Methods

10 Data Analysis Methods

11 Usability Test Script (Moderator Guide)

12 Test Protocol Templates (data collection forms)

The complete usability trial protocol templates areprovided in the Appendix C, while a
brief explanation of key trial elements is described in this section.

4.3.2.1Test Method Overview

An overview of the usability test is shown in Figure4.43 below, it will consist of
participants from select user groups performing taskbased use scenarios with the
developed hysteroscopy system as well as with a standard existing hysteroscopy system.
Data will be collected in two parts, by test staff observing the usenghile tasks are
performed, and users providing feedback by completing test protocol templates. The
usability test will be performed under conditions of simulated use, in a mock hospital
wardroom with a mannequin as the patient.

Test Environment — Groote Schuur Hospital Hysteroscopy Clinic

*  Success

Gynaecologists w/
hysteroscopy
experience

+ UseError
* Closecall
*  Failure

Task Outcomes -+

|

|

|

|

|

|

|

|

|

| Developed Standard System
System — — Karl Storz

| FlexiGyn System

|

|

|

|

|

|

|

|

s Observations

*  Tasks Outcomes

Data Collection s System Ulsabili‘ty Scale

+  Post-5ession
Questionnaire

* Procedure Review Form

+  User Comments

Hazard-related
Tasks: Setup,
Procedure,
Disconnect

> User Feedback

Forms

Figure 4-43 Usability Test Overview . The overview shows the Test Environment ,
Participants, Testing Equipment, Tasks, and Data Collection Methods.
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4.3.2.2Test Items and Materials

The test items consist of the medical device and its accessories being evaluated. In this
case, the developed hysteroscopy system with the disposable sheath is undergoing
evaluation. The system and accessories used in the usability test is shown in Figdré4
below.

Figure 4-44 Hysteroscopy System and Disposable Sheath. The newly developed
hysteroscopy system and disposable sheath accessory to be used in the testing.

The additional supporting materials required for the usability test are the irrigation
tubing, distention media supply, and the standard existing hysteroscopy system that will
be used for comparison. Figuret.45 below shows the irrigation tubing and distention
media supply used for the testing.

3 H jj i . g ‘ ‘
i1 i i S/E |
i iat il i

Figure 4-45 Saline Bag with Irrigation Tubing
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The irrigation tubing and media supply are compatible withboth hysteroscopysystems
used. The standard hysteroscopy system selected was the Karl StoHHOPKINS I
Telescope, BETTOCCHI Inner Sheath, and TELE PACK+, as shown in Hglféelow.

Figure 4-46 Comparison Hysteroscopy System . The comparison hysteroscopy
system consisted of the Karl Storz Hopkins 2 Telescope, Bettocchi Inner Sheath,
and Tele Pack+.

4.3.2.3Test Environment

The usability test environment selected was the Hysteroscopy Clinic in Groote Schuur
Hospital as it provided a simulated environment identical to that of normal procedures
while being located in close proximity to potential participants for their conveniere. A
Gaumard Hysteroscopy Simulator was setup in the place of a patient for performing
procedures on. The simulator is an adult sized female lower torso skills trainer used to
practice hysteroscopy procedures, therefore an ideal model for testing the deloped

hysteroscopy system on. Figurd.47 below shows the hysteroscopy similar setup in the
clinic room.

102



Figure 4-47 Usability Test Setup . The test took place in the Hysteroscopy Clinic at
Groote Schuur Tertiary Hospital and used a Gaumard Hysteroscopy Simulator as
the patient.

4.3.2.4Test Participants

Selection test participants for the usability test involved determining theappropriate
user representatives for the evaluated medical device, developing selection criteria for
participants within the user population, and determining the number of participants for
taking part.

The medical device being tested is a hysteroscopy system designed for use by
gynaecologists and are therefore the users. The only selection criteria for the potential
participants from the gynaecologist population was having performed a hysteroscopy
procedure at least once.

According to the usability standard 623661 (IEC 623661:2015), smaller sample sizes
(e.g. 58) are typically sufficient to uncover major user related design issues as the law of
diminishing returns applies after five participants are tested. The standard illustrates this
with Table4.19 below.
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Table 4.19 Cumulative Probability of Detecting a Usability Problem
1:2015)

(IEC 62366

Value in %

USABILITY
defect
probability
of
occurrence

Number of test participants

7

8

10

15

20

25

50

75

100

1,0

1

2

3

5

6

7

8

10

14

18

22

39

53

63

3,0

3

6

9

14

17

19

22

26

37

46

53

78

90

95

5,0

5

10

14

23

26

30

34

40

54

64

72

92

98

99

10

10

19

27

41

47

52

57

65

79

88

93

99

100

100

15

15

28

39

56

62

68

73

80

91

96

98

100

100

100

25

25

44

58

76

82

87

90

94

99

100

100

100

100

100

50

50

75

88

97

98

99

100

100

100

100

100

100

100

100

75

75

94

98

100

100

100

100

100

100

100

100

100

100

100

90

90

99

100

100

100

100

100

100

100

100

100

100

100

100

Table4.19 above shows the cumulative probability of detecting a usability problem based
on the probability of the defect occurring and the number of participants. Using this table,
it was decided to use a sample size of 10 participants assuming the probability ofeth
defect occurring is 25% which leads to a cumulative probability of detecting a problem

of 94%.

Recruiting participants will be based on availability asphysicians time is immensely
limited. However, the test will ideally include participants with varying levels of

hysteroscopy experience. Specifically, split between qualified gynaecologists and
gynaecology registrars.

4.3.2.5List of Tasks

The tasks performed by users in the usability test should include all hazailated use

scenarios. Based on the background research, observations and risk analysis performed,

the following task list was developed for the usability test.

1 Task 1z Fitment of the disposable sheath on the hysteroscopy system and connecting

the distention media supply tubing.

1 Task 2z Use the hysteroscopy system to perform a diagnostic hysteroscopy on the
simulator.

1 Task 3z Disconnect the distention mediatubing and remove the disposable sheath
from the hysteroscopy system.

The tasks list for the standard hysteroscopy system is similar and is as follows.

1 Task 1z Assembling the hysteroscopy system by inserting the hysteroscope into the
sheath, connecting he camera, light source, and distention media tubing.

1 Task 2z Perform a diagnostic hysteroscopy procedure on the simulator.

1 Task 3z Disconnect all accessories from the hysteroscope.
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4.3.2.6Data Collections Techniques

The usability test data that will be collected includes:
1 Task completion status,
1 Descriptions of observed use errors, close calland use difficulties,

s xooA L o~ 2

7 PA O OE A Eoidént® &bout device interactions,

1 Participants' reported root causes of their use errors and close calls, and

s xooA L o~ 2 s oA
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This data will be collected using two methods: from the observations of the test personnel )
i T AEAAOGEOA AAOAQ AT A DPAOOEAEDAT 008 AAAOERAEE
these two methods are as follows:

Objective dataz during the usability test, while participants perform each use scenario,
the test personnel will observe and record their performance on each task and sudsks
as one of the following: correct use, use error, close call or use difficulfyhis will be noted
on the forms shown inAppendix C. Additionally, all spontaneous comments made by
participants during the performance will also be noted

Subjective dataz Upon completing all tasks with a particular hysteroscopy system, the
participant will be asked to complete three forms to providefeedback regarding the
system used. These forms are a System Usability Scale, F@s$sion Questionnaire, and
Procedure Review Form. These forms are described in greater detail as follows:

1 System Usability ScaléSUS)z a 10 question survey using a gpoint Likert scale. The
SUS is a widely used means for assessing usability of devices tlategarded as an
industry standard (Bangor et al., 2008; Sauro, 2011)

1 PostSession Questionnairez A set of questions on the different aspects of the
hysteroscopy system rated by the user according to afoint Likert scale. A section
is also provided for user comments.

1 Procedure Review Formz A hysteroscopy procedure review form based on forms
used currently. The form allows users to report on the outcome of the proceduia
terms of diagnosis, additional tools used, or ease of entry.

4.3.2.7Data Analysis Methods

After completing the usability test, the data collected will be analysed in the following
ways.

Task Outcome and Observations

The first setof dataanalysed is the outcome of tasks and observations recorded by the
test staff. These will be reviewed to establish the root cause of any use errors that
occurred. If any tasks were unsuccessful or difficultiesvere observed, the cause will also
be determined by reviewing the observations and user feedback.

System Usability Scale
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The SUS scores are calculated using a formula to produce a score between 0 to 100,
however, these scores are not percentagdsit rankings accading to the scale shown in
Figure 4.48 below.

excellent

worst imaginable

poor ok good best imaginable

NOT ACCEPTABLE MARGINAL |

Acceptability Score

Figure 4-48 System Usability Scale with Adjective Rating (Smyk, 2020) . The
adjective ratings range from worst imaginable to best imaginable with an
acceptability score costing of three sections from (red) Not Acceptable, (yellow)
Marginal, to (blue) Acceptable.

The abovescale will therefore be used to determine the outcome of the SUS for each
hysteroscopy system tested. Based on the SUS score, it will be determined if a system is
usable or not.The score of the hysteroscopy systems will also be compareddetermine

the usability of the new system compared to the existing system.

Post-Session Questionnaire

The questionnaire consists of 24 questios using a 5point Likert scale with additional

space for test participants to provide comments on the hysteroscopy system. The
NOAOGOETT O Aiil1AAO A DAOOEAEDPAT 060 OOAEAAOEC
hysteroscopy systemThe user comments provide additional information for review after

analysing the task outcomes and answers of the pesession questionnaire.

While the individual ratings to questions in the questionnaire can indicate potential
issues in certain areas of the hysteroscopy system, the primary purpose is to compare the
results of the two hysteroscopy systems to establish if the participants view &
developed hysteroscopy to be equal or better than the existing systerAn appropriate
statistical analysis method would be required to determine this.

The MannWhitney U test was selected to determine the statistical significance of the
post-session questionnaire results. By treating the two hysteroscopy systems as the
independent groups, and the answer$o a question by participants as ordinal variables,
the MannWhitney U test can calculate whether the difference between the two system
for a specificquestion is significant.

Procedure Review Form
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The procedure review form provides data regarding the outcome of the diagnostic
hysteroscopy procedure performed by participants. The results will be manually
reviewed to assess theapabilities of the developed hysteroscopy system and compare it
to the outcomes produced using the standard system. Specific outcomes that will be
consideredis the ability to navigate into the uterine cavity and fully observe the cavity.

4.3.2.8Ethics Approval

The usability test required an application be filed for ethics approval with the Human
Research Ethics Committee (HREC) at the UCT. The letter of approval, HREC reference
number 753/2019, is found inthe AppendixD together with an extension approval.

4.3.3Resultsof Validation Testing

The aim of the research project waso develop a hysteroscopy system that addresses the
needs of both the patient and physicianThe purpose of the validation testing was
determining if the developed hysteroscopy system could function as a hysteroscopy
system and fulfil the need criteria outlined by the research projectThe results would
therefore indicate the potential of the developed hysteroscopy as an answer to the
research question.The usability test was method for validating the hysteroscopy system.

The usability test was successfully completed with 10 participants performing mock
procedures with both the developed and standard hysteroscopy systefor comparison.
The raw data collected during the testvas transcribed andis provided in Appendix E,
this section will discuss the results of each data form collected and provide a summary of
the key findings.

4.3.3.1Deviations from Test Protocol

The usability testing initially took place at the Hysteroscopy Clinic in Groote Schuur
Hospital. The test was planned to conclude within 3 weeks after the required number of
participants were tested. However, due to scheduling constraints, the-8eek period
passed without the total number of participants having been reached. As a result, another
week of testing was added, this testing took place at New Somerset Hospital as the
Hysteroscopy Clinic was no longer available. Testing took place in a meeting roarhich
unfortunately did not allow for testing the fluid flow through the sheaths. The
participants testing at New Somerset Hospital could fit the sheath, connect accessories,
and remove the sheath but not test the flow. No other deviations to the test paxol were
experienced.

4.3.3.2Task Outcome
Participants were tasked with performing use scenarios with the hysteroscopy systems

while the test staff observed recorded the outcome of tasks. The details of the 10
participants are presented in Table4.20 below.
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The usability test involved participants completing 3 tasks with each hysteroscopy
system, during which the test staffnoted the outcome of the task and if use errors
occurred, the potential cause. Tabld.21 below presentsthe results of tasks in a success
(2) or failure (0) metric. Tasks 1 to 3 were performed with the developed system while
tasks 4 to 6 with the standard systemirom Table4.21 it is seen that all participants were
able to successfully perform the tasks with the developed system and théasdard

Table 4.20 Usability Test Participant Details

Participant | Profession & Hysteroscopy
ID Qualifications Experience
(Years)
Al Doctor, MBChB, Registra <1
Bl MBChB, FCOh 15
C1 Obsé& Gynae Consultant, 6
MBChB, FCOG(SA),
Mmed(O&G)
D1 Medical Officer, MBChB 1
El Obstetric Registrar, 3
MBChB, FCOG
F1 Medical Specialist, FCOG 15
Gl MBChB, FCOG, MMED 9
H1 Obs & Gynae Medical <1
Registrar
11 Doctor, Obsk Gynae <1
Registrar, MBChB
J1 OBGYN Consultant, 3

MBChB, FCOG

hysteroscopy system.
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Table 4.21 Usability Test Task Outcome by Participant

ID Task 1| Task2 | Task3 | Task4 | Task5 | Task 6
Al 1 1 1 1 1 1
Bl 1 1 1 1 1 1
C1 1 1 1 1 1 1




D1 1 1 1 1 1 1
El 1 1 1 1 1 1
F1 1 1 1 1 1 1
Gl 1 1 1 1 1 1
H1 1 1 1 1 1 1
11 1 1 1 1 1 1
J1 1 1 1 1 1 1
Successs 10 10 10 10 10 10
Completion 100% | 100% | 100% | 100% | 100% | 100%
Rate

No use errors occurred during the completion of the tasks for any participants and the
outcome of the tasks indicated the developed hysteroscopy system could perform
hysteroscopy procedures on the simulator.

4.3.3.3System Usability Scale

The task outcome did indicate the developed hysteroscopy could perform procedures,
however, measuring the usability of the system provided further understanding of its
efficacy. Thescores of the System Usability Scale for each hysteroscopy system by
participants is shown in Table 4.22 below, together with the adjective rating that
corresponds to the scoreThe highlighted columns indicated the registrar participants.

Table 4.22 System Usability Scale Results

ID Al B1 C1 D1 El F1 G1 H1 11 Ji AVG

Developed 90.0 85.0 67.5 80.0 90.0 g7 97.5 95.0 75.0 82.5 86.0

Excellent Excellent OK Good Excellent Excellent Excellent Excellent Good Good Excellent

Standard 47.5 85.0 57.5 85.0 77.5 85.0 100.0 45.0 57.5 325 673

Poor Excellent OK Excellent Good Excellent Best Poor OK Worst OK
Imaginable Imaginable

The results of the SUS scores are an averageore of 86.0 and 67.3 for the System

Usability Scale fordeveloped and the standard hysteroscopy systemsrespectively, is
considered an EXCELLENT and OK rating according to adjective rating scale.
Additionally, the average score for the new system by registrars was/&® compared to
the average of the remaining participants which was 89. However, the average score for
the standard system given by registrars was 56.8 compared 74.2by the remaining

participants.
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Overall, the results of the SUS showed that the perceived usability of the developed
hysteroscopy system to be excellent.

4.3.3.4PostSessiorQuestionnaire

The results of the postsession aqiestionnaire consist of two parts; the 24 Likert scale

s oA 2 o~ s oA
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feedback regarding aspects of the hysteroscopy system, but the primary purpose of these
guestions was to draw comparison between the new ansgtandard system.In doing so,
determine if the new system performed to the same degree of the standard system, and
EO OEAOAAZEI OA Al AEEAAOEOA EUOOAOT OAT DU
reviewed separately to highlight any key findings.

Results of Post-Session Questions

The MannWhitney Utest was used to determine the significance of each answer in the
post-session questionnaire comparing the two hysteroscopy systems. THellowing
assumptions were made:

1 The hysteroscopy systems will be treated as the two independent groupsith a
sample size of 10 each.

1 The crossover period between participants testing different hysteroscopy systems is
assumed to be long enough for them to forget their prioexperience andcan be
treated asbeing an independent group.

1 The dependent variables are the Likert scale questions measured at the ordinal level
and significance of questions will be determined individually.

1 The variables are not normallydistributed, and the distribution does not have the
same shape, the MamwWhitney U test will therefore be used to compare mean ranks.

1 A significance level of 5% is chosen.

1 The null hypothesis states that there is no significant difference between the ratings
of the two hysteroscopy systems.

The MannWhitney U test was conductedising SPSSand the results are shown irmable
4.23 below, the significance of each question together with the decision are showntine
table.

Table 4.23 Mann-Whitney U Test Results Summary

Category Question Sig. Decision
General 1. | can quickly get the 0.043 | Reject the null
Usability equipment ready for use. hypothesis.
2. | can successfully get the 0.075 | Retain the null
equipment ready for use hypothesis.
without assistance.
3. I know when the equipment | 0.529 | Retain the null
is working properly. hypothesis.
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4. The equipment is easy to 0.005 | Reject the null
clean. hypothesis.
5. The equipment was easy to | 0.280 | Retain the null
hold and operate with one hypothesis.
hand.
6. |did not feel strained during | 0.631 | Retain the null
or after using theequipment. hypothesis.
User 7. | found the position of the 0.853 | Retain the null
Interface controls comfortable and hypothesis.
easy to use.
8. | am satisfied with the size, | 0.315 | Retain the null
quality, and position of the hypothesis.
display screen.
9. | found the controls to be fas 0.280 | Retain the null
and responsive to my input. hypothesis.
Disposable | 10.1 can easily connect the 0.013 | Reject the null
Sheath media tubing to the sheath. hypothesis.
11.1 can quickly place theheath | 0.013 | Reject the null
on the scope. hypothesis.
12.1 am satisfied with the flow | 0.950 | Retain the null
through the sheath. hypothesis.
Device 13.1 know how to adjust the 1.000 | Retain the null
Controls YI OKAySQa 02y hypothesis.
14.1 cancomfortably operate thel 1.000 | Retain the null
YI OKAySQa 02y hypothesis.
15.1 can quickly adjust the 0.684 | Retain the null
YI OKAySQa 02y hypothesis.
need to.
16.1 am satisfied with what it 0.247 | Retain the null
Gri1Sa G2 I Red hypothesis.
controls.
Frequency | 17.1 had difficulty placing the 0.083 | Retain the null
of Trouble sheath over the scope. hypothesis.
18.1 had difficulty using the 0.019 | Reject the null
controls while holding the hypothesis.
device.
19.1 haddifficulty observing the | 0.436 | Retain the null
screen during the procedure hypothesis.
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20.1 found the visual clarity of | 0.912 | Retain the null
the device to be lacking. hypothesis.

21.1 had difficulty getting the 0.063 | Retain the null
equipment ready for use. hypothesis.

22.1 had difficulty manoeuvring | 0.968 | Retain the null
the tip of the scope. hypothesis.

23.1 had difficulty removing the | 0.436 | Retain the null
scope from the patient. hypothesis.

24.1 found it difficult to remove | 0.113 | Retain the null
the sheath from thescope. hypothesis.

The highlighted questions in Tablel.23 produced ratings that were significantly different
between the hysteroscopy systemsExamining the mean ranks of the ratings for each
guestion gives the direction of thedifference to determine which hysteroscopy system
had the higher rating. The mean ranks for each of these questions is shown in Figaure
4.49, 450, 451, 452, and 4.3 below.

FlexiGyn Standard

N=10 N=10
Mean Rank = 13,15 Mean Rank = 7,85

Q1
LO

Frequency Frequency
Figure 4-49 Q1 Mean Ranks. The ratings for (blue) the new hysteroscopy system
AT A j COAAT q OEA OOAT A A Odan ddickly Gehthe ediipientt OAOOET |
ready for use. o
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Figure 4-50 Q4 Mean Ranks. The ratings for (blue) the new hysteroscopy system
AT A j COAAT q OEA OOAT AA Ohe equiprocdidsicasyfd cdleanrld® A OOET 1

Figure 4-51 Q10 Mean Ranks. The ratings for (blue) the new hysteroscopy system
AT A j COAAT  OEA OOAT A A OWcantasify ©dhrect i naedid OAOOET
tubing to the sheath. 6
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