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Abstract

The application of hernia meshes is amongst the most popular techniques used to treat and repair
hernias worldwide. While there is no gold standard at this point, the conventional technique
involves repositioning of the displaced tissue back into the desired location followed by the
application of a hernia mesh which is secured in place by either sutures, stitches, or adhesives.
This is critical to ensure that the previously displaced tissue remains in its allocated position, giving
the body sufficient time to heal and alleviate reliance from the mesh. In contrast to conventional
meshes, 3D meshes have proven to provide a more sustainable recovery pathway for patients and
has gained significant traction by the medical community. Given the advantages of 3D meshes
over conventional meshes, such as increased motility, reduced pain, reduced scarring as well as
increased rate of recovery, this study proposed a new design of a 3D hernia scaffold using a smart
material, namely shape memory polymer (SMP). Unlike conventional static meshes which require
intricate surgical precision and accuracy to ensure the complete placement of the mesh, the
proposed design in this study displays self-deployment capabilities, which is based on shape
memory effect (SME), upon activation. Once the device is transferred to the site of the hernia, the
self-deployment of the proposed model is achieved by thermal activation, at normal human body
temperature, expanding to its full size and gripping the site without the need of sutures with the
adjacent tissue to support it. The self gripping nature of the proposed design has the potential to
reduce the time and complexity of the hernia repair surgery with the added benefits offered by 3D
meshes. The present study compared a multitude of designs based on a design selection criterion
including ease of printing, repeatability, design constraints and functionality. After several
iterations, a single design was proposed, 3D printed, and then tested to determine mechanical and

shape memory properties. The mechanical properties, of the proposed design, were investigated



by analyzing the effect of static compressive forces and cyclic compressive forces on 3D printed
samples and comparing them to equivalent data found in literature for existing commercial
alternatives. The results of the static compression test indicated that the proposed design displayed
a maximum force of 18.74 N/cm without signs of failure, conforming to its commercial
counterparts which display a range of 11.1 N/cm to 100.9 N/cm before failure. The stiffness
parameter for the proposed design was determined in this study to be 1.58 N/mm which is also
comparable to the available commercial alternatives exhibiting a range of 0.3 N/mm to 4.6 N/mm.
The results of the cyclic compression test displayed a higher plastic deformation of 14.67% in
comparison to the range of 0.58% to 8.51% demonstrated by the commercial alternatives compared
in this study. These differences were considered acceptable and did not invalidate the effectiveness
of the proposed design since this was an indirect comparison and minor differences were expected.
The shape memory properties were studied by analyzing the smart plug deployment under
controlled conditions to determine the speed of recovery as well as the recovery ratio. While no
comparison can be made against a commercial hernia mesh for these shape memory properties,
the samples showed shape recovery of more than 90% within four minutes of activation which is
a quite promising difference than current surgical procedure time. Due to the ongoing COVID-19
restrictions and laboratory closures, this study experienced significant delays with both the speed

of the project and deliverables being affected.
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Chapter 1: Introduction to Thesis

1.1 Motivation

Hernias are a prevalent and ongoing disease that affects millions of men, women, and children
globally. With efforts directed to improve current practices and conduct hernia repair procedures
and surgeries, the hernia industry is now focused on the development of innovative designs and
improved technology to reduce patient pain, complication rate and procedure complexity. While
there is no definitive standard, typical hernia repair procedures involve the use of conventional
meshes that are secured at the hernia site by means of sutures, tacks, or adhesives. These
conventional meshes, which are be referred to as static meshes in some instances in the literature
and are 2D in shape, push the protruded tissue or hernia back in the desired location effectively
repairing the hernia [1] [2]. While the use of synthetic conventional meshes is the popular
technique utilized to conduct hernia repair surgeries it is not without its flaws. These conventional
meshes have a high rate of recurrence, are known to cause pain in patients and are also reported to
result in medical complications [3]. The use of conventional meshes also results in poor quality of
tissue regrowth and is often associated with tearing and bleeding at the hernia site [3]. Recent
innovations in these conventional meshes includes the use of lighter materials to reduce the weight
of meshes reducing the foreign body reaction by the human body, which in turn results in lower
pain experienced by the patient [4]. Investigation into the use of larger pore size has also resulted
in higher dynamic movement as well as lower probability of infection which in turn reduces the
chances of tearing and medical complications [5][6] .While there has been significant work on the
mechanical, material and structural properties to improve these desired properties, synthetic
conventional meshes still face inherent challenges that have not been addressed by these

improvements. The foreign body reaction caused by the use of sutures, tacks or adhesive to secure



the mesh in the hernia site is reported to contribute to the complication rate in hernia repair
procedures [3]. The use of various 3D meshes (Figure 1) have proved to be excellent alternatives
addressing the inherent issues faced by these conventional meshes and are reported to have a
superior quality of tissue regrowth as well as lower pain experienced by the patient [7] . With the
obvious advantages of 3D meshes over conventional (2D) meshes, significant effort has been
directed to further develop this technology to leverage the advantages offered by the new designs.
Despite this, the integration of shape memory polymers (SMPs) has remained absent in the
development of 3D meshes. SMPs integrated in conventional meshes have reported to yield faster
deployment reducing procedure time and complexity but have still maintained the inherent issues
faced by all conventional meshes. With the potential advantages of the use of 3D meshes over
conventional 2D meshes, and the added advantage of reduced procedure complexity and time, this
research aims to deliver a proof of concept (prototype), introducing a novel design and self-
deploying capabilities using smart materials. Based on SMPs, the current design aims to be
compatible with the more popular and less invasive laparoscope assisted hernioplasty providing a
faster deployment compared to existing 3D meshes while leveraging on their existing advantages
over conventional static meshes. The proposed smart plug is required to fit in a 10 mm tube (Figure
2) similar to that of a laparoscope and once inserted and pushed into the body, expanding to 50
mm diameter (Figure 3) due to thermal activation, effectively sealing the weakened cavity.
To achieve these requirements some fundamental research questions needed to be formulated that
this study would address.

e What would be the appropriate shape or structure that could achieve the requirement of

morphing from its regular size (50 mm) to fit inside a laparoscopic tube (10 mm) and then



redeploy back into its regular size, also defined as “functional requirement” later in this
study?

e Which type of materials are used to make hernia repair meshes and which materials could
achieve this functional requirement?

Such as device needed to have sufficient strength to survive inside the abdominal cavity and it
was important to know what the commercial benchmark was and where our proposed device
stands.

e What commercial alternatives are available along with their mechanical properties? What
are the mechanical properties of our proposed design that could be compared with existing
alternatives?

e How could the functional requirement be characterized and compared with existing
alternatives to conclude if they were acceptable?

These research questions form the crux of this study and were the foundation of the research
objectives of this study. The scope of this study includes the complete design, fabrication using
shape memory polymers, mechanical and shape memory characterisation. Therefore, this study is
divided into three main sections: the design phase, the fabrication phase, and the characterisation
phase. The design phase involved a series of iterations that were performed to achieve the final
design keeping in mind important considerations including but not limited to functionality, ease
of fabrication and repeatability. The fabrication phase of this study involved determining and
implementing the appropriate technique required to fabricate a working prototype and define the
optimal parameters that would ensure fabrication repeatability. Upon successful fabrication and
test of functionality, the characterisation phase of this study aimed to determine its key mechanical

and shape memory characteristics while making a comparison between the smart plug with



existing data found in the literature. This phase was crucial in determining the validity of the

research objective.

1.2 Thesis Objective

Keeping in mind the research questions posed earlier, the aim of this study was to develop a 3D
alternative to the conventional meshes, that are used in hernia repair procedures, with shape
memory properties that would activate upon insertion at the hernia site via a laparoscope or similar
device while addressing the research questions simultaneously.
Keeping this in mind, the objectives of the research are:
e Todeliver a functional prototype of a smart plug that can be used for hernia repair surgeries
as a proof of concept.
e To characterise the mechanical and shape memory characteristics of the prototype
experimentally
e To provide an analysis of validity of the smart plug to determine its potential application
To achieve these objectives, a single design was selected out of multiple possible concept designs
and fabricated while ensuring acceptable quality and functional requirements. The samples for this
selected design were then characterised to determine their mechanical and shape memory
properties and compared with existing commercial alternatives to determine the effectiveness of
the proposed design.
1.3 Thesis Outline
This thesis is organised into five chapters. The second chapter of the thesis introduces some

important terminologies and a data driven argument to show the impact caused by hernias as well

as details of some commercially used products, and their properties, which were used for



comparisons throughout the study. Finally, the second chapter discusses some important concepts
such as shape memory polymers that were critical in the application of this study.

The third chapter of the thesis discusses the design criterion used to develop the 3D scaffold as
well as a walk-through of the different design iterations and the justification of the current design,
and its features, against previous iterations. It also discusses the fabrication process that was
employed along with the materials and equipment used. The last section of this chapter discusses
the methodology and set-up of the mechanical and shape memory tests that were conducted to
investigate the properties of the 3D hernia scaffold.

The results of the tests and discussion on these results, and their comparison to commercially
available products are discussed in the fourth chapter. The fifth chapter of this study concludes

this thesis with comments about future work and limitation about this study.



Chapter 2: Literature Review

A hernia is defined as the protruding of an internal organ or other body part through either a
muscular or tissue wall that normally contains it [8] .While the term “hernia” is a relatively broad
term and may be classified into further sub-categories depending upon the location of the hernia
including but not limited to femoral hernias which occur at top of the inner thighs, umbilical
hernias near the navel and hiatal hernias located on the chest through the diaphragm. Inguinal
hernia occurs when a fatty tissue or part of the intestines protrude into the groin through a
weakened tissue wall, which is normally meant to restrict it in place, at the top of the inner thigh.
This type of hernia is quite common and affects both men and women [8] [9] [10]. With an
estimated case-load of 20 million inguinal hernia repairs worldwide annually, it is estimated that
the lifetime risk for men and women is 27% and 3%, respectively [11]. While majority of these
surgeries tend to proceed smoothly with no complications, one study reported a 5% complication
rate. 15% of patients in this study also reported pain and discomfort after the first 24 hours of the
surgery [12]. A similar study reported an overall complication rate of 19.5% out of which major
complications, including pulmonary and cardiovascular, accounted for 15.1% of the total
complication rate [13]. Typically after such a procedure, patients are discharged within 24 hours
and are able to return to leisure activities and work on an average of 3.1 to 5.6 days [12]. While
the time to return back to leisure activities is acceptable given the current hernia repair methods
and techniques available, it has a significant margin to be reduced while also reducing the
complexity and complication rate of the procedure.

With the prevalence of hernia cases and complications presented, the hernia repair industry is
projected to transition from USD 4.09 billion from 2018 to USD 4.75 billion by 2023. The

increased acceptance and implementation of conventional meshes in hernia repair surgeries is



considered a major driving factor for this projected increase. Recent innovations made to
conventional meshes including but not limited to biological meshes have also shown promising
growth and projections while reducing potential issues that that are faced by conventional meshes
[14].

With the absence of a universally accepted “gold standard” in the hernia repair industry, several
techniques have made their way as good practices to characterize the treatment of this disease. The
main techniques employed include the use of commercially available prosthetic which may be
further classified into static, and dynamic meshes. Static and dynamic meshes, in terms of hernia
repair devices, are categorized based on their ability to move with the abdominal wall and
accommodate the motility of the abdomen. Static meshes are fixed to the abdominal wall by means
of sutures, tacks or adhesives and do not accommodate the movement of the abdominal wall. While
dynamic meshes may also be fixed to the abdominal wall similarly, their structure has sufficient
tolerance to allow for the natural motion of the abdominal wall and resists tears to higher degree
[3]. The use of conventional meshes, which are classified under static devices, is not mandatory
and surgeons may also opt to perform a “tension repair”, where an abdominal incision is made
over the hernia site and the protruding tissue is pushed back into its normal location. The surgeon
then directly stitches the edges of the defect using multiple sutures as required [1]. While this
technique may seem straightforward, it has a been discarded in most developed countries due to
the high recurrence rate and post-operative pain experienced by patients. The “tension-free repair”
has since replaced this technique and requires the use of synthetic static or fixated meshes in the
location of the hernia site, after which the surgeon sutures around the circumference of the defect
without sewing the defect shut. This technique offers the advantage of avoiding the application of

pressure on the muscular tissue surrounding the defect, which could potentially weaken the region



further [10] [11]. The use of prosthetics, including meshes, provides the advantages that tension
free repair offers however this technique requires surgeons to open the abdominal wall to place
and secure the mesh. An improvement made to this technique by Lablanc and Booth [16] further
reduced the complexity of this procedure by introducing the mesh directly into the abdominal
cavity by using a minimally invasive technique via a laparoscope. The adaptation of this technique
is more frequently performed, and is generally associated with lower pain, lower recurrence rate
and a faster recovery. While the difference between both techniques is beyond the scope of this
study, both techniques, however, support the use of meshes as being the acceptable way forward
[17].

With the use of meshes being in the centre of hernia repair surgeries, the race to innovate this
technology is mainly focused towards either design adaptations, in an attempt to fix the inherent
challenges posed by all types of conventional meshes, or material optimisation to improve certain
desired properties. These desired properties can be categorised as material properties, structural
properties, and mechanical properties. The selection of materials strongly influences the
inflammatory response of the body which in turn determines recovery rates as well as pain
experienced by the patient [S][18][19][20]. The structural properties can be further subcategorised
into pore characteristics and weight of the mesh. The pore characteristics play a critical role in
influencing the limited dynamic movement of the mesh, which is caused by the collapse of the
pores under strain [5]. Mesh porosity is also a determining factor for the risk of infection [6]. The
weight of synthetic meshes can be used to classify meshes as either lightweight or heavyweight
depending upon the polymer weight and amount of raw material used. Lightweight meshes have a
weight per unit area ranging from 35 to 70 g/m?, standard weight meshes from 70 to 140 g/m? and

heavyweight meshes being greater than 140 g/m? [21] . Since lightweight meshes contain less



material than their counterparts, they induce a moderate foreign body reaction in the body with
decreased inflammatory response providing better tissue incorporation, reduced patient discomfort
and increased prosthesis acceptance, providing a notable advantage over heavyweight meshes [4].
While the mesh weight does not influence the rate of reoccurrence, patients with lightweight
meshes have reported lower discomfort and an earlier return to activity as compared to
heavyweight meshes [22][23]. With all these advantages, however, lightweight meshes exhibit
lower tensile strength as well as a lower burst strength in comparison to heavyweight meshes
[24][25]. These mechanical properties are critical in determining the suitability of a particular
mesh for its appropriate clinical application.

Tensile strength, burst strength and stiffness are some of the major mechanical properties which
are considered while designing meshes. While tensile strength is conventionally defined as the
maximum force that can be applied before failure per unit area, for the purpose of meshes, it is
usually reported in relations to clamping width with units usually being N/cm or equivalent [5].
The burst strength is defined as the maximum uniformly distributed pressure applied at a right
angle to the surface of a material to withstand standardized conditions [26]. Due to the difference
in shape as well as loading conditions, as explained in Chapter 3 (3.3.1) of this study, between our
proposed design in contrast to conventional meshes, the burst strength was not applicable for our
case and was disregarded. Stiffness is defined as the ability of a material or object to resist
deformation and can be calculated as the slope of the force versus displacement curve [27].
Stiffness was critical in our application since a significant difference in stiffness between a mesh
and the abdominal wall could cause discomfort to the patient. Meshes with higher stiffness tend to

dehisce from the abdominal wall when the patient moves [28].



It is important to note that a large proportion of commercially available synthetic meshes are
designed based on these mechanical properties are made from select materials including but not
limited to Polytetrafluoroethylene (¢ePTFE), polypropylene (PP), polyethylene terephthalate (PET)
and polyvinylidene fluoride (PVDF), providing improved mechanical strength, including higher
tensile strength as well as burst strength, at a lower cost [5][29].

With the general acceptability of the use of synthetic static meshes or fixated meshes due to their
advantages as well as convenience, there are some inherent problems with the use of static
synthetic meshes that have gradually been identified. The typical biological response due to the
application of conventional meshes does not represent the tissue regeneration but rather a foreign
body reaction mainly caused by the fixation mechanisms used to hold the mesh in place, which in
turn is corelated to high complication rate of hernia repair surgeries [3]. The treatment of inguinal
hernias with the application of static synthetic meshes are not entirely tension free and is associated
with tearing, bleeding, hematoma as well as nerve entrapment which not only result in mesh
dislocation but also poor quality of tissue regrowth [30]. This produces a rigid fibrotic scar plaque
causing severe discomfort and pain, instead of regenerating the weakened tissue, which is the root
cause of the problem, and should be the target [31][32]. With this consideration as well the fact
that the groin region is one of the most motile regions of the body and is subject to constant motion,
the development of 3D meshes was considered as a reasonable solution to this inherent problem.
A self-retaining 3D implant (ProFlor), developed by Amato et al. and commercialized by Insightra
as shown in Figure 1, fits into place using centrifugal expansion without the need of additional
anchors for fixation and displays excellent compliance to the dynamic motion that is absent from

static meshes [30].
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Figure 1: ProFlor by Insightra - Picture adopted from Insightra.com

A clinical study conducted by Amato et al. to determine the impact of using the ProFlor 3D mesh
reported a reduction in post-operative pain and minimized overall complication rate as well as an
absence of long-term chronic pain and patient discomfort [3]. Another study conducted by Amato
et al. aimed to determine the degree of angiogenesis with respect to time by using ProFlor reported
a progressive development of artery and vein infrastructure with time therefore confirming high
biological ingrowth due to the use of this prosthetic. The growth of a broad network of arteries and
veins is crucial for healthy tissue regeneration which requires significant vascular development
[7]. Similar 3D meshes such as the “3D Max mesh” has also shown promising outcomes in
comparison to ordinary meshes, effectively reducing operation time as well as decreasing post-
operative and chronic pain [33]. With the potential advantages offered by 3D meshes as compared
to conventional 2D meshes, a new wave of innovation has been directed in an effort to further
reduce the complications of the hernia repair surgery with the use of designs that are evident by
the works of Amato et al. and other notable 3D meshes including the 3D max mesh and other
promising commercial products such as “Prolene” and the “Ultrapro (Model: UHSL6)” both by

Ethicon, Johnson & Johnson, shown in Figure 2 and 3 respectively [32][33].
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Figure 2: Ethicon Prolene J&J

Picture adopted from - https://www.jnjmedicaldevices.com/en-US/product/prolene-polypropylene-hernia-system

Figure 3: Ethicon Ultrapro (UHSL6) J&J

| Picture adopted from - https://www.ethicon.com/na/epc/code/uhsl6?lang=en-default

While research and innovation into these meshes are far from over, we have yet to see the
integration of these 3D meshes with smart materials which are known to provide significant
advantages to existing technology, especially in the biomedical field. Smart materials can change
physical properties such as shape, colour and size in response to external stimulus [36]. Smart
materials have been widely used commercially to develop critical biomedical technology including
self-expanding stents for cyanotic patients with congenital heart disease [37][38][39]. Smart
materials have also been used to make entire transcatheter heart valves including the leaflets and
support structure which can be delivered into the heart using a non-invasive surgery [40]. While

the literature is filled with an exhaustive list of applications and advantages for the integration of
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smart materials, this study was inclined towards the use of a particular category of smart materials
namely shape memory polymers (SMPs).

SMPs are a special branch of materials that display the shape memory effect (SME), which is
defined as the ability of such a material to recover from a temporarily assigned shape to its original
shape in response to a particular stimulus such as heat, electricity, stress, light, moisture, etc.
[41][42]. SMPs that activate on thermal stimuli are the most common type of SMPs and are the
basis of this study [43].

These thermo-responsive SMPs are generally categorised in two main groups: thermosets and
thermoplastics. Polyurethane based thermoplastic SMPs are quite popular in the literature with
their advantages ranging from ease of processing, ability to display excellent SME as well as being
light weight. Shape memory polyurethanes (SMPUs) are thermoplastic and can be heated above a
certain temperature to be reprocessed and given different shapes, multiple times. The crystalline
regions of the SMPUs are hard and brittle in nature, maintaining these characteristics at
temperatures below the melting temperature while the amorphous regions are soft and only display
these characteristics below the glass transition temperature (Tg). Beyond the Ty but under the
melting temperature, the amorphous region transitions from a glassy to rubbery state, making it
softer and more flexible while the crystalline region remains in the glassy state. This allows the
elastic modulus of the amorphous region to reduce and the SMPU is able to be transformed to a
temporary shape. This shape may be fixed if the temperature is cooled to under the Ty and the
appropriate constraints are applied to prevent the temporary shape from changing. The reduction
of temperature under the Ty results in the amorphous region returning to its glassy state. Heating
above the Ty after the temporary shape is programmed, will cause the structure to retain its original

shape because of the elastic energy stored in the crystalline region of the SMPU, as the amorphous
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region softens and is unable to retain the temporary shape. It is important to note that the
amorphous regions are responsible for retaining the temporary shape while the crystalline regions
are responsible for retaining the permanent or original shape [44][45].

This study aims to leverage the advantages offered by SMPs including but are not limited to being
light weight, processing ease as well as higher recovery strain, which will prove significantly
advantageous for the purpose of this study [46]. Due to their ability of recovery to pre-programmed
shape upon controlled heat activation, SMPs present a unique opportunity to infiltrate the hernia
repair industry [47]. With broad research efforts being directed towards the implementation of
SMPs in the bio-medical field including the embolization of aneurysms [48], extraction devices
for the treatment of blood clots [49] , as well as the development of cardiovascular stents [S0] , it
is evident that biomedical application of SMPs has gained significant traction. The use of SMPs
has also been applied to develop self rolling meshes intended for hernia repair surgeries aiming to

reduce operation time and complexity [51].
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Gap in Literature and Motivation

The literature has abundant instances of the use of SMPs in bio-medical applications, with notable
efforts made especially towards the development of cardiovascular stents conducted by Kim et al.,
Wache et al and Chen et al [50] [52] [53]. While the utility of SMPs for the development of
biomedical applications has gained significant traction, the integration of SMPs in the development
of hernia repair meshes has only one instance in the literature in the work of Zimkowski et al.
Their work involved the integration of SMPs to hernia repair meshes with self unrolling
capabilities that are activated by the human body temperature. Their study reported the fastest
deployment time of 33 seconds to unroll the mesh. The work posed by Zimkowski et al. [51]
provides a promising alternative to existing conventional meshes and justifies further
investigation. Since their work focuses on reducing surgical time and complexity, it does not
address the inherent issues that are experienced by the use of static synthetic (conventional)
meshes, in such a motile area of the body, which leads to higher scar tissue, inflammation and pain
experienced by patients [3]. While this particular concern was addressed in the design proposed
by Amato et al. [3], shown in Figure 1 of a 3D self gripping mesh, the integration of SMPs in their
work was absent. The design presented in their study was developed keeping in mind the inherent
issues faced by conventional meshes and aimed to produce a device which improved patient pain,
overall complication rate and remove the requirement to secure the device by means of sutures,
tacks, and adhesives. The device presented by Amato et al. (ProFlor) is considered to be self
gripping which is a feature that is not shared by its counterparts available commercially. Concerns
regarding the use of conventional meshes, such as the use of 3D design to accommodate increased
motility are addressed by a number of commercial alternatives including but not limited to Ethicon

Prolene and Ethicon Ultrapro (UHSL6), shown in Figure 2 and 3 respectively. However, both these
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alternatives do not address the operating times and procedure complexity which may be addressed
by the incorporation of SMPs as shown in the work of Zimkowski et al. It is also important to note
that both these meshes require external mechanisms such as sutures or tacks to secure them which
in turn is known to contribute to inflammation and discomfort experienced by the patient.
Conventional (static) meshes are known to have higher recurrence rate and pain experienced by
patients due to their shape as well as securing mechanisms, which a complex surgery. While 3D
meshes like Ethicon Prolene and Ultrapro (UHSL6) address the concern regarding shape, they fail
to address both procedure complexity as well as the impacts such as poor tissue recovery, bleeding
and further medical complications caused by securing mechanisms such as sutures, tacks and
adhesives. The device proposed by Amato et al. (ProFlor), addressed the concern regarding shape
as well as those caused by securing mechanisms by introducing a self gripping design. Their work
also proves the resulting improved tissue growth and recovery in their investigation to study the
angiogenesis in the vicinity of the hernia site, after using ProFlor compared to conventional meshes
[7]. While their work is a notable achievement, paving the way for 3D meshes as the path forward
in hernia repair meshes, the procedure complexity still remains quite intricate and time consuming.
The work of Zimkowski et al, did however address the issue of procedure complexity and failed
to address the other key concerns of conventional meshes discussed.

In light of this information, and due to the limited instances of self-gripping 3D meshes in literature
as well as the absence of SMP integration with these meshes, research into new design which
addresses all of these concerns was crucial. Such a design was required to be self gripping to avoid
the use of external securing mechanisms while possessing the comparable motility to the
abdominal wall by use of 3D design. The design must also address surgical time and complexity

which could be achieved by the incorporation of SMPs. All this must be achieved while ensuring
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practicality of device, ease of use, low cost of production as well as provide easy modification for
people of all ages, genders, and sizes. This is the motivation behind the development of a SMP

based 3D smart plug that could address all of these concerns.
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Chapter 3: Methodology

3.1 Design Phase

The design phase of this study presents all of the steps taken to design the smart plug, including
specifying the device requirements, design selection criteria, functional requirements and the
various design iterations that were developed and disregarded due to the design selection criteria,
that will be discussed later in this Chapter.

The design requirements defined the size constraints that were expected to be met in order for the
device to be successfully transported to and implanted in the hernia site. The design requirements
of the smart plug can be further sub-categorised into two main sections: Pre-activation and post-
activation requirements. The pre-activation shape of the smart plug must be able to fit inside a 10
mm cylindrical tube similar to that of a laparoscope through which it may be transferred to the
location of the hernia site. While laparoscopes are available in a variety of sizes including but not
limited to 3 mm, 5 mm, and 10 mm, with different manufacturers offering a multitude of sizes, the
10 mm size is widely used for hernia repair surgeries and was considered as the base design

dimension for the pre-activation size and can be visualised below in Figure 4.

Tube to transport

’ device to hernia site

Pre-activated device 4

Ilﬂmm

Figure 4: Pre-activation design schematic

The post-activation shape needed to be carefully designed to ensure that the smart plug would be
self-gripping, locking itself in place upon deployment effectively blocking the protruding tissue
from entering the inguinal canal. To ensure the functionality of the self-locking mechanism, smart

plug was required to deploy with three distinct features. The first feature was a set of overhangs
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that would face the abdominal cavity. The second feature was a central waist that would allow for
expansion from the pre-activation to the post-activation shape. The post-activated waist also
needed to have a wider diameter to ensure contact with the weakened tissue in order to increase
grip and reduce play that could otherwise be caused. Due to this reason, the waist was required to
have an allowance to accommodate for change in diameter. The third feature was a second set of
overhangs on the other side of the waist that would face the inguinal canal. The overhangs on either
side of the waist would be responsible for locking the smart plug, in place, while obstructing the
tissue to move through the weakened wall. Due to the availability of space in the side of the
abdomen, the overhangs were designed to be slightly longer, referred hereafter as longer
overhangs, compared to the overhangs that face the inguinal canal which are slightly shorter in
length due to the space constraint, referred hereafter as shorter overhangs, and can be observed in
the final design. The post-activation design can be seen below in Figure 5 which contains a

schematic of general requirement.

p Shorter overhangs

P Waist

p Longer overhangs

Figure 5: Post-activation design schematic
The shorter overhangs were designed to expand to 30 mm in diameter in contrast to the longer
overhangs which can reach 50 mm. These dimensions were an approximation provided by Dr.
Omer Farooq, based on his years of surgical experience performing hernioplasties. These

dimensions can also be verified by those of “ProFlor” which comes in two sizes, the first being 25
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mm and the second being 40 mm, proving that the dimensions implanted in this study are in the
vicinity of similar commercial products and therefore valid [53].
The smart plug was then designed and fabricated with reference to the post-activation shape in
consideration while ensuring that adequate accommodation was set in place to attain the pre-
activation shape. The ability of a particular design iteration to successfully transform from the pre-
activation shape (temporary shape) to the post-activation shape (permanent shape) was defined as
the functional requirement and deemed critical for a particular design iteration to be considered
acceptable.
Once a concept design was developed, it was tested against the design selection criteria which
contained four key benchmarks which needed to be fulfilled in their entirety, in order for the design
to be finalised and ready for fabrication.
The design selection criteria, including the four key benchmarks were defined as the ability of a
particular design to:

o fulfil the functional requirement

e printability or ease of fabrication

e repeatability of fabrication

e design complexity
Any design iteration that did not fulfil even a single benchmark was discarded and modified to
ensure compliance to the desired requirements. If that a particular design was successfully
fabricated but was unable to satisfy the functional requirement, it was discarded due to its failure
to perform the most fundamental requirement which was to change its shape from the pre-
activation to the post activation shape. This was a critical requirement for the desired application

and could not be foregone. If a design was able to successfully satisfy all other benchmarks but
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could not be easily fabricated, then this would create significant problems for future
implementation and was subsequently avoided to ensure that future work on this study could be
performed without causing hinderance. Fabrication repeatability was critical to ensure successful
mechanical and shape memory characterization which, if not achieved, would void the entire
research objective. Lastly, the design complexity was critical since it strongly influenced
printability, repeatability as well as the functional requirement. A more complex design made
fabrication more difficult while significantly reducing the quality of the prototype. If the fabricated
product had poor quality, then multiple copies made from the same design would have significant
variations between them resulting in potential inconsistencies during the mechanical and shape
memory characterisations. A more complex design could, potentially, also make activation and
programming the shape memory effect more complex which was not beneficial. Therefore, an
acceptable design was outlined to be easy to fabricate, have a simple design, display acceptable
repeatability of fabrication, and attain the functional requirement.

While there were a number of design iterations, some of the important designs will be discussed
in this study along with the appropriate justifications. The first design iteration of the smart plug

can be seen in Figure 6 which shows a series of alternate views for the same design.

Figure 6: First Design Iteration
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While this particular design did not envision all of the requirements such as the inclusion of the
short and long overhangs, it did include the waist inspired from a stent design. There were a
number of challenges with this design which caused this particular design to be discarded and
further modified. The first potential problem was printability since a standard single nozzle FDM
printer would be unable to produce this shape without the use of supports. The use of supports may
prove to be challenging in the crevices of the waist and potentially resulted in quality issues. The
main concern however was that the contact area connecting the waist with the overhangs was very
small and the overhangs would have been easily detached from the waist, effectively rendering it
useless. Hence, this device was unable to fulfil any design benchmarks set out in the beginning.
The second iteration improved on the existing design and addressed the issue of the weak
overhangs by the addition of a solid ring of material surrounding the contact area connecting the
waist and the overhangs. The CAD model and 3D printed sample for this particular design iteration

can be seen in Figure 7 and 8 respectively.

Figure 7: CAD model for second design iteration
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Figure 8: 3D printed sample for second design iteration

While this design improved on the concerns of the first iteration, it was discarded due to the curved
nature of the overhangs which resulted in poor surface finish and severely affected print
repeatability. This issue was quickly addressed, and the design updated to the third iteration which

can seen in Figure 9 and 10, which show the CAD model and print sample, respectively.

Figure 10: 3D printed sample for third design iteration
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The main issue that was addressed in this particular iteration was the curvature of the overhangs
which were kept horizontal in an attempt to improve the poor surface finish experienced by the
previous design iteration. This was done by manually adding supports to the design ensuring the
optimal thickness that would provide support as well considering ease of removal. An important
observation that can be seen in Figure 7 through 10 is a gap between overhangs which was
intentionally added to allow the spermatic cord, which ranges from 11 to 26 mm in diameter, to
pass without creating any obstruction [54]. It is important to note that this design effort is not
meant to yield a universal fit but in fact provide a single proof of concept within acceptable sizes
ranges. While the issue of the poor surface finish was addressed with this design upgrade, this
design still did not meet the design requirements and was not ready for fabrication. The overhangs
were large and bulky and caused major problems for shape memory programming and recovery.

An attempt made to program this design into the pre-activation shape can be seen in Figure 11.
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Figure 11: Shape memory programming of third design iteration
As observed in Figure 11, the pre-programmed shape has poor quality, and the waist is quite

damaged after programming. This design iteration cleared the printability benchmark but was
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unable to clear any other benchmark. Due to the physical removal of the supports by the use of
pliers, the inner sides of the overhangs had a rough surface finish which in turn resulted in low
repeatability of fabrication. As seen in Figure 11, the functional requirement was also not achieved
since the device was damaged during the process of shape memory programming. A common issue
faced by all three design iterations was the design complexity, which caused considerably poor
surface finish of the waist. Not only was the intricate design very difficult to print using the smart
material, but it was also unable to change diameter from the pre-activation to the post-activation
waist dimensions as intended. This was mainly due to the addition of solid material around the
contact area connecting the overhangs and the waist and its effect be visualised in Figure 12 where

the one of the waist endcaps was isolated and inspected.

Figure 12: Waist endcap deformation

Upon attempting to program any design from the first three iterations, the common problem faced
was the ineffectiveness of the waist to alter its diameter. The reason for its repeated failure to
achieve this was the endcap which restricted the compression of the circular ring of material

connecting the overhangs. When compressed, the structure was unable to collapse on itself and
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reduce in diameter. A successful reduction in diameter from 15 mm (of the waist) to 10 mm as
desired by the research objective would require the circumference of this endcap to change by 5,
which was simply not possible with the current design. While the only way forward was to modify
the design of the waist, there were two potential options; the first being to further complicate the
design to attempt to fix this issue, or second, modify the design as a whole and simplify it altogether
addressing all of the issues simultaneously. As a result, the option to redesign the waist was
considered and implemented while addressing the issue of the large and bulky overhangs as well.
The fourth iteration of the design proved to be a huge step to achieve the desired design

benchmarks and the CAD model and printed sample can be seen in Figure 13 and 14 respectively.
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Figure 13: CAD model for fourth iteration

Figure 14: 3D printed sample for fourth design iteration

26



This particular design iteration was successfully able to complete the functional requirement
without damaging the structure of the smart plug. This design also resolved the issue of the
overhangs being bulky and large while the use of four equally spaced overhangs allowed for the
smart plug to become symmetric which would be very useful for navigating the plug while in the
desired location simultaneously allowing the cavity in between any two overhangs to provide the
required space for the spermatic cord.

An attempt to program this design into the pre-activation shape can be seen below in Figure 15,

which also shows are typical sharpie pen for comparison.

’ e =
)M}zp&_ e s nkaves
Permanent Marker  FADE RESISTANT

Figure 15: Programming attempt for a 3D printed sample of the fourth design iteration

While this programming attempt proved that this particular design iteration was able to achieve
the functional requirement, there were still a few concerns that needed to be addressed such as
printability and repeatability of fabrication. Both these benchmarks were not met as the current
design displayed poor surface finish as well as warping in the overhangs that were in contact with

the print bed as can be seen in Figure 16.
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Warping can be observed

/4

Figure 16: Common defects in 3D printed sample of

fourth design iteration
Warping was observed to be a repeating problem observed in all of the printed samples and were
attributed to the circular shape of the overhangs which caused inadequate adhesion and
subsequently uneven heat transfer between the print bed and the material which caused warping.
While this was quickly addressed in the next iteration by modifying the shape, there was a more
inherent problem that was faced throughout the design iterations till now. The surface finish
produced by a standard single nozzle FDM printer, to produce such aggressive angles, would be
insufficient regardless of the print parameters. Therefore, the fabrication technique needed to
account for the inclusion of supports, which were critical to achieve an acceptable surface finish.
However, this alone was not adequate since the supports that were to be added must also not
contribute to poor surface finish as was observed in the third design iteration. To address this
concern, the use of a dual nozzle FDM printer was employed. This would allow the fabrication of
the smart plug using two materials with the first primary material being the shape memory polymer
and the second being a water-soluble support which would not require physical removal and

therefore not contribute to poor surface finish. This breakthrough resulted in the development of
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the final design iteration for which the CAD model with and without supports can be seen in Figure

17 and 18 respectively.
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Figure 17: CAD Model of final design iteration with supports

Figure 18: CAD Model of final design iteration without supports

A side-by-side comparison of a printed sample this particular design iteration with the previous

iteration can be seen in Figure 19.

Figure 19: Comparison of 3D printed sample between final design iteration
with fourth design iteration
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It can clearly be observed that the upgraded design shows no sign of warping as compared to its
previous counterpart. Another important observation was the improved overall surface finish of
both the top and bottom overhangs that can be seen in the sample of the final design iteration. After
further optimisation of print parameters, the samples printed yielded significantly higher overall

quality as can be seen in Figure 20.

Figure 20: Print results of final design iteration using optimised print parameters

Comparing this particular design iterations against the design benchmarks produced promising
results. Since the final design iteration was fundamentally similar to the fourth design iteration,
the functional requirement was effortlessly met. The design, too, was simple unlike design iteration
one through three. This particular design iteration also displayed excellent printability and
repeatability in terms of fabrication being the first design iteration that successfully met all of the
key benchmarks.

The short overhangs in post-activation shape had a span of 30 mm and the long overhangs had a

span of 50 mm. The angle between the overhangs was 90° and was set intentionally to allow for
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the spermatic cord to pass. It is imperative to note that this particular smart plug is not a universal

fit and may need to be scaled or improvised to accommodate different patients. The waist of the

smart plug is able to expand to a span of 20 mm with the height of the plug from long to short

overhang being 27 mm. These key dimensions and design features are summarized below in Table

Table 1: Summary of key design features for smart plug

Description

The short overhangs span is 30 mm in diameter and is smaller due to limited space
in the groin side of the body, and will assist the device in gripping in position at
the site of the hernia

The waist is able to expand to 20 mm (measured from the centre) and will grip
the abdomen wall from the site of the cavity

The long overhangs span is 50 mm in diameter and is larger due to abundance of
space in the abdomen side of the body and will assist the device in gripping in
position at the site of the hernia. The longer length will result in a better grip

This feature assists in printability by providing a base for the waist to be printed
on. The total height of the waist is 27 mm

The angle between overhangs is kept at 90° and prevents obstruction of the
spermatic chord that may be in vicinity of the hernia repair site

Feature
R
F
B
C
D
E
:

Holes at the corners of the overhangs allow surgeons to attach a mesh to the device
rather than the abdominal wall which will improve grip offered by the device.

The next phase of this study will discuss the fabrication phase of the research discussing the

detailed approach and parameters that were employed.
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3.2 Fabrication Phase

While the fabrication phase was closely linked to the design phase and was somewhat conducted
simultaneously, it was only after the achievement of the final design that fabrication process was
finalised and further optimized. During design iteration one through four, the fabrication was done
using the Ultimaker 2, which was a single nozzle FDM printer. The final iteration, as discussed in
the design phase, needed supports to successfully fabricate it due to which the printer used to
fabricate the sample was the Ultimaker 3 (UM3), which is a dual nozzle FDM printer. The second
nozzle would allow the use of secondary water-soluble supports which would stabilise the structure
of the print sample as well as ensure the quality of the print sample. Printing the final design
iteration with a single nozzle FDM printer was simply not possible.

Since there were two materials required to fabricate the final design, the requirement for the
primary material was to have shape memory capabilities, and for the secondary, was to ensure that
it could be dissolved in water. The primary material is shown as green, and the secondary material
is shown as white in Figure 17.

Based on the requirement of shape memory capabilities, as well as the increased focus on the use
of polymers in the development of hernia meshes, found in literature, the primary material was
chosen to be thermoplastic polyurethane shape memory polymer (MM4520). The glass transition
temperature (Tg) of MM4520 used in this study was prescribed to be 45°C by the manufacturer
(SMP Technologies, Tokyo, Japan). It is important to note that since the ambient condition of the
smart plug was moist, a drop in T was expected as per the work of Irina et al., which would result
in a lower Ty than 45°C [55]. The activation temperature that was required for successful
deployment of the smart plug was ideally in the vicinity of human body temperature which is 37°C.

This key feature would allow the smart plug to activate and instantly begin deploying upon
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insertion to the hernia site. The integration of SMP particles to produce a novel shape memory
surgical mesh by Zimkowski et al. is a notable achievement in the use of smart materials in hernia
repair applications. Zimkowski et al. used a photo-polymerizable resin based on tert-butyl acrylate
(tBA), n-butyl acrylate (nBA) and poly(ethylene glycol) dimethacrylate (PEGDMA) to develop
their prototype. Their work showed that the mechanical properties, glass transition temperature
(Tg) as well as the SMP hernia mesh unrolling time was directly dependent on the network
composition of the polymer. While Zimkowski et al. developed four formulas with each formula
having a different T, ranging from 57 °Cto 44 °C they concluded that the formula with the Ty of
44°C was a better candidate due to the reduced difference between the Ty and the average
abdominal temperature of 37.5 °C[51]. As stated in Chapter 2, the integration of SMP with hernia
repair meshes is not abundant in the literature. Due to this, the utilization and application of SMPs
to develop other SMP based biomedical devices was then studied to determine a suitable candidate
that could be used to fabricate the device proposed in this study. Another notable work was that
done by Kim et al. who created filaments from polyurethane based SMPs (MM5520) pellets to
develop 3D printed shape transformable bifurcated stents. Kim et al. attempted to improve the
success rate of stent insertion procedures by developing a novel design incorporating kirigami
structures which in turn removed the amount of hinderance that is faced by conventional stents
and yielded promising results. The part of their study relevant to our work was the use of MM5520,
which has a Ty 0of 55°C and is a polyurethane based SMP. While discussing the limitations of their
work, they noted that despite the potential advantages shown by their proposed design, the
activation temperature which triggers the shape change from the temporary to permanent shape
was too high for clinical use [56]. This added to the observation seen in the work of Zimkowski et

al. and further narrowed the requirement of T of this study. Aside from the aspect of temperature,
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the work of Kim et al. was successful in displaying the functionality of their prototype and proof
of concept. Their work further directed this study to research the use of polyurethane based SMPs
with a T, being in the vicinity of 37.5°Cand 44°Cas deduced by reviewing the work of Zimkowski
et al. The work of Chen et al. on reinforcing SMP based cardiovascular stents with cellulose
nanocrystals displayed improved shape memory characteristics paving the path of MM4520 being
used as a potential alternative to existing alternatives. Similar to the work of Kim et al., Yu et al.
also created filaments from polyurethane based SMP pellets, which were then used to 3D print
cardiovascular stents [52]. Yu et al. reported a drop in Tg (5°C) upon addition of cellulose
nanocrystals, from the prescribed 45°C, and conducted their shape memory characterization at 40°C
which coincides with the range provided by Zimkowski et al. The work of Yu et al. proved to be
an excellent instance of the use of 3D printed SMP based polyurethane to develop low cost and
effective biomedical devices, providing further confidence in the use of polyurethan based SMPs
as a potential candidate for the device proposed in this study.

While the work of Zimkowski et al. helped narrow the search of a suitable material by providing
a suitable range for Ty being in the vicinity of 37.5°C and 44°C, the work of Kim et al. noted that
the use of materials with temperatures of Tg near the vicinity of 55°C as done by them, was too
high for clinal use. Their work also suggested that the use of polyurethane based SMPs could prove
to be an excellent contender in the search for a suitable material. The work of Yu et al. further
solidified the case of using polyurethane based SMPs as an ideal candidate and used MM4520 in
their own work yielding promising results. In light of the information available, MM4520, a
polyurethane based SMP with a T of 45°C seemed to be a strong contender for the smart plug

proposed in this study.
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The MM4520 was purchased from SMP Technologies, Tokyo, Japan, in the form of pellets and
needed to be converted into filament from in order to be fed into the UM3. In order to process the
pellets to filaments, they were initially dried for 12 hours in a vacuum oven (Lindberg/Blue M
from Thermo Fisher Scientific Inc.), as shown in Figure 21, at 80°C similar to the technique
presented in [44], to remove and prevent the ingress of moisture in the material which could
potentially form voids in the filament if not done [57]. Once the pellets were dried, they were
processed into filaments by polymer melt-extrusion using a 3 mm circular cross section die using
a Brabender™ single screw extruder (Figure 22) attached to a drive system (Figure 23) to pull and

wind the filament similar to [55].
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Figure 21: Vacuum Oven - Lindberg/Blue M from Thermo Fisher
Scientific Inc.
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Nozzle

Figure 23: Drive system to wind filament
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The extruder heating zones, summarized in Table 2, were set to 170°C, 180°C, 190°Cand 195°C for
the four heating zones of the extruder, ordered from feeder to the nozzle of the extruder and were
adapted from Villacres et al [57]. The extrusion rate and pulling speeds were kept constant at 15
rpm [55]. Once the filament was extruded, it is still exposed to the atmospheric humidity and is
able to absorb moisture, for this reason the excess moisture was removed by drying the filaments
in a vacuum oven (Lindberg/Blue M from Thermo Fisher Scientific Inc.) for 12 hours and sealed

in a vacuum bag, to prevent moisture ingress, until printing was required.

Table 2: Summary of Extrusion Heating Zone Temperatures for Extruder

Heating Zone 1 (Feeder) 2 3 4 (Nozzle)

Temperature (°C) 170 180 190 195

The secondary material was chosen to be polyvinyl alcohol (PVA), as per the endorsements of
Ultimaker which supported the use of PVA with their UM3 with benefits such as non-toxicity,
reliable adhesion to a number of commonly used filaments for 3D printing, complete
biodegradability excellent thermal stability and finally complete water solubility. For these
reasons, PVA was purchased directly from Ultimaker (2.85 mm) to print supports while printing
the final design iteration. Once the material selection was finalised, the printing parameters were

then optimised and are summarised in Table 3.
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Table 3: Summary of printing parameters

Printing Parameter Value Unit
Layer Height 0.2 mm
Nozzle Speed 10 mm/sec
Nozzle Temperature (MM4520) 220 °C
Nozzle Temperature (PVA) 220 °C
Print Bed Temperature (PVA) 70 °C
Infill 100 %
Support Layer Count 3 -
Primary Nozzle Size 0.4 (BB) mm
Secondary Nozzle Size 0.4 (BB) mm

The considerations summarised in Table 3 are based off repeated efforts to optimise these printing
parameters against surface quality, print integrity and overall printing success as per the design
benchmarks set out in the fabrication phase. Printing an individual sample with supports required
approximately four hours to print and, in an effort, to increase efficiency and to reduce potential
variations between printed samples, a batch production approach was considered where a set of
five samples were produced at the same time. All of the samples in the batch, were printed
simultaneously, since the UM3 did not support the fabrication of one sample at a time with the use
of dual nozzle at the time this study was being conducted. The batch printing took approximately
26 hours to complete and generally resulted in lower number of failures as compared to the single
print approach, therefore allowing for more available samples for the characterization phase of this

study.
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3.3 Characterisation Phase

The characterisation phase of this study was further sub-divided into two main sections with the
first one being the mechanical characterisation which considered the endurance and integrity of
the plug, and the second being the shape memory characterisation which considered the
deployment speed and activation properties. The characterization phase was conducted in efforts
to validate the research objective by comparing the results of this phase with those available in the

literature of commercial products.

3.3.1 Mechanical Characterisation

The mechanical characterisation was performed in two steps with the first being a single
compression test and the second being cyclic compression testing. To better understand the
justification behind conducting these tests, the loading conditions of conventional meshes must be
understood along with the general stress loading in the human body in the location of the inguinal
hernia.

As stated in the Chapter 2, the cause of a hernia is the weakening or breech of a particular tissue
wall, making it the primary obstacle to overcome in order to attempt to fix it. In the case of this
study, for the inguinal hernia, that particular tissue is the abdominal wall which is a complex
composite structure composed of multiple varying layers depending upon the anatomical location.
The primary purpose of the abdominal wall is to provide a mechanical barrier therefore protecting
tightly packed internal organs, to support the intra-abdominal pressures (IAPs) present in the
abdominal cavity as well as facilitating the natural motion of the human torso [27]. A schematic

of an inguinal hernia is shown in Figure 24.
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Figure 24: Schematic of Inguinal Hernia

Since an inguinal hernia impairs the mechanical function of the abdominal wall, it is critical to
understand the mechanical properties of the healthy abdominal wall. The work of Klinge et al.
determined that, based on the law of Laplace and maximum IAP, a mesh with a tensile strength of
16 N/cm would be sufficient for the use of hernia repair [58][59]. While this is believed to be the
physiological strength of the human abdominal wall, most commercial meshes are capable of
withstanding significantly higher tensile forces. Since the organs inside the abdominal cavity are
held in place by the abdominal wall, it experiences a constant state of tension. Any meshes that

are attached to it (Figure 25), also experience similar tensile forces, and for the case of a hernia,

must be able to withstand these tensile forces.
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Figure 25: Schematic of conventional mesh attached to hernia site
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The intra-abdominal pressure is reported to be 170 mmHg resulting in meshes being used to treat
hernia repairs required to withstand at least 180 mmHg which is equivalent to 32 N/cm [59]. Owing
to the difference in application of our smart plug, the force loading will be quite different from
conventional meshes. Considering the weight of the contents of the abdominal cavity, the smart
plug will be in a constant state of compression and must be able to withstand at least 180 mmHg
or approximately 24 KPa. Due to the difference of application as well as loading from traditional
meshes, a direct comparison might not be the best approach. In light of the argument presented,
the first test to characterise the mechanical properties was performed by conducting a single
compression test to determine the stiffness and maximum force of the smart plug before
compaction, and then compared against the pressure values of the abdominal cavity as well as a
few commercial alternatives. The second test conducted involved performing a cyclic compression
test to study the effects of repeated and cyclic loading on the smart plug.

Both tests mentioned above were conducted using a Bose ElectroForce 3200 Series 3 test
instrument which is equipped with a 450 N load cell inside a temperature chamber and can be seen
in Figure 26. The temperature chamber allows us to set and maintain a certain temperature while
conducting tests which is crucial for this study since all the characterisation tests conducted on the
smart plug is at the normal resting human body temperature of 37°C. Once the samples were
printed in a batch, they were soaked in tap water for a week which would dissolve the supports as
well as allow the intake of water to simulate the moist internal environment of the human body.
Upon soaking, the respective tests were conducted in the Bose machine and data was recorded and

analysed.
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Figure 26: Bose ElectroForce 3200 Series 3 test instrument

A comparison of the sample before compression compared to a fully compressed sample

experiencing elastic deformation can be seen in Figure 27 and 28, respectively.

Figure 27: Sample before compression

42



Figure 28: Sample after compression

The single compression test was conducted by keeping the bottom plunger stationary, which was
attached to the 450 N load cell with a resolution of 10% and moving the top plunger at a speed of
1 mm/sec by a total displacement of 12 mm followed by complete retraction. The temperature was
kept constant at 37°C, and the force exerted by the sample was recorded with respect to
displacement.

The cyclic compression test was conducted under similar test conditions with the only change
being the displacement of 11 mm and instead of a single test being conducted, a total of 10 cycles
were performed, respective force and displacement values recorded and then analysed, as similarly

done by Roman et al [60].

3.3.2 Shape Memory Characterization
The shape memory characteristics mainly involved the study of the shape recovery ratio and the

shape recovery speed. It is important to note that since the structure is divided into three main
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components; waist, short overhangs, and long overhangs, as shown earlier in Figure 5, the shape
memory characteristics for each of these components were measured and analysed separately.

The sample was initially intended to be preheated to 50°C (T¢+5°C) to program the pre-activation
shape as done by Irina et al.[55], however due to soaking of the sample in water for a week to
dissolve the supports and replicate the abdominal environment, the sample was able to be
programmed at a much lower temperature while displaying significant flexibility even at room
temperature. This phenomenon was attributed to the lowering of T due to the absorption of water
and is explained in the work of Irina et al [55]. In light of this, the oven (Lindberg/Blue M from
Thermo Fisher Scientific Inc.) was preheated to 45 °C, and the sample was placed in the oven for
a duration on 15 minutes and an initial image was taken as reference for that particular sample. To
program the pre-activation shape onto the sample, the sample was pushed into a brass tube of
internal diameter of 12.5 mm and placed inside an ice bath. The oven was allowed to cool and was
then reheated to 37 °C while the enclosed sample soaked in the ice bath. The next step proved to
be time sensitive and required significant agility, since upon exposing the sample to room
temperature air caused activation to initiate, the remaining experimental setup needed to be setup
beforehand. The brass tube was removed underwater inside the ice bath to ensure that the sample
does not activate and then immediately placed inside the oven. The activation of the sample was
recorded using a Basler acA3800-10gm GigE camera. The camera was calibrated to take pictures
of the deploying smart plug at a frequency of 4 Hz. A regular paper tape was also kept in the shot
and was pre-measured and placed such that the centre of the tape would overlap with the suspended
smart plug in an effort to negate any errors due to depth of field. An image sample of the pre-

activation and post-activation capture by the camera can be seen in Figure 29 and 30 respectively.
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Figure 29: Pre-activation Image recording activation

Figure 30: Post-activation Image recording activation
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These series of images were collected and then further processed in ImagelJ to measure the angle
of deployment of the short and long overhangs as well as the expansion of waist. To measure this
information, a few points were marked as reference and were tracked and measured manually with
the appropriate scale which was calibrated using the paper tape in the bottom of the image in Figure
29 and 30. The process of marking, tracking, and measuring these points were done on all of the
images for a total of three samples and can be seen in Figure 31 and 32 which shows the pre-
activation and post-activation shape respectively. This information was then analysed to measure
the shape recovery ratio which is defined as the ratio of shape recovery for each component from

pre-activation to post-activation and finally compared to the original reference taken in the start.

Figure 31: Pre-activation image recording activation with tracking points
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Figure 32: Post-activation image recording activation

The recovery speed was also calculated using the above technique and is defined as the recovery
of shape with respect to time while also providing us with total time required to activate completely

and attain post activation shape.
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Chapter 4: Results & Discussion

The data obtained from the characterisation was analysed and then compared to known commercial

alternatives found in literature to determine the results of this study as discussed in this chapter.

4.1 Mechanical Characterization

The results of the mechanical characterisation included the single compression test as well as cyclic

compression test, based on the techniques specified in Chapter 3.

4.1.1 Compression Testing

The force versus displacement graph plotted for all samples yielded similar graphs can be seen in
Figure 33. The two important parameters that were generated from this particular experiment were
the stiffness of the smart plug as well as the maximum force before compaction. The smart plug
experiences full compaction at approximately just over 11 mm of compressive displacement and
a picture of the sample before and after compression are shown in Figure 27 and 28 (Chapter 3).
The full compaction region can be seen in the red shaded area in Figure 33. This region was
discarded for analysis purposes since sufficient data, required to present a detailed discussion, was
not collected keeping in mind equipment safety concerns. This importance of presenting this

region was to show that despite compaction, the sample did not show signs of failure.
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Figure 33: Force versus Displacement graph for all samples

The equipment safety concerns were due to the load cell of 450 N, attached to the Bose
ElectroForce 3200 Series 3 test instrument (Figure 26). As the samples experienced full
compaction, the force experienced by the plug increased exponentially with smaller increments of
displacement. This could potentially damage the load cell used to measure the force or trigger the
electronic safety load value causing the machine to abruptly shut off. Therefore, for all intent and
purposes of this study, the region before full compaction was considered for analysis. Since the
sample exhibited compaction at 11 mm, the value of maximum force therefore was taken at 11
mm of compressive displacement for all samples. The value of all five samples were recorded and
averaged to generate a single value, for reporting purposes. The averaged value of maximum
compressive force was then compared with averaged values of maximum tensile force found in
literature, which provided the maximum tensile force for a few commercial meshes before tearing,
and was found to be within range of its commercial counterparts [61]. As explained in Chapter 3,
it is important to note that due to the difference in loading conditions and application of the design
proposed in this study and conventional meshes a direct comparison was not possible. The stiffness
of the smart plug was determined by calculating the slope of individual plots shown in Figure 34

with a similar approach to analyse and discuss its validity as that of the maximum force parameter.
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The method used to calculate maximum force as well as stiffness is presented in Figure 34 for one
sample, with both these parameters isolated. The maximum force, as discussed earlier in this
section, was noted to be the corresponding force at 11 mm of compression and is marked in red in
Figure 34. The stiffness of the smart plug was calculated to be the slope of the graph and is marked
in black with the corresponding values required to calculate the slope marked in orange as shown

in Figure 34.

Sample Calculation for Sample 4

Force (N)

0 2 4 6 8 10 12

Displacement (mm)

Figure 34: Model calculation for single compression test

The maximum compressive force experienced by the sample shown in Figure 34 is 22 N. The
slope to calculate stiffness is measured from 2 mm to 8 mm and is calculated to be 1.667 N/mm
which is equivalent to 16.67 N/cm as shown below:

Stif fness = Slope of graph = Y2~ )’1/x2 —x, = 19 - 9/8 o= 10/6 = 1.667 N/mm
Another important observation when reviewing literature was the reporting of tensile strength in
units of N/cm. While this is non-intuitive and is not consistent with the definition of tensile
strength, it has been reported as the maximum force with respect to clamping width as explained
in Chapter 2. In order to draw a comparison between our calculated value and the available data

in literature, the measured value of maximum force, reported to be 22 N was also converted to
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similar units by dividing the value of maximum force by the maximum displacement (11 mm)

before compaction. The sample calculation is shown below:

. Maximum Force 22 N
Maximum Force (N/cm) = : : =—.—=2N/mm= 20 N/cm
Maximum DLsplacement 11 mm

Similar to this model calculation, the remaining samples were examined and the values for

maximum force and stiffness were calculated, tabulated, and can be found in Table 4.

Table 4: Summary of results for single compression test

Sample No. | Maximum Force (N/cm) Stiffness (N/mm)
1 19.1 1.75
2 20.0 1.60
3 14.5 1.25
4 20.0 1.67
5 20.1 1.61
Average 18.74 1.58

Comparing these values with the range provided in the work of Pott et al [61], for commercial
meshes including Dynamesh-IPOM, Parietene, Prolene, Surgi-pro, Ultra-pro and Vicryl, provided
promising results. The maximum force parameter, before failure, for these commercial products

were measured to be in the range of 11.1 N/cm to 100.9 N/cm and is summarized in Table 5.

Table 5: Mechanical properties of commercial alternatives [61]

Property Dynamesh-IPOM Parietene Prolene Surgi-pro Ultra-pro Vicryl
Maximum Force 11.1 38.9 84.8 38.6 100.9 78.2
(N/cm)
Stiffness (N/mm) 0.3 0.9 3.6 1.3 4.3 4.6
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With an average maximum force measured to be 18.74 N/cm, our proposed smart plug was well
within acceptable range of 11.1 N/cm to 100.9 N/cm displayed by commercial alternatives. The
wide range of values of maximum force and stiffness displayed by commercial alternatives is
attributed to the type of mesh being either heavy weight mesh or light weight mesh as well as
difference due to material properties used to manufacture the mesh. It is also important to note that
upon full compaction, the smart plug did not show any signs of failure and recovered to its post-
activation shape without any major signs of plastic deformation. The value calculated in this study
is therefore a very conservative value and while although is not a direct comparison to these
meshes, it is able to endure similar loading conditions with ease. The stiffness parameter was
reported to be in the range of 0.3 N/mm to 4.6 N/mm by Pott et al. , as shown in Table 5, and the
value of our proposed design was 1.58 N/mm, as shown in Table 4, was well within the acceptable
range [61]. The compression test was therefore successful in validating our results and proved that
the proposed smart plug was at par with commercial alternatives in terms of the mechanical

parameters discussed.

4.1.2 Cyclic Compression Test

The result of the cyclic compression test also yielded positive results under similar loading
conditions to that of compression test. The notable differences, as stated in Chapter 3, were that
the test was conducted for 10 continuous cycles with the displacement being limited to 11 mm to
avoid full compaction keeping in mind the safety concerns for the equipment. This test was
conducted in similar set up, as mentioned in Section 4.1.1 of this chapter, with the Bose
ElectroForce 3200 Series 3 test instrument (Figure 26) used to conduct the test and the sample
loaded from no compressive displacement to compaction similar to Figure 27 and Figure 28. This

process was repeated for a total of ten times for three samples, with data points plotted and shown
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in Figure 35. All samples in this experiment experienced approximately 2 mm of plastic
deformation under cyclic loading, with the plastic deformation between the first and tenth cycle of
each sample marked in Figure 35. The average plastic deformation for all three samples was

calculated to be 7.40 % of compressive strain and was a calculated by using the formula:

(Displacment of 10th Cycle — Displacement of 1st Cycle) _2mm ~
Total height of sample ~ /27 mm 7 =740%

Sample 1

Sample 2

o 2 6 8 0 12

Figure 35: Plastic deformation under cyclic loading

As stated in Chapter 3, the purpose of conducting a cyclic compression test was to study the effect

of cyclic loading on the deformation of the proposed design. Similar to the work of Roman et al.
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[62] who conducted this test to study the effects of cyclic tensile loading on a few commercial
meshes, this study conducted a similar test under cyclic compressive loading. While the work of
Roman et al. was under tension and this study attempted to replicate similar results under
compression, it is important to note, as stated in Chapter 3, this was done due to the difference in
loading conditions that experienced by the smart plug and conventional meshes. Roman et al.
studied commercial meshes including Gynemsh, Restorelle, ENDOLAP, PR4, Upy-PC and PU
which displayed percentage deformation ranging from 0.58% to 8.51%. This value was calculated
by measuring the deformation between the first cycle and last cycle of deformation during cyclic
loading. The smart plug proposed by this study displays approximately 7.40% of permanent
deformation which is within range of those available in the study by Roman et al. It also displays
a similar cyclic loading pattern and may be deemed acceptable keeping in mind that this is not a
direct comparison and small differences are expected.

4.2 Shape Memory Characteristics

As per the techniques mentioned in Chapter 3, the shape memory characteristics were determined
by investing two parameters namely, shape recovery ratio and shape recovery speed. Once the
pictures of the activating sample were taken and data analysed according to the procedure in
Chapter 3, a “recovery ratio vs time” graph was plotted to determine these two parameters. The
recovery ratio was a normalised number determined from the ratio of the change in displacement
or angle with respect to the original reference picture taken before shape memory programming.
The slope of this graph was considered as the shape recovery speed while the recovery ratio value
at 240 seconds after activation was considered as final shape recovery ratio. It is important to note,
as stated in Chapter 3, the three main components of the smart plug, namely the shorter overhangs,

longer overhangs as well as the waist, were investigated and characterised separately for three
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samples. As previously mentioned in Chapter 3, the pictures for the experimental setup, pre-
activation and post-activation can be seen in Figure 29 through 32.
The raw data obtained for the short and long overhangs was smoothened using a five-point moving

average using MATLAB and plot accordingly and can be seen in Figure 36 and 37 respectively.

Activation comparison of Short Overhangs vs Time
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Figure 36: Activation comparison of short overhangs

Activation comparison of Long Overhangs vs Time
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Figure 37: Activation comparison of long overhangs
With acceptable variation among samples, the deployment of the short and long overhangs
experienced shape recovery of more than 90% within 240 seconds of activation. It was interesting
to note that the long and short overhangs experience shape recovery at different activation speed

which can be observed in Figure 38, which contains the averaged values of the three samples.
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Comparison of Averaged Short vs Long Overhangs
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Figure 38: Recovery comparison of short vs long overhangs

As seen in Figure 38, the deployment of the long overhangs is faster in comparison to the short

overhangs, with the averaged speed of activation being calculated by measuring the slope of the

two graphs in Figure 38 from 0 to 100 seconds. The averaged activation speed for the short and

long overhangs is calculated to be 0.0060 sec™! and 0.0073 sec™! respectively which is equivalent

to 0.540 °/sec and 0.657 °/sec, respectively.
The raw data obtained for the waist of the smart plug was mapped using curve fitting and the
data points subsequently plotted as polynomial of the third degree. With acceptable variation

between samples, the activation comparison of the waist can be seen in Figure 39.
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Figure 39: Activation comparison of waist
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Similar to the short and long overhangs, the waist also exhibits shape recovery of greater than 90%
by 240 seconds. The samples also demonstrated an average waist activation speed of 0.0067 sec!
which is equivalent to 0.0181 mm/sec.

The work of Zimkowski et al. on the development of a novel SMP based hernia repair mesh,
explained in Chapter 3 of this study, showed promising results with a deployment time of 31
seconds [51]. While this is a huge difference in comparison to the smart plug proposed by this
study it is also important to note that the degree of assistance provided to position the mesh by
Zimkowski et al. is not known. Also, the time reported by Zimkowski et al. also does not take into
consideration the time taken to secure the mesh with the sutures or tacks. Since the smart plug
proposed in this study is self gripping and does not require any external mechanism to secure it,
the time taken to secure it in situ is also saved. It is also important to note, that once again, a direct

comparison was not possible due to the difference in the nature of utilization of the device.
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Chapter 5: Conclusion and Future Works

This study was successfully able to determine a suitable conclusion for the research objective laid
out in Chapter 1. The smart plug proposed by this study has the capability to be effectively and
efficiently transported to the hernia repair site, using current laparoscopic technologies, keeping
in mind dimensional requirements and limitations. The results of the shape memory
characterisation have also shown that upon navigating to the site of the hernia repair, the smart
plug can achieve maximum deployment within four minutes of activation which is not unpractical
keeping in mind the complexity of current hernia repair surgeries. The results of the mechanical
characterisations also demonstrated an acceptable conformity of the mechanical strength of the
proposed smart plug in a variety of commercial products available. With this thesis presented, the
proposed smart plug seems to be an acceptable alternative to commercial meshes and justifies
further investigation into its benefits as well as limitations.

Some improvements that may be addressed in future works includes a change in manufacturing
method from 3D printing to injection molding which will yield a better sample, in terms of quality
and surface finish, in comparison to samples produced in this study. While this study does prove
the potential functionality of the smart plug, further investigation is required to determine the
performance of the smart plug in actual abdominal conditions. A mesh could also be attached to
the smart plug itself to increase effectiveness of the device. Since the mesh would not be attached
by sutures or tacks, this may lead to lower inflammation, scar tissue and subsequent pain
experienced by the patient. The smart plug characterisations with the added mesh may need to be
re-evaluated. Another important future work involves the coating of the current smart plug with a
synthetic material which will minimise any inflammation caused due to foreign body rejection by

the body. This will require further re-evaluation of mechanical and shape memory characteristics
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to determine the smart plug performance. Simultaneously, reinforcing the smart plug with non-
cytotoxic reinforcing agents such as CNC as done by Chen et al.[52] may also improve shape
memory characteristics and justifies further investigation. Furthermore, it is critical to move
forward with porcine models or other environments to investigate the application of the smart plug
in a more realistic abdominal environment to determine the limitations of the current proposed
smart plug.

While this study was able to achieve its scope of work set out in the research objectives while
addressing the research questions early in the study, there were quite a few aspects of the proposed
smart plug that were not investigated. This study did not investigate the biocompatibility of
MM4520 for its use in manufacturing hernia repair meshes. While it is true that MM4520 has
displayed acceptable biocompatibility, as described in Chapter 2, further investigation needs to be
conducted in animals to determine if a human study would be possible. It is important to note as
well that the purpose of this study was to develop a proof of concept and the dimensions of the
smart plug may need to be adjusted on a case-by-case basis. Due to the low cost of 3D printing,
this may not be an issue, however, must be mentioned. Lastly, the majority of studies that
investigated the mechanical and structural properties of hernia meshes did so in situ, also providing
the long-term durability of the mesh inside the body. Due to the possibility of degradation caused
weakening, meshes may loose their strength over time and this aspect was also not investigated.
Significant delays caused by closures due to COVID-19, that resulted in the scope and speed of
this study both being severely affected, this study was unable to investigate additional properties
such as shape recovery force which is also recommended as future works.

This study concludes, in light of the argument presented in this thesis, that the smart plug proposed

in this thesis is at par with different commercial alternatives and justifies further investigation.
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This study presents an alternative to existing conventional hernia meshes addressing its inherent

flaws, improved patient care, lower cost of production as well as increased ease of surgery.
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