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Abstract

Polydimethylsiloxane (PDMS) gels and elastomers are also known as Silicones. These
materials are well documented in the literature especially in scientific journals, but
PDMS gels employed by prosthetists often have adulterating agents in them that can
affect their mechanical behaviour. Experienced prosthetists have been adding loose
fibres, embedding fabrics and adding oil to polydimethylsiloxane (PDMS) gels for
decades, building a deep understanding of the benefits and drawbacks, but literature
documenting these additives’ use is rare. Coloured, loose fibres are often used to pigment
it, textiles are employed to reinforce it and oil is used to soften it, but the technical know-
how of PDMS gel manipulation, has remained the embodied, tacit knowledge of the
prosthetist, remaining unpublished and unquantified.

In this thesis, conclusive, data-based evidence is used to examine the technical aspects
and mechanical influence of adding fibres, fabrics and oils to PDMS gels. Using industry
agreed test standards and accessible technologies, this work presents an unabridged
exploration of PDMS gel characteristics that would be familiar and useful to the
experienced and inexperienced prosthetist alike.

New knowledge generated by this investigation defines the hardening effect of fibres and
how textile addition, orientation and tension have a direct, measurable influence on a
range of mechanical characteristics. Beyond simply adding strength, fibres and fabrics
can be used to create membranes that are visually and mechanically similar to human
skin. Additionally, data-based evidence reveals previously unknown material
characteristics of oil saturated PDMS gels and mechanical tests demonstrate how they
can be used to create more realistic, synthetic soft tissues and organs for surgical training

models.

This work explicitly contributes new knowledge to the field of functional prosthetics by
describing the mechanisms for control over key behavioural traits linked to the
performance of organic counterparts such as extensibility, elasticity, anisotropy, and

viscoelasticity.
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Surrogate- to elect in another’s place. Something that replaces or is used instead of

something else.
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Introduction
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This thesis is a scientific investigation into the mechanical behaviour of synthetic
surrogate materials intended for clinical and theatrical prosthetic applications. Soft,
synthetic membranes, informed by nature’s own designs, were created with elastomeric
composites, which would be familiar to prosthetists. The membranes were mechanically
characterised using repeatable standardised test methods, to improve communication
amongst disparate user groups. Novel material characteristics are reported with a focus

on mechanical, tactile responses to physical stress and deformation.

This is not a biomechanical investigation or an exercise in theoretical, mathematical
modelling. It is a pragmatic account of the mechanical consequence of elastomeric
property manipulation: The purpose of which, is to demonstrate the versatility of

surrogate soft tissues, in a manner that is understandable by an interdisciplinary audience.
1.1 Background

The term, ‘Soft prosthetics’, has quite different meanings and uses for different
disciplines. While theatrical prosthetics are typically used to change an actors
appearance for a performance, most often to simulate injury (moulage) or alter the face,
clinical prosthetics are used for a wider range of purposes. !* >3 Rehabilitation of
patients suffering from facial disfigurement, implantable soft prosthetics used in
cosmetic surgery and assistive devices, all aid the individual. % > But a new use for the
word is bucking trends in medical training. Prosthetics in surgical simulation and
medical modelling, utilises all the tools of the theatrical and clinical prosthetist, in new

ways, that have yet to be fully explored.

Although they have much in common, the two disciplines of theatrical and clinical
prosthetics rarely interact. Most theatrical prosthetists are trained as make-up artists,
whereas most clinical prosthetists are trained, initially, as dental technicians - worlds
apart from one another. 1% * One thing that brings all these groups together, is the use of
silicone-based elastomers, like polydimethylsiloxane (PDMS). Colourless, non-toxic and
mechanically acrobatic; PDMS gels are used by the experienced prosthetist as an integral
part of their daily work in simulating soft tissues. Native translucency of PDMS lends
itself to subtle intrinsic pigmentation with coloured fibres, and its low viscosity means it

readily accommodates embedded textiles that can be used to resist tears and change its

15



physical characteristics. Other interesting qualities are more reliant on its simple
molecular structure, which can be easily altered with the addition of hardeners and
softeners to tune gel compliance. Knowledge of these properties, relevant to prosthetists,
remains the tacit, embodied know-how of niche user groups, virtually undocumented in

academic literature.

Fuelling the need for a deeper understanding of altered PDMS gel behaviour, are the
requirements of surgical simulation and medical modelling.* This emerging field in
healthcare simulation practice has built the foundation of a new industry, able to provide
realistic models of anatomy for a variety of meaningful purposes that will be explored in
this thesis. Key to continuing growth in this new interdisciplinary sector, is the adoption
of skills and technologies borrowed from other disciplines. The technical support of
specialist clinicians, manipulation of medical imaging data, additive manufacturing (3D
printing), and more recently, material science and craft-based, prosthetics and special

effects know-how.> %78

Implementation of these skills and technologies has already resulted in a tantalising range
of innovative and impactful outputs, from emergency surgery task training,® * '° to
elective surgical rehearsal,!! (shown in figure 1.1) medical device development,® and

even forensic reconstructions in legal medicine.’

Figure 1.1 Examples of medical modelling using PDMS gels with fibres, textiles and oil.

Image ‘A’ shows a medical model made with PDMS gels embedded with fibres and textiles to
produce ‘Simbodies PRO’, a surgery training tool produced by Simbodies global- Safeguard
Medical Group. (Licenced from Nottingham Trent University since 2018). Image ‘B’ shows
a medical model made with PDMS gels, dispersed in oil to produce a ‘cancerous liver’ that
can be used to train surgeons in tumour resection. Both reproduced from patient data, 3D

printing and traditional moulding and casting techniques (Authors own images.)
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Testament to the rapid growth in this sector, the global healthcare simulation market was
estimated to be worth $1.9 billion in 2022, a figure set to more than double over the next
5 years to $4.2 billion.!? So, to foster continuing growth in this sector, development of
more realistic, more accessible and more affordable methods for surrogate soft tissue

production and characterisation are desperately needed.

When prosthetists are selecting an appropriate PDMS gel to match the tactility of native
tissues they are trying to simulate, mechanical data is provided by the manufacturer,
alongside the material, so that users can predict a materials behavioural properties with
some degree of reliability.> However, most PDMS elastomers are highly elastic and
extremely extensible, so prosthetists almost always employ additives to change the
appearance and characteristics of the PDMS gel, with experience as the only impetus for
success. This was not such an issue for theatrical prosthetists, whose work only needs to
look convincing on the stage or screen for a short time. For medical modelling scenarios,
where surrogate tissues need to look and perform like the real thing, material properties

and tactility are important factors.

When properties like hardness or elasticity are important to the end-users, more attention
needs to be paid to PDMS composite characteristics. Afterall, surgeons, in particular, rely
on tactile and visual cues to conduct their work.'> ' Therefore, a better understanding of
the influence that additives have on PDMS gels can help designers make more informed
decisions about how best to emulate different types of soft tissues for soft medical
modelling. For example, the ability to reduce the elasticity of PDMS is important when
simulating the effect of aging in soft tissue membranes, like blood vessels,? and skin.!"
And the ability to reliably control hardness can be equally valuable, when recreating the
variable hardness of human skin, and other soft tissue membranes and connective
tissues.!® 17> 1819 In addition, maxillofacial prosthetists are expected to consider the
patients' soft tissue compliance and facial mobility, specific to each patient, whilst

maintaining a robust design, resistant to daily wear and tear.?

As the motives and applications for PDMS prosthetics are discipline dependent, related
material properties are discussed amid disparate, topical strands of research throughout
this thesis. For example, there is a wealth of literature concerning soft tissue
characteristics that can help us recognise and understand the causes for certain types of
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mechanical behaviour. Biomechanical data in turn, highlights how nature’s own design
can help us understand the role of heterogeneity in PDMS composites. Perhaps more
importantly, these design prompts may teach us how to control and predict PDMS

composite behaviour in new ways.

Despite our deep understanding of soft tissue behaviour, precise mechanical profiling of

PDMS equivalents remains elusive.

Because human skin is the most widely documented soft tissue in the literature, due to
its accessibility, it has been used as a benchmark for characterisation in this thesis.
Although this work is not about trying to emulate skin specifically, data on skin was used

because it is sufficiently detailed to build physical models from.

So, three types of bio-inspired, surrogate human membranes were produced: Thin and
fibrous membranes inspired by the epidermis, soft yet strong membranes inspired by the
dermis, and flaccid, oily membranes inspired by subcutaneous fat. Mechanical
thresholds, identified in the literature, were used to inform initial surrogate material

choices, while membrane creation was based on technical experience of the author.

1.2 Thesis Aim

Establish new knowledge on the specification, design, fabrication and mechanical

characteristics of PDMS-based composites, familiar to prosthetists.

1.3 Research questions

This research focuses on quantifying the mechanical response of PDMS composite
membranes that are familiar to clinical and theatrical prosthetists. Additives and
fabrication methodologies that are used by these groups remains tacit, embodied
knowledge, previously developed through trial and error and experiential learning,
largely undocumented in academic literature. This gap in the knowledge base, hampers
development of realistic surrogate materials that are able to mimic the tactile, and

mechanical characteristics of soft tissues.
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2.

To bridge the gap in knowledge, a series of research questions were investigated in this

thesis:

What are the mechanical characteristics of PDMS gel membranes saturated with

loose, short-strand fibres?

Addition of loose fibres are used in everyday production of soft tissue prosthetics, but
their influence on PDMS mechanical properties is unknown. What are the mechanical

implications of their inclusion in PDMS blends?

What are the mechanical characteristics of multi-layered PDMS gel membranes

embedded with textiles?

Embedded textiles are often employed in the fabrication of prosthetics for the purpose of
reinforcement, repairability and durability enhancement, but what are the mechanical
advantages or disadvantages of their employment, and can their mechanical properties

be controlled?

3. What are the mechanical characteristics of oil saturated PDMS gel membranes?

PDMS oil is often added to PDMS gels to reduce their viscosity, they also soften the
PDMS gel too, although the amounts required, and their mechanical influence remains
unknown. How much oil is needed to simulate very soft tissues and what other changes

are wrought by oil dispersal in PDMS gels?

To answer the research questions effectively, a series of experiments were designed to
determine the mechanism of behavioural changes in PDMS membranes. These

experiments are outlined below.

1.4 Objectives

The objective of this work are:

Mechanically characterise single-layered PDMS membranes saturated with variable
amounts of loose, short-strand fibres.

Investigate the mechanical influence of single and multi-layered PDMS membranes, that
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have been embedded with textiles.
3. Characterise the mechanical influence of oil saturation in single-layered PDMS

membranes.

To achieve these objectives, data on soft tissues behaviour was used to identify the target
mechanical properties of organic materials. Surrogate materials that imitate target
mechanical properties were fabricated as a series of membranes. Each PDMS membrane
was prepared in a manner that complied with the requirements of internationally agreed
test standards. These test standards are mentioned in the next section but are discussed in

detail in Chapter 3.

1.5 Research methodology

To achieve the aim and objectives, quantitative research methods were used to cultivate
data from the literature to identify gaps in the knowledge. The literature review (Chapter
2) provides a detailed background to the development of our understanding of soft tissue
behaviour. Existing knowledge on soft tissue characteristics, (identified in the literature)
was used to influence the development of suitable surrogate materials. The literature
review was essential to identifying disparities and errors in published data too. Most
importantly it helped to identify gaps in the knowledge and defined limitations of current
state-of-the-art in soft tissue surrogacy. PDMS membranes that were produced as part of

this investigation, were reliant on the data provided by key literature sources.

When creating the PDMS membranes to be tested, additives familiar to prosthetists were
employed to improve engagement and relevance for the target audience. Experimental
Chapters 4, 5 and 6 document specific membrane fabrication techniques, useful to a
wider audience. Chapter 5 builds on concepts proved in Chapter 4. Chapter 6 explores
aspects of membrane behaviour not feasible with methods proven in Chapters 4 and 5.
Once suitable membranes were prepared, a range of standards were selected to
characterise their behaviour. Deployed standards were used to determine changes in
mechanical behaviour based on variables that are encountered during preparation and
fabrication of prostheses’, such as the amount of filler used or the tension/orientation of
fabric during the embedding process. The precise tests standard parameters are described

in more detail, in Chapter 3.
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Generally, though, mechanical characterisation of all membranes focusses on multiple
aspects of mechanical behaviour including- hardness (Shore hardness), elasticity
(Young’s modulus, MPa), strength (ultimate tensile strength), and overall stress strain

behaviour throughout extension to failure.

The standard does not dictate how the amount of Force is expressed, Force is more
tangible to prosthetists than MPa but doesn’t change the profile of the curves (for easy
conversion, if required). Finally, MPa is given for each material separately, so if MPa
values are required by the reader, a chart is available, alongside the curves used to
illustrate extensibility behaviour. In this way, readers have the best of both, when it
comes to provision and interpretation of data. Additionally, all the graphs not presented

in the main document are included in the appendices.

Mechanical characterisation also includes multi-axial profiling to determine changes in
viscoelasticity, like hysteresis to determine changes in the membranes over time, in cyclic
loading events, force decay/degradation (creep), permanent deformation (bagging or

plastic deformation).

1.6 Thesis Outline

In this section, a general outline is provided first, to contextualise the research questions.
This is followed by a breakdown of the thesis as a chapter-by-chapter account. Finally,

an overview of the entire thesis is supplied as a chart for easy navigation of content.

In the next chapter, a literature review offers a detailed account of the mechanical
behaviour of living soft tissues, and suitable soft elastomeric surrogate behaviour. Both
elements are presented as a double narrative that takes the reader on a journey of
discovery concerning the development in our understanding of each topic, through the
lens of scientific relevance. The literature review is presented as an appropriately
engaging background to the thesis and provides a justifiable context for this work and

future work.

Next, the methods and standards are described (in Chapter 3) to frame the research

methodology for experimental chapters that follow.
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The experimental chapters cover work that took place in three phases:

e In the first phase of the investigation, loose, short-strand fibres were blended with two
PDMS gels in varying amounts.

e In the second phase of this work, two PDMS membranes, with known properties, were
used to embed textiles. Membranes were tested with varying layer compositions, textile
tensions and orientations.

¢ In the final phase, PDMS oils were added in incremental amounts to a PDMS gel.

The thesis concludes with a summary of all findings related to the research questions,
difficulties faced during the research and a topical discussion on its implications for

future work, to benefit the interdisciplinary prosthetist.

1.6.1 Structure of the thesis

This thesis is broken into seven chapters. Each chapter builds on the previous chapter

and concludes with a summary of the findings of this work.

Chapter 1 - Introduction

Prepares the reader for the subject matter and ambition of the thesis. The background is
presented and introduces the target audience. It serves to define gaps in knowledge, and
how the gaps can be bridged with targeted experimentation by proposing solutions
inspired by nature. The structure of the thesis is outlined with a brief overview of each

chapter.
Chapter 2 - Literature review

This chapter has been structured as two parallel chronological narratives documenting
the development in our understanding of soft tissue behaviour, alongside the
technological development of surrogate materials that have been previously used as

surrogates.

The chapter concludes with a table of key literature sources, and a summary of important
behavioural traits that need to be considered in the development of soft tissue surrogate

membranes.
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Chapter 3 - Methods and materials

This chapter covers all aspects of the test standards used in the experimental chapters. It
documents everything from preparation conditions and storage, to test analysis and
criteria for reporting data. Material preparation is discussed in general terms and

expanded further in each experimental chapter on a topical basis.

Chapter 4 - Mechanical behaviour of silicone membranes saturated with short strand,

loose fibres

In this chapter, the behaviour of two single-layered membranes saturated with varying
amounts of loose fibres were tested and characterised. Results of mechanical testing were

presented as per the standards laid out in Chapter 3.

Chapter 5 - Mechanical behaviour of multi-layered, reinforced silicone membranes for

clinical and theatrical prosthesis

This chapter is composed of two parts, one part focuses on yarns embedded in PDMS
membranes, while the other focuses on fabric embedded in PDMS membranes. The
introduction, fabrication and results of experiments with yarns, comprises Part one.
Because the outcomes for membranes embedded with fabric were quite different from
yarns, results were split into two parts, to maintain clarity and brevity, each part focuses
on one of two yarn architecture variations in embedded textiles. Therefore, the second
part of this chapter focuses only on results of PDMS membranes that were embedded
with fabric (knitted from the yarn characterised in the first part). All specimens were

tested in the same way, only with different tensions, orientations and number of layers.

Chapter 6 — Mechanical effects of oil dispersal on silicone gel membrane behaviour

In this chapter, changes in the mechanical properties of PDMS gel, when incremental
amounts of oil were added, is documented. Base PDMS gel used in this experiment was

similar to that used in the previous experimental chapters.

Chapter 7 — Conclusions

The thesis is concluded by drawing together all of the results from the experimental
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chapters and comparing them to the literature discussed in Chapter 2. The chapter offers

insights into further potential development in this area and possible future work.
The reader is finally directed to related published work in this field by the author.

An overview of this thesis is summarised in figure 1.2.

Chapter One - Introduction
Foreword- A snapshot of the ambition and purpose of the thesis.
Aims- Define new material properties useful for soft tissue

simulations.

Chapter Two - Literature review

Design context - Background knowledge and related literature.

State-of-the-art — Research outputs and current capabilities.

Chapter Three — Methods and materials
Test standards — Specimen preparation, test result, analysis

methodology.

Chapter Four — Experimental chapter
Characterisation of PDMS membranes saturated with loose, short-

strand fibres.

Chapter Five — Experimental chapter
Characterisation of PDMS membranes embedded with textiles and

loose, short-strand fibres.

Chapter Six — Experimental chapter

Characterisation of softened PDMS membranes saturated with oils.

Chapter Seven — Conclusions

Summary of findings and future work.

Figure 1.2 Diagram of the thesis structure.

Image describing content on a chapter-by-chapter basis in order of appearance.
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Chapter 2

Literature review
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2.1 Introduction

This chapter is a review of interdisciplinary literature, structured as two co-dependent
narratives. Firstly, a chronology of human understanding of soft tissue membranes is
presented, from the earliest visual documentations of soft tissue properties to the latest
concepts in soft tissue biomechanics. Secondly, a narrative of the development in our
understanding of soft elastomeric materials is provided. Both topics are examined as a
background to the experimental work presented in this thesis. Prior art is also discussed
throughout, in the context of incumbent technologies, production techniques and test
methodologies, relevant to the work. In the second part of this chapter, each PDMS
additive is discussed in turn, framing the experimental chapters, and is accompanied by
a selection of relevant literature on organic counterparts. This section begins with a
discourse on disorganised fillers that are considered as single-layered fibrous
membranes. Secondly, organised fillers are presented in the context of multi-layered,
fibre-filled membranes, reinforced with directional yarns and fabrics. And thirdly,
softening of PDMS gels is discussed in relation to the dispersal of oil in the gel mixture.
Each topic touches on behavioural phenomena associated with both natural and synthetic
soft membranes to help contextualise the work and provide insights into PDMS
composite behaviour. A detailed review of behavioural phenomena associated with soft
materials (and phenomena that have never been associated with soft materials before) is
also used to prepare the reader for interpretation of the results, contained in the
experimental chapters (Chapter 4, 5 and 6). Finally, this chapter concludes with a
summary of key texts from the literature that outline the test methods, analysis, and
validation of results. These are discussed with a particular focus on the most relevant data
obtained from similar studies involving organic soft membranes. The test standards
highlighted by the most relevant studies are catalogued in acknowledgement of the
literature, but the specifics of each test methodology will be discussed in more detail in
the following chapter (Chapter 3). Each chapter of this thesis unpacks the mechanical
behaviour of PDMS membranes that have been adapted for prosthesis fabrication
progressively over time, and the techniques are engrained in disciplinary practice rather
than specific literature. There are a handful of magazines and books that discuss
prosthetic recipes, methodologies, and the visual effects of additives such as fibres,

fabrics, and oils, but the mechanical changes that occur through the use of such
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ingredients has never been documented before. Therefore, each topic is discussed from
an interdisciplinary viewpoint with a focus on describing behavioural traits of natural and
synthetic soft membranes. A detailed literature review conducted in 2015, on the
mechanical properties of soft tissues, found that less than 20 investigations were
published per year, prior to 1990, but by 2013 this number exceeded 300 new
publications per year: indicating a clear growth in interest and understanding of soft

tissue behaviour over the last 30 years.?!

The next section examines the development of our understanding of soft tissue mechanics
to help frame the proceeding section about mimicking its behaviour. It is important to
communicate here, that, as the most accessible, and best documented soft membrane,
much of the literature contained in this review concerns the behaviour of human skin.
But this thesis is not about simulating human skin. It is about mimicking soft tissue

membrane behaviour using materials familiar to clinical and theatrical prosthetists.
2.2 Development of soft tissue mechanics

For millennia, physicians and surgeons have learned their craft on people, both living
and dead, while scientists and artists studied the flesh in exquisite detail in pursuit of a
means to synthesise it for clinical or artistic purposes.??> Our understanding of soft tissue
mechanics has grown exponentially over the last 500 years, from drawings in a
sketchbook to digital images captured by the scanning electron micrograph (Fig. 2.1).
And yet our understanding of the materials required to emulate their behaviour remains

in its infancy.

Figure 2.1 Studies on soft tissue membranes separated by 500 years of science.
Both images show the distinct layers of different thicknesses were noticed during dissection.
Image ‘A’ shows a drawing from Da Vinci’s sketchbook (1510-12). Image ‘B’ shows a Scanning

Electron Micrograph of the same topical soft tissue membrane, 500 years later. Image ‘B’- [Eye of

Science, Science Photo Library.] Available at www.sciencephoto.co./media/1305080/view
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Until the 19 Century, much about human anatomy was understood from a qualitative
viewpoint. Medical practitioners and anatomists of the time appreciated the structure and
mechanical properties of soft tissues membranes in some depth. In one of the first, early
discourses in soft tissue membranes, Gordon? gives an unabridged account of the skins’
different layers that he observed during the dissection of cadavers. Prior to his
publication, cadaver dissection and lectures on anatomy were the gold standard in soft

tissue explorations (fig 2.2).

Figure 2.2 17" Century cadaver dissection. An anatomy lesson, captured by Dutch master
‘Rembrandt’, shows medical students engrossed in the dissection of a fresh cadaver.

[Van Rijn, R. 1632. ‘The Anatomy Lesson of Dr. Nicolaes Tulp’]

Cadaver dissection, as shown in Figure 2.2, has remained largely the same to this day
and is still common practice in medical schools and laboratories studying soft tissues.
Much of what we know about the properties of soft tissues and structures was learned
using this process, until quite recently, when non-destructive methods of gathering
information have become accessible. Imaging apparatus like Computed Tomography
(CT) and Magnetic Resonance Imaging (MRI) and mechanical apparatus like the
durometer and cutometer have allowed for living tissue to be measured with great

accuracy.

Prior to these 20" century breakthroughs, scientists like Gordon (1815)? paved the way
for others like Struthers (1848)**, who was the first to scientifically determine that each
layer of the skin contributed to its mechanical response to deformation.

A decade later, Gray and Carter (1858)% published their first edition of the staple of

modern medical practitioners- Gray’s Anatomy, which contained the first comprehensive
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visual account of human anatomy, in print. It also included a detailed description of
human skin, suggesting its mechanical behaviour was similar to other soft tissue
membranes such as the brain’s meninges, organ pleura, the gut wall and blood vessels,
but it was not yet understood how soft membranes grew and repaired.

The answer was found a few years later, in 1861 by Karl Langer,?® who discovered that
human skin contained lines of directional collagen fibre growth, that are formed during
foetal development. These lines are visible as grooves in the skins surface that indicate
the skins fibre direction, thickness, and determine extensibility specific to each region of
the body. ‘Langer lines’ as they became known, allowed the skin to stretch more in the
perpendicular direction, relative to the Langer lines, and stretch less along them,
suggesting anisotropic directional extensibility. Building on Langer’s discovery, towards
the end of the 19'" century, tissue specific studies were beginning to build a more detailed
picture of the importance of fibres, fibre architecture and their orientation in soft tissue

membranes, especially the skin.?”-28

However, the technology required to identify the precise mechanical properties of the
skin, like extensibility or elasticity simply did not exist yet. The lack of standardised test
methods and universal equipment required to test most soft materials, hampered the

progress of investigators, who were unable to reliably compare data.

Test methods and materials would not be standardised until the emergence of the
American Society for Testing and Materials (ASTM) in 1898, and a few years later the
British equivalent, the British Standards Institute (BSI) in 1901. These were followed
sometime after by the creation of the international equivalent- The International
Organisation for standardisation, in 1947.

Standardised characterisation devices for soft tissues first became available in 1912,
when Schade invented the first mechanical indentation device specifically designed to
measure the elasticity of the skin.?’ Although the apparatus was cumbersome and used a
rudimentary data gathering methodology, it was a simple and widely accessible device,
remaining largely unchanged for the next 50 years or so.

By the mid-20™ century, Rothman®® and Ridge*!-*? identified the skin to be an anisotropic,
viscoelastic material and recommended five key mechanical tests to help determine the

characteristic behaviour of human skin. Tensile strength, extensibility, creep, stress
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relaxation and Young’s modulus (elasticity).

These early investigations into the mechanical behaviour of soft tissue membranes
formed the basic understanding of the materiality and structural behaviour of membranes
like skin,?> 3% 3% blood vessels,> natural fibres and animal skin.>® 373 This work was
responsible for identifying some of the most important, fundamental characteristics of
fibrous soft tissue membranes, helping create more reliable methods for gathering
mechanical data. Ridge and colleagues, in particular, noticed many similarities between
the distinctive behaviour of natural fibres in textiles and the behaviour of fibres like

elastin and collagen, found in soft tissue membranes.

In the late 20™ century, it was found that the majority of the skins mass was made up of
‘ground substance’, a soft, gel-like material that contains elastin (2% dry-weight volume)
and collagen (30% dry-weight volume).** These fibres were found to be chiefly
responsible for its complex behavioural response to mechanical loading. Both fibre types
perform separate, but overlapping mechanical duties, that lend strength to the skin during
deformation. It was found that collagen in particular determined the skins’ response to
deformation, especially at higher strains (3-5%).* This was because the ‘wavy’
architecture of collagen fibres played a crucial role in the anisotropic, viscoelastic

characteristics exhibited by skin during mechanical testing, especially in extension.

One literature source suggests that skin (of the breast) behaves as a linear isotropic
material under strains of 50 %,* while elastin was found to be almost perfectly linear in
its response to elastic deformation up to 150% and is present as thin strands in the skin.
Collagen forms the leading architecture for soft tissue formation, created from twisted
helical fibrils that organise themselves into 3-dimensional tissue structure.*! These
collagen structures untangle and stretch as the skin extends, rearranging themselves back
into coiled structures as the skin relaxes causing both elastic and viscoelastic response to
loading at different strain rates.

Similarities were also found in other membranes like the pericardium too. Lee** and
colleagues proposed that the changes in viscoelastic response of the pericardium was due
to the volume fraction of fibres present in the membrane specimens tested.

Other researchers have found that when skin is stretched up to 3% in extension, the
collagen fibres remained ‘wavy’ offering little resistance to loading causing the skin to
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behave more like an elastic material.** As the amount of strain increased, the collagen
fibres gradually straightened until they were aligned with the direction of stress, at which
point they would take up the strain previously born by the elastin fibres, making the skin
respond with a short elastic reaction under low strain and non-linear at higher strains;*
As the skin was stretched to its limit, it became stiffer, an effect now known as ‘strain
hardening’.*> Today, it is broadly agreed that soft tissue membranes are heterogenous,
time-dependent, viscoelastic, and anisotropic in their behaviour under loading. The
phenomena of strain hardening and softening, in (synthetic) soft material mechanics is
now known as the Mullins effect and the Payne effect.* 4’

Such phenomena are discussed in more detail later in this chapter, alongside the influence
of preconditioning and hysteresis in cyclic tests. In essence, these behavioural traits are
all attributed to mechanical loading history and the presence of fillers in the soft
membrane’s composition, such as intrinsic fibre type, organisation, density, and
direction.*!> 484950

It is also well known that these characteristics also have many variable factors that might
influence test results such as tissue type, thickness, location, temperature, hydration and
test speed, as well as loading history (preconditioning).’!>?

Reliably gathering data to compare results from similar studies is difficult without an
agreed standardisation of test parameters and equipment. Although several studies have
adopted some aspects of agreed test standards, usually those reserved for elastomers or
elasticated fabrics, few adhere to the proper standard test methods for characterisation,
as demonstrated when discussing the relevant literature later.

Finally, it is well known that soft membranes can be mathematically modelled by the
hyperelastic models proposed by many different research groups over the years.*!: 3% 3
53,56,57 Despite this, mathematical modelling of materials and continuum mechanics was
not the focus of the work presented in this thesis. Instead, the data presented in the
experimental chapters (Chapters 4, 5 and 6) only use rigorous mechanical
characterisation methodologies to determine tactile material properties, except where
clear trends are observed in the data. In such instances, linear regression models were

created but only to aid in understanding predictability beyond the values presented in the

experiments.
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2.3 The structure of soft tissue membranes in humans

Skin is the largest, heaviest and most accessible membrane of the human body, it is the
largest organ in humans and its structure is unique to mammals. In humans, the skin is
made of two behavioural membranes, the epidermis (epithelium or cuticle) and the
dermis (corium or cutis vera) and varies in thickness (0.05 mm — 10 mm).3® It is thickest
on the back (up to 10 mm), thinner elsewhere (1 mm to 3 mm), and is thinnest on the
eyelids. The hypodermis is mostly made of subcutaneous fat or adipose tissue that varies
widely in thickness depending on site and individuals’ body mass index, but it is absent
in the eyelids and male genitalia. Other, human (serous) membranes, pleural membranes
or visceral lamina are found principally around the heart (pericardium), lungs (pleura),
abdominal cavity (peritoneum), testis (tunic vaginales) and (exclusive to gestating
females) in the amnion (amniotic sac). In the case of the heart, the pericardium is made
of two layers of collagen and elastin fibres totalling around 1 mm thick and is a tough,
fibrous, and viscoelastic membrane.*? In the case of the amniotic sac, the membrane
comprises of two layers of collagen (amnion and chorion) collectively described as a
thin, time-dependant, viscoelastic membrane.>

Most human, multi-layered membranes composed of elastin and collagen inevitably
demonstrate similar mechanical characteristics, typically exhibiting flexibility, elasticity,
viscoelasticity, and time-dependency.’* ®® Each membrane type and corresponding layer
has its own specific function, and like most biological membranes, their function is

intrinsically linked to their multi-layered structure.®!

e
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Figure 2.3 Cross-sectional model of human skin.
Anatomy of the skin showing the two ‘true’ skin layers of the epidermis and dermis, connective

tissues, and the fatty hypodermis, as labelled.
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Therefore, in order to replicate the mechanical behaviour of these membranes, it is
necessary to discuss their form and function.

Shown in Figure 2.3, the multi-layered structure of the skin is made up of several layers.
The epidermis forms the protective outer membrane while the dermis forms the softer,
‘living’ layer beneath. The structure of the epidermis is free of blood vessels and mainly
comprised of compacted, dead skin cells made almost entirely of keratin (90 % to
95 %),>> which creates a stiff membrane ranging mostly between 100 um and 1.5 mm,
protecting the softer, underlying dermis. It is thickest on the palms of the hands and soles
of the feet where it is usually around 1.5 mm but can be much thicker in individuals that
regularly walk barefoot.>?

Skin is naturally thicker on the posterior of the torso and outer surfaces of the limbs and
is generally thicker in males than in females overall. In essence though, the epidermis is
a thin, ‘stiff’, viscoelastic membrane.®? % The dermis, however, is highly heterogenous
and contains all the biologically active elements of the skin such as hair follicles, oil and
sweat glands, nerve endings, blood vessels and lymph vessels. It is more viscoelastic,
softer, and more extensible than the epidermis. It also contains large amounts of coiled

collagen and elastin fibres.®

In summary, there is a wealth of literature on the structure, physical limitations, and
characteristics of skin and other soft tissue membranes. Available literature offers the
diligent prosthetist useful design queues for the development of synthetic membranes
that mimic their behaviour. Some of the most useful studies in the literature focus on the
tensile testing of excised skin specimens, '™ %33 however, results vary widely as do the
individuals they were sourced from, and while numerous contributory factors have been
debated in the literature, it is broadly agreed that the variable, fibrous structure of skin,

is responsible for its unique viscoelastic response to strain.*> 64

Finally, it is important to consider living skin as a whole organ that is subject to varying
two and three-dimensional loading and that they are continually compressed and
stretched during motion. To build an accurate imitation of soft membrane behaviour with
surrogate materials, simple measurements of hardness must be complimented by more

complex measurements taken from uni-axial and multi-axial data.

Next, the developmental chronology of soft materials is discussed and how our
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understanding of these materials might help inform synthesis of accurate physical models

of soft tissues.
2.4 Development of soft tissue surrogates

Up until the 20" century, the discipline of prosthetics remained the domain of the
carpenters, tanners and blacksmiths until the invention of modern rubbers. In this section,
we discuss some of the landmark discoveries in elastomeric technologies, as a

background to this work.

Throughout the 19" century, as demand for rubber increased, with the popularisation of
the automobile, natural rubber industries boomed, despite the social atrocities associated

with its procurement.?

Due to the rising costs of rubber (both fiscally and morally) the
big rubber companies began pouring money into development of new synthetic rubbers

that could be manufactured on demand.

During that golden age of material exploration, Charles Goodyear filed a patent for gum
elastic layered shoe soles with embedded fabric layers to resist tears.®> Then, in 1851 he
was also credited with the invention of the ‘modern’ tyre, produced by heating natural
rubber with added sulphur and carbon fillers, a process known as vulcanisation, key to

improved tyre grip and durability.%

Most investigations into the development of alternative soft, elastomeric materials like
polysulfides, polyurethanes, polyvinylchloride and fluorocarbons were dominated by
automotive, aerospace, medical and cosmetics industries, but none were soft enough to
be a candidate for soft tissue surrogacy.’”> % The development of silicone-based
elastomers was initially no different. In 1901, chemistry professor, Frederick Kipping,
stumbled upon this new group of elastomers while attempting to engineer a ketone
polymer of silicon, later synthesising the elastomer in 1927.%%7° Due to its silicon/ketone
heritage, he originally called the compound Silicoketone, but later shortened it to
Silicone’."!

Building on Kipping’s early work, Hyde developed the world’s first, fully synthetic
elastomer that would go on to be the largest group of commercially produced silicones,
called Polydimethylsiloxane (PDMS).”? Unlike natural rubbers, silicones have a variety
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of possible curing mechanisms: thermal, ultra-violet, and cross-linking
(hydrosilylation).” In the case of PDMS curing (from its fluid state to a solid state) the
addition polymerisation process occurs using two viscous, but pourable fluids, one a bulk
polymer the other a diluted platinum-based cross-linker (or catalyst).”* Once mixed at the
stoichiometric ratio, curing takes place in a dependable and repeatable fashion with fixed

mechanical properties.

Modern PDMS elastomers are very different from natural rubber, in that they are
chemically and thermally stable, non-toxic, and highly adaptable due to their simplistic

formulation of silicon and oxygen molecules as long-chain polymers.”

During
(silicones) development, Kipping was the first to realise that it could be engineered into
liquids, solids, and gels with astonishing versatility, thanks to its close elemental
relationship to carbon and oxygen.”® 7> Kipping went on to publish over 50 papers on the
topic in the first half of the twentieth century.”’ 77 It was quickly realised that the
dispersion of filler particles in silicones, changed the mechanical characteristics of soft
silicones, like PDMS.””> " Such changes included anisotropic behaviour, with evidence

of permanent deformation and significant gains in elastic modulus.” 8

The work of pioneers like Kipping’!, Hyde’> and Rochow’® helped to outline the versatile
mechanical behaviour of silicon-based organic chemistry and its suitability as a surrogate
material for soft organs and skin.®! Although unaware of this at the time, their work
shaped the foundation of prosthetic materials that were capable of soft tissue mimicry.
(For a comprehensive account of silicone chemistry and technology, readers are directed

to Noll 2012).7
2.5 The emergence of modern prosthetics

Since its introduction, natural rubber dominated for over 50 years. In 1864, early
prosthetists- Kingsley and Preterre, reported on the use of vulcanised natural rubber for
maxillofacial clinical prosthesis.®> 83 # Natural rubber’s availability diminished when
most raw materials became scarce during the first and second world wars, accelerating
development of synthetic alternatives.®>® During the same period, the foundations of
modern surgery were being laid by battlefield surgeons, and with it, an improved

understanding of soft tissues was being developed; how they could be damaged, repaired
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and healed. Soft tissue trauma management and rehabilitation of the injured, perpetuated
the need for new, improved, compliant maxillofacial prosthetics.®® The priority for post-
war maxillofacial prosthetists was to reintegrate facially disfigured veterans with society,
not reproduce the properties of facial soft tissues.®* 8¢ Early silicone-based elastomers
were ignored by the therapeutic prosthetics community until 1960 when Barnhart
published his work in ‘somato-prosthesis’ (silicone prosthesis).’” Soon after, in 1962,
plastic surgeons implanted the first silicone breast implant, cementing its analogous
characteristics as a suitable soft tissue surrogate;*® however, the materials and methods
required to maximise the mechanical benefit of PDMS use in prostheses remained

limited, as did their commercial availability.

Around the same time, the first synthetic patient simulators were introduced in 1960 to
improve accessibility to basic training in emergency patient care, specifically for
cardiopulmonary resuscitation training.? These manikins were first made by the
European toy makers Laerdal, who used their toy making experience to produce rigid,
plastic, life-sized manikins with articulated mechanical joints. *° Little attention was paid

to creating a realistic skin.

By the 1970’s, silicone gels were gaining notoriety as cosmetic implants thanks to the
increasing popularity of plastic surgery,”® but the maxillofacial prosthesis industry was

still dominated by other cheaper materials like polyvinyl chloride (PVC) composites. *!

During the 1980’s, clinical maxillofacial prosthetists began to explore other softer
materials and in 1980, Lewis and Castleberry®? concluded that a 25-35 Shore A hardness
silicone with a tensile strength between 6.9 MPa and 13.8 MPa would be ideal for facial
prosthesis.”?> Today, prosthetics are mostly produced with 10 Shore hardness PDMS, or
softer, so early silicones would be considered rather stiff by most modern prosthetists,
but available technology of the time, was limited.> °* In parallel, theatrical prosthetics
were making huge advances, especially in the horror movie genre, Nair” and colleagues
give a thorough account of natural rubber use in theatrical prosthesis in the run up to the
end of the 20" century. By the start of the 21 century, improved silicone formulations
like PDMS, were already well established and growing in popularity in theatrical

prosthesis as well as clinical limb prosthesis (as seen in figure 2.4).
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Figure 2.4 Examples of surrogate appendages, therapeutic prosthetics. A range of PDMS
prosthetic hands, feet and fingers for therapeutic use by amputees. Prosthetics like these are

usually passive, cosmetic appliances rather than functional replacements for the missing body

part. [Artistic photography of prosthetic limb components from http://www.ortho-europe.com Photographed by

Paul Wenham Clarke. http://www.wenhamclarke.com/]

2.6 Soft prosthetics

Currently, modified PDMS gels are especially popular amongst clinical maxillofacial and
theatrical prosthetists, who use them to mimic most soft tissue types.> °% °> % Usually
supplied as a two-part kit (base and catalyst), PDMS gels can be mixed by hand and
poured into a mould to form almost any shape required. They can be readily pigmented
with fibres or strengthened with fabrics, while the mechanical properties like hardness
and elasticity can also be changed with the introduction of various additives:*°’ Some of

these aspects will be expanded later in this chapter.

In this section, the various materials and motives that drive development of soft tissue

prosthetics are discussed.

PDMS gel models have previously been shown to simulate some of the mechanical
properties of soft tissues reported in the literature.!% '°! More specifically, PDMS gels
with shore hardness of A-10 and 00-30 have previously been used to simulate skin,!?*

103, 104, 105, 106 myyygcle, 197: 198 heart valves,'” and internal organs and soft connective

3.8 1L 107,110 a5 even organic soft robotics.!!! Frustratingly, few of these studies

tissues
reference the standard and rarely disclose manufacturing methodology or specimen

preparation conditions, making any direct comparison unreliable.

When human cadavers are unavailable for medical training or product testing, substitute
animal tissues are considered suitable alternatives. Porcine,!?% 11 113: 114 poyine !5 and
murine tissues,!! are all commonly used as alternatives for human tissues for medical
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training. Porcine tissues are most often used for surgical training because of their
similarity to human tissues.!'* "7 18 Wetlgh Ltd. (Warwickshire, UK) commercially
provide animal tissues for this purpose. In some countries, surgical training on live
animals is still commonplace.!'® 120 12! Porcine skin (living and dead) is often used for
surgical suture training due to its low cost and wide availability.!'> 12> The use of
cadavers is limited to licenced training centres, and animal tissues pose a biohazard to
users, but also present considerable ethical and religious constraints too.'”* For these
reasons, substitute materials have previously been used to create surrogate soft tissues to
bridge the gap in user consumption. Materials such as oil, lard, gelatine, alginate,
carrageenan, and agar are common organic alternatives.!?* - 2  Due to their
biodegradability and changeable mechanical characteristics over time, organic materials
are also unsuitable for continual or periodic clinical use or commercial production of
training products, where storage and transportation are a consideration.'? Synthetic
alternatives like polyurethanes (PU), polyvinyl alcohol/acetate (PVA/c), hydrogels and
PDMS gels are preferable to organic counterparts due to their synthetic nature (i.e.. they
do not biodegrade as organic materials do). Unfortunately, their behavioural response to
deformation is poorly understood, especially concerning the use of softening agents that

help fabricators adjust their native hardness to suit their application.

Today, PDMS gel formulations are used for all sorts of prosthetic applications that are
analogous to a variety of soft tissues, testament to their widespread use and versatility,
but the mechanical properties of these materials are still surprisingly poorly documented,
considering their popularity. Advances in production techniques and reductions in
manufacturing costs have also fuelled the development of next-generation, hyper-
realistic surgical training manikins. Medical imaging data, additive manufacturing and
novel post-print production techniques has been paired with soft PDMS gels, to enabled
life-like imitations of soft tissues for surgical training applications. Companies such as
UK-based Simbodies Global (est. 2014) (shown in fig. 2.5), Trauma Simulation LTD (est.
2015) and Lifecast Body Simulations (est. 2017) all quickly capitalised on the need for
improved, risk-free, task-based training on medical manikins, especially in training field
surgical teams for deployment. Not surprisingly, none of these companies report the

precise mechanical behaviour of the materials used in their creations.
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Figure 2.5 Simbodie PRO prototype surgical manikin during user trials, 2017.

Produced by Linzi Foxcroft and Richard Arm (the author), these manikins are currently
manufactured under licence by Simbodies Global (Thirsk, N. Yorkshire). Simbodies PRO
manikins are the world’s first, commercially available, tether less, full body surgical manikin
to facilitate emergency thoracic surgery training for first responders and military field

surgical teams. (authors own image)

2.7 Additive manufacturing of soft materials

Recent approaches used to simulate soft tissues using modern production techniques rely
on additive manufacturing (AM or 3D printing), especially for creating soft models of
congenital heart diseases for task-based training.!3% 131 132133 These types of clinical
prosthetic/medical modelling have a greater emphasis on form rather than function and
are produced with little acknowledgement of the real tissue properties. The complex
geometries and multiple, thin walled, interlocking vasculature structures of the
cardiovascular system, make traditional, craft-based production techniques almost
impossible. AM offers realistic solutions, but with some trade-offs. Firstly, soft AM
materials are not capable of reproducing multi-layered structures or very soft tissues.
Herzberger'** and colleagues give a detailed account of these limitations for AM, briefly,
almost all flexible AM materials rely on thermoplastic urethane elastomers (TPU) rather
than ‘true elastomers’ like PDMS.!** TPU’s for AM, are more mechanically similar to
soft plastics, than true elastomers like PDMS. The elasticity characteristic of PDMS
elastomers is lacking in current polyurethane technology. AM production of soft

materials is limited to three main types of production. Fused deposition modelling
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(FMD), Stereolithography (SLA) and selective laser sintering (SLS). FDM relies on hot
melt filament extrusion, photo-curing soft polymers made by SLA, or thermoform
polyurethane powder fused with SLS."** Generally TPU’s are harder, weaker, less elastic,
and far less versatile than PDMS gels, and they cannot be easily altered by the user, vital
for material tunability.'?® In their extensive review of AM soft tissue surrogates, Yoo and
colleagues also point out that surgeons find TPU models, like the one shown in figure

2.6, are stiff and difficult to suture.'*?

Option 1

Figure 2.6  AM TPU model of defective human heart used for patient-specific surgical
simulation. [Hussein, N., Kasdi, R., Coles, J. G., & Yoo, S. J. (2020).]"** TPU selective laser
sintered (AM) heart model of a patient with congenital heart disease. A flexible elastomeric model

that can be cut and sutured to rehearse procedures.

TPU’s are also difficult to colour and do not lend themselves to textile reinforcement due
to the method of their production.'*® There has been increasing interest in the field of
printable PDMS elastomers over the last five years or so, and some research has
successfully produced tuneable AM PDMS elastomers using fillers and thermal
curing.'® 137 Some investigators have even had some success with soft commercial
PDMS gels (with hardness’s of A10 and O0-30):"*% 13 However, AM specific PDMS
material technology is still in its infancy though and there are no commercially viable

materials or printers able to print PDMS gels directly.

Although limited in their versatility, SLS printers are commercially available and capable
of printing in soft materials, so they tend to be popular in the medical modelling
community as the models they produce need little specialist post-production attention to

turn into a useful product.'* Despite the lack of forthcoming data, these new industries
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arguably represent the emergence of a new discipline that merges clinical and theatrical
prosthetics, with material science. Despite this the key problem remains; skilled
practitioners, proficient in the arts of advanced soft prosthesis fabrication, rarely
document their embodied knowledge, especially where commercially sensitive
intellectual property is concerned. Nevertheless, the foundation of a new discipline has
been laid and now meaningful transfer of knowledge and dialogue is happening between

these communities, 40> 141, 142,143, 144

In the next section, the behaviour of soft fibrous tissues membranes is presented to help
identify similarities and how they might be used to improve our understanding and
characterisation of surrogate behaviour. Each new topic has a central theme related to the
type of fillers commonly used to change the properties of commercial PDMS elastomers;
loose, disorganised fillers like fibres, organised fillers like textiles and liquid fillers like
oil. Other liquid fillers commonly used by prosthetists, such as PEIE (softeners) Smith’s
prosthetic deadener® (Polytek® Development Corp’, PA, USA) are covered by the

manufacturers material data sheets.
2.8 Behaviour of loose fillers in elastomers

When testing natural and synthetic elastomers that are purely elastic, investigators often

rely on Hooke’s law to determine its elasticity,!*> 146

most often communicating results
in the form of a Young’s modulus value. "> 1*® Hooke’s law works perfectly well for
isotropic, linear materials and to a certain extent, anisotropic, viscoelastic materials, but
only at low strains, and within their recoverable elastic region.'*>> 1 When fillers are
added to rubber, the mechanical response to loading changes as it begins to respond more
like organic soft membranes; this was first noticed by Holt in 1932. !> In his experiments
on early rubbers for tyre producers, Holt noticed that loose particle filled rubbers, like
carbon black filled (natural) rubber, struggled to recover after repeated deformation
during compression and tension in cyclic tests. '°! Cyclic tests were designed to determine
the mechanical performance of rubber under repeated use and deformation. During these
experiments, Holt noticed that permanent deformation began to affect rubber
performance after the first few loading cycles, gradually changing its elastic response
with each additional cycle. The effect became known as dynamic strain ageing or
softening.'”!
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2.8.1 Bio-inspired, disorganised fibrous membranes

The softening effect is now a well-known feature of soft tissues as well as soft elastomers,
in preconditioning scenarios.!>> 3% 15 Fung attributes softening of soft tissue to the
presence of fibres such as elastin and collagen, somewhat similar to Holt’s observations
of carbon black filled rubber. Similarly, fillers like fumed silica, commonly used as a
bulking agent in PDMS elastomers, has been shown to reduce susceptibility to tearing in
PDMS membranes but it is not useful for pigmentation due to its colour.'#! 142 143 Ag
fumed silica is only available in white and causes opacity in PDMS, other particulate
fillers are often used as intrinsic PDMS pigments. Loose, short-strand fibres made from
nylon, polyester or rayon plastic (flocking fibres) are commonly used in both clinical and
theatrical soft tissue prostheses fabrication to achieve depth and texture to coloured
prosthesis.> 155 ¢ Furthermore, a survey of 43 maxillofacial prosthetists revealed that
most use these loose, short-strand fibres, to intrinsically pigment their prostheses in their
daily practice.!>” Addition of loose fibre fillers is preferred to liquid pigments because

many colours of fibres can be combined to produce a more realistic skin tone with depth

of colour while maintaining native material translucency.® %1% See figure 2.7

In previous studies on filled PDMS elastomers (>20A Shore hardness), the mechanical
influence of embedded short-strand rayon fibres, was previously reported, but essential

quantitative data on the relationship between fibre quantity and the mechanical properties

Figure 2.7 Loose flocking fibres used to pigment and texturize PDMS membranes.

Image ‘A’ shows a microscopic view of flocking fibres at 200x magnification. Image ‘B’ shows
a closeup view of a multi-layered PDMS membrane saturated with flocking fibres.
Demonstrating the tonal, textural value of multi-coloured, loose fibre saturation. Ordinarily,

the PDMS appears smooth and colourless.
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of PDMS was not relayed. 1% 160 They did not report on the behavioural influence of fibre

addition or offer explicit, repeatable production methods.

Short-strand fibre flock saturation in PDMS elastomeric gels (shown in figure 2.7) was
also noted by Debreceni® and Montgomery!” but they only mentioned aesthetic benefits

and trends in soft prosthesis.
2.9 Fibre-reinforced elastomeric composites

Fibre-reinforced elastomeric composites are often employed in non-cosmetic medical
implants. Medical grade elastomers (ethylene-propylene-diene-monomer) used in the
manufacture of medical devices such as vascular stents, heart valves and assistive
devices, draw design inspiration from the arrangement and function of natural fibres such
as collagen and elastin, found in the body.'®!- 1> The amount of collagen and elastin found
in the skin effects its characteristic performance. Their influence on the mechanical
properties of soft tissues can be reliably measured by determining parameters such as
hardness, elasticity, and extensibility.*! 43 163. 164165 ot gynthetic elastomers (lacking
fibre reinforcement), such as pure PDMS gels, have an exaggerated isotropic, viscoelastic
elongation under load (>1000%) whereas soft, biological membranes like human skin
(that contain fibres) exhibit less elongation under load (<150%). This will be discussed

in more detail in the experimental chapters of this thesis.

It is tempting to argue then, that by varying the amount, and arrangement, of embedded
textile in other elastomers, like PDMS gel, we may gain control of its mechanical
behaviour. A recent study suggests that through use of embedded textile elements, one
might even limit extensibility and improve strength by redistributing mechanical loading
and interrupting the propagation of tears as load increases.!®! Other studies into the
suitable percentage of fibre saturation in other elastomers show that low volumes (by
weight) of 2 % to 2.5 % introduce changes in mechanical behaviour, particularly in
hardness and elastic modulus.!®* '®* Despite this, emulating the characteristics of soft
tissues with fibre-filled elastomers cannot be limited to mimicking simple hardness and

isotropic, elastic modulus, and other mechanical tests, like multi-axial tests, are needed.

Multi-axial deformation is inherent to the tactility of soft tissue membranes, as they
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stretch and move over underlying, three-dimensional structures of the body. For example,
the heterogeneity of membranes like skin and some of the causes of its inconsistent
behaviour across the body, is due to variable thickness and it’s time-dependent response
to strain changes are dependent on age, gender, sample site and many other variables

including fibre type, density and distribution.!®¢

These variables are further confounded by the presence of incompressible fluids,
hydrated or perfused tissue and embedded vascular structures.'®’ In addition, the volume,
distribution and orientation of fibres such as collagen and elastin is changeable, layer-by-

layer.'6®

Taking these variables and complexities into account, alongside the diverse test methods
and equipment, it is easy to understand the broad mechanical threshold of elasticity

(Young’s modulus) of human skin given in the literature (4.5 kPa to 30 MPa).!6: 3% 50. 169,

170,171, 172,173, 174, 175

Understandably, this breadth of available data makes selection of the correct modulus
difficult when attempting to reproduce these values with synthetic mediums. Despite the
wealth of biomedical data on the mechanical properties of skin and skin simulants, there
are still no available equivalent studies that investigate the mechanical behaviour of fibre

embedded PDMS gel membranes as soft tissue surrogates. 43> 6% 63 64, 168,176, 177

2.10 Organic fibrous structures

In this section, the characteristics of organic fibres and reinforced, soft membranes are
discussed in the context of the literature. The various advances that have been made to
emulate certain aspects of fibrous tissue behaviour, using synthetic mediums, are
reported. Fibres like elastin and collagen, which are found in skin and other soft tissues,
have a directionally biased linear structure that mostly follows the direction of the
underlying muscle structures. These linear structures are known as Langer’s lines.?® It is
well established that the direction of the fibre alignment in soft tissues like human skin
has a great effect on its behaviour during mechanical deformation.’® ¢+ 172173 The

characteristic behaviour of organic membranes is notoriously complex, especially when

considered as a multi-layered composite material, where each layer contributes its own
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mechanical characteristics to the cumulative effect on overall membrane behaviour.
Studies have shown that multi-functionality offered by multi-layered membranes with
stiffer fibrous layers and softer extensible layers, as seen in blood vessels and skin, for

example, prevent premature rupture during mechanical loading.!”®

The epidermis and dermis have very different mechanical attributes when examined in
isolation. Accounting for 77% of human skin, collagen has a big effect on performance
characteristics like strength and recovery after loading.** '”° Unsurprisingly, elastin also
has an important role to play in the mechanical elasticity of skin, despite only comprising
4 % the skin. Together these substances contribute to the overall membrane
characteristics. It has been established that these volumes change a little with age, but it
is widely agreed that collagen in particular accumulates damage over time, gradually
deteriorating by 25 % between the ages of 25 and 65.5% 13 As the collagen volume
decreases during this period, the overall thickness also decreases as the underlaying
structure diminishes, causing age-related wrinkles.!®" Despite degradation of density and
tension over time, these fibres remain mechanically functional and repairable for a
lifetime, influencing the mechanical behaviour of the skin.!'® %% 8 Type 1 collagen fibrils
(20 nm — 40 nm in diameter) that are found in human skin and other membranes, form
collagen fibres (0.2 um — 12 um in diameter) that, when relaxed, appear twisted and
bunched or crimped.*! As the skin is stretched, these fibres straighten and become stiff
as they approach their mechanical limit, similar to mechanical loading of synthetic

elastane. 2% 181182 A visual comparison of the structure can be seen in figure 2.8.

Figure 2.8 A comparison of Collagen and elastane fibres- Image ‘A’ shows collagen fibre
bundles of the dermis of the skin, taken using a Scanning Electron Micrograph (scale
undisclosed). Image ‘B’ shows elastane yarns at 200x magnification (scale shown in image)
to demonstrate the visible structural similarity between elastane yarns and collagen fibres.
Image ‘A’ — [by Nishinaga, S./Science Photo Library]. Available at Collagen fibres, SEM - Stock Image -

C008/7530 - Science Photo Library
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Langer’s lines are a consequence of fibre direction during formation of the skin, and it
has been shown, for example, that skin exhibits greater extensibility in certain regions

such as the scapula (shoulder blade) and back of the knee.>

The ability to control the extensibility in specific regions should be considered an
important factor when attempting to emulate the mechanical properties of soft tissue
membranes like skin. In such regions, the Langer’s lines align in uniform parallel
formation, delivering greater skin mobility between these lines, hence, the skin is a
directional membrane that stretches more perpendicular to the direction of the lines and
less in parallel to the lines. 26 181 182183 The organisation of these fibrous lines of tension
are well known to influence its resistance to deformation, elongation and tearing.’* !7%
184,185,186, 187, 188 Rinally, when extending the skin in uni-axial tests it was found that the
extensibility of juvenile skin was 50%,*® while other, more recent studies found it to be

100%, in a wider age range.>!: 174 189 19.

Extensibility is an important aspect of soft tissue behaviour and is a mechanical
characteristic that is well understood in textile manufacturing and textile-based
prosthetics and implantables. In the next two sections, the mechanical benefits offered

by textile elements are presented and examples of its application are discussed.

2.11 Bio-inspired, organised fibrous membranes (knitted elastane)

Elastane is well known for its elastic stretch and recovery in support of bodily soft tissues,
hence its popularity in compression and sportswear garments.'?!- 12193 Taking advantage
of knitted elastane characteristics, a recent study demonstrated how embedded elastane
yarns could be used to control the mechanical characteristics of polyurethane-based

elastomers.'*

Knitted textiles have three distinct directions that produce different mechanical
characteristics when stretched: Wales, coarse and bias, broadly speaking, vertical,
horizontal and diagonal, respectively (illustrated in detail in Chapter 5). Changes in
response to loading in each direction are most evident in the elastic modulus and
extensibility, in particular.'”> When stretched in the wales direction, knitted fabric has a

higher elastic modulus but lower extensibility, while in the coarse direction it exhibits
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the greater extensibility and a lower modulus, features which can be further exaggerated

in the bias direction.!?®

There are three common terms in use for elastane fabric. Elastane is a more general term
that describes the co-polymer yarns that are made into the fabric. Spandex is simply an
acronym of expands, later coined by users."”’ Finally, Lycra is a brand name associated
with the inventor of elastane- Joseph Shivers, in 1958 for DuPont Corporation. Lycra®

(DE, USA).1%

Most elastane yarns are made from a cylindrical, hyperelastic polyurethane (PU) core,
wound with a loosely wrapped, unspun, non-extensible, micro-filament, nylon strands.!*’
When stretched, the PU core extends with typical Hookean elasticity, as the inextensible
nylon wrapping gradually straightens, it takes up an increasing amount of the loading
force until straightened, whereupon it receives the entire loading force until failure.!**

The properties and behaviour of elastane yarn are expanded in Chapter 5.
2.12 Textile reinforced elastomers in medical device design

Realising the potential of fibre reinforced elastomers, designers of implantable devices
like cardiovascular prosthesis have been capitalising on the mechanical benefits for
decades. Endoprostheses, for example, have been used to treat vascular ruptures and
dissections using woven nylon yarn reinforced with elastomers since the 1990’s,
especially in cases of abdominal aortic aneurysms (AAA).2° PDMS elastomers were
embedded with a woven lattice structure of monofilament textiles that could reliably
reproduce the mechanical characteristics of soft tissue membranes like the human aorta.
In their investigation, Zhalmuratova'! and colleagues used fabric reinforced elastomers
to mimic the mechanical properties of aortic tissue to induce the Windkessel effect,
required for continual vascular bloodflow.!8! In their study, the well-known properties of
stiffness and inextensibility in arterial vasculature, formed the basis for informed

development of the synthetic membranes they produced.?! 202203

Embedded woven fibre architecture works well for devices like stiffer arteries, but it is

not suitable for softer tissues like skin, which need to stretch.

Knitted fabric structures, however, are anisotropic and their extensibility is dependent on
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orientation, just like human skin.® The structure of knitted textiles also makes it
permeable to liquids, which is ideal for creating mechanical bonds with PDMS gels

during the lamination process.

The mechanical advantages offered by fabric reinforced PDMS elastomers are well
appointed by prosthetic sleeve designers. There are numerous design applications with
various fabric types and similar production methodologies usually involving the bonding
of a fabric layer to the outer surface of the microparticle polymer filled PDMS liner (1785
patents). Some examples of the type of fabric used includes- silk and fibreglass,?** knitted

205, 206

lycra, or knitted silicone yarn.?"” 2% Some inventions also site more stretch in one

direction (circumferentially) than another (longitudinally) for the purpose of preventing

the liner elongating with the weight of the prosthetic limb during use.?*% 2%

2.13 Textile reinforced, synthetic membranes

Several studies on the influence of knitted structures and two-dimensional, directional
elastomeric yarns showed great potential as clinical soft tissue surrogates, but the
complexity of their preparation and related costs will likely preclude widespread uptake

by clinical and theatrical prosthetists and design communities, 2% 210- 2011, 212

Wang?!? recognised the value of PDMS/fabric composites for use as a robust membrane
in robotic skins too, supporting their claims with standardised mechanical testing. Using
single binding gel, Zhalmuratova'®!:!82

in a soft PDMS gel (‘Eco-flex 0050° Polytek, USA), woven fabric offered increased

and colleagues also found that, when embedded

strength in membranes for robotic applications as well as aortic prosthesis. They also
noticed that the textile structure and yarn elasticity contributed to the characteristic ‘J’-
shaped or ‘deckchair’-shaped anisotropic stress/strain curves (in uni-axial testing).* This

topic will be expanded in Chapter 5.

One commercialised example of fabric being used to reinforce PDMS-based soft tissue
surrogates include cardiovascular models produced by The Chamberlain Group. They
use coloured, soft PDMS gels, embedded with knitted elastane fabric (shown in figure
2.9), as a means of reinforcing the models, to prevent tearing during surgical training

exercises. Naturally, the production methodology and intellectual property are protected
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with a patent (US 6,685,481 B2).2!* The presence of fabric and its mechanical influence
appears to not feature in their homogeneous designs though, as other anatomical details
are also ignored, like differing tissue hardness, accurate colouration, thickness, and

modulus.

Figure 2.9 PDMS heart model reinforced with knitted elastane fabric.

Image ‘A’ shows the commercially available heart model, produced in the USA with a patented
design by The Chamberlain Group (US 6,685,481 B2).

Image ‘B’ shows a close-up view of the single-layered PDMS gel construction and the knitted

elastane substructure bonded to the surface of the interior.

Investigations into the characteristics of fabric reinforced PDMS membranes, has
previously been reported, but all neglected to describe guidance from any specific test
standard. Interestingly though, some researchers must have recognised test standard
value as they all adopted some elements from the standards, such as specimen dimensions

or test speeds.lsz’ 181,182,210, 211,212, 213, 215

Crucial to organised filler or textile use is bonding of the lamina. Bonding of elastomeric
layers to one another, as well as bonding between the elastomer to the embedded fillers
or textiles, takes two distinct forms, mechanical and molecular.?'® In mechanical
bonding, a changeable, weaker bond is formed as the PDMS gel flows through, and
around, macroscopic gaps in the permeable filler/textile structure. The shape and size of
these gaps (between the individual yarns) are dependent on the type of yarn used and the

method of textile construction. '8!

PDMS gel can only form molecular bonds with other cross-linked PDMS surfaces, so it

stands to reason that the PDMS gel will form stronger molecular bonds where the PDMS
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gel is able to interface directly with underlaying PDMS surfaces.?!” Esteves’ work in this
area suggests that the initially fixed shape and area are also changeable, at both the
preparation phase as tension is applied during embedding, and at the testing phase as the

specimens are deformed and the gaps change shape.?!’

To summarise, the examples discussed in this section draw many parallels with the
curious mechanical behaviour of soft tissue membranes in that they are heavily
influenced by the concentration and arrangement of natural fibres like collagen and
elastin.?!% 2% 220 While collagen bundles are crimped and coiled in their relaxed state,
they stiffen when straightened under tension.??! Elastin (like elastane), is highly elastic,
as its name suggests, but is weak and breaks easily when its elastic limit is exceeded.*!
Natural fibres found in organic membranes, like skin, have a directionally bias structure
that helps limit their extensibility, much like fabric reinforced elastomers. Organic fibres
present in soft tissues are even similarly bound together in a soft viscous gel like material
referred to as ‘ground substance’.*! 222 Coalesced by the ground substance, fibre

architecture and gel composition complement one another, mechanically speaking.?*’

Next, we look at the behaviour of very soft tissues that have little or no real structure or

strength.
2.14 Characteristic behaviour of very soft, oily tissues

In contrast to fibrous soft tissues that require embedded fibres and textiles to limit
extensibility of synthetic surrogates, very soft oily tissues have a much different set of

requirements for synthetic emulation.

As the most easily accessible and commonly handled very soft tissue, fat, or at least
subcutaneous adipose tissue (SAT), found just under the skin, represents the best
documented very soft tissue in the literature.??* 22226227 Physiologically speaking, SAT
is a deposit of fragile, thin-walled cells that accumulate just under the skin adjacent to
the dermis.??® Due to its proximity to the skin it is sometimes referred to as the
hypodermis. Strictly speaking though, it is not part of the skin, nor is it connected to the
skin in the same way that the epidermis is connected to the dermis.??’ SAT is only loosely

connected to the skin, mainly due to its softness, friable nature, and poor structural
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integrity.?*° The physiologic union of the dermis and the fat is called the dermal-fat
interface or the ‘apical layer’. This is an extremely thin layer of fatty tissue that loosely
connects the skin to the underlying fat.>** The interconnecting structures that join the skin
to the underlying anatomy pass through the SAT layer, joining the dermis to the fat via

capillary blood and lymphatic vessels, and tiny nerve endings.

For this reason, the skin can be easily debrided from the underlying fat in blunt dissection,
but also from the muscle facia below the fat. In contrast, the epidermis and dermis are

very difficult to separate without significant chemical or mechanical abrasion.?*

In summary, very soft, oily tissues should be considered, treated and characterised as a
separate soft tissue membrane. In practical, synthetic surrogate applications like clinical
or theatrical prosthetics, they could be weakly bonding to the more substantial layers of
soft tissue to keep them in place while providing enhanced membrane mobility with their

self-lubricating qualities.

Nineteenth-century clinical investigators of fatty tissues were quick to recognise that its
mechanical behaviour was similar to that of an oily gel. Due to its oily nature, it is
incompressible and immiscible with water-based substances like blood. Due to oil's well-
known temperature-dependant mechanical characteristics, fat is highly temperature-
dependent in its response to deformation too.”* In 2010 - 2012 Comley and Fleck
provided a detailed review of the mechanical properties of adipose anatomy,
documenting the response of SAT to mechanical stresses, however, their observations
were based on non-standard test methods using custom-made equipment, making
repeatability and comparison of physical attributes, amongst research groups, somewhat
problematic.?*! 232 233 Nevertheless, Comley and Fleck showed that SAT had Young’s
modulus of 0.011 = 0.006 MPa, exhibiting a non-linear, stress-strain curve up to 30 %

(extension) in uni-axial elongation. 231232233

Indentation (hardness) by durometer tests on fat samples from human patients found
visceral fat to be softer than adipose fat.** Unfortunately, once again, indentation tests
and result analysis failed to adhere to a standard, rendering results without comparative
merit. Most studies that use bespoke test equipment have unfortunately failed to share

full details of their test apparatus’ construction and specimen conditions like hydration
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and temperature, conditions well-known to affect the hardness and elastic response of

both organic soft tissues and synthetic elastomers.*!* 2

Mechanical tests on other very soft tissues, where elevated hardness is an indication of
disease, in conditions like liver fibrosis and skin sclerosis, hardness has been previously
measured by indentation with a Shore hardness durometer.!”- 236:237. 238.239 Iy the same

way, the fat pad of the heel has also been characterised by durometer hardness tests too.>*

Chanda®!'” built on Tong’s**° findings to create a synthetic, PDMS-based model that was
able to mechanically mimic the fat pad. The value of test standards, especially indentation
by durometer, are recognised and reported, but no examples of adipose fat hardness

measurements could be found in the literature.

Perhaps such scarcity is due to biomechanical researchers not recognising the real value
of transferability offered by agreed standards, or perhaps the format offered by the
standard lacks sufficient detail for their study. Whatever the reason, despite the dearth of
conforming literature, specific to adipose tissues, tests like indentation by durometer
demonstrate how standardised measuring techniques are key to repeatability in
development of soft tissue surrogates. Critically, widespread access and affordability of
durometers and the results they produce can be validated and repeated with the same

universal standards and equipment.

Due to the gap in the literature, an objective of this chapter is to identify adjustable
material characteristic properties, so that they might be used to simulate their biological

counterparts.
2.15 Bio-inspired, very soft membranes

In this section, the various compatible liquid fillers available for PDMS gels are
introduced. This is followed by a review of the literature with a particular focus on the
use of PDMS oil and how PDMS oil dispersal in PDMS gel can be used to influence
mechanical properties like hardness and elastic modulus, to mimic the properties of very

soft tissue reported in the literature.

Various, commercially available liquid additives are used in conjunction with PDMS
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elastomers for prosthetic applications. Liquid additives are used to alter the

characteristics of the elastomer, usually during preparation.

PDMS oil is more widely recognised for its non-toxic lubrication properties in sports
equipment, engineering, and cosmetics, as well as its anti-foaming effects in food
preparation.”® 24! PDMS oil is also used in clinical applications, like ocular therapy, most

notably for use in retinal tamponade studies, due to its excellent optical clarity.?4? 243244

While PDMS oils are well known for their optical and lubricating properties in other
disciplines, they are poorly understood when adapting them for prosthetic use in the
simulation of soft tissues.?*> 246- 247- 248 Ty an attempt to prevent biocontamination and
fouling of medical devices researchers have previously created a bio-inspired, self-
lubricating ‘mucus membrane’ using PDMS gels, diluted with oil. Howell and Cui were
among the first to report on the self-lubricating and self-healing properties of oil saturated
PDMS elastomers. 24> 2*® Since then, other studies have used fabric reinforced, cured
PDMS membranes, soaked in oil, when investigating antibacterial, non-sticking
properties for wound dressings.?>% 2! Sotiri also noticed that changing the stoichiometric
ratio of the two-part PDMS elastomer (Dow Sylgard 184) had a greater effect on
softening and elasticity, than the viscosity of 0il.>>! This was mostly due to swelling of
the PDMS caused by prolonged submersion in an oil bath though, rather than true
dispersion in the gel matrix that is achieved by mixing the oil in with the PDMS gel

during its preparation.

The most common method employed by other researchers for softening PDMS
elastomers, involves altering the manufacturers stoichiometric ratios, 23! 252253 however

this causes unreliability, instability, poor repeatability, and post-cure material flow.”*

To maintain material integrity, it is important to use the manufacturers specified

stoichiometric ratios and use recommended additives as required.

Importantly, softeners like ethoxylated polyethyleneimine (PEIE) also introduce other
mechanical side effects during the cross-linking process. Adding softener promotes
intrinsic material tackiness, which increases adhesivity as more softener is added, which

is a problem when trying to emulate very soft tissues that are often slippery and limp to
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handle.!”” PEIE also increases viscoelasticity and reduces hardness that will be discussed

later in this chapter.® 2>*

Due to their lubricating qualities, the dispersal of oil in gel does not result in increased
tackiness. The softening effect of PDMS oil has previously been mistaken for PEIE-
based softeners like ‘Smith’s prosthetic deadener’ due to the similar softening
properties;>>> however these are very different materials that yield different results when
mixed. Most notably, PDMS oil cannot cross-link with the PDMS gel as PEIE does.
Instead, the added oil is free to migrate through the cured gel, resulting in an oily, self-
lubricating gel whereas PEIE cross-links with the PDMS forming a permanent, sticky

bond.?*¢

257 (University of

Researchers at the Optical and Biomedical Engineering Laboratory,
Western Australia) recognised some influential properties of PDMS oil dispersion in
PDMS elastomers. They established that dispersal of PDMS gel in PDMS oil created
very soft, viscoelastic tissues like fat, connective visceral tissues, or soft friable internal
organs. 2>’ The mixing ratios specified on the OBEL website claim that between 100 %
and 600 % (by weight) oil dispersal in a relatively firm 45 Shore A hardness PDMS
rubber yielded moduli between 0.3MPa and 0.01MPa, respectively. 2>’ Hardness results

were within range of most very soft tissues given in the literature, but a lack of reported

test methodologies or standards, restricts validation of the results.

PDMS gels and oil have also been successfully used at higher oil percentages to simulate
soft tissues, specifically for medical imaging training. For example, Oldenburg®*® used
900 % oil in a PDMS firm 44 Shore A hardness PDMS rubber to simulate human skin in
magnetic resonance imaging scenarios. Liang® used similar percentages of oil to create
soft tissues phantoms for magnetic resonance elastography imaging, noting that the
elastic modulus of the cured PDMS changed from 0.359 MPa to 0.012 MPa as the amount
of oil was increased from 100 % to 900 %, respectively. Other similar investigations used
a firm PDMS, with a 43 Shore A hardness, to look at the changes in tensile and shear
characteristics with the addition of 10 - 30% oil dispersal, where a significant softening
effect was observed.?®® Once again, in both of these studies, no test standards were

mentioned or adhered to, making validation and further development problematic.
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PDMS oil has also been used as a mixed viscosity reducer. In one study, up to 50 % oil
(by weight) was added to a PDMS gel to reduce the mixed viscosity. Investigators noticed
that the modulus of the composite reduced as the percentage of oil was increased, which
was in agreement with other similar studies.?®! Other investigations have explored the
potential of PDMS oil as a thinning agent to reduce the mixed viscosity of PDMS
elastomers. Ustbas®®? and colleagues formulated blends of PDMS gel and PDMS oil to
simulate the optical properties of breast tissues for medical imaging. They observed a

softening effect as the amount of oil was increased from 50 % to 83 %.%%

Others have also reported the mechanical changes in PDMS gels resulting from additions
of PDMS oil. Zhang?®® and colleagues, added 25% oil to their PDMS gel to reduce
viscosity and aid the dispersal of dry filler particles, like fumed silica and starch. Zhang’s
study is unique in the literature (concerning PDMS gel composites), as it used a
repeatable methodology, based on known, agreed test standards.?®® In particular, Zhang’s
team used two standards- tensile testing, that adhered to ASTM D 412-16 and shore
hardness tests that adhered to ASTM D2240-15.

- B

Figure 2.10 Demonstration of the slumping effect caused by dispersal of PDMS oil.

When cast as a thin membrane, PDMS gels still exhibit high elasticity and some rigidity shown
in image ‘A°’. When PDMS oil is added to PDMS gel, it disrupts the cross-linking process
required for curing. The disruption does not stop the curing process, but it does disrupt the
molecular structure. The presence of oil is known to cause dangling chains of polymers that
have only one attached end and one free end that is highly mobile. This mobility causes the

PDMS gel to lose its elasticity, allowing it to slump under its own weight, shown in image ‘B’.

Interestingly, the unique, self-lubricating properties of oil saturated PDMS elastomers
has been linked to its molecular structure (when cured), where the presence of oil
prevents the elastomer from fully cross-linking. More specifically, dispersal of PDMS

oil in a cross-linked PDMS gel causes what are known as ‘daggling chain polymers’.2%3
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Dangling chains are unfixed ends in the polymer chain, allowing for greater mass
mobility as some of the free polymer chains struggle to form a molecular bond with one
another. From a prosthetist’s viewpoint, this causes a characteristic softening and
slumping effect that becomes more pronounced as more oil is added.!!"> 2%* (as shown in
figure 2.10) Slumping or relaxation phenomena is a trait typically associated with very

soft, organic tissue behaviour, like SAT, the spleen and the liver.!! 263

In this section, it has been shown how PDMS gels can be manipulated in various ways
to change the native mechanical properties of a variety of PDMS gels. There remains a
clear gap in the knowledge about the precise effect of PDMS oil dispersal in PDMS gels.
It is not known precisely how oil dispersal effects hardness, elasticity or other physical
qualities important to prosthetists’ emulation of human SAT and other very soft tissues

or organs.

Next, we examine some of the known mechanical phenomena observed in soft membranes,

when they are subjected to mechanical loading, in the context of the literature.
2.16 Behavioural phenomena of soft membranes

The mechanical behaviour of soft, multi-layered, anisotropic, viscoelastic composites is
complex, and mechanical tests often yield results that are difficult to interpret without
some appreciation of the associated behavioural phenomena.’® Here, relevant
phenomena that have previously been observed in natural and man-made soft membranes
in order to highlight their significance and gauge potential influence on the materials
created for this study. Behavioural phenomena of organic soft tissues and synthetic
surrogate materials are introduced here to provide a background for the chosen materials
and test methods, as well as a rationale for the presentation and interpretation of the
results. Detailed mathematical modelling and finite element analysis methods, often used
to validate soft tissues are beyond the scope of this investigation. Results of empirical
mechanical tests are used throughout this work to identify target specimen groups of

significant interest for future exploration, where they occur.

In this section, behavioural traits that are unique to soft, multilayered elastomeric

compounds are introduced and discussed. Examples of these traits include- anisotropic
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non-linearity, viscoelasticity, stress/time/history dependant hysteresis, strain hardening
and strain softening characteristics.*!> 4> 2¢7 Behavioural phenomena such as the Payne
effect and the Mullins effect are associated with these traits and have been observed in
previous mechanical evaluations.*> 4 2% Other previously undocumented,
uncharacteristic behaviour are also introduced in this chapter; in particular, the Piobert-
Liiders (or Liiders) effect (banded, hierarchical extensibility), and the Portevin- Le
Chatelier (PLC) effect (serrated stress/strain curves).?*>27% These effects were observed
during unreported, preliminary experimental testing of materials by the author, prior to
this thesis. Discussing these effects is therefore necessary to provide the reader with a

comprehensive understanding of the mechanical behaviours discussed in this work.

A review of key sources that describe phenomena such as the Payne Effect, the Mullins
Effect, the Liiders effect and the PLC effect, respectively, are presented. Observations of
these unique characteristics help deepen our understanding of synthetic membrane
behaviour and strengthen the validation of physical models of soft tissue membranes used

in this investigation.
2.16.1 Mechanical hysteresis

Mechanical hysteresis is the change in response to loading during cyclic tests that
precondition the material being tested, to reveal viscoelastic, time dependent
characteristics.*! Preconditioning is a key factor in identifying the impact on anisotropy
caused by fillers like fibres, yarns, and fabrics, as well as fluid fillers like oils. There is
also arelated international standard (designed for elasticated fabric) that could be adhered
to when preparing, testing, and reporting data, which will be discussed in the next chapter
in detail. Strangely, none of the consulted literature concerning the topic of multi-axial
compression, mentions use of the standard.?6% 271-272.273.274 Ag previously stated, lack of
an agreed standard (adapted or otherwise) makes universal comparison almost

impossible.?”

For materials that have a multi-layered structure that also contain fillers, cumulative
mechanical influences should be expected. Cyclic mechanical loading of filled
elastomers in previous studies reported strain softening with hysteresis curves that

usually start well-spaced from one another, but gradually move closer together.?’® The
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principle effects caused by preconditioning of elastomers is shown in more detail in the
final sections of this chapter. Cyclic test procedures are characterised (in the standard)
by the multi-axial test (BS EN 20932-2), which will be discussed in the next chapter
(Chapter 3). The current test standard specifies up to 10 cycles are enough to consider a
specimen sufficiently ‘preconditioned’, which is in agreement with Fung’s earlier work

on preconditioning soft tissue membranes.*! 273

As loading history accumulates in the specimen with each additional cycle, the loading
and unloading curves move closer together until, in some cases, they appear one on top
of another, representative of a preconditioned specimen, at least for soft tissues.*!
Henceforth, readings can be confidently taken, assured there will be no further plastic
deformation, so long as the load does not surpass the preconditioned threshold.*!' In some
stiffer elastic materials where preconditioning could be thought of as a key feature of
their organic function, like ligaments and tendon, the preconditioning phase can be
considerable (ranging from 100 to 1000 cycles).?”” As there are no standards being
adhered to, each research group usually chooses to precondition specimens however they
see fit.*" 277 Of course, varying the number of preconditioning cycles inevitably
introduces additional variables in experimental tests, especially in force decay,
relaxation, and permanent deformation (bagging). Bagging occurs when a fixed shape
sags after being deformed and allow to return to its relaxed state, permanently deformed.
Therefore, the number of cycles should be fixed at ten for all tests (five loading and five
unloading cycles), which is consistent with the standard and other similar cyclic tests

conducted on soft tissues.?”>

The physical characteristics, used to quantitatively measure soft membranes in the
literature, can be reduced to simple tactility, or user perception of material behaviour,
like hardness when pressed and slumping when held in the hand. Essentially, how it
responds to deformation from human interaction, deformation and mechanical forces.
Viscoelasticity is one of these key characteristics. How the material slumps in the hand
when being handled is a good way to visualise viscoelasticity in the context of this work.
Put into terms of biomechanical components, relaxation is smallest in elastin, larger in
collagen, but largest in smooth muscle (found in connective tissues, hollow organs and

some vasculature). Relaxation, viscoelasticity and the softening of elastomeric materials
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during mechanical deformation, can be attributed to five important phenomena
established by five key texts in the literature: Preconditioning*!, The Payne effect*®: 268
and the Mullins effect 47 and, to a lesser extent, the Liiders effect’?® and Portevin-le

Chatelier effect.?’® These will all be discussed briefly in the following sections.

2.16.2 The Payne Effect

The Payne effect, also known as the Fletcher-Gent effect,*

can be simplified as a
softening effect that occurs in filled elastomers and fibrous soft tissues at small strain
rates and so, is reversible. It has a significant effect on the behaviour of elastomers and
should not be ignored when designing, testing, or validating specimens.?’® Usually it is
accompanied by a loss of elastic modulus at increasing or constant strains and normally
disappears with the absence of filler.?”” Researchers attribute the cause of the Payne effect
and indeed, the Mullins effect (discussed in 2.16.3) to the non-uniform size, distribution,
and quantity of fillers used. Since fillers are being used in this work too, both effects are
introduced here. An increase in elastic modulus often accompanies the addition of fillers
in elastomers, but it also causes a dislocation and reorientation, and sometimes the

reformation, of bonds in the elastomeric matrix exhibited as a mechanical softening

effect. 280 281
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Figure 2.11 Strain softening traits of the Payne effect [Ramier, J.].”*? Note the non-linear
decrease in specimen stress as strain is increased at low strains <0.2. Reused under the

Creative Commons Attribution-Non-Commercial- No Derivatives License (CC BY NC ND).

Typically, the Payne effect is observed at small strains (under 20 %) and can be attributed
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to the dislocation and reorientation of embedded fillers like powders, loose fibres, or
fabrics.!*!> 268 More recently, Morozov®* 284 identified that the type of filler used and its
composition or arrangement in the rubber influences the extent to which the Payne effect
influences behaviour during deformation. In addition to filled synthetic elastomers, the
presence of collagen and elastin fibres within soft tissues exhibits similar responses to
deformation in multi-axial compression during cyclic testing and has previously been

linked to the Payne effect.?®

Human skin has been shown to be heavily influenced by the anisotropy caused by the
directional fibres, leading to hardening at high strain rates and softening at low strain
rates.’® 172 Both biological soft tissues and filled synthetic elastomeric surrogates can
exhibit anisotropic, viscoelastic properties attributed to the Payne effect, but also the

Mullins effect, which is discussed in the following section.*!: 4% 267.274

2.16.3 The Mullins Effect

The Mullins effect is the progressive cyclic softening seen most often in filled rubber.
More specifically, the Mullins effect describes the irreversible change at high strains in

the mechanical properties of a soft, filled rubber that occurs during the first few
46,47, 153,272
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Figure 2.12 An example of the hysteresis curves affected by the Mullins effect.
The Mullins effect as seen during preconditioning/cyclic loading. The rate of recovery measured
by force decay and degradation show how the Mullins effect influences membrane behaviour.
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The permanent aspect of the phenomena is caused by breakage of the bonds between
filler particles and the surrounding matrix.*’ The softening effect increases as filler
concentration increases, evidencing a strong relationship between filler amounts and the
amount of strain softening.?®’ Diani*®’ and colleagues provide a comprehensive review
of the literature concerning the Mullins effect, but they argue that its precise effects are
still poorly understood and are often mistaken for the Payne effect. 2’ Both phenomena
describe softening of thermoplastic elastomers and filled elastomers, but are

288 and colleagues call- ‘glassy bridges’

differentiated by the behaviour of, what Merabia
in their structure that occur during deformation, like extension.?®® The Mullins effect is
used to describe the destruction of these ‘glassy bridges’, which progressively lessens the
number of overall bridges as the material continues to be stretched putting further strain
on the remaining bridges. As the material weakens, energy is lost and the softening effect

is observed. The change is permanent.?®

The Mullins effect was previously observed during uni-axial cyclic testing on porcine
skin, where the investigators also found that the hysteresis loops, continually decayed

and then stabilized, similar to the behaviour of human skin observed by Fung. *!-264

In contrast, skin from smaller mammals tends to respond quite differently to
preconditioning deformation. Lanir?®® found that a preconditioned rabbit skin will return
to its original size, but only after a large relaxation period, while living rat skin was found

to fully recover after cyclic preconditioning, perhaps due to perfusion of living skin.'
2.16.4 The Liiders effect

The Liiders effect is a phenomenon that describes the progressive succession of loading
across the test specimen starting at the grips and radiating to the centre of the specimen
in waves or bands of increasing stress (in uni-axial tests).?*” Liiders bands, as they are
known, are observable in stress strain tests on ductile metals and are often visible as

serrations in the stress/strain curves prior to specimen yield and failure.?% 2!

Of the three types of strain reliant Liiders banding, first described by Liiders, type ‘C’
bands are more likely to occur in softer materials as they are usually observed at lower

strains in ductile materials.?® In their study of the mechanical properties of styrene-based
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thermoplastic elastomers, Torres and colleagues discovered the appearance of Liiders
banding and related Portevin Le Chatelier effect apparent in results, during uni-axial
tests.””> Similar material behaviour was also observed in uni-axial extension tests on
polycarbonate,?®® and polyurethanes.>”* Homogeneous polymeric materials like PDMS
gels that have been dispersed in PDMS oil during preparation, might also exhibit a similar

banded uni-axial extension.
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Figure 2.13 Schematic of Liiders effect in uni-axial extension.

Image ‘A’ shows how metallic specimens stretch to cause Luders banding in uni-axial
extension tests.”” Image ‘B’ show the Luders banding effect on three types of aluminium alloy
each band type is known as band type A, B and C, influenced by thickness and stiffness of the
specimen. The serrated flow patterns shown in both images is associated to the Portevin-le
Chatelier (PLC) effect’, described in 2.16.5. The serrations in the stress strain curves
continue until the Liiders strain threshold is reached, at which point the curve may resume its

uniformity until the ultimate tensile strength is met and the specimen ruptures at failure.

The presence of dangling polymer chains discussed earlier, may play a key role in Liiders
banding formation due to the uneven molecular distribution of elastic response.?** This
shows that, although ductile metals like steel and soft polymers like polystyrene appear
to be nothing alike, mechanically speaking, there may be some similarities that are not

immediately apparent or previously reported in the literature.

From a pragmatic viewpoint of the prosthetist, presence of the Liiders banding may not
have a great impact, but for broader applications like robotics and medical device design,

it will be an important mechanical feature to be avoided.!!!> 296297, 298, 299,300
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2.16.5 The Portevin Le Chatelier effect

The PLC effect has been used to describe the serrated plastic flow and yield of ductile

materials, like some metals such as steel®!

and aluminium, but has never been observed
in elastomers.*? It usually occurs when the test specimen weakens in one specific area
(Liiders band formation) which propagates towards the centre of the specimen as
extension proceeds. The phenomenon (seen in uni-axial extension to failure) is caused
by instability in the microcrystalline structure and its subsequent progressive failure and
recovery due to what Ren calls a “compartmental reorganisation of the molecular

structure”.*** At a macroscopic level, the test specimen hardens, weakens, and yields in

a cyclic fashion as strain is increased leading to the jerky, serrated vector seen in the
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Figure 2.14 Serration types associated with the Liiders and PLC effect.

“Schematic illustration of the shape of the stress vs strain curves corresponding to the three
different types of spatiotemporal arrangements of deformation bands associated with plastic
instability”>"* Reused under the Creative Commons Attribution-Non Commercial-No

Derivatives License (CC BY NC ND).

Again, this phenomenon may have a limited impact on the pragmatic side of prosthetics,
but other related disciplines that make use of these findings may find it of great use,
especially in robotics and medical device design.?’> 2% 2%%: 390 Extracting as many
physical characteristics as possible from data sets will serve to deepen our understanding
of synthetic membrane behaviour and strengthen future design and validation of soft
tissue surrogates. In the next section the various test methods and equipment used to

measure soft membranes that are reported in the literature, are presented.
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2.17 Test methods for soft membranes and validation of results

The wide range of methods and equipment used to test the mechanical properties of soft
tissues exists because of the requirements demanded by the discipline. For example, a
plastic surgeon’s need for data on the mechanical properties of skin'4 are very different
to the needs of a dermatologist’® or pharmaceutical company.>*® In other words, the
focus, method, equipment and test site location understandably change in relation to the
discourse. This discriminatory approach to testing is useful for the group leading the
investigation but does little to advance the collective understanding of soft tissue and
elastomer behaviour, when results cannot be reliably reproduced or compared. To
replicate any soft tissue membrane, it is essential that characterisation methods are
aligned to deliver reliable results. For example, a study exploring the hardness of the
pancreas, compared it to PDMS-based alternatives.>*” In their investigation, indentation
by durometer would have produced results that would be easily compariable and
transferable. Instead a new tactile resonance sensor, was employed, with no standard
referenced, again making comparison of results with other studies problematic.’%® As this
study is concerned primarily with validation and replication of the tactility of /iving soft
tissues, reports on in vivo methods, in humans, will be given preference where they exist.
Despite the obvious inaccessibility of live human organs, some investigators have been
able to successfully gather standardised data on mechanical properties of organs like the
liver, during live surgery or immediately after the organ is removed from the body.>*¢3%
Both investigations used contact-based, non-destructive methods like indentation by
durometer, but examples like these are very rare in the literature. The mechanical
properties of human skin, both in vivo and ex vivo (and in vitro) have been studied
extensively in the literature, thanks to its accessibility. Research into the mechanical
properties of soft tissue membranes like skin have, historically, been predominantly
driven by dermatological research for the cosmetics industry. Decades of research by
dermatologists has shown that the multi-layered structure of skin and its elastic response

to stress, have been linked to many variables such as hydration,’! age, 28310311, 312,313,314

50, 315 188, 315 315
2

site location on the body, sex weight, lifestyle,”’> and other factors like
temperature.’!® 37 During previous studies, data gathering methods, equipment and
interpretation of results are rarely directly comparable due to the considerable variables

that impact the results, with site location being arguably the most influential.!$- 30 172, 173
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Soft tissue characterisation methods and equipment, that have no clear standard to follow
for reporting results, are typically non-contact methods such as; vibro-acoustic
spectrograph, harmonic motion imaging,*'® quasi-static compression and strain imaging,
dynamic shear wave elastography, shear-wave propagation, sono-elastography and
magnetic resonance transient elastography.’!” Other non-contact methods include,
acoustic radiation force-based elasticity imaging,*?° and ultrasound elastography.>?° All
of these techniques and related test devices are perfectly valid for limited research groups,
with access to specific test equipment, but non-contact medical imaging methods cannot
be reliably compared with contact methods for mechanical characterisation, partly
because of the nature of these tests, but mainly due to the lack of suitably comparable
test standards. Other methods that were not included in this investigation are; torsion,'®8
and suction,*?! again, because of the lack of standardised equipment for testing. In silico
modelling was also not used for the same reason, although it may be possible with some
reverse engineering, this was not the focus of the current work. Although ex vivo studies
and those carried out on non-human specimens such as pigs do have value, as porcine
tissues are similar in appearance and function to human tissue (in vivo and ex vivo)>??
such data will be used sparingly, as some studies show porcine tissue to be stiffer and
less extensible than human tissue.!%32%324.325 Other studies have shown current artificial
skin models to be stiffer as well.>*® It has also previously been shown that, due to
preservation methods and tissue morbidity, that cadaveric tissues lack some
characteristics of living counterparts, but are still considered here, especially where no
values exist for living (human) subjects, or the mechanical tests required to characterise

the specimens are destructive by nature.*’
2.18 Relevant data from the literature

In this section, relevant mechanical data describing biological soft tissues have been
compiled to identify some transferable values that are in agreement with one another. In
their review of the mechanical properties of human skin, Yazdi and colleagues provide a
detailed account of mechanical characterisation results.>!? Literature on the mechanical
properties of human adipose tissue are rare though.** 32% 3% More common are

investigations of animal adipose tissues of the pig.6% 231- 232,233,330
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2.18.1 Young’s modulus data in the literature

Young’s modulus is used primarily in engineering terms to describe measurements of
stress (force) and strain in metals and crystalline structures, but only in the elastic range
of a material.'> **°* Young’s modulus (MPa) values reported in the literature have been

compiled in Table 1.

Table 1. The Young’s modulus of human skin reported in the literature.

Specimen site | Method Modulus range (MPa) Strength range (MPa) Reference
Forearm skin | Indentation | Modulus - 331
(Micro) 0.35-0.5
Forearm skin | Indentation | Modulus - 18
(Micro) 0.04 - 0.08
Forearm skin | Indentation | Modulus - 332
0.006 - 0.01
Back skin Uni-axial Modulus - 39
(Tensile) 4.6 -20
Back skin Uni-axial Modulus UTS (ultimate tensile 50
(Tensile) 49 - 117 strength)
13.2-30
Back skin Uni-axial Modulus UTS 172
(Tensile) (Parallel to Langers lines) (Parallel to Langers lines)
107.6 — 214 22.3-33.7
(Perpendicular to Langers (Perpendicular to Langers
lines) 11.1 - 130.1 lines) 10.4 — 20.8
Maxillofacial | Uni-axial Modulus UTS 128
skin (Tensile) 14 -35 2-5
Maxillofacial | Uni-axial Modulus UTS 173
skin (Tensile) 20 1.5-45
Abdominal Uni-axial Modulus UTS 16
skin (Tensile) 3-53 1-24
Abdominal Uni-axial Modulus UTS 174
skin (Tensile) 3-18 2-15
Abdominal Uni-axial Modulus - 175
subcutaneous | (Tensile) 0.001 — 0.004
adipose
Abdominal Uni-axial 0.001 —0.002 - 329
subcutaneous | (Cauchy)
adipose

Table 1. The Young’s modulus of human skin reported in the literature.

Indentation tests and uni-axial tests included in this table are also referenced in the

related supporting literature.'® *>212:312.333

Young’s modulus is the most commonly applied denominator for mechanical properties

of soft tissues in the literature. The test methodologies used to gather data, included in
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the table, recognised the standard (BS/ISO 37), or at least some aspects of it. Despite
some test protocols being observed in most of the tests that were reported, the standard
itself may not have been acknowledged specifically, perhaps because it was developed
for rubbers and thermoplastic elastomers, rather than soft tissues. No equivalent standard
exists specifically for soft tissues, despite the agreed similarities to elastomer behaviour
already presented. So, results presented in Table 1, are given preference where test

specimen shape, equipment, test speed or forces can be linked to the standard.
2.18.2 Hardness data in the literature

Hardness of soft tissues is easily measured with a device called a durometer using the
standard (ASTM D2240). The Shore hardness readings given by the durometer ranges
from 0-100 and will be discussed in more detail in the following chapter (Chapter 3).
Soft tissue membranes like skin are usually measured in OO shore hardness. Because the
orders of magnitude in Shore hardness overlap, the harder Shore hardness O (H O) and
softer Shore hardness OO (H QO) are can be easily mistaken for one another.**® The
orders of magnitude actually overlap quite a lot, but are quite different, shown in Table

2 and discussed in detail in 3.2.1.

Table 2. The Shore hardness scales (O, OO and OOO.

1 50 100

O Shore Hardness

1 50 100

OO Shore Hardness

1 50 100

00O Shore Hardness

Harder > Softer

Table 2.  Table of Shore hardness results from the literature.
This table shows three Shore hardness scales. Each scale is effective from 1 to 100. Each
colour in the table represents a different hardness scale and shows its relationship with the

other scales. Conversions are not exact and vary slightly with brand and location.

It should be noted that it was recently proposed that use of the durometer to measure

living skin can be misleading when the underlying tissue thickness is not reported.??” In
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contrast, when gathering data on surrogate soft tissues, the thickness can be reliably

measured.

Table 3. The Shore hardness (OO) of human skin reported in the literature.

Specimen site Hardness range (Shore OO Reference
hardness)
Heel pad 399-46.4 334 *
Heel pad 50 -60 237
Sole of foot 33.8-45.5 335
Forearm 28 -50 336
Forearm 25 238
Upper arm 18 238
Hands 15 238
Leg 25 239
Fingertips, Forearm, 25-58 17*
thigh and forehead
Sole of foot 20 -37 337*
* assumes OO not O as stated

Table 3. Table of Shore hardness results of human skin reported in the literature.
This table is a comparative table of hardness value of human skin reported in the literature.
References allocated with a * were determined to be reporting errors that will be discussed at

the end of this thesis in Chapter 7.

2.19 Discussion

This chapter provides an overview of our deepening understanding of soft tissue
membranes, over the last few hundred years, mapping the growth of interest in soft
membrane behaviour over the last 30 years, especially. It has also been shown how soft
tissue surrogate materials like PDMS, have been employed in medical education and
prosthesis development, thanks to their availability, affordability, and versatility, but the
mechanical influence of PDMS additives have not been reliably measured. Literature has
shown the changeable behaviour of natural and synthetic soft membranes, under load,

are influenced by embedded textiles, fibre type, density, and arrangement. Fiber-
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reinforced elastomeric composites, used in medical implants, for example, draw design
inspiration from the functionality of natural fibres like collagen and elastin found in soft
tissue membranes. Embedded fillers and textile structures control mechanical
characteristics of synthetic soft tissue interfaces, like replacement arteries, prosthetic
sleeves, and surgical simulations, but the variety of available additives have not been
tested and assessed alongside one another before. A poor understanding of tunability in
commercial PDMS gels, hampers development of more realistic soft tissue surrogates for
use in clinical and theatrical prosthesis, surgical training aids and implants. The
mechanical behaviour of softened or reinforced, multi-layered PDMS composites, that
are familiar to clinical and theatrical prosthetists, have never been properly characterised
using agreed standards. Unique traits exhibited by soft elastomeric membranes, such as
anisotropic non-linearity, viscoelasticity, and stress, time or history dependent hysteresis,
are well understood in soft tissue mechanics, but poorly understood in materials familiar
to prosthetists. These behavioural traits, and the related phenomena, like strain hardening,
strain softening and preconditioning, can be determined by standardised mechanical
tests, seldom reported in the literature. The characteristic behaviour of soft tissues can be
used to inform design practice and fabrication of new realistic, soft tissue surrogate
membranes. An understanding of these principles is key to identifying adjustable material
characteristics to simulate biological counterparts, such as human skin, fat and other soft
tissues. The mechanical properties of soft tissues vary depending on the discipline,
leading to a wide range of methods and equipment prevalent in the literature. This
discriminatory approach to testing hinders understanding of soft tissue and elastomer
behaviour. Non-contact methods like vibro-acoustic spectrograph, harmonic motion
imaging, dynamic shear wave elastography, sono-elastography, magnetic resonance
transient elastography, and ultrasound elastography are unsuitable for comparable
mechanical characterisation due to the optical or molecular properties of PDMS
substitutes. /n vivo methods are preferred for validation and replication of soft tissue
properties, but data on these methods are almost exclusively restricted to Shore hardness
results, due to the destructive nature of other test methods. To help summarise the types
of suitable data gathering methods figure 2.15 covers topics introduced in the next
chapter. It shows two examples of typical uni-axial and multi-axial data gathering
methods that help describe the behaviour of organic and synthetic soft membranes, and
where data might be gathered, with standardised methods documented in Chapter 3.
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Figure 2.15 Mechanical data gathering regions reported in the literature. This table
summarises the regions that are of interest to the communication and documentation of

specific tests important to reliable and repeatable analysis of the results.

2.20 Conclusion

The gaps in the knowledge identified in the literature can be reduced to three key areas
for investigation. Firstly, the mechanical impact of PDMS additives have not been
reliably measured. Secondly, the variety of available additives have not previously been
tested and comparatively assessed alongside one another using the same materials and
standards. Thirdly, the mechanical behaviour of softened or reinforced, multi-layered
PDMS composites, that are familiar to clinical and theatrical prosthetists, have never
been properly characterised using agreed standards. Finally, bridging these gaps in
knowledge will accelerate development of a wide range industries currently fuelled by
prosthetist’s tacit know-how. For the first time, prosthetists will be able to make informed
design decisions about the mechanical performance of their creations, empowered with
the ability to reliably predict behavioural outcomes relating to the additives they are so

familiar with.
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Chapter 3
Test Standards, Equipment and Methods
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3.1 Introduction

This chapter aims to map out the test standards used to report experimental data and
describe the methods and rationale for each test used. This chapter will not discuss
universal test protocols published in the literature except where some options or
equations help describe the method. For a comprehensive overview of each test

procedure, readers are invited to visit the referenced standard instead.

International (ISO), British (BSI) and American (ASTM) standards, which are
considered internationally acceptable and available globally, were used throughout
this work to make results repeatable and accessible to others. Although each standard
sets out specific instructions for reliable mechanical characterisation, they have
options to suit different applications within each standard. So, this chapter also defines

the specifics of each test by describing the particulars.

Data gathering methods that adhere to an agreed standard prevent confusion over test
conditions, equipment, method, materials or analysis. Each test standard used here to
define the behaviour of various PDMS composites, is based on similar examples in
the literature conducted on skin or similar PDMS membranes. Because of the
mechanical similarity of soft tissue and soft elastomers, studies on both subjects will
be discussed and assessed for their transferability and merit.

Building on the knowledge generated by contributory fields, there are several suitable,
agreed test standards that can bridge the gaps between disparate disciplines. Some
tests are adapted from elasticated textile or rubber test standards, while others are
specifically designed for soft tissues and elastomers. Whereas the previous chapter
highlighted some mechanical similarities between these materials, this chapter

discusses the standards capable of capturing their behavioural characteristics.

For most mechanical characterisation tests, particularly those used on soft tissue, test
methods like uni-axial extension are regularly employed in the literature, but the
standard that regulates equipment and result analysis is almost always ignored.
Instead, the use of undisclosed, bespoke test equipment and test conditions make the
prediction and replication of most results given in the literature a formidable task. So,
to ensure others have the information they need to reproduce any test contained in this
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thesis, all test parameters are detailed below on a topical basis.

3.1.1 Standards
A variety of industry standards were used to assess mechanical characteristics to

ensure repeatability. The standards are given in the table below.

Table 4. Suitable standards, purpose and measuring units.

Standard (title/ code) | Purpose/data to be gathered Units
Indentation by Determine the hardness of specimens and | Shore hardness (OO,
durometer resistance to indentation 000)

ASTM D2240-21

Determination of tensile | Determine the stress strain characteristics, | Force at failure in

stress-strain properties | including ultimate tensile strength and Newtons (N), Elasticity in
BS ISO 37:2017/ Young’s modulus Young’s modulus (MPa)
ASTM D412/ and percentage of strain
BS ISO 5893:2002 elongation/extension (%)
Multi-axial compression | Determine the hysteresis, unrecovered Force in Newtons (N),
test deformation, force decay and force Millimetres of

ISO 20932-2:2018/ decomposition deformation, Newtons (N)
BS/ISO 14704-2:2007 over time (Seconds) and

percentage of deformation
(%)
BS/1S023529: 2016 Preparation guidelines for all specimens Temperature (C),

humidity (%), time (days),

Table 4. An overview of standards used in all experiments.

Details of the purpose and units of measurement are provided in the table.

3.2.1 Indentation by durometer ASTM D2240-21

This standard is used to determine the hardness of a material and is measured in Shore
hardness units. Shore hardness spans twelve orders of magnitude, each covering 0-
100 units within their own respective ranges. The softest of these span five orders of
magnitude that overlap one another. These are assigned to types; ‘A’, ‘O’, ‘00’,
‘000, and ‘O00-S’, from hardest to softest, respectively. Each hardness range uses

a different spring force and indenter shape specified in the standard.
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Similar hardness tests, like the international hardness test standard (IHRD) D1415-
18, have just one numerical range (0-100), equivalent to the type ‘A’ Shore hardness
test. Although both IHRD and Shore hardness tests use similar test methodologies and
protocols, but the Shore hardness test offers a greater range. 3*°
Crucially, indentation by durometer is the only agreed standard that has been certified
by the standard for the measurement of soft tissues and soft elastomers alike, which

makes comparative studies particularly insightful %% 236 237,238,239, 334, 335, 336,337

Hardness and spring force data are obtained from durometer readings and are recorded
in the experimental chapters of this thesis, as per the standard. Indentation by
durometer is a non-destructive test that uses a spring-loaded blunt cone, or
hemispherical indenter, connected to a display (analogue dial or digital screen) to
measure penetrative depth and related resistive force on the spring. Data values are
expressed as Shore hardness units (e.g., SH OO or SH OOO0). Reisfeld **° determined
that the OO calibrated durometer was best suited to measuring the hardness of skin.
Portability, ease of use, widespread availability and affordability have contributed to
the durometer's popularity amongst investigators for over 100 years. Indentation by
durometer has become a standard method for the characterisation of in vivo skin
hardness by dermatologists in the diagnosis and assessment of diseases like
scleroderma, psoriasis and diabetes.!”> 8 238, 239, 309,336, 341 The |ack of
acknowledgement of the standard and reported test protocols in most of these studies
raises questions about result reliability, though. It is important to mention that many
of these previous studies also used indentation to determine the elastic Young’s
modulus. However, according to Larsen**?, indentation of soft gels below 30 shore A
hardness (like all OO/OOQO hardness values) cannot be reliably converted,
mathematically, to Young’s modulus due to limitations within the formula. **? Instead,
Shore hardness and resistive spring force in Newtons have been used to describe
spring force resistance in this thesis.*** Other tests described in this chapter are
conducted to attain Young’s modulus values.

In addition, Chatzistergos®*’ and colleagues argue that Shore hardness is more
representative of bulk tissue hardness rather than the hardness of skin alone, claiming
that a 7% reduction of Shore hardness was observed when specimen thickness
increased by 25%. Therefore, the apparent hardness of the skin must consider
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thickness and location as dependent factors in the result analysis. For example, the
proximity of skin to deep fat, lean muscle or bone will undoubtedly influence results,
especially where the skin is thinnest. So, location and thickness are important
variables to consider in hardness tests on skin. Still, this investigation only concerns
the measurement of composite polymeric elastomers rather than skin, so the thickness
of membranes that are assessed here are controlled during fabrication and are reported
for each specimen tested. Due to the softness of specimens created for this thesis, type
OO durometer was used for most tests (‘Checkline’, Cedarhurst, NY, USA SN:
50168) (See figure 3.1) with the exception of membranes characterised in Chapter 6,
where the resistive force on the OO durometer was too low to yield reliable results
(<1I0SHOO). When the results of hardness tests are below 10, the more sensitive
OOO-calibrated durometer was used instead of the OO-calibrated durometer.

Both durometer types used had an identical mass of 246 grams and were mounted to
the same stand to reduce user error when collecting data.

The combined weight of the durometer and pneumatically controlled descending arm
of the stand increased the total test mass exerted on the spring-loaded indenter to 403g.
The stand conformed with ASTM D2240-03 (stand eligibility remained unchanged in
the more recent ASTM D2240-21, too), type 2 stand-RX-OS-4H and controlled the
rate of decent during tests, so each loading interaction was identical. The distance
between the test surface and the specimen was 25mm for all tests.

Prior to test commencement, three specimens were plied to a total thickness of 6 mm,

Dial face

Indenter
foot

Figure 3.1 Stand mounted, standard OO calibrated durometer in use.
Gathering hardness data on porcine subcutaneous adipose tissue using a OOO calibrated

durometer as per the standard.
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using 3 x 2 mm thick disc specimens (as specified in ASTM D 2240-21). Each stack
of specimens was measured five times in different, randomly selected locations. Each
reading was only taken after full contact with the specimen for a duration of 3 seconds.
Five measurements were taken 6 mm apart and 12 mm from any edge and recorded
directly as a shore OO/OOOQ hardness value. The arithmetic mean was calculated and

presented in the charts relative to each specimen group found throughout this work.

3.2.2 Spring force
Shore hardness values were converted to an indenter spring force value in Newton’s
as per the standard. Spring force is a useful tool for comparative purposes using the

formula given in equation 3.1.

N=0.203 + 0.00908 HOO/HOOO Eq 3.1

Where N = the force in Newtons, H OO and H OOO equal the degree of hardness
specified by the durometer

3.3 Determination of tensile stress-strain properties — BS ISO 37:2017/ ASTM
D412/ BS ISO 5893:2002

Uni-axial extension to failure was performed on all specimens created for this thesis.
Three test standards are required to gather legitimate data on fundamental material

characteristics like ultimate tensile strength, Young’s modulus and stress-strain data:

BS ISO 37:2017, ASTM D412, and BS ISO 5893:2002.

The ZwickRoell Z2.5 tensile testing machine (ZwickRoell GmbH & Co. KG) was
used to conduct tests as per the standards. Raw test data was captured using TestXpert
I software (ZwickRoell GmbH & Co. KG), and results were processed using Matlab
software (The Mathworks Inc, MA, USA) to determine Young’s modulus. Graphs and
charts were prepared using Microsoft Excel software (Microsoft, WA, USA). BS/ISO
37:2017 and ASTM D412 test standards were used to fix the test parameters to best

suit the test specimen softness.

Test standard BS ISO 5893:2002 specifies three suitable methods of measuring
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elongation (or ‘deflection’); method A; grip to grip separation was selected to align

103, 343

results with similar publications in the literature.

Load
cell

Jaws

PU grips

Specimen

Figure 3.2  Uni-axial test specimens mounted on the Zwick tensile tester.

These images show the test rig set up that was the same for all tensile tests of all specimens.
The pneumatic grips with hard elastomeric grips ‘Vulkollan’ (a hard polyurethane
elastomer) prevented slip by applying constant pressure and surface friction, without
damaging the specimens, even when the specimen began elongating and thinning at the grip.
All tests were monitored for slippage both visually and digitally through the live recording
of the stress-strain curves. If slippage occurred, the test was abandoned, and the specimen

destroyed. The standard does not require the number of failed specimens to be recorded.

Pneumatic jaws with rubber (polyurethane) grips were used to prevent any slippage,
as reported in the literature that can occur during the elongation of elastomeric
membranes.’” !> The grips were mounted to a 200N load-cell with grip-to-grip

separation set to 25 mm, preload of 0.05 N, and test speed of 50 mm/min.

Eleven test speed options are offered in the standards ranging from 1 mm/min to 500
mm/min. In contrast with other investigations of fibre filled PDMS that used 500

mm/min ,'>3* the present study and previous studies'! 1%

adopted 50 mm/min test
speed to align it more closely with similar studies on human skin that used 55 mm/min.
165, 344 The main reason for slower test speeds on human skin is to allow the viscous
and fibrous components time to respond to the deformation stresses. The same test

speed was maintained for multi-axial examination for the same reason.
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In contrast with other studies that focus on either high strain values (3-5%),% or low
strain values (0-3%),* specific to their interests, this thesis explores all tensile
properties of the materials tested by extending each specimen to failure. In this way,
we obtain a comprehensive overview of the mechanical behaviour of the materials
created and tested throughout this work. Data can be cropped to focus on specific

regions of the graph, if required later.

There are three regions of uni-axial behaviour when testing soft tissue membranes like

skin:

e Region one includes Young’s modulus characteristics, usually determined at
lower strains. This is the recoverable, elastic, linear region of extension.

e Inregion two, non-linear behaviour is first observed as the additives begin to have
more influence.

e In region three, yield and failure of specimens occur. Specimens might begin to
exhibit unusual behaviour in this region, especially depending on the presence and

nature of the additives.

Each region described by this process is effectively a region of behavioural
significance and has been evaluated using Young’s modulus for region one,

Stress/strain data for region two and UTS for region three.

3.3.1 Stress-strain

During tensile testing, the stress-strain curves that are generated describe each
specimens’ response to deformation, illustrating the initial loading and extension to
yield and failure. Each curve allows visual appreciation of the linear elasticity
(previously described) and non-linear elasticity at different strains with a constant

speed, allowing a visual inspection of strain hardening and strain softening traits.*

Results are directly comparable because the same test speed was used for all
specimens. Where possible, stress-strain results are shown at the same scale for
instantaneous comparison amongst specimen groups. As the curve approaches the

structural limit of each specimen, its failure characteristic trajectory is evident and is
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given as UTS charts. Results are displayed in the experimental chapters as force (in
Newtons) versus strain (%) for reasons previously described in Chapter 1. For
reference 1 N/mm?2 is equal to 1 MPa. So, results and curves are easily converted. In

addition, Young’s modulus is provided in each experimental chapter, as a chart.

3.3.2 Ultimate tensile strength

UTS maps the mechanical limitations of specimen groups. Strength is an indication
of durability and is important, especially for reusable prosthetics like maxillofacial
prostheses and surgical simulations where user interactions are not monitored or are
sympathetic to appliance longevity. The UTS is identified by the sudden loss of stress
during extension. Specimens do not have to rupture to be classified as failed; only
significant, unrecovered, loss of resistance to stress is required to determine failure.
Results are reported as MPa and are presented as a chart shown at the same scales

where possible to improve comparison across specimen groups.

3.3.3 Young’s modulus

Young’s modulus was determined using the deformation slope's first rising, linear
region. All readings were taken after the initial toe region of the curve as the specimen
straightens under loading but before the non-linear part of the curve, as per the
standard. Typically, the elastic region was under 1 N and under 100% extension in all
the specimen groups tested. Young's modulus E, can be calculated by dividing the
tensile stress (o) by the extensional strain (€) in the elastic (initial, linear) portion of
the physical stress—strain curve. The calculation specified by the standard is given in
equation 3.2:

o) F/A  FL,
£ AL/L, AAL Eq. 3.2

Where £ = Young's modulus (modulus of linear elasticity). F is the force exerted on
an object under tension. 4 is the cross-sectional area, which equals the area of the
cross-section perpendicular to the applied force. AL is the amount by which the length
of the object changes. Lo is the original length of the object.

Recent studies on the relationship between Youngs’s modulus and Shore hardness by

indentation have been conducted by Larson at silicone manufacturers, Dow Corning

79



Corporation (MI, USA).3*? Perhaps the most accurate and widely known correlation
of durometer values to Young’s modulus was first proposed by Gent>* shown in
equation 3.3:

0.0981(56+7.62336S5)

E = Egq. 3.3
0.137505(254 - 2.54S5)

Where E = Young’s modulus in MPa. § = ASTM D2240 Type A durometer hardness.

Other equations described a method of conversion from Shore A to Young’s Modulus

(in MPa) 32, shown in equation 3.4:

log10 E=0.0235S - 0.6403. Eq.3.4

Where E = Young’s modulus in MPa. § = durometer hardness (ASTM D2240 Type
A)

A comparison of these conversions was also introduced by Larson.**? However, it was
concluded that although a conversion is possible, its accuracy is gradually lost as the
materials become softer. Unfortunately, Larson doesn’t mention the rate of this decay

in the conversion model though.

3.4 Multi-axial compression test [SO 20932-2:2018

Data gathered from multi-axial tests provides useful information on the viscoelastic
response to deformation, like hysteresis, force degradation, unrecovered deformation
and force decay. The ZwickRoell Z2.5 tensile testing machine (ZwickRoell GmbH &
Co. KG) was used to gather all multi-axial deformation data. All test results were
collected using TestXpert II software (ZwickRoell GmbH & Co. KQG), results were
processed, and graphs and charts were prepared using Microsoft Excel (Microsoft,

WA, USA).

The standard used herein, BS/ISO 14704-2:2007 and ISO 20932-2:2018, was adopted
from the mechanical characterisation of elasticated fabrics, which share many
mechanical properties with soft tissues and composite elastomers, especially the

specimens containing textiles.
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The Zwick Z2.5, tensile testing machine was configured according to the cyclic,
compressive multi-axial testing standards, often referred to in the literature as
preconditioning. Preconditioning, as previously discussed in Chapter 2, is a crucial
part of determining the viscoelastic behaviour of non-linear materials like soft tissues
and soft composite polymers, where mechanical behaviour is dependent on loading

history.*!

3.4.1 Multi-axial compression method

Specimens were secured using method ‘A’ - Dynamic test method; shown in figure
3.3, where a horizontally mounted, ring-clamp fixes the disc-shaped specimen in place
whilst supported from underneath with a telescopic spacer block. The spacer block
(not shown in figure 3.3) is used to mitigate the risk of the specimen weight distortion
(sagging) due to unavoidable gravitational forces on the soft specimens prior to

testing.

Direction
of travel

Load cell

Ring clamp

Specimen

Indenter
(Probe)

Figure 3.3 Multi-axial test specimens mounted on the Zwick tensile tester in compression.
The ZwickRoell Z2.5 tensile testing machine set up with the multi-axial ring clamp and
hemispherical indenter (Probe). All specimens were tested in the same way, with the same

setup.

Once the specimen is fixed in place the block is removed before testing. During the
test, the probe tip is pushed through the ring clamp measuring the resistance of the
specimen as the load limit of 5 N is approached.

The hemispherical Teflon probe tip had a specific diameter of 100 mm, and the inside
ring clamp diameter of the test area was 120 mm. The probe was fitted to a 200N
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loadcell, and the speed was fixed for all Multi-axial tests at 50 mm/min. Each
specimen was subjected to six cycles up to 5 N. 5 N is equivalent to the force exerted
on soft tissues during palpation, handling or surgical procedures,'!> 34 although the
gripping force with robot-assisted claspers was found to be slightly more at an average
force of 7.5N, the contact area would be smaller and harder than force exerted by the
surgeons hand, which is the focus here.>#’

The force-displacement curve for each specimen was collected throughout each cycle
(loading and unloading). At the same time, the force decay was calculated by holding
the sample at maximum force for a sixty-second period during the fifth cycle. During

the sixth cycle (unloading at 0.2N), un-recovered deformation (bagging) was

determined.

3.4.2 Hysteresis
Hysteresis is shown as a cyclic graph of elliptical curves showing the preconditioning
profile of the sample, loading and unloading cycles during compressive deformation.

Maximum deformation of specimens is given in equation 3.5.

S=E-L Eq. 3.5
Where S = maximum deformation in mm, £ is deformation on the fifth cycle at 5N in

millimetres, and L is the original deformation at 0.2N in millimetres.

3.4.3 Force degradation

For the determination of force degradation, which indicates the loss of force in
Newtons over time (60 seconds), samples were held at a maximum of 5N at the fifth
cycle for sixty seconds, and force lost was recorded during this time. This helps to
determine the extent and speed of relaxation. This experiment describes how the

membrane will behave over time while relaxing, following repeated deformation.

3.4.4 Unrecovered deformation

After cyclic loading, the amount of permanent deformation measured in millimetres
after loading cycles. After the force decay data has been gathered (in cycle 5) and the
probe has returned to the starting position, the probe holds its position for a further 60
seconds. The probe then completes the final 6™ cycle, recording the deformation (mm)
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at 0.2N (unloading) to measure the amount of change between the first loading cycle
and the final unloading cycle. The difference between these two figures can be used
to measure the unrecovered deformation.

The vectors that form the characteristic hysteresis loop also offer an insight into the
materials' behaviour under cyclic loading. Each specimen group will have quite
different hysteresis formations reflective of their variable mechanical and chemical

configurations. Permanent deformation is calculated using equation 3.6

C=Q-P Eq. 3.6
Where C = the permanent deformation in mm, Q is the deformation at 0.2N after 60

seconds recovery period. P is the original deformation of the first cycle at 0.2N

3.4.5 Force decay (Stress relaxation)

Stress relaxation is the loss of stored elastic energy over time and is measured as a
percentage. True, Hookean elastic materials do not lose their energy while held at
extension over time, so long as the extension is within the elastic limit. Viscoelastic
materials lose stored elastic energy quickly. The more ‘viscoelastic’ the material, the
slower it responds to loading, causing it to lose or gain its stored energy slower.
Force decay is expressed in equation 3.7 and is a percentage measured over 60

seconds, expressed as A.

V-w
A= X100 Eq. 3.7

Where A= time in seconds, V is the maximum force (N) of the last cycle and W is the

force (N) measured after 60 seconds.

3.5 Optical analysis

Visual inspection and appraisal were conducted on all specimens before and after
tests. In most instances, physical changes in specimens can be seen with the naked eye
after testing. Despite this, images of the specimens of each specimen group were also
captured to document any microscopic changes in the specimens.

A digital microscope (Keyence VHX 5000, Milton Keynes, UK) with magnification
of x200 was used in most instances to maintain consistency unless stated otherwise.
Any significant changes in appearance or microscopic structure are noted in the
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analysis of results for each experimental chapter wherever they occur.

3.6 Materials

Specific material composition for each specimen group is given in each related
experimental chapter (Chapters 4, 5 and 6). Common to all specimens was the base
ingredients, which are all commercially, available from Polytek Development Corp’
(PA, USA). Two types of addition cure silicones (PDMS) were used; Platsil® gel 10
and Platsil® gel 00-30.

Like most two-part PDMS’s, one part is the base material made of silicon/ oxygen the
other is a catalyst (platinum salt solution). All supplied as viscous fluids that require
mixing in order to cure/crosslink.

Unlike many stiffer types of PDMS that use heat or light to cure, RTV2 silicones cure
at room temperature through the cross-linking of molecules and eject no harmful
molecules into the working environment during preparation, use or curing.

Care must be taken not to poison the PDMS with substances containing ammonia,
sulphate, phosphate or tin-based materials. This leads to undesirable crosslinking
inhibition and changes the final material properties, as does inaccurate measuring of
the two equal parts. So extra care was taken to mitigate these risks throughout
processing.

When mixed at the stoichiometric ratio (1:1) the viscous liquids form a gel with two
native hardness’s; Shore A 10 PDMS gel, called Platsil® gel 10, (equivalent to
approximately Shore O0-50), and Shore O0-30 PDMS gel called Platsil® gel OO-30.
Both materials have a softening agent (PEIE) added during preparation to reduce
elasticity and improve tactility and viscous mobility. The influence of PEIE addition
is given by the manufacturer (Polytek). A cross-linking retarder (Platsil® 71/73-part
R) is also used for Platsil® gel 10 only due to its short pot-life.

The manufacturer (Polytek) states no changes in mechanical properties occur with its
use other than delaying cure time.

In addition to these liquid additives, combinations of loose short-strand fibres,
elasticated yarns and elasticated knitted fabrics are embedded to determine their
influence of native material properties and behaviour. More details of these additives

are given at the start of each related chapter.
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3.7 General material preparation

All materials were prepared as per the standard -Preparation of test specimens
(BS/ISO23529: 2016). To ensure the methods and results are widely accessible,
materials were weighed, poured and mixed by hand in a plastic beaker using a clean
wooden tongue depressor to mitigate contamination risk. Preparation, by hand, was
given preference over available, automated mixing machines, because automated
machines are primarily the domain of engineering applications and are rarely used by
prosthetists. This is mainly due to cost and time implications associated with use of
such equipment. Additionally, research also suggests that hand mixing by the
experienced user yields superior results over a wider range of materials and fillers.>*3
Each mixture was stirred for five minutes until thoroughly homogeneous before being
degassed in a vacuum chamber for five minutes at -982 mbar (-736 mm Hg) to remove
entrapped air from the mixture. After degassing, the mixture was removed from the
vacuum chamber, poured into a levelled gauge mould that measured 500 mm x 500
mm x 2 mm and allowed to cure for 24 hrs.

Once cured, the membrane was powdered with talcum powder before being cut into
test specimens, dumbbell and disc shapes for the uni-axial and Multi-axial tests
respectively. Dumbbell cutting dye, type 1A, (shown in Figure 3.4) was selected for
the tensile test shape because Annex C of the standard (ISO 37) confirmed that in
multi-institute tests type 1A was least likely to break outside the test area. Specimens
were cut prior to demoulding to mitigate the risk of sample distortion or warping prior
to or during cutting. The back side of each specimen was also powdered with talcum
powder during demoulding to prevent self-adhesion upon removal and storage.
Completed specimens were stored according to the given standard (BS/ISO23529:
2016) until tested.
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Figure 3.4 Uni-axial test specimen dimensions taken from the standard 1SO37.
The dimensions for each uni-axial test specimen used throughout this work. It is the

biggest dumbbell type, least likely to break outside the test area when testing very soft
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3.8 Summary

A variety of tests were selected to best characterise material specimens with the most
significant degree of accuracy and repeatability. The selected tests were Indentation
by durometer, uni-axial tensile tests and Multi-axial tests. Results from these tests
enabled the determination of hardness, spring force, uni-axial force versus extension,
Young’s modulus, ultimate tensile strength, hysteresis, force degradation, unrecovered
deformation and force decay. Universal standards, techniques, equipment, and
materials were adopted to ensure the comparability of test results across experimental
chapters. Variables like additives, composition, amount of layers, embedded filler
tension and filler orientations are all recorded in detail for each chapter, where they
occur, to ensure repeatability and transparency.

The choice of material was informed by the literature reported by peers and the
manufacturer's technical reports. Effective handling and processing of materials was
informed by 20 years of experiential use in industry applications by the author. The
choice of test equipment was informed by the standards and the literature in order to

align this work with other similar investigations.
The following three chapters are the experimental chapters of this thesis. Their purpose

is to document the design, fabrication, testing and characterisation of PDMS

composites, previously unknown and undocumented in the literature.
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Chapter 4

Mechanical behaviour of silicone membranes

saturated with short strand, loose fibres

This chapter has been previously published-

Arm, R., Shahidi, A., Dias, T. (2019). ‘Mechanical Behaviour of silicone membranes saturated with
short-strand, loose polyester fibres for prosthetic and surrogate skin applications.” Materials. DOI
10.3390/ma12223647

Co-authors were supervisory team members (exDoS T.D). The complete first draft, design and
conceptualisation, final edit and submission were all completed by the author (R.A)
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4.1 Introduction

Elastomers saturated with embedded, loose, short-strand fibres (flock) are known in
clinical and theatrical prosthesis appliance design for their ability to mimic the
aesthetic qualities of skin. Fibres such as polyester, rayon or polyamide are produced
in various lengths and colours and blended with a translucent liquid
polydimethylsiloxane elastomeric gel (PDMS) to mimic the translucency, intrinsic
pigmentation and texture of the living equivalent. Although well-known in the
prosthesis industry for decades, currently, this knowledge is mainly tacit, embodied
knowledge of the fabricators and technicians. Crucially, the impact these fibres have
on the behavioural characteristics of soft PDMS elastomers remains almost unknown

in the literature.

In this chapter, the influence that these loose, short-strand fibres have on the
mechanical behaviour of PDMS gels will be explored. More specifically, PDMS gels,
familiar to clinical and theatrical prosthetists, will be used to make the results relevant
and repeatable. The agreed international test standards previously described in
Chapter 3 will be used to capture data and record changes in mechanical hardness,
stress  strain  characteristics, elasticity, hysteresis and viscosity (force
decay/degradation) of specimens during indentation, uni-axial extension, cyclic and
Multi-axial tests.

The main aim of this chapter is to quantify the mechanical influence of well-known
fibre fillers used by clinical and theatrical prosthetists that are currently undefined and
undocumented. To align this work with the scarce data in the literature, data on
hardness and elastic Young’s modulus are referenced and compared to the physical
mechanical characteristics of (healthy) living skin. Predictive regression models are
provided to enrich the results further, but mathematical, constitutive modelling of the

physical specimens are beyond the scope of the current investigation.

Some known behavioural phenomena, (introduced in Chapter 2) that are associated
with filled elastomers are expanded on where relevant in this chapter. The agreed
mechanical test standards that have been used throughout this chapter are referenced,

but not expanded upon, as these were described in detail in the previous Chapter 3.
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4.2 Methods and materials

To gather the data necessary for the characterisation of the presented composites,
changes in mechanical response was measured in two different PDMS gel composite
groups. For destructive tests, 50 individual specimens were tested in uni-axial tests
and 10 specimens were tested in Multi-axial tests. Each specimen group was split into
five sub-groups, including the control group, with each group relating to an increasing
fibre content (between 0 % and 4 %). Each group was prepared as single-layered
membranes (2 mm in thickness), cut into two different shapes for testing (dumbbells

and discs).

4.2.1 PDMS preparation
Using two different colourless PMDS base components mixed according to the
manufacturer's specification, two PDMS liquid composite blends were prepared as per

figure 4.1 below. All the materials used in this study are commercially available from

Mouldlife, Suffolk UK, but are produced in the USA by Polytek Dev’ Corp’.

Control group
0% fibres

PDMS Part B
(Polytek, USA)

» 1% fibres

PEIE Softener

s .
[ ('Smiths Prosthetic | | 29% fibres

Deadener', Polytek,

PDMS Part A USA)

(Polytek, USA)

| 3% fibres

4% fibres

Figure 4.1 Flow diagram of the method for PDMS preparation in different fibre
percentages. The same method but with different ratios were used in all of the material

sheet preparations.

4.2.2 Additives

Softening component (Smiths' Theatrical Prosthetic Deadener) was added in different
ratios to each PDMS. This softening agent is known to modify PDMS gels to behave
more like skin and soft tissue by reducing typical elastic ‘snap' while increasing

viscoelastic behaviour.!® The ratio for each ingredient is given in Table 5.
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Table 5. Mixing ratios and materials used to prepare the membranes.

Base material: 0OO-30 PDMS Base material: A-10 PDMS

(PlatSil® gel O0-30) (PlatSil® gel 10)

Recipe Recipe

1 part A + 1 part B + 1 part PEIE + Retarder | 2 parts A + 2 parts B + 3 parts PEIE +
(3%) Retarder (3%)

2:1 ratio (mixed PDMS: PEIE) 4.3 ratio (mixed PDMS: PEIE)

Fibre saturation 0%, +1%, +2%, +3%, +4% Fibre saturation 0%, +1%, +2%, +3%, +4%

Table 5. Mixing ratios and materials used to prepare the membranes.

Materials are available from a variety of Polytek (MA, USA) distributors, worldwide.

4.2.3 Fibres

PDMS A-10 (blue) was prepared with blue flocking fibres, and PDMS OO-30 (pink)
was prepared using pink flocking fibres. The choice of fibre pigmentation was for easy
visual distinction amongst the sample groups. The length and average diameter of both

fibre colours used (blue and pink) were found to be identical (19.4 pm).

4.2.4 Fibre analysis

Commercially available, short-strand, flocking fibres were also included in facial soft
tissue simulants created for a previous investigation in ballistics at Cranfield Defence
Academy.!™ While their high absorbency, strength and flexibility were suitable for
this earlier application, they remained uncharacterised for theatrical and maxillofacial
prostheses. A Keyence VHX5000 digital microscope (Buckinghamshire, UK) was
used to measure the length and width of these fibres was measured at x800
magnification. (Figure 4.2A) Five measurements of diameter along the length of each
fibre shaft and one measurement of length were recorded for each of the ten randomly
selected fibres. The average diameter and length for these fibres were 19.4 +/- 0.2 pm
and 807.5 +/- 3.7 um, respectively. Fibres were added to the PDMS gel elastomer
during the liquid phase of preparation in varying concentrations as a percentage of the
batch specimen weight. A magnified view (x100) of the cured specimen membrane

with 2 % fibre content in shown in Figure 4.2B.
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Magnification: X300.0

100.0pm

Figure 4.2 The fibre type used in all tests.

Image ‘A’ shows an individual fibre at x800 magnification. The burred, cut-edge visible in
the image suggested that the fibres were cut with a hot blade during manufacture. Image
‘B’ shows PDMS A-10 with 2% fibre saturation at 100 magnification, notice the

heterogeneous scattering of fibres in specimen samples.

4.2.5 Sample sheet preparation

Two different PDMS composite base liquids were blended for all of the mechanical
testing: A-10 PDMS (Platsil® gel 10, Polytek, USA) and OO-30 PDMS (Platsil® gel
00-30, Polytek, USA). Skin simulants used in multiple investigations by Mahoney'*
and colleagues were developed by the author (RA) as a two-layered PDMS-based
composite membrane (described in this investigation as separate layers) that agreed
with the hardness values of human skin and pig skin reported in the literature.!?®
Liquid ingredients and ratios for both blends are given in Table 5, but both materials
similarly contained a PDMS base material (A), PDMS catalyst (B), PEIE (S) and
cross-link retarder (R). While the base elastomer ratios remained the same for all of
the test specimens in both groups, for comparative analysis, the percentage of used
fibres within the compound was modified with increments of 1 % from 1 % to 4 %. A
control specimen group, absent of embedded fibres, was also included to assess the

impact of the fibre introduction.

4.2.6 Preparation method

Each composite blend was mixed by hand using a plastic beaker and wooden tongue
depressor for five minutes. The mixture was poured into a second, clean plastic beaker
and mixed again for a further three minutes before being degassed at -982.052 mbar

of vacuum for five minutes to remove residual air content, that might have been
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introduced during homogenisation. The prepared liquid compound was poured into a
levelled, 500 mm x 500 mm x 2 mm plastic gauge mould and left to cure for 48 hours.
All specimen groups were cut from the sample sheet using the British standard
recommended for the preparation of rubber compounds (BS/ISO 23529:2016). They
were powdered with talc prior storage for two weeks at a constant 22 °C and 50 to

60 % humidity, prior to testing.

4.2.7 Tensile test specimen preparation

An ASTM D412 Type 1A dog bone (dumbbell) shaped stamp was used to cut 50
specimens for uni-axial tensile testing. This die is the largest size in either the BS/ISO
37:2011 or the ASTM D412 equivalent standard and was also used in similar previous
studies on pig skin and rubber.*> 3*¢ Smaller dies present problems with very soft
specimens due to the nature of this destructive test, but more importantly, annex C of
the standard states that type 1A dye is least likely to break outside the test area during

tensile tests.

4.2.8 Durometric and Multi-axial sample preparation
A steel disc template with a 145 mm diameter was used to cut specimens for Multi-
axial and indentation tests using a surgical scalpel. A new surgical scalpel blade was

used to cut each specimen group.

4.2.9 Mechanical tests

Indentation by durometer measured the hardness (H OO), uni-axial tension testing
measured the elastic modulus and ultimate tensile strength (UTS) at break and Multi-
axial compression testing measured hysteresis, force decay and relaxation. Three
mechanical tests were performed using two standard compliant pieces of test

equipment specified in detail in Chapter 3.

4.2.10 Specimen specification
Throughout this study, the composite made from Platsil® Gel 10 and additional
components is termed simply as ‘PDMS A-10' (available from Mouldlife, Suffolk UK).
In addition, the composite made from Platsil® Gel OO-30 and additional components
is termed as ‘PDMS OO-30' (available from Mouldlife, Suffolk UK).
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The names ascribed to the two material groups throughout this study (A-10 and OO-
30) refer to the initial elastomeric hardness of the starting materials for each blend
prepared. As a softening agent was added at a consistent amount the initial hardness
of both materials is lower than the native hardness implied by the brand name. For
example, Platsil® Gel 10 does not have a Shore A value of 10. The elastomeric
hardness will change dependant on the additives used, in particular the amount of

fibres added during preparation of the materials in their liquid state.

4.3 Results
The results of mechanical testing on A-10 and OO-30 are presented here separately to
help delineate the relationships between the PDMS and the fibre contents, starting

with a comparison of hardness among all ten groups tested.

4.3.1 PDMS A-10 and PDMS OO-30 Durometric hardness

The hardness of the PDMS membranes used in this study were evaluated using an
AMST standard (D 2240-21) OO calibrated durometer, as previously used to measure
human skin hardness.?*> The applied force for each result has been calculated using

the equation (Eq. 4.1) as specified in the standard.

F(N) = 0.203 + 0.00908 H OO Eq. 4.1

Where F = the force in Newtons and H OO is the Shore hardness (OO)

Hardness characteristics are described by the H OO average hardness and equivalent
force measured by the indenter spring in Newton’s. As can be seen in figure 4.3, the
control specimen group for PDMS A-10 had the lowest initial hardness value after the
addition of the softening agent of 10.76 H OO, (exerting an average spring force
resistance of 0.3 N); This is because the ratio of PDMS-to-softener was higher for the
A-10 than it was for O0-30 (4:3 and 2:1 respectively) making A-10 initially softer.
The hardness of both O0-30 and A-10 specimens increased when adding fibres.
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Figure 4.3 Shore hardness values (0O0)- indentation by durometer.

The influence of incremental fibre addition for two different PDMS gels (OO-30 and A-10).
Each bar indicates a mean Shore hardness value between 0 and 50 H OO. The dark coloured
bars show the O0O-30 gel with and without fibres, while the lighter coloured bars show A-
10 gel with and without fibres. Each bar represents the mean average of five separate
specimen tests. Each pair of bars represents the changing amounts of added fibres to a fixed
amount of PDMS gel (OO-30 and A-10). Error bars shown, in red, for each group represent

the standard deviation.

4.3.1.1 Hardness changes in group A-10 fibre filled membranes

There was a sudden and significant increase in hardness as fibres were introduced to
group A10, increasing from approximately 10 H OO to 37 H OO.

Fibre saturation of 2 %, 3 % and 4 % further elevated hardness, albeit more gradually,
to 42.68 H 00, 46.66 H OO and 50.54 H OO respectively, with the calculated spring
force resistance of 0.59 N, 0.63 N and 0.66 N.

4.3.1.2 Hardness changes in group OO-30 fibre filled membranes

The effect of incremental fibre addition on hardness was somewhat less dramatic in
the PDMS OO0-30 group. The control specimen for this group had a hardness value of
24.44 H OO. By increasing the fibre saturation from 1 % to 4 %, specimen hardness
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increased from 35.58 H OO to 51.06 H OO, and the average spring force resistance
increased from 0.53 N to 0.67 N.

4.3.2.1 Linear regression for group A-10 fibre filled membranes

Analysis of the group A-10 specimens, containing only fibres (without the control
group, lacking fibres), revealed that the presence of fibres had a proportional influence
on the hardness of the PDMS membranes. A strong relationship between fibre content

and hardness was found (R?=0.9908) when using the equation shown in equation 4.2.

y = 4.454x + 33.09 Eq. 4.2
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Figure 4.4 Linear regression of Shore hardness values (00) for group A-10 plotting the
influence of increasing loose fibre content. Each large dot represents a data point based
on fibre percentage. The dotted line shows the potential predicted trajectory of hardness
based on the data provided by 125 data points. Error bars are shown in red for each group

and represent the standard deviation.

4.3.2.2 Linear regression for group O0-30 fibre filled membranes
A strong relationship between hardness and fibre content was observed in group OO-
30, exhibiting a strong positive linear coefficient of R? = 0.9867. Equation 4.4 was

used to calculate the R? value.
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y=4.974x + 31.05 Eq. 4.4
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Figure 4.5 Shore hardness values (00) for group O0-30 - The influence of increasing
loose fibre content. The hardness is displayed in Shore hardness to illustrate increasing
hardness. Each large dot represents a data point taken from the mean average of hardness
values in each group based on fibre percentage. The dotted line shows the linear regression
based on the data provided by 125 individual readings. Error bars are shown in red for

each group’s standard deviation.

The linear regression demonstrated a strong correlation with the data plotted as a solid
line, but the small variation amongst the specimens made it difficult to see error bars
for all groups. For a clearer view of the error bars see figure 4.3.

In the next section, tensile tests results are presented.

4.3.3 Tensile test results PDMS A-10 fibre filled membranes

During uni-axial tensile testing on specimens made with PDMS A10, specimens
lacking fibres could be seen to be almost linear in their behaviour, albeit with a slight
strain hardening phase between 300 % and 500 %, prior to entering a secondary phase
of isotropic extension until failure. When fibres were introduced to the specimen
preparation (1 %), an increase in elastic modulus was most noticeable at low strains,

while strain hardening was seen at higher strains. At around 200 % strain (for
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specimens with added fibres), the internal fibre matrix appeared to absorb the loading
stress, (as can be seen in figure 4.6) shown by the sharp yield ‘heel’ of the curve before
entering a long curve, forming a long and exaggerated plastic phase of permanent
deformation prior to failure. While this behaviour was recognised in all the specimens
with more than 1% fibre saturation, the yield profile became more exaggerated as the
fibre content was increased, (as can be seen in figure 4.6) and the membranes became

stiffer and more extensible.

25
20
— 4%
15
Z
% — 1%
=10
5 — %
0
0 500 1000 1500 2000
Strain (%)

Figure 4.6 Uni-axial force vs strain (%) comparison of fibre percentage in PDMS A10.
Each curve in the graph represents one uni-axial test specimen with either 0 %, 1 % or
4 % added fibres. The three different groups (each group is shown as a different grey scale
tone) are shown here together to demonstrate the influence of added fibres on the
mechanical characteristics of the PDMS membranes. Groups with 2 % and 3 % added
fibres have been excluded in the comparative graph in the interest of clarity, although they
were tested and are consistent with the presented data. All results are available to view in

the appendices.

4.3.4 Ultimate tensile strength of fibre filled membranes
The UTS of test specimens was also affected by the presence of fibres. As shown in
figure 4.7, the UTS increased as more fibres were added. The most significant rise in

the maximum force occurred from 0 % to 1 % fibre saturation (6.14N to 15.31N). A
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smaller but significant increase was seen in each subsequent group as the percentage
of fibre saturation was increased. Generally, the UTS increased in specimens saturated

with an incremental percentage of fibre inclusion from 1 % to 4 %.
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Figure 4.7  Ultimate tensile strength (UTS) — The influence of increasing fibre content.
UTS tests show the effect of fibre addition on mechanical strength. Each bar represents the
mean average of five separate specimen tests. The darker bars are the PDMS OO-30 samples,
and the lighter bars are the PDMS A-10 samples with 0% - 4% added fibres, indicated by the

axis. Error bars are shown in red.

Polytek development Corp®, specifies a UTS of 1.57 MPa for unmodified Platsil®
gel 10. The modified blend used in this study with added softener gave a UTS 0f 0.236
MPa at 1311 % strain and exhibited an average elastic Young's modulus of 0.029 MPa,
which can be seen in figure 4.8. While the Ultimate Tensile Strength and Young's
modulus increased by adding more fibres to the compound, the strain percentage

reduced from 1521 % at 2 % fibre saturation to 1460 % at 4 % fibre saturation.

4.3.5 Young’s modulus of fibre saturated PDMS composites
The test specimens from the A-10 group with 1 % fibre saturation exhibited a mean

Young's modulus of 0.11 MPa, whereas the specimen group with 4 % fibres exhibited
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a mean Young's modulus of 0.43 MPa, roughly a 0.1 MPa increase in modulus for
each percentage of added fibres (Figure 4.8).
A comparison of the changes that occurred in Young’s modulus can be seen in figure

4.8. Data shows that the presence of fibres influences changes in elasticity.
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Figure 4.8 Young’s modulus comparison of fibre saturated PDMS composites.
Each bar represents the mean average of five separate specimen tests. The darker bars are
the PDMS OO-30 samples, and the lighter bars are the PDMS A-10 samples with 0 % -

4 % fibres, indicated by the axis. Error bars are shown in red.

The most noticeable change in modulus occurred in specimens made from PDMS A10
Modulus increased from 0.02 MPa without fibres to 0.11 MPa with just 1 % fibre
saturation. The modulus further increased to 0.21 MPa at 2 % saturation but did not
appear to increase significantly between 2 % and 3 %. Another significant gain in
modulus was observed at 4 % fibre saturation, where the modulus increased again
between 3% and 4% from 0.22 MPa to 0.43 MPa. Less significant changes occurred
in specimens that contained PDMS OO-30, but the relationship between an increase
in fibres and the modulus was still apparent. The relationship between incremental

fibre content and Young’s modulus was also recorded. A weak linear regression

99



plotted using the equation 4.5 revealed R =0.9102.
vy =10.0341x + 0.0572 Eq. 4.5

For specimens containing OO-30 PDMS and incremental fiber addition. A linear
regression using equation 4.6 revealed a weaker relationship between specimens

containing A10 PDMS and incremental fiber addition, with R* = 0.8764.

y =0.0987x + 0.0005 Eq. 4.6

4.3.6 Tensile test results PDMS O0O-30

Increasing fibre content in test specimens caused significant mechanical changes in

modulus and extensibility clearly shown in Figure 4.9.
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Figure 4.9 Uni-axial force against strain (%) comparison of properties influenced by
fibre percentage in PDMS O0-30.

Each vector in the graph represents one uni-axial test specimen with either 0 %, 1 % or 4 %
added fibres as labelled. Each tone represents one test group (dark grey, mid grey and light
grey). Groups with 2 % and 3 % added fibres have been excluded in the comparative graph

in the interest of clarity.
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Most notable was the immediate reduction in extensibility by above 1000 % with the
presence of just 1 % added fibres at high strains. Further reductions in extensibility
continued with each additional percentage of added fibres. The increase in strength

and elasticity at low strains at the higher fibre concentrations was also notable.

The manufacturer of PDMS OO-30, Polytek development Corp®, specifies a UTS of
0.81 MPa for unmodified Platsil® gel OO-30. The modified blend with added
softener, but without fibres, used in this study gave a UTS of 0.852 MPa at 1836 %
strain and presented an average elastic Young's modulus of 0.037 MPa. The maximum
force recorded at the point of rupture was 22.16 N. The introduction of fibres caused
an initial, significant drop in the force required to break the specimens at 1 % fibre
content, before gradually increasing again with the incremental addition of fibres up
to 4 %. The test specimen group with 1 % fibre saturation exhibited an average UTS
0f 0.473 MPa at 1347 % strain with an average Young's modulus of 0.084 MPa. The
required force to rupture the specimens with 1 % fibre was recorded as 12.3 N

increasing to 19.25 N with 4 % fibre saturation.

4.3.7 Image analysis of fibre saturated PDMS composites

Visual analysis of the samples showed permanent deformations after testing to failure,
in all groups above 1 % fibre saturation, shown in figures 4.10A and 4.10B.

The previously random arrangement of fibres appeared to orient themselves in the
direction of the applied force within the PDMS structure when stretched to failure
(figure 4.10C). This is consistent with the typical response of skin at high strain
rates.’* 19 When the specimen samples ruptured, fibres were seen to emerge in the

direction of applied force on the distal end of the specimen (figure 4.10D).

Interestingly, the increase in elastic modulus also caused an increase in visible,
permanent deformation of specimens once the elastic limit was exceeded. As can be
seen in figures 4.10A and B, an increase of fibre concentration from 1 % to 2 % caused

a dislocation of fibres due to extension prior to failure.
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Figure 4.10 Images of the tensile test specimens after failure.

Image ‘A’ shows a clean break with no visual signs of permanent deformation at 1 % fibre
saturation while image ‘B’ exhibits signs of permanent deformation at 2 % fibre saturation.
Image ‘C’ shows fibres aligned in the direction of load after specimen failure at 3 % fibre
addition. Image ‘C’ shows exposed fibres on the broken edge of PDMS OO-30 with 4 %
fibre addition. Images ‘C” and ‘D’ are x100 magnification.

4.3.8 Multi-axial test results of fibre saturated PDMS composites

The Multi-axial cyclic test (six cycles) was performed on all of the disc specimens up
to 5 N, conforming to the force threshold of 4.4 N to 8.8 N given in the literature,
reproducing the force exerted on the living tissue during surgery by the surgeons' hand
tools.!%* 3% Force decay was calculated while the sample was held at maximum force
(5 N) for 60 seconds at the fifth cycle.

Evaluation of the unrecovered deformation, shown in figure 4.11, revealed little
difference between groups with added fibres, even as fibre saturation was increased
from 1 % to 4 %. The largest deformation was seen in specimens without added fibres
with the highest unrecovered deformation (3.32 mm) being observed in group A-10
with 0 % fibre saturation. As can be seen in figure 4.12, force decay rose gradually as
more fibres were added to both PDMS groups, with the exception of PDMS A-10 at
4 % fibre saturation, which exhibited a small drop.
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Figure 4.11 Unrecovered deformation of fibre saturated PDMS composites.

The arithmetic mean for each specimen sample group observed in all specimens after 60
seconds at 5 N. The darker bars show the PDMS OO-30 samples, and the lighter bars show
the PDMS A-10 samples with 0 % - 4 % fibres, indicated by the axis. Error bars representing

the standard deviation amongst specimens are shown in red.
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Figure 4.12  Force decay comparison of fibre saturated PDMS composites.
The arithmetic mean for each specimen sample group measured after 60 seconds on the 5"
loading cycle are shown. The darker bars show the PDMS OO-30 samples, and the lighter
bars show the PDMS A-10 samples with 0 % - 4 % fibres, indicated by the axis. Error bars

representing the standard deviation amongst specimens are shown in red.

103



more significant change was observed in PDMS OO-30 specimens during the
incremental addition of fibres, continuing the increasing trend of around +0.5 % force

decay/energy loss for each additional percent of fibres added.

4.4 Discussion

Mechanical characterisation of the test specimens conducted using standards created
for the testing of elastomers and elasticated fabrics were used to help verify the
influence of fibre content on PDMS membranes. The principle focus of this work was
to quantify the precise mechanical impact of incremental amounts of loose, short
strand fibre dispersal in ten groups of test specimens using two different PDMS
composites. Data was gathered and analysed to measure the change in mechanical
response to deformation. The test standards used to characterise material responses
were chosen primarily to improve interdisciplinary comprehension, repeatability and
dissemination amongst peers.

The following discussion is broken into three sections related to the nature of each test

method; indentation, uni-axial extension and multi axial compression.

4.4.1 Hardness characteristics of fibre saturated PDMS composites

Since indentation is the only standardised test method suitable for live subjects, due
to its non-destructive nature, it enables comparative analysis of results between living
skin and fibre saturated PDMS. Reported hardness values for living human skin (and
animal blood vessels) gathered using a durometer have been given as 20 H OO to 58
H 00. !7-94 337334 The values achieved with the addition of fibres is capable of
covering most of the reported values without altering the stoichiometric ratio of the
PDMS gel.!”- 94337334 The predictive hardness graphs for given group A-10 (R> =
0.9908) and group OO-30 (R? = 0.9867), can be used reliably to predict hardness
gains, using only fibres without other additives. With the addition of 6 % fibres a
hardness of around 60 H OO should be achievable for both base PDMS gels. However,
when increasing fibre saturation values above 5 %, the PDMS/fibre composite begins
to exhibit considerable thixotropic behaviour making the PDMS composite too
viscous to pour or control layer thicknesses reliably. With such a viscous medium, it
would be difficult to avoid air entrapment (such as bubbles and empty voids) during

use, especially whilst degassing or applying material into moulds.
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In this study, it has been shown that the presence of loose fibres increased the hardness
value proportional to the fibre percentage added in both PDMS blends. For every
additional percentage of fibres added, hardness increased by 5 degrees of hardness (+
1 H 00), showing that the stiffness of PDMS can be altered using the addition of
fibres as opposed to adding or altering the chemical composition. This is important
because varying the chemistry of the PDMS can have additional, undesirable
repercussions such as unpredictable curing time and changes in the mechanical

properties of the composite. !

4.4.2 Uni-axial characteristics of fibre saturated PDMS composites

It has been shown that the modulus of soft membranes like human skin, is highly
variable and is dependent on many factors such as age, sample site, orientation of
Langer lines, hydration, temperature, test conditions and equipment. For this reason,
considerable literature produced over the past six decades have reported very different
uni-axial test results for elastic modulus comparison (discussed in Chapter 2)

The elastic modulus of specimens in all of the groups tested during this study was in
good agreement with the literature and was found to be within the lower range of
modulus threshold values ranging from 0.0296 MPa to 0.435 MPa (+ 0.033 MPa)

where the literature discloses a slightly wider range of 0.014 MPa to 0.6 MPa.!® 3%

350
The stiffest membrane containing 4 % fibre saturation gave a maximum stress of 0.74
MPa for PDMS A-10 and 0.197 MPa for PDMS OO-30, which was within the Young's
modulus threshold given in the literature (0.0045 MPa to 221.9 MPa).* Whereas this
threshold value, was more widely regarded in the literature to be within 2.5MPa -
30MPa.'”*177 This may be due to the hyper-elastic nature of soft PDMS gels, but can
also be attributed to the lack of internal structures found in nature and random
arrangement of loose fibres embedded in the PDMS specimens. These results are in
agreement with test results of tear strength of identical PDMS blends that had been
bonded together prior to testing as part of a forensic reconstruction of cranial ballistic
injury patterns at 2 % fibre saturation.*® Although both membranes were tested
together and not independently as in this study, the hardness was, again in good
agreement with the literature, but the extensibility was found to be too high when
compared to data given in the literature.
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Additionally, during the tensile test, the fibre orientation changes to align with the
force axis. Above 1 % fibre saturation, the elastomeric content of the specimens is no
longer high enough to deter permanent deformations. At higher concentrations of 2 %
fibres and above the fibres slide out of their surrounding matrix while aligning
themselves in the direction of applied force, bending the fibre outside of its initial
position upon relaxation, meaning that they are unable to return to their original
position, permanently distorting the surrounding gel matrix.

The force required to permanently deform specimens was highest in groups with
higher fibre saturation, but all specimens that contained fibres behaved
uncharacteristically for isotropic elastomers.

The change in fibre organisation can be attributed to the short linear phase of the graph
below 100 % extension, where the fibres are being rearranged and aligned in the
direction of applied force, but not yet absorbing load, allowing the PDMS to exhibit a
typically Hookean elastic, linear slope with a shorter and steeper trajectory than the

following, much longer strain-hardening phase. (Figure 4.9)

Ultimately the presence of fibres affects the results of all uni-axial tests by introducing
short-term strength to the elastic phase. As presented in this study, the viscoelastic
anisotropic behaviour of the PDMS specimens with <1 % fibre saturation had no
permanent deformation as the fibre concentration was low enough not to affect the
viscoelastic profile. In contrast, specimens with more than 2 % fibre saturation had
variable stress versus strain relationship, which is strongly related to fibre saturation.
Overall, the modulus was able to be increased by 0.1 MPa per 1 % percentage of fibres
added.

The tensile characteristics of living skin may be mimicked more accurately by altering
the extensibility and architecture of embedded fibre/fabric components to reproduce
the progressive alignment of fibres in the direction of applied force and the

straightening of the coiled collagen and elastin fibres in the skin during extension.*!

4.4.3 Multi-axial characteristics of fibre saturated PDMS composites

Three-dimensional forces exerted by surgeons' tools during surgery is quite high (4.4

N — 8.8 N)!% while a quantitative study of the forces exerted by the surgeons gloved
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hand when manipulating live organs is much lower.** Therefore, the cyclic specimens
tested during Multi-axial compression were subject to a maximum of 5 N force during
cyclic tests and the relaxation of the specimens was measured. In PDMS A-10 blend,
which included a softening agent (Smiths Theatrical Prosthetic Deadener), as
previously characterised in the literature,'® it was found that the addition of fibres
helped to stabilise the specimen’s physical behaviour and reduced permanent
deformation at low strain percentages. Unrecovered deformation decreased with the
increment of additional fibres in both groups between 0 % and 1 % while the most
significant drop was recorded for PDMS A-10 in this region. It was clear that by
increasing the fibre concentration above 1 % the unrecoverable deformation was
unaffected.

By increasing the fibre saturation, the force decay percentage gradually increased in

both groups, with a slight decrease at 4% for PDMS A10.

The presence of fibres was found to correlate with the strength of the composite
membrane structure. Added strength appears to be caused by the presence of fibres as
they take up a portion of the load during alignment with the direction of loading forces,
especially at higher strain-rates and during cyclic tests, while increasing the fibre

saturation gradually increased the force decay but not the permanent deformation.

4.5 Summary

This study presents a non-clinical look at the design, fabrication and validation of
potential prosthetic soft tissue surrogates, whose mechanical behaviour can be tuned
to meet similar characteristics to those observed in soft membranes like human skin.
Prior to this investigation, the precise influence of fibre addition on PDMS gel
properties was unknown in the literature.

Importantly, this work has shown, for the first time, how fibre presence affects the
behaviour of PDMS gels used in clinical and theatrical prosthesis. It was observed that
by varying the concentration of fibres, one can manipulate key mechanical
characteristics that would be very useful in everyday practice.

Fibre concentration has a profound and variable effect on the hardness, strength,
viscoelasticity, and recovery of human skin.*!- ¢1- 62161 Jyst as fibres play a role in the
fundamental behaviour of human skin, synthetic fibres have been shown to have a
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direct impact on the mechanical properties of elastomeric membranes. 6% 161. 162

Unique to this study, it has been shown how fibre fillers can be used, with some degree
of accuracy, to control specific mechanical properties like hardness, modulus, and
permanent deformation in PDMS membranes. A strong linear coefficient was
discovered, albeit, with only four data points, that suggests hardness in fibre filled
PDMS membranes may be predictable. In contrast, increasing fibre content had almost
no effect on the permanent deformation of specimens in cyclic Multi-axial tests,
suggesting that some mechanical properties can be altered independently.

Typical of filled PDMS elastomers, all of the specimens exhibited exaggerated plastic
deformation, but the effect was much more noticeable in specimen groups with added
fibres. Additionally, relaxation occurred more slowly in specimens with higher fibre
saturations, showing that increasing the fibre content slowed the atomic dislocation of
PDMS crystalline structures, probably due to the reorienting fibres absorbing the
stress during the loading process. Reverse hysteresis phenomena was attributed to the
loss of energy caused by the dislocation of fibres within the PDMS structure, because
energy loss was reduced when the fibre saturation was increased. Finally, viscoelastic
creep was seen in all of the specimens during Multi-axial deformation and was most
significant in specimens with less added fibres. It was presumed that this was because
the crystalline structure was reinforced by the presence of the fibres. More work needs
to be done to expand on these findings.

The fibre length, orientation and architecture offer an alternative method for
controlling the exaggerated extensibility seen in the current results. Use of more
organised embedded fabric structures may offer an additional opportunity to
manipulate the mechanical performance of PDMS elastomeric membranes in addition
to loose, short-strand fibres used to control hardness: This will be explored further in

Chapter 5.

To accommodate higher percentages of fibres, a much lower native viscosity PDMS
could be used to aid mixing and dispensing. PDMS oil has previously been shown to
reduce PDMS viscosity, albeit at the expense of many other mechanical properties,
including reducing the hardness, tear-resistance, and tensile strength.'® ** This will
be discussed further in Chapter 6.

To conclude, it has been shown that embedded, loose, short-strand fibres have a
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measurable effect on the mechanical properties of PDMS composites and that they are
able to be used to vary the mechanical properties of PDMS membranes to reflect the
hardness of living human skin. However, the extensibility of fibre filled PDMS
membranes remains too great and does not reflect the extensibility of human skin. To
address this, in the next chapter, the investigation will focus on the impact of
interconnected/continuous, longer fibres, like yarns or elastic textiles that can be

embedded in PDMS liquid elastomeric composites.
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Chapter 5
Mechanical behaviour of multi-layered,
reinforced silicone membranes for clinical and

theatrical prosthesis
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5.1 Introduction

Where the previous chapter focused on characterisation of the two separate, fibre
filled, PDMS gel membranes, this chapter focuses on characterisation of a multi-
layered membrane made up of the two previous membranes with the addition of a
third layer of embedded textiles. In particular, uni-directional elasticated yarns and
knitted fabric. The directionally biased textile elements are also tested at different
tensions and orientations that were inspired by tests conducted on fibrous soft tissue

16,50, 172, 351,352, 353 Rirstly, two different,

membranes, like skin, found in the literature.
previously characterised PDMS composites with known mechanical behaviours, are
prepared. The base PDMS layer will be a softened Shore OO-30 with 1% (short-
strand, loose) fibre saturation, the upper layer will be a softened Shore A-10 with 4%
fibre saturation, as per the previous chapter (4). Such a multi-layered composition
offers a softer, more extensible lower layer and a harder, less extensible upper layer.
Secondly, the multi-layer lamination method allows for a precise placement of the
fibre architecture (yarn or fabric) to be embedded between the two layers. Only the
fibre architecture, orientation and tension will change during this investigation. The
PDMS membrane composition remains constant. The resulting reinforced, multi-
layer, composite membranes are then mechanically characterised using the same
standards as discussed in the previous chapters (3 and 4).

The aim of this chapter is to understand the mechanical influence of embedded yarns
and fabrics within a known multi-layered PDMS composite membrane. More
specifically, how fibre architecture, orientation, and tension, can be used to influence
and control the mechanical behaviour of multi-layered PDMS membranes. PDMS
membrane behaviour will be compared to some of the known mechanical traits of soft
tissue membranes such as skin.

This chapter begins with a brief overview of key literary sources that focus on

mechanical characteristics of natural and synthetic, fibre reinforced soft membranes.

5.1.1 Rationale

To measure the effect of tension on the yarn and fabric, specimen groups are created
while held under varying amounts of controlled tension, referred to henceforth as
‘pretensioning’. The amount of pretension exerted on yarns and fabrics during the
embedding process was informed, firstly, by the extensibility of the elastane yarn and
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secondly, by the extensibility of skin. Preliminary tests on the yarn revealed its
changing appearance under strain, using a digital microscope, specified in Chapter 3
(at x200 magnification). As the yarn was stretched the nylon wrapper was almost
completely straight at 100% pretension, (twice its original length). This is shown in
more detail, later in figure 5.2. Secondly, the extensibility of skin, was found to be
50%,*® while others found it to be 100%.3!: 32 174189190 Changes in the pretensioning
of the embedded yarn and fabric offered a measurable control over the variable
extensibility of each membrane without changing the technical textile specifications
under investigation. Elastane was chosen because it represents a fine gauge textile that
can be stretched to measure the influence of orientation as well as stretch (pretension)
simultaneously. There are many possible candidates for this purpose, but elastane was
preferred because it has previously been used to limit the extensibility of fibre-filled,
multi-layered PDMS membranes in forensic studies and surgical training models to
limit extensibility of PDMS gels.! 2% Use of known PDMS membrane
characteristics (in Chapter 4) are expanded in this chapter, while the use of test
standards, detailed in Chapter 3, help mitigate any disparity of results and conveys the
transferability of the applied methods. Knitted, nylon-based elastane (Lycra) also
easily conforms to three-dimensional shapes and is readily available in most countries
as stockings and tights. Finally, most relevant to the current investigation, Rothman®
and colleagues found the extensibility of juvenile skin to be 50%, while others found
it to be 100% in a wider age range.3!:3% 174 189. 19056 " for this study, a pretensioned
extension on the PDMS membranes with embedded knitted elasticated fabric was
tested at 0%, 50% and 100%. In this way, a tuneable membrane can be created with
repeatable, predictable mechanical properties, enabling prosthetic fabricators to
mimic different membrane characteristics to meet a variety of industry needs as

discussed in Chapter 1.

5.2 Methods and material
A summary of the test standards and equipment used in this investigation are discussed

in detail in Chapter 3. Variations specific to this chapter are described below.

5.2.1 Methods
In total this chapter includes results of 175 uni-axial tests, 70 Multi-axial tests, 325
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indentation tests and 350 microscopic images of specimens before and after testing
where changes or destruction of specimens were observed (uni-axial tests). Tests were
categorised into 16 specimen groups based on changes in the preparation method
involved for each group. Each group contained a minimum of five specimens and two
spares in case of defects or equipment malfunction. The methods, standards and
materials used in this investigation are identical to those used in the previous Chapter
(4) and are discussed at length in Chapter 3. In this chapter, the standards applied to
testing are particularly relevant because indentation by durometer testing is a measure
of hardness in elastomers and soft tissue, uni-axial tests were developed for testing the
modulus, UTS and extensibility of rubbers, and the Multi-axial tests were designed
for testing force/time dependence in elasticated fabrics. These tests give mechanical
data on the ultimate tensile strength, Young’s modulus, force decay, force relaxation,
and shore hardness. Additional data on the force at failure, maximum extension and

yield characteristics are also discussed.

5.2.2 Hardness tests

Indentation by durometer was used to measure the hardness of 13 specimen groups.
The first three of the 16 groups were textiles, so cannot be measured with the hardness
test. Measurements were obtained from five specimens per group. Each specimen was
measured in five separate places as per the standard and the mean for each group was
calculated and presented in the results for comparison. Shore hardness test data was
gathered from the unused, excess material, after tensile test dumbbells and Multi-axial
discs were cut from the specimen sheet. Ample excess material was available for
hardness testing due to the shape of mechanical test specimens and specimen

arrangement (described in more detail in 5.3.7).

5.2.3 Tensile tests

Each of the 13 groups that contained embedded textiles were prepared as per the
standards described in Chapter 3. A total of 16 groups are prepared and tested. Groups
one, two and three lacked any PDMS. Group one was a single yarn and group two
consisted of 6 strands on a weft, so these two groups were not cut into a standard
dumbbell shape as the remaining 14 groups were. To maintain consistency in tensile
tests, the neck of the dumbbell (or dog bone)- shaped die (type A) was measured
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against the width of the weft and the distance between yarns determined. Six yarns,
including the intervals between the yarns, equalled the width of the dumbbell die, so
a weft that held exactly 6 parallel yarns was selected for group 2 testing. In group 3,
dumbbells could be cut directly from the knitted fabric for tensile testing. The
remaining 13 groups all containing PDMS, were all cut with the same die prior to
testing. The sheet preparation temperature was 21 degrees C +/-2 degrees and
humidity were between 40-60%. Prepared test sheets were stored for at least 2 weeks

after crosslinking at the preparation temperature and humidity prior to testing.

5.2.4 Multi-axial tests

A steel template measuring 145mm in diameter was used to cut each of the 70 discs
for testing from each sheet of material using a surgical scalpel and cutting mat. Each
specimen was cut with at least 2mm gap between. All specimens and were stored

alongside the tensile test specimens described in 5.2.3.

5.3 Specimen preparation
In this section, all materials and methods involved in production of the PDMS

membranes are described.

5.3.1 PDMS composites membranes selected for layering

Two suitable base elastomers were selected for this study. Both were identical to the
membranes characterised in Chapter 4 and were similar to those used in a forensic
study of soft tissues.!® In this study, one layer of PDMS featured a composition ratio
of 1A:1B:1S with 1% (red) loose short-strand fibres. A second layer of PDMS
featured ratio of 2A:2B:3S with 4% (beige). (Figures 4.1 and 5.1)

These percentages were chosen because they have both been previously tested and
were shown to exhibit properties analogous to human skin as previously described in
Chapter 4. For this study, to mimic the subcutaneous layer, a 1% (by weight) fibre
content was added to a soft, Shore 00-30 PDMS composite that was 2mm thick. For
the stiffer epidermal layer, 4% fibre content was added to a harder Shore A10 PDMS

composite membrane, which was <Imm thick.!%
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PEIE Softener

(Smith's prosthetic
deadener)
PDMS 00-30 Yarn (elastane)
with 1% fibres L +
Fabric (knitted
PDMS 00-30 clastanc)
with 1% fibres
+ Yarn (elastane)
PDMS A10 +
with 4% fibres Fabric (elastane)
Figure 5.1 Schematic of PDMS composite specimens ingredients.

Simplified flow chart showing each component tested and its relationship to other
components. While PDMS A10 is used as a substitute epidermis, the O0O-30 is used as a

substitute subcutaneous layer. These were independently characterised in Chapter 4.

5.3.2 Elastane yarn
Single cover 16/SC (‘S’ twist direction, single cover)/090 Cr:22/1/60 (elastane
size)/60 (twists per meter) n66 (Nylon type) was used to prepare all textile specimens.

(Fig 5. 2)

Figure 5.2  The effect of tension on the profile of elastane yarn.

A single lycra yarn is shown here at three stages of extension. ‘A’ shows the yarn in its relaxed
state at 0% extension (25mm) and how the nylon wrapping fibres are loosely twisted around
the central PU core. ‘B’ shows the yarn at 50% extension as the fibre cover starts to align
and the core yarn becomes most visible. Image ‘C’ shows the yarn at 100% extension where
the cover fibres mostly lay flat against the surface of the core yarn. The black circle featured

in all the images represents Imm diameter. All images were taken at x200 magnification.

First, single elasticated yarns were tested under uni-axial extension to identify
individual strand behaviour. Then an array of single yarns was produced on knitted float
(or weft) with a uni-directional, parallel yarn arrangement, which will be discussed in
5.4. Each yarn was set at Imm increments along the float. The length of each yarn was
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500mm long and was linked to a second identical float at its proximal end. Both single

and multiple yarns were tested in uni-axial extension only.

5.3.3 Knitted elastane fabric

The knitted jersey elastic fabric was created specifically for this experiment using a
flatbed knitting machine (Stoll CMS ADF-3, H. Stoll, GmbH & Co KG. Stollweg 1, d-
72760 Reutlingen, Germany). The yarn used for the fabric were identical to the yarn
shown in 5.3.2. Knitting was performed using 18-gauge needles in a single jersey, half

gauge pattern. (Fig 5.3)

Clamped edge (coarse)
Clamped edge (coarse)

<«——— Direction of pretensioning (wales) ———»

Figure 5.3 Diagram of the knit structure used in all test specimens with embedded fabric
content. The single jersey knit offered good extensibility and permeability. Slack was
removed from the fabric as it was clamped along the coarse direction. All specimens were

stretched in the wales direction only. [Adapted from; Jansen, K. M. (2020). Performance evaluation

of knitted and stitched textile strain sensors. Sensors, 20(24), 7236.]

Each piece of knitted fabric measured 800mm in length (wales) and 600mm in width
(course) enough to comfortably cover the 500mm? gauge mould and leave room for
the clamping plates which measured 600mm long and 100mm wide. To reliably
determine the mechanical influence of the multi-layered composite membrane it was
important to isolate the fabric to one layer. So, the fabric was embedded in the softer,
less viscous OO-30 gel composite. To delineate each materials’ mechanical
behaviour, the fabric was tested independently first using the test regime as specified

in Chapter 3 (excluding hardness).
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5.3.4 Embedding the textiles in PDMS gel composite
Yarns and fabrics were held at three different pretensions during the embedding
process. (Fig 5.4) Both textile types were embedded in the PDMS OO-30 composite

(previously characterised in Chapter 4). The prescribed method of production for all

specimens is described below in 5.3.5 and visualised in Figures 5.5 to 5.9 below.

Figure 5.4 Alignment and tensioning of the uni-directional yarns on the wefft.
Images ‘A°, ‘B’ and ‘C’ were taken using a digital camera during fabrication of
membranes with varying applied tensions. Image ‘A’ shows the uni-directional yarns held
in their relaxed state (0% pretension) during the embedding process in the gauge mould.
Note the crimped appearance of the parallel yarns are most visible at the edge of the
specimen adjacent to the weft (included in the bottom right of image ‘A’°). Image ‘B’ shows
the membrane during fabrication while held at 50% pretension. Note how the yarns began
to straighten and spacing becomes more uniform. Images ‘C’° shows the membrane at
100% pretension, just after curing. Note how the yarns appear finer with more regular
spacings and are straighter than the previous membrane specimens. The rule is provided

in image ‘C’ to illustrate scale of the yarn spacing.

5.3.5 Membrane production method

This same method of production was used to make all membranes, that contained

PDMS gel, are described in figures 5.5 — 5.9.

—

—>

Figure 5.5 Pouring the 00-30 PDMS composite into the gauge mould.
To make all specimens (single and multi-layered), the gauge mould was filled with OO-30
PDMS composite and allowed to settle flat. The same amount was mixed and poured for

each specimen to ensure consistent thickness in each group.

117



Multi strand
yarn on the weft

Figure 5.6 Embedding the uni-directional yarns on the weft using clamping jaws.

For membranes with uni-directional yarns, the yarn weft was clamped at either end then
tensioned to the appropriate amount before being laid on top of the liquid OO-30 PDMS
composite. The composite soaked into the yarns, fixing them in their pretensioned state as the

PDMS cured. Clamps were held in position by screwing them to the worktop.

A B

Acrylic sheet \

Multi strand
yarn on the weft

Figure 5.7 Multi-layering of the uni-directional yarns on the wefft.

For multi-layered membranes with uni-directional yarns, The clamps were removed with the
yarns fixed in place by the cured PDMS. The upper layer of PDMS A10 composite was poured
onto the fixed yarns (shown in image ‘A’) and allowed to self-level and vent any trapped air
caused by pouring. Once levelled, a sheet of transparent, rigid polymethylmethacrylate
(acrylic) plastic (shown top in image ‘B’), was placed on top and pressed into place by hand
to maintain an even surface topology. An exploded view of this process in shown in image ‘B’.
This step was necessary because the material had a higher viscosity due to initial viscosity

and high fibre content. Thickness was managed by use of a consistent weight of material for

each batch.

Knitted fabric sheet

Figure 5.8 Embedding the fabric in PDMS using the clamping jaws.

For membranes with embedded fabric, either end of the fabric was clamped then tensioned
to the appropriate amount before being laid on top of the liquid OO-30 PDMS composite. The
composite soaked into the fabric, fixing it in the pretensioned state as the PDMS cured. The

clamps were held in position by screwing them to the worktop.

118



\ B A Acrylic sheet B

—ﬂ\ L
\ = L
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Figure 5.9 Multi-layered membranes containing fabric.

To add the second layer of PDMS, the clamps were removed with the fabric fixed in place
by the OO-30 PDMS composite. Shown in image ‘A’, the upper layer of PDMS Al0
composite was added and allowed to self-level and vent any trapped air caused by pouring.
Once levelled, a sheet of rigid acrylic plastic sheet, or polymethylmethacrylate (PMMA) was
placed on top and pressed into place by hand to maintain an even surface topology. An

exploded view of this process in shown in image ‘B’.

5.3.6 Pretensioning of embedded textiles

All specimens containing textile elements were subject to pretensioning. The uni-
directional yarns and knitted fabric were pretensioned using a pair of clamping, flat
jaws, fitted with lever clasps to secure the textiles at a fixed distance. The distances
were marked squarely on the test bench and fixed in place via four pre-drilled holes
used to secure the clamps and attached textile elements in the precise location until
the PDMS composite was fully cured. The amount of pretension was determined as a
percentage of 500mm (being the yarn and fabrics original length). The final distances
for each group were 0% (500mm), 50% (750mm) and 100% (1000mm) of original
yarn/fabric test length (500mm). Distances were selected for two reasons. Firstly, the
same distances were used in similar, previous studies on human skin, 3!- 3% 174,189, 190
Secondly, these percentages were chosen because, at 0% the wrapper strands of the
elastane yarn were relaxed and loosely coiled around the core yarn and without
tension, while at 100% the wrapping was laid flat against the core yarn (shown in fig.
5.2)

In the interest of gathering comparative data, the fabric was clamped along the course

direction in a relaxed but flattened state, then stretched in the wales direction for all

six specimen groups containing the fabric (as previously shown in figure 5.3).

In total, 13 PDMS composite membranes were created for this investigation. Six test
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membranes with single-layered of OO-30 PDMS gel (2.0+/-0.5mm thick), and seven
test membranes with multi-layered OO-30/A10 PDMS gels (3.0+/-0.5mm thick).
Each of the three sheets in both groups were prepared with the yarn and fabric held at
different pretensions, relaxed (0%), 50% and 100% relative to their original length. A
further three sheets were prepared with embedded yarn and three sheets were prepared
with embedded fabric. Both groups were prepared using the multi-layered PDMS
composite (00-30/ A10). Each group was also prepared with the yarn and fabric held
at three different pretensions (relaxed, 50% and 100%).

One final sheet was prepared with the multi-layered composition, without fabric, to
serve as a baseline specimen to measure the influence of yarn and fabric addition. One
sheet, measuring 500mm x 500mm was created for each group. (Sheet membranes

and final uni-axial specimens are shown in figure 5.10A and 5.10B)

Figure 5.10 Group sheets preparation for mechanical testing.

Image ‘A’ shows the variety of the finished single and multi-layered membrane sheets
prepared and ready for die-cutting into dumbbells and discs for mechanical testing. Notice
the direction of stretch (pretension) was marked on each sheet to mitigate risk of mixing up
the specimen yarn orientation relative the test direction.

Image ‘B’ shows some dumbbell shaped, multi-layered test specimens cut and ready for
tensile testing. Each specimen was marked with yarn orientation prior to cutting to avoid
mislabelling and a black dot was added to the centre of each specimen prior to loading on

the tensile tester to ensure that the specimens were mounted centrally in the clamping jaws.

After 48 hours cure-time, the wales direction (of the pretensioning) was marked on
each sheet with a permanent black marker and all sheets were dusted with talc to

remove surface static, friction, and tackiness and to prevent debris (that might cause
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damage) from sticking to the surface during handling and storage. All specimens for

mechanical testing were cut from the same sheet, specific to each group.

5.3.7 Orientation of specimens

Specimens were cut using the standard approved (type A) die in 3 different directions;
0°, 45° and 90°, informed by the literature.’® "> To mitigate the risk of variation all
specimens were harvested from a single continuous membrane. The longest side of
the tensile test cutting die was aligned with the required test direction. At least six

specimens were cut with the die positioned in three alignments, shown in figure 5.11.

ool

< 500 mm >

Figure 5.11 Cutting pattern for specimen preparation
All specimens were cut from a single sheet of 500mm x 500mm. Only the orientation

of the die stamp was changed to assess influence of yarn and fabric orientation.

Each group designation was assigned a letter (V, P or D) according to the direction of
stretch from which the die was oriented and the specimen cut. Vertical (0°) refers to
the direction of pretension matched the direction of extension (V). Diagonally (45°)
refers to pretension direction being bias in relation to the direction extension (D).
Perpendicular (90°) refers to the direction pretension being at a right angle to the

direction of extension (P). (Fig 5.12)
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Figure 5.12 Test specimens cut and ready for uni-axial testing
All specimens were marked with an alphanumerical label relating to the group and direction
of pretensioning. Multi-axial test specimens are the circular shapes visible beneath the

dumbbell-shaped test specimens.

5.4 Results

The following is an account of results recorded during mechanical testing on
specimens created and tested using the same standards and equipment as previously
described in Chapter 3. Predictive modelling is only used where a clear relationship
was observed in the data. Results are presented as two main sections; Firstly, results
from tests conducted on yarn embedded PDMS membranes are presented in section
5.4. Secondly, results of experiments on PDMS membranes with embedded fabric,

follow, in section 5.5.

5.4.1 Hardness results of membranes embedded with unidirectional yarn

The hardness for each specimen (Figure 5.13) show that changes in the amount of
pretension exerted on specimens with embedded yarns did not significantly affect the
hardness of the PDMS membranes. Almost no perceivable change occurred among all
specimens, even when comparing relaxed yarns to those held at twice their original
length. As detailed in Chapter 4, the hardness of OO-30 PDMS with 1% loose fibre
addition, and A-10 PDMS with 4% loose fibre addition, was 35 H OO and 50 H OO
respectively. The mean hardness of multi-layered membrane (without textiles) was 49
H OO. No significant change (+2 H OO) was observed in specimen groups containing
the uni-directional yarns embedded in the OO-30 composite, when the pretension of
yarns was increased. Shown in Figure 5.13, specimen hardness ranged from 46 H OO
to 48 H OO. A small, increase from 47 H OO to 51 H OO (+4 H OO) occured when
the second, harder layer, was added (with no pretensioning of the yarns).
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Figure 5.13 Shore hardness values (00) of PDMS membranes with embedded yarn.

The figure shows hardness values recorded during Shore hardness tests by indentation with a
OO calibrated durometer. Each bar represents the mean hardness for each group tested. The
darker bars indicate the mean hardness values for OO-30 gel composite embedded with the
uni-directional yarns, while the lighter bars indicate the multi-layered composite consisting of
0O0-30 with embedded yarn and the secondary stiffer A10 composite membrane. Error bars,

shown in red for each group, represent the standard deviation.

5.4.2 Uni-axial tensile tests

Tests conducted on specimens that were multi-layered with embedded uni-directional
yarns were tested at 0° and 90° because there was almost no difference in the results
of tests conducted on the uni-directional yarns when embedded in OO-30 membranes

at 45° and 90°.

5.4.3 Uni-axial characteristics of the yarns and embedded uni-directional yarns

It was not possible to reliably determine the original cross-sectional area of yarn or
fabric specimens, because of the air gaps between the yarns of the fabric as well as the
air gaps between the yarn core and wrapping fibres, so calculating the UTS with
accuracy was not feasible (because UTS = Maximum force divided by the original

cross-sectional area).
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Figure 5.14 The mechanical characteristics of the yarn in uni-axial extension to failure.
The lighter grey lines on the graph represent the individual yarns while the darker grey

lines represent the multi-yarn specimens (six parallel yarns).

The mean maximum force (Fmax) of the single yarn was 1.88 N, while the mean Fmax
of the multi-strand specimens was 10.08 N. (Fig. 5.14)

Both groups of specimens exhibited a smooth elastic response for the first half of their
extension as the crimped nylon wrapper of the elastane yarn straightened, followed by
progressive decreases due to the individual nylon filaments rupturing, up to yield at
300% strain.

The linear elastic region for the single and uni-directional yarns was the same, at
approximately 125% strain, but the mean force required to reach the strain hardening
region, after the heel, for individual yarns was just 0.03 N, whereas the mean force
required to reach the same strain percentage for the multi-yarn specimens (consisting

of six individual yarns) was slightly higher at 0.1 N.

5.4.4 Uni-axial stress strain results for embedded uni-directional yarns

Data collected during uni-axial extension to failure of single-layered specimens
containing embedded yarn indicated that the amount of pretensioned and orientation
influences the behaviour of specimens. The graphs below (Figures 5.15A-D) offer a
comparison of this influence and clearly show the relationships between membranes
made of OO-30. Results from the uni-directional yarns without PDMS (Fig 5.15A)
are also given alongside the results at the same scale, to offer a comparative view.
Data gathered on the uni-directional yarns without PDMS and multi-layered

specimens without yarns are also shown together in Fig 5.16A.
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Figure 5.15 Uni-axial force vs strain (%) comparison of uni-directional yarns
embedded in a single-layered membrane.

Graph ‘A’ shows the data for tests on the yarn prior to embedding. Graphs ‘B’, ‘C’ and
‘D’ shows the increasing amount of pretension exerted on the embedded yarns during
the embedding process from 0% to 100% respectively. All light grey vectors show the
composite membrane behaviour when aligned with the direction of extension. The dark
grey vectors show the behaviour of the composite membranes containing yarns that were

not aligned with the direction of extension (90° angle).

All other results for multi-layered PDMS specimens with embedded yarns. All graphs

(figures 5.16A-D) are displayed at the same scale for easy comparison.
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Figure 5.16 Uni-axial force vs strain (%) comparison relating to directional, uni-
directional yarns embedded in multi-layered PDMS composite membrane.
Graph ‘A’ shows the data for tests on the yarn prior to embedding shown in light grey
and data for tests on multi-layered PDMS specimens without embedded yarn are shown
in black. Graphs ‘B’, ‘C’ and ‘D’ shows the increasing amount of pretension exerted on
the embedded yarns during the embedding process from 0% to 100% respectively. All
light grey vectors show the composite membrane behaviour when aligned with the
direction of extension. The dark grey vectors show the behaviour of the composite
membranes containing yarns that were not aligned with the direction of extension (90°
angle).
It can be seen in the graphs presented (figures 5.16A-D) that introduction of embedded
yarns immediately increased the strength of specimens that contained yarns that were
aligned with the direction of extension by 40% compared to specimens that lacked
yarns. In contrast, specimens that had embedded yarns at 90° angle, relative to
extension, were weakened by the presence of yarns by 20%, but only in the groups
that contained yarns with pretension of 0% and 50% (figures 5.16B and 5.16C).
Interestingly, specimens with 100% pretensioned yarns (fig. 5.16D) had no effect on
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the overall strength of the membrane at a 90° angle to the direction of loading but had
a significant effect on strength when the yarns were aligned with the direction of
loading (at 0°). The strengthening effect of the yarns can also be seen in graphs
(figures 5.16B and 5.16C) Increasing the pretension exerted on embedded yarns
reduced extensibility from an initial 460% strain seen in relaxed yarns to 115% strain

in specimens that contain yarns embedded at 100% pretension.

5.4.5 UTS of uni-directional yarns embedded in OO-30 PDMS composite
When embedded in the OO-30 PDMS composite, the uni-directional yarns showed

some changes in behaviour at differing pretensions, shown in figure 5.17.
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Figure 5.17 Ultimate tensile strength - The influence of increasing pretension of
embedded uni-directional yarns in 00-30 PDMS composite membrane.
UTS results show the effect of yarn orientation and pretension. The light grey bars show
specimens with yarns that were aligned in the direction of loading (0°). The dark grey bars
indicate specimens with yarns perpendicular to loading direction (90°) and the mid-grey
bars show specimens with yarns oriented in the bias direction (45°). Error bars represent

the standard deviation in each group and are shown in red.
When the yarns were oriented with the direction of loading, there was a small decrease
in tensile strength, but large increased in extensibility, by approximately 250%.

Similar increases in extensibility were seen in the other groups too, when compared
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to tests on uni-directional yarns without PDMS. However, when compared to tests on
identical membranes without yarns (described in Chapter 4), a decrease in
extensibility up to 500% was seen in specimens with embedded yarns aligned at 45°
and 90°, relative to the direction of extension. Also, the elastic region of specimens
with embedded yarns reduced by half, compared to specimens without PDMS.

Shown in figure 5.17, the orientation of yarn had a greater effect than the pretension
on the tensile strength. While the yarns were oriented in the loading direction, the UTS
was between 0.57 MPa and 0.617 MPa. When the yarns were not oriented with loading
direction the UTS of the remaining two groups was between 0.275 MPa and 0.345
MPa. Because no significant differences were found between 45° and 90° orientation,

only 0° and 90° are shown multi-layered specimens in figure 5.18

5.4.6 UTS of uni-directional yarns embedded in multi-layered PDMS membranes
When aligned with the direction of load extension (at 0°), the multi-layered composite

membrane was not significantly affected by the amount of pretension. (Fig. 5.18)
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Figure 5.18 Ultimate tensile strength - The influence of increasing pretension of
embedded uni-directional yarns in multi-layered composite membrane.

UTS results show the effect of yarn orientation and pretension. The light grey bars show
yarns that were aligned with the direction of loading (at 0°), the darker bars indicate
specimens with embedded yarns that were at 90°. Error bars show the standard deviation

in each group and are shown in red.
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Interestingly, the UTS of aligned specimens fell slightly as the amount of pretension
was increased, from 0.653 MPa in a relaxed state, to 0.579 MPa at 100% pretension.

In contrast, the UTS increased slightly as the amount of pretension was increased in
specimens that were not aligned with the direction of extension (90°), from 0.296 MPa

in its relaxed state, to 0.355 MPa at 100% pretension.

5.4.7 Young’s modulus of single layered PDMS composite with embedded yarns
All unidirectional yarns specimens that were embedded in OO-30 PDMS composite
exhibited a small variation in Young’s modulus when tested in uni-axial extension.
Shown in figure 5.19, almost all specimens were found to have an elastic Young’s
modulus between 0.091 MPa and 0.159 MPa. (Fig 5.19)
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Figure 5.19 Young's modulus — The influence of specimen orientation and pretension
of uni-directional yarns embedded in 00-30 PDMS composite.

Bar chart shows the change in Young’s modulus of specimens when segregated by yarn
alignment angle. The light grey bars represent changes in Young’s modulus among
specimens that were aligned with the direction of loading at different pretensioned values
as indicated. ALL darker coloured bars represent changes in Young’s modulus among
specimens that were not aligned with the direction of loading at different pretensioned

values. Error bars show the standard deviation in each group and are shown in red.
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5.4.8 Young’s modulus of multi-layered PDMS composite with embedded yarns
An increase in Young’s modulus between 0.04 MPa and 0.1 MPa was observed in
almost all groups with the multi-layered composition when compared to previous
groups with only one layer of PDMS composite. Multi-layered specimens that lacked
embedded yarns exhibited a Young’s modulus of 0.22 MPa, which was in the same

region as most other groups that contained embedded yarn (0.17 MPa to 0.25 MPa).

1

0.9
0.8 ]

- 0 |
A
= 06
._g 0.5
=
E 04
g o
%y 0.3
g f :
o 0.2
>
O — — —
0% 50% 100% : 0% 50% 100"4)
L J
| T
Yarns aligned with load (0°) Yarns not aligned with load (90°)

Orientation (°) and pre-tension of yarns (%)

Figure 5.20 Young's modulus— The influence of specimen orientation and pretension
of uni-directional yarns embedded in multi-layered PDMS composites.
Shows the change in Young’s modulus of specimens when segregated by yarn alignment
angle. The light grey bars represent changes in Young’s modulus among specimens that
were aligned with the direction of loading at different pretensioned values as indicated. The
darker coloured bars represent changes in Young’s modulus among specimens that were
not aligned with the direction of loading at different pretensioned values. Error bars show
the standard deviation in each group and are shown in red.
The Young’s modulus fell slightly from 0.841 MPa to 0.781 MPa when comparing
single-layered specimens to multi-layered specimens with load-aligned yarns at a
pretension of 100%. (See fig. 5.20) Similar to the previous group (fig. 5.19) with only
one layer of PDMS, this group still exhibited a far higher modulus than any other
group with a four-fold increase in elasticity. Young’s modulus was affected the least

by specimens that were not aligned with the direction of loading (at 90°), with a
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pretension of 100%.

5.4.9 Hysteresis of membranes embedded uni-directional yarns

Multi-axial tests were performed on all disc-shaped specimens with a large
hemispherical indenter to determine the viscoelastic response to deformation. Multi-
axial test details for preconditioning are discussed in detail in Chapter 3.

Cyclic preconditioning was conducted on all specimens that contained uni-directional
yarns embedded in the OO-30 PDMS composite and the multi-layered PDMS
composite, the results are shown in figure 5.21 A-D. Each curve is a loading and
unloading cycle. Summarily, each graph contains all cycles for one group, each group

contains five specimens and each specimen was cycled five times.
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Figure 5.21 Hysteresis (force vs deformation) - The influence of yarn tension.
Multi-axial cyclical tests measuring the characteristic hysteresis loops exhibited by each
group. Each specimen preconditioning is shown in the graph. Five loading cycles and five
unloading cycles were conducted for each specimen. The first loading cycle is seen on the

extreme left in every group, while the final unloading cycle can be seen on the extreme right

of each group.
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The most significant changes occurred in the repeatability and consistency of
deformation.

As shown in figure 5.21A, specimens that contained relaxed yarns in a single layer of
PDMS had the largest variation in deformation amongst specimens between the first
and the last loading cycles, with a range of 6.5mm, while specimens that had a multi-
layered composition had a smaller range of 5Smm (figure 5.21B).

In contrast, specimens that contained 100% pretensioned yarns had much less
variation in the deformation results, with just a Imm variation in cyclic deformation
in single layer specimens and 2mm variation observed in multi-layered specimens
(shown in figure 5.21C and 5.21D respectively). Almost all specimens exhibited
between 15mm and 20mm of deformation that did not appear to correlate well with

any changes in pretension or number of PDMS layers.

5.4.10 Force degradation of membranes embedded uni-directional yarns

During multi-axial tests performed on all specimens with embedded yarns, the rate of
force degradation was measured for 60 seconds. The results from tests on relaxed
yarns and 100% pretensioned yarns, embedded in single and multi-layered PDMS

membranes are presented in figure 5.22A-D.

Overall, results showed a viscoelastic, time-dependent response to constant loading of
5 N, although no specimens exhibited more than 0.7 N force degradation during the
60 seconds. Specimens that contained a single layer of PDMS, with relaxed embedded
yarns, degraded the least amount during the test period, suggesting a better elastic
response and recovery when compared to other groups. Specimens that contained a
multi-layered PDMS with 100% pretensioned yarns showed the steepest rate of force
degradation. Relaxation in this group continued a declining trend until the end of the
test period, evidence of greater time-dependent viscoelasticity in multi-layered

specimens with 100% pretensioned embedded yarns. (Fig 5.22)
Most relaxation of specimens occurred in the first 20 seconds of the test period for
specimens that had a single layer of PDMS, while in contrast, specimens that had a

multi-layered composition continued to relax throughout the test period.

132



5.5 5.5

(91

Force (N)
Force (N)

4.5

ey
[

4 4
0 20 40 60 0 20 40 60
Time (Sec) Time (Sec) ’
00-30 PDMS with un-directional yarn Multi-directional PDMS with un-directional
at 0% pretension yarn at 0% pretension

5.5 55 IEI

5

4.5

Force (N)

Force

4 4
0 20 40 60 0 20 40 60
Time (Sec) Time (Sec)
0O0-30 PDMS with un-directional yarn Multi-directional PDMS with un-directional
at 100% pretension yarn at 100% pretension

Figure 5.22 Force degradation (stress relaxation)- The influence of yarn tension and the
number of layers.

Specimens were measured over 60 seconds while held at 5 N, as per the standard. Image ‘A’
shows single layered PDMS with relaxed embedded yarns. Image ‘B’ shows multi-layered
PDMS with relaxed embedded yarns. Image ‘C’ shows single layered PDMS with embedded
yarns held at 100% pretension. Image ‘D’ shows multi-layered PDMS with embedded yarns
at 100% pretension. Each graph axis is labelled accordingly.

Interestingly, the two groups that exhibited the least variation amongst test specimens
were the single layered PDMS with relaxed embedded yarns and multi-layered PDMS
with 100% pretensioned embedded yarns; Indicating no clear relationship between

result variation and yarn tension or number of layers added.

5.4.11 Unrecovered deformation of membranes embedded uni-directional yarns
The amount of permanent (unrecovered) deformation was measured after the Multi-
axial tests on all specimens and helped describe the plasticity of specimens, shown in

figure 5.23. As can be seen in the graphs (Figure 5.23), all specimens tested exhibited
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permanent change between 1.5mm and 3.4mm, as a result of cyclic deformation up to

5 N. Specimens with a single layer of PDMS showed the least amount of permanent

deformation.
5
4
e
£’ ‘
=)
2
2207 l
e
o
A [
1
0
0% 50% 100% 0% 50% 100%
L J L J
Yarns embedded in OO-30 PDMS Yarns embedded in multi-layered PDMS

Group and pre-tension (%)

Figure 5.23 Unrecovered deformation of PDMS with embedded yarns- The influence of
increasing yarn tension and number of layers.

The chart shows a comparison between single layered specimens and multi-layered
specimens that were embedded with uni-directional yarns held at various pretensioned
amounts (0%, 50% and 100%). The light grey bars show the specimens that contained yarns
embedded in a single layer of PDMS (OO-30) while the darker grey bars show the multi-
layered PDMS specimens with embedded yarns. Each bar represents the mean of five test
specimens. Error bars represent the standard deviation for each group of specimens and are

shown in red.

While there was a small difference between the single and multi-layered specimens,
there appeared to be no correlation between the amount of deformation and the amount
of pretension exerted on embedded yarns during specimen preparation. The
multilayered membranes exhibited greater unrecovered deformation than the
membranes with only a single layer. As discussed in the previous chapter, membranes
with more fibres (4%) experienced greater permanent deformation. Membranes with

a single layer varied a little, but not consistently.
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5.4.12 Force decay of membranes embedded uni-directional yarns

During the multi-axial investigations, the amount of force decay was recorded as a
percentage of lost energy after a 60 second holding period at 5 N, shown in figure
5.24. Increasing embedded yarn pretension appeared to affect the amount of force
decay observed most significantly in single-layered specimens. As shown in figure
5.24, a substantial decay in force of almost 10% was found in single layered specimens
at 100% pretension, which correlates with the increase in Young’s modulus seen only
in this group during uni-axial tests.

Specifically, this particular group saw a sharp increase in decay from 5.8% to 9.9%
when comparing the single-layered specimens with 50% pretension and the single-

layered specimens with 100% pretension, respectively.
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Figure 5.24 Force decay- The influence of increasing yarn tension and layering.

Bar chart showing the relationship between embedded uni-directional yarn pretension and
the percentage of force decay. The light grey bars represent specimens made from a single
layer of PDMS while the dark grey bars represent specimens made from the multi-layered
PDMS. Each bar represents the mean of five test specimens. Error bars represent the

standard deviation for each group of specimens and are shown in red.
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5.5 Results regarding PDMS composite membranes with embedded fabric

This section focuses on the behaviour of PDMS composite membranes that have been
embedded with fabric using the same standards and equipment as previously used on
all PDMS composite membranes. The fabric created for these experiments was
produced using yarn obtained from the same batch of yarn, as experiments conducted
on specimens containing the uni-directional yarns, to mitigate the risk of variation in
yarn production. This approach offers directly comparable results to help define and

delineate the influence of key mechano-structural changes in PDMS membranes.

5.5.1 Hardness of fabric embedded in PDMS composites
Specimens made with OO-30 embedded with fabric were found to have a hardness
ranging from 47 H OO with relaxed embedded fabric, to 52 H OO with 100%

pretensioned embedded fabric. The results are shown in Figure 5.25.
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Figure 5.25 The hardness of PDMS membranes with embedded fabric
The figure shows hardness values recorded with a OO calibrated durometer. Each bar
represents the mean hardness for each group tested. The darker bars indicate values for OO-
30 gel composite embedded with the fabric, while the lighter bars indicate the multi-layered

composite membrane. Error bars, shown in red, represent the standard deviation.
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Specimens made with the multi-layered PDMS composite (with the added A-10 layer)
saw the most noticable change in hardness from 49 H OO without fabric to 53 H OO
with the introduction of relaxed embedded fabric, to 58 H OO with the 100%
pretensioned embedded fabric. (Fig 5.25)

Linear regression of the data revealed a fairly weak correlation (R? = 0.75) between
hardness and pretension of embedded fabric in specimens that were made from the
single layered OO-30 PDMS composite. Conversly, there was a good linear
correlation (R? =1.00) between the hardness and fabric tension when embedded in the
multi-layered PDMS. A predictive model describing the relationship between
hardness and embedded fabric tension has been given in figure 5.26. It was also found
that a small but gradual hardening occurred in the multi-layered PDMS, as the
pretension of the embedded fabric was increased. Specifically, it was found that, 3.2
H OO increments occurred per 50% increase in pretensioning of the fabric.

However, this data needs further work with additional data points to be used reliably.
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Figure 5.26  Linear regression of Shore hardness of membranes with fabric embedded in
multi-layered PDMS, versus, increasing pretension on embedded fabric.

The mean hardness of all specimens in the same group are marked by the coloured dots.
Linear regression is shown by the solid line. The model predicted hardness to increase by
3.2+ 0.5 degrees of hardness per 50% increase in fabric pretension. Error bars are shown in

red for each group representing the data set's standard deviation.
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The strong linear coefficient was calculated using equation 5.1.

y=2.7x + 50.5 Eq. 5.1

5.5.2 Uni-axial tensile tests of fabric embedded in PDMS composites

Before mechanical tests on the PDMS composites were performed, the fabric was
tested without any PDMS in uni-axial extension, to gather baseline data on fabric
behaviour. The fabric was tested in three orientations (0°, 45° and 90°) relative to the
direction of stretch that would later be applied to the composites.

The fabric was tested first, then the PDMS specimens that contained embedded fabric.
Uni-axial stress strain relationships, UTS and Young’s modulus results are all

presented in turn.

5.5.3 Characteristics of the fabric

Testing the fabric prior to embedding it within the PDMS allows for direct
comparative analysis between the groups and helped determine the most resilient
orientation to use for pretensioning during the embedding process.

The maximum force prior to uni-axial failure of the knitted fabric was 26 +/- 0.9 N in
the wales direction, a little less in the coarse direction at 20.7 +/- 1.6 N, but was much
less in the bias, at just 7.3 +/- 3.7 N.

All three groups behaved similarly in the elastic range, at lower strains under 125%
extension, but the two groups with the greatest extensibility (wales and coarse)
exhibited strain hardening characteristics at higher strains. All fabric test specimens
exhibited progressive failure of individual yarns at higher strains above 300%
extension. The greatest tensile strength was seen in wale direction, so it was
determined that this would be the direction of pretension when embedding the fabric
in PDMS. Clamping would occur along the coarse direction in the next phase.
Additionally, specimens extended in the bias direction were included in this
investigation due to their weaker, but stiffer, mechanical properties that contrasted
with the wales and coarse directional properties. Specimens extended in the bias can

be seen during extension in Fig 5.27.
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Figure 5.27 Uni-axial tests being conducted on fabric specimens.

The image shows fabric specimens during extension. All specimens in the images were cut
on the bias and marked with a central dot for alignment when clamping. During extension
specimens begin to fray at the edges prior to failure. This may explain the serrated stress

strain vectors exhibited by all the fabric specimens as shown in figure 5.284

5.5.4 Uni-axial stress strain results for single-layered PDMS composites with

embedded fabric

When testing fabric only specimens, elasticity in all three orientations was found to
be similar, but the extensibility was reduced by more than half when extended to
failure in the bias direction, seen in figure 5.28A. When the relaxed fabric was
embedded in the PDMS gel, (Figure 5.28B) extensibility and strength of the fabric
was significantly improved in the bias direction but did not appear to have much

influence on the wales or coarse oriented specimens.

The elastic yield of all specimens containing fabric and PDMS remained relatively
stable <100% strain in all orientations (shown in figure 5.28B, 5.28C and 5.28D).
After the elastic yield, specimens that contained fabric with >50% pretension, showed
the most significant changes in behaviour as illustrated in Figure 5.28B and 5.28C.
Acute strain hardening until failure was observed in the bias direction when the fabric
was relaxed in the PDMS composite. A similar strain hardening effect was also

observed in the wales direction when pretension was present in specimens. Specimens
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with relaxed fabric, oriented in the wales and the coarse direction during tests,
exhibited similar linear behaviour at first, but with three distinct yield indicators,
typical of fabric/polymer composites. The first observable yield occurred at low
strains <100% strain as the elastic limit was reached, which was the same as the other

specimen groups.

The second yield indicator occurred at high strains >1250% strain and was revealed

by distinctive undulations in the otherwise smooth curve, shown in figure 5.28B.
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Figure 5.28 Uni-axial extension to failure showing influence of fabric orientation on
PDMS OO0-30 composite behaviour.

Each group is labelled with its respective fabric orientation. In this figure, all specimen
vectors are given in the graph to describe each group’s unique behaviour at different
orientations and to demonstrate the membrane’s mechanical consistency. Graph ‘A’ shows
the mechanical behaviour of fabric specimens without PDMS. Graph ‘B’ shows relaxed
fabric embedded in PDMS OO-30 composite. Graph ‘C’ shows pretensioned (50%) fabric
embedded in PDMS OO-30 composite. Graph ‘D’ shows pretensioned (100%) fabric
embedded in PDMS OO-30 composite.
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As can be seen in Figure 5.28A, the breaking strain of the fabric was in the same strain
(%) range for wales and coarse orientation as the undulations in figure 5.28B
(>1250%), whereupon it is presumed the fabric gradually failed and PDMS content
was recruited to absorb loading in the failure region, until full specimen failure at
around 1800%. Specimens containing embedded fabric that was pretensioned at 50%

all exhibited a significant increase in overall strength, but a reduction in extensibility.

Along with the reduced extensibility, in coarse and wales orientations, the serrations
seen in 5.28A disappeared with the introduction of PDMS to the fabric and were
replaced with a smooth vectors exhibiting strain hardening trajectories, seen in Figure

5.28B, C and D.

Specimens oriented in the coarse direction were still the weakest though, typically

failing at <50 N, but they were the most extensible, reaching up to 1600% strain.

When oriented in the wales direction membranes almost doubled in overall strength,
but extensibility was reduced significantly by around 500%. The most significant
changes were observed when testing membranes with embedded fabric that were
pretensioned by 100% (fig. 5.28D). Extensibility was reduced in all specimen

orientations, in this group, by approximately 400%.

Specimens oriented in the bias exhibited the most significant change when compared
to the other groups with less pretension, reducing in overall strength by half but
retained almost all of its extensibility. All specimens with 100% pretensioned

embedded fabric failed at <1080% strain.

5.5.5 Uni-axial results for multi-layered PDMS composites with embedded

fabric

When fabric was embedded in a relaxed state with 0% pretension applied, the
membranes in the wales and coarse orientation behaved almost identically.
Meanwhile, in the bias orientation, there was a distinct strain hardening effect seen at

800% extension that continued to increase until failure at 1300% extension. When a
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pretension was applied to the embedded fabric, the characteristics of specimens
oriented in the wales direction exhibited significant strain hardening at 1000%
extension through to failure. Specimens aligned in the coarse and bias directions
remained almost unchanged.

Specimens in all multi-layered groups behaved similarly to the previous groups with

only one layer (fig. 5.29).
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Figure 5.29 Comparison of knitted lycra fabric orientation and multi-layer PDMS
composite behaviour - Uni-axial extension to failure.
Each group is labelled with fabric orientation. Each vector describes the unique behaviour
at different orientations, they are shown here to evidence consistent performance. Graph
‘A’ shows the behaviour of fabric specimens without PDMS (reproduced from figure 5.284)
for comparative purposes. Graph ‘B’ shows relaxed fabric embedded in the multi-layered
PDMS composite. Graph ‘C’ shows pretensioned (50%) fabric embedded in the multi-
layered PDMS composite. Graph ‘D’ shows pretensioned (100%) fabric embedded in the
multi-layered PDMS composite. Although clearly labelled, specimens containing 0%
pretensioned fabric behaved so similarly in the wales and coarse direction, that it is difficult
to separate them in graph ‘B’, but the results are shown more clearly in the UTS and

Young’s modulus results in the proceeding sections.
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At 100% pretension, however, the behaviour of specimens aligned in the wales and
bias showed significant change, while specimens aligned in the coarse direction
remained almost unchanged. Specimens aligned in the bias exhibited a decrease in
strength by around 25%, meanwhile, the specimens aligned in the wales direction
exhibited a small increase in strength but a large decrease in extensibility. In
comparison, multi-layered PDMS specimens that lacked embedded fabric began to

yield at a mean force of 14.22 N of stress and 311.3% strain.

5.5.6 UTS comparison of all specimens embedded with fabric

The UTS results for all specimens that contained fabric are shown in the chart below

for easy comparison. (Fig 5.30)
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Figure 5.30 Ultimate tensile strength — Comparison of knitted lycra fabric orientation
and multi-layer PDMS composite pretension.

Results show the effect of fabric direction and pretension on strength. Light grey bars show
the specimens aligned in the wales direction during loading at different pretensioned values,
the darkest bars indicate specimens with bias alignment relative to the direction of loading,
the mid-grey bars represent specimens that were aligned in the coarse direction during

loading. Error bars represent standard deviation and are shown in red.
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Results visualise changes in the UTS of all 90 uni-axial tests conducted on specimens
containing embedded fabric. Each bar represents the mean value of identical five
specimens. Since each specimens’ cross-sectional area of each specimen is considered
when determining the UTS, results are directly comparable. All specimens showed a

fluctuating change in behaviour at differing pretensions and orientations.

Results show the group with fabric (at 50% pretension) embedded in a single layer of
(O0O-30) PDMS, were strongest, and were almost twice as strong, in all orientations,
as specimens that contained relaxed fabric. Specimens in the wales orientation
increased from 0.64 MPa to 1.31 +/-0.1 MPa, while specimens in the wales orientation
increased from 0.85 MPa to 1.45 +/-0.08 MPa, in the coarse orientation specimen
strength increased from 0.42 MPa to 0.76 +/-0.09 MPa.

The weakest specimens, in all groups tested, contained embedded fabric oriented in
the coarse direction, with little change in the UTS observed between specimens
groups, even when the relaxed fabric was embedded or an additional PMDS layer was
added.

As fabric pretension was increased from 0% to 100% for specimens that were multi-
layered, the UTS decreased slightly by 0.17 +/- 0.01 MPa in specimens oriented in the
bias direction. Meanwhile multi-layered specimens with fabric oriented in the wales
direction increased gradually by a total of 0.37 +/- 0.03 MPa as the pretension was
increased from 0% to 100%, with good predictability (R? = 0.9896) using the linear
regression given in equation 5.2. By comparison, specimens that lacked embedded

fabric had a mean UTS of 0.39 +/-0.02 MPa.

y=0.186x + 0.413 Eq. 5.2

5.5.7 Young’s modulus of fabric embedded in multi-layered PDMS composite
The Young’s modulus for all specimens that contained fabric embedded in either a
single or multi-layer PDMS membrane, are shown below in figure 5.31. Each bar in
the figure represents the mean value of five identical specimens. Results show that all
specimens with a single layer of PDMS had a significant change in behaviour at
differing pretensions and orientations, while the specimens with a multi-layered
composition changed little.
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Figure 5.31 Young's modulus — The influence of specimen orientation and pretension
of fabric embedded in PDMS composite.

The figure shows the change in Young’s modulus due to orientation. As labelled, the light
grey bars show specimens aligned in the wales direction at different pretensions, all of the
darkest bars indicate specimens with bias alignment relative to the direction of loading, all
the mid-grey bars represent specimens that were aligned in the coarse direction relative to

loading. Error bars represent the standard deviation in each group and are shown in red.

Overall, results showed a poor relationship between the orientation and amount of
pretension in all specimens. However, a significant change was observed in the group
comprised of a single layer of PDMS and where fabric was pretensioned to 50%,
particularly in specimens oriented on the bias and wales, both of which saw the largest
increase in Young’s modulus of all specimens tested, doubling in elasticity from 0.1
MPa to 0.198 MPa and 0.09MPa to 0.18 MPa, bias to wales, respectively.

Specimens oriented in the coarse direction, increasing from 0.1MPa to 0.16MPa. Only
multi-layered specimens oriented in the wales direction showed any predictable gain

in elasticity (R?= 0.967) using the formula provided in equation 5.3.
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y=0.0147x + 0.1534 Eq. 5.3

By way of comparison, the Young’s modulus for specimens lacking embedded fabric

was 0.22 MPa (+/-0.017 MPa). No other significant relationships were observed.

5.5.8 Multi-axial - Hysteresis of fabric embedded in PDMS composites

Cyclic loading during dynamic multi-axial compression is shown in figure 5.32.

z ] o

W

z ¢
23 S 3
5 S
= 2 2
1 |
0 0
0 5 10 15 20 25 0 5 10 15 20 25

Deformation (mm) Deformation (mm)

00-30 with embedded fabric 0% pre-tension Multi-layered PDMS with embedded
fabric 0% pre-tension

6 6

wn

5

~
~

'S}

Force (N)
(e —_ w

Force (N)
(e —_ 3] w

0 5 10 15 20 25 0 5 10 15 20 25
Deformation (mm) Deformation (mm)
00-30 with embedded fabric 100% pre-tension Multi-layered PDMS with embedded

fabric 100% pre-tension

Figure 5.32 The influence of increasing fabric tension- Hysteresis (force vs deformation).
Multi-axial cyclical tests measuring the characteristic hysteresis loops exhibited by each
group. Each specimen preconditioning is shown in the graph. Five loading cycles and five
unloading cycles were conducted for each specimen. The first loading cycle for each group
is seen on the extreme left in every group, while the final unloading cycle can be seen on

the extreme right of each group.
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During multi-axial compression investigation of test specimens, it was found that the
group comprised of single-layered PDMS specimens with 100% pretensioned
embedded fabric and the group that comprised of multi-layered PDMS specimens with
relaxed embedded fabric, were the most time dependent in their viscoelastic response
to cyclic loading. This can be seen in the provided graphs as preconditioning

hysteresis cycles that exhibited more widely spaced curves (fig. 5.32).

The remaining groups were less time-dependent, with the group composed of single-
layered PDMS and relaxed embedded fabric being the least viscoelastic in pre-
conditioning cyclic tests. All groups performed similarly in multi-axial deformation
at 5 N, rarely achieving under 15mm of deformation, largely staying within the 15mm
to 20mm threshold for deformation, even when the groups that exhibited the most

viscoelastic change during pre-conditioning are considered.

Other characteristics such as force degradation and unrecovered deformation and
force decay reveal a more detailed picture of the mechanical response of specimens to
multi-axial examination. Lastly, there was no significant difference in results of

identical tests conducted on specimens that lacked fabric.

5.5.9 Force degradation of fabric embedded in PDMS composites

No noticeable difference was observed in the rate of force degradation when measured
over 60 seconds at 5 N of constant loading. Most force degradation occurred within
the first 20 seconds of all of the tests, regardless of the group being investigated. Not
more than 0.5 N of force was lost during this period of the tests. (Fig 5.33)

All of the groups also continued to relax until the end of the 60 seconds, albeit very
slowly. Typically, this was less than 0.03 N over the final 20 seconds of most tests.
The similarity amongst test group results are shown in figure 5.33. Even specimens
that lacked the embedded fabric, offered comparable results regarding the profile of

force degradation spanning 0.5 N over 60 seconds.
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Figure 5.33 Force degradation- The influence of increasing yarn tension.

Force degradation measured over 60 seconds while held at 5 N. Results are the mean
averages of experiments on each group. The graph describes the relationship between the
change in force degradation and the amount of pretension of embedded yarns. Each vector
represents an average of each group’s rate of force decay. Each group is labelled according

to the amount of pretension used in its preparation.

5.5.10 Unrecovered deformation of fabric embedded in PDMS composites
The amount of permanent deformation was measured for all specimens (fig 5.34).

Results indicate that all specimens show significant plasticity in their behaviour.

Groups varied by an average of just Imm across all specimens. The greatest amount
of unrecovered deformation (and error) occurred in specimens that contained 50%
pretensioned fabric for both single-layered and multi-layered specimens, but only by
a small amount (> 0.5mm). Specimens that lacked fabric did not differ from these

results either, with a mean of 2.3mm +/- 0.08mm of unrecovered deformation.
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Figure 5.34 Unrecovered deformation PDMS with embedded fabric.

Single layered specimens and multi-layered specimens embedded with fabric with
pretensions (0%, 50% and 100%). The light grey bars show the specimens that contained
Jfabric embedded in a single layer of PDMS (O0-30), the darker grey bars show the multi-
layered PDMS specimens with embedded fabric. Each bar represents the mean of five test
specimens. Error bars represent standard deviation for each group of specimens and are

shown in red.

5.5.11 Force decay of fabric embedded in PDMS composites

The percentage of force decay measured for each specimen group after a 60 second
holding period at 5 N, during multi-axial investigations. As shown in the chart
provided in figure 5.35, all specimens show a significant amount of viscoelastic

behaviour.

Changes occurred in the amount force decay, but no perceivable relationships were
observed between the amount of pretension exerted on embedded fabric or number of
PDMS layers. Once again, the groups with 50% pretensioned fabric in both, single
and multi-layered specimens, were shown to be slightly less viscoelastic than other

groups tested, (< 2%), especially considering the standard deviation in each group.
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Multi-layered PDMS specimens, that lacked embedded fabric, exhibited a mean of
force decay of 7.6 % compared to 8.1 % for all other groups.
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Figure 5.3 Force decay- The influence of increasing fabric tension.

Bar chart showing the relationship between embedded fabric pretension and the percentage
of force decay. The light grey bars represent specimens made from a single layer of PDMS
while the dark grey bars represent specimens made from the multi-layered PDMS. Each
bar represents the mean of five test specimens. Error bars represent the standard deviation

for each group of specimens and are shown in red.

5.6 Discussion on the behaviour of PDMS membranes with textiles

The principle focus of this chapter was to determine the precise influence of textiles
used to reinforced PDMS composite membranes. Materials familiar to prosthetists,
that might be used to reproduce some of the unique, anisotropic qualities of human,
soft tissue membranes, like skin. Reliability of results and repeatability of tests was
ensured by using agreed international standards and equipment, designed for
mechanical characterisation of elastomers and elasticated fabrics, specimens. This
discussion is presented in two main sections; Section 5.6 discusses membranes with

embedded yarns, section 5.7 discusses membranes with embedded fabric.
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This discussion focuses on identifying and delineating the precise changes in
mechanical behaviour, due to the influence of embedded textiles. Both sections
include separate discussions for each mechanical characteristic observed- Shore
hardness, UTS and Young’s modulus, hysteresis, force degradation, unrecovered
deformation, and force decay. The amount of pretension and angle of orientation were

informed by literature on the behaviour of human skin,3% 3130 172, 174, 189, 190

5.6.1 Hardness characteristics of PDMS membranes with embedded yarns

The introduction of yarns embedded in the PDMS composite caused a perceivable 12
H OO increase in hardness of the single layered composite from (35 H OO to 47 H
0O0) when comparing single layered specimens with embedded yarns to single layered
specimens lacking yarns, that were previously discussed in chapter (4). The hardness
of multi-layered specimens without yarns was 49 H OO, so the presence of yarns
caused a greater increase in hardness, than the addition of a second layer. It is possible
that the spacing of the yarns may have contributed to the increase in hardness that was
observed, as the yarns would have increased overall density of the membrane due to
their incompressibility and close proximity to one another. Changing the spacing of
the yarns may have an influence on the overall observable hardness. Interestingly
though, changing the amount of pretension exerted on embedded yarns during
specimen fabrication had no significant effect on the overall hardness of any
specimen. When a second (thinner and stiffer) layer was added to create the multi-
layered PDMS composite, a small, increase in hardness was noticed, as might be
expected, since a layer of slightly stiffer material was being added, but the small
increase, of 4 H OO, that was observed, would be difficult to recognise with palpation

alone.

5.6.2 Uni-axial characteristics of PDMS membranes with embedded yarns

Uni-axial characterisation of the yarns without the PDMS layer was important to fully
understand their role in composite membrane behaviour and how they might be
employed to influence the uni-axial behaviour of PDMS composites. Equally
important was the characterisation of the baseline, multi-layered PDMS composite
absent of yarns. Uni-axial stress strain graphs are important because it allowed for a
detailed view of the changeable mechanical properties throughout extension. It also
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helps quantify key mechanical traits like, non-linearity, Young’s modulus and UTS;
especially useful when comparing data from this study with the data from the
literature. Because most of the existing data in the literature refers to experiments
conducted without use of the available standards, references to existing data are given
where relevant, but in general, results presented in this work are intended as a baseline
for comparative studies and development of more realistic materials and repeatable

simulations and surrogates.

When aligned with the direction of loading, the unidirectional yarns that were not
embedded in PDMS exhibited yield at around 10 N, while the yield of the multi-
layered specimens lacking yarns was 14 N. Embedding the yarns in the single layered
PDMS composite offered more than twice the strength of the yarns alone, helping the
membranes achieve 22 N before yielding, proving that the yield strength of the single-
layered composite (O0O-30) was directly influenced by the presence of the yarns.
Embedding of the yarns into a known, single-layered PDMS composite also produced
other interesting mechanical effects. Firstly, extensibility decreased as the amount of
pretension was increased showing that the pretension of yarns was a reliable method
of reducing PDMS extensibility in a controlled manner. Secondly, all specimens in
the group with pretensioned yarns (100%), that were aligned in the direction of
extension, exhibited similar failure strain percentages as the values given in the
literature for excised human skin, between 100% and 150%.'% ' All other specimens
with load-aligned yarns also exhibited similar gains in yield strength characteristics
regardless of the amount of pretension on the embedded yarns, (around 22 N), but
with differing failure strain percentages, between 100% (at 100% pretension) and
575% (with no pretension). Furthermore, specimens with aligned relaxed yarns had a
higher failure strain percentage >500%) and exhibited strain hardening traits that are
characteristic of soft tissues in extension.>" 172

Meanwhile, the specimens with 50% and 100% pretension had an almost linear
extensibility with only a slight strain softening prior to failure. Specimens with yarns
embedded at a 45° and 90° that were tested, both exhibited almost identical
mechanical behaviour; strain softening before strain hardening, a recently identified
mechanical feature associated with the mechanical behaviour of skin.*> The cause of
this change in behaviour lays in the way the yarns corrupt the homogeneity of the
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PDMS, effectively creating tracks of thinned, weakened PDMS along their course.
Once the heel of the curve is exceeded the yarns separate from the surrounding matrix,
the PDMS component takes up the strain causing the strain softening region seen in
the data. As the PDMS composite absorbs the load, the loose fibres in the composite
are recruited to absorb increasing amounts of the strain causing the strain hardening
effect. This characteristic was absent in the specimens with aligned yarns because the
yarns absorbed the load throughout extension, until failure, which was in agreement
with the literature.?! The results from the UTS tests support this hypothesis as all
specimens (single and multi-layered PDMS) with aligned yarns (0°) exhibited twice
the amount of strength seen in the other specimen groups. The presence of a second
layer of PDMS did almost nothing to the overall strength of any specimen either,
proving that the yarns had a greater influence on mechanical strength and extensibility
than the PDMS.

Interestingly, however, the elastic modulus of all specimens was between 0.1 MPa
and 1.5 MPa, except for all specimens that contained aligned yarns with 100%
pretension that were 7 to 8 times the modulus of all other specimens. It is assumed
that this was caused by the yarns being recruited to absorb loading almost instantly
during extension, as the elasticity of the yarns was impacted by the pretension
procedure. Other groups were more reliant on the elasticity of the PDMS composite.
Further evidence supporting this theory was found in the multi-layered group. Here,
the addition of a second layer of PDMS composite had a small effect on membrane
elasticity, raising the modulus threshold of all specimens by 0.21 MPa +/- 0.04 MPa,
with one exception; The group containing yarns aligned in the direct of extension at
100% pretension, which exhibited similar elastic modulus as the single layered group,
with an equally distinctive increase in modulus to 0.78 MPa.

Finally, in all specimens that had a multi-layered composition and embedded yarns,
that were not aligned in the direction of extension, saw a significant reduction in
extensibility (-50%), compared to specimens with only a single layer of PDMS
composite, revealing that the presence of a second stiffer layer of PDMS has a greater

influence on the extensibility of the membranes with embedded yarns.
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5.6.3 Multi-axial characteristics of PDMS membranes with embedded yarns

Multi-axial cyclic compression was conducted >5 N, as previously specified and the
relaxation of the specimens was measured to determine the viscoelastic behaviour of
specimens. Preconditioning is a process that allows for the loading history of
specimens to be considered when assessing the mechanical response to deformation.
Loading history, is a well-known influential factor in the characterisation of

anisotropic, viscoelastic membranes,*!

only the multi-axial test standard offers
specific guidelines on recording and presenting this trait.

Specimens with 100% pretensioned yarns that were embedded in a multi-layered
PDMS lost their stored energy more slowly than all other test specimens. This
indicated that this particular group was more viscoelastic than other groups but results
of the force degradation also showed that this group had the least variation amongst
individual specimens within the group, suggesting a greater predictability and
reliability in mechanical response to loading. In addition, when compared to the
groups with only a single layer of PDMS, the presence of a second layer of PDMS

appeared to stabilise the amount of force decay in all specimens, regardless of the

amount of pretension exerted on embedded yarns.

5.6.4 Summary of PDMS membranes with embedded yarns

Changing the amount of pretension exerted on embedded yarns during specimen
fabrication had no significant effect on the overall hardness of any specimen, but
adding a second layer of PDMS did slightly increase hardness. Embedding the yarns
in the PDMS composite doubled the strength of the structure, compared to the yarns
alone. Extensibility decreased as the amount of yarn pretension was increased. All of
the specimens in the group with 100% pretensioned embedded yarns, that were
aligned with the direction of loading, showed similar failure strain percentage as
excised human skin. Changing the pretension percentage affected the failure strain
percentages, but not the yield force. Specimens with yarns embedded at a 45° and 90°
exhibited strain softening before strain hardening, known features associated with the
mechanical behaviour of skin. The yarns aligned with loading had a greater influence

on the mechanical strength of the specimens, while the multi-layered composition had
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a greater effect on extensibility in all other groups that were not aligned with the
direction of loading. The elastic modulus of specimens that contained load-aligned
yarns with 100% pretension exhibited a modulus seven to eight times higher than that
of all other groups. Specimens with 100% pretensioned yarns that were embedded in
a multi-layered PDMS lost their stored energy more slowly than all other test
specimens. The presence of a second layer of PDMS appeared to stabilise the amount

of force decay.

5.7 Discussion regarding PDMS membranes embedded with fabric

The effects of embedding fabric in PDMS with different amounts of tension was
investigated to assess their suitability for use as analogous soft tissue membranes for
clinical and theatrical prosthetic applications.

Results were presented in a visually digestible manner best suited to the
interdisciplinary audience for which it was intended, amongst clinical prosthetic

research communities and practicing theatrical prosthetists.

5.7.1 Hardness characteristics of PDMS membranes embedded with fabric

The introduction of embedded fabric caused an increase in hardness that was
proportional to the increase in pretension exerted on the fabric during the embedding
process, especially among the groups comprised of the multi-layered PDMS
composites. Despite the limited number of data points, emerging data revealed a
strong linear relationship (R?=1.00) between the fabric tension and hardness, but only
in the multi-layered configuration. Although the predictability of the linear regression
model was good, the range of hardness values was quite small from a tactility
viewpoint of the prosthetist (increase of 3.2 H OO +/- 0.5, per 50% increase in fabric
pretension). Interestingly, a similar increase in hardness (3.4 H OO) was also observed
with the introduction of embedded fabric, so a perceivable increase in hardness of
almost 10 H OO can be anticipated when comparing multi-layered specimens without

fabric, to equivalent specimens with fabric, at 100% pretension.

Since the proximity of the fabric layer to the test surface was less in the specimens
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with multiple layers, it can be assumed that the fabric tension had more effect on
hardness than the addition of a second layer of PDMS. Data that showed single-
layered specimens with 100% pretensioned fabric, was harder than multi-layered
specimens without fabric, which adds weight to this theory.

Considering all of the data, the fabrics influence on hardness was minimal compared
to other influencing factors such as loose fibre content as seen in Chapter 4.
Nevertheless, it is an influential, and predictable factor to be considered when
preparing reinforced soft tissue prosthesis that need to convey a precise hardness

value.

5.7.2 Uni-axial characteristics of PDMS membranes embedded with fabric

The knitted fabric that was tested without a supporting PDMS matrix was weaker and
less extensible, than specimens containing relaxed fabrics that were embedded in the
PDMS, but only in the bias direction during extension, breaking earlier and extending
less than the other orientations tested. More specifically, fabrics tested in the bias,
were four times weaker but three times stiffer than specimens extended in the coarse
and wales direction. Multi-layered specimens that lacked embedded fabric were
similarly weak compared to all specimens with embedded fabric, except specimens
that contained embedded fabric tested in the coarse orientation, where the UTS was
similar to specimens without fabric (around 0.4 MPa in all cases) but the elongation
was very different. For example, specimens oriented in the coarse direction exhibited
elongation between 1000% and 1600%, which was the same as the fabric tested by
itself (without PDMS), whereas specimens that lacked fabric, only extended to around
300%. It can be assumed that this was due to the elasticated fabric being recruited to
absorb the strain throughout elongation, with the PDMS having almost no influence
on extensibility, when the fabric was oriented in the coarse direction, because the

extensibility of the fabric outperformed that of the PDMS.

When relaxed fabric was embedded in the single-layered PDMS composite, all three
directions had similar stiffness, but different strengths. Specimens tested in the bias
doubled in strength, while specimens in the coarse and wales weakened by a third. As

the amount of embedded fabric pretension was increased, the strength of the
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specimens in the bias continued to increase. When comparing fabric without PDMS
to specimens with 100% pretensioned embedded fabric, both cut on the bias,
specimens were ten times stronger and three times more extensible.

Interestingly, specimens containing fabric, extended in the coarse and wales
orientation, strengthened first, before weakening at 100% pretension, while all
specimens containing fabric with 50% pretension were more resilient in overall
strength and extensibility.

All specimens that were tested in the bias orientation, exhibited a distinct ‘deckchair’
— shaped curve, resulting from strain softening before strain hardening, shown in
figure 5.36. Like soft tissues, this characteristic ‘deckchair’ shaped curve was
previously reported as having three distinct phases of deformation.* These phases are

shown together in the graph provided in figure 5.36.
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Figure 5.36 Non-linear characteristics of membranes embedded with reinforcing fabrics.
Graph shows the typical example of ‘deckchair’ shaped curve of the mechanical response
to uni-axial loading as per the agreed standard. Regional changes of one test specimen are

highlighted and labelled to describe each phase of deformation up to failure.

First, the linear part of the vector describes the ‘toe’ region of deformation, known to
be the elastic response of collagen fibres that are gradually realigning with the

direction of strain, slowly straightening.!®® This can be likened to the straightening of
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the elastane yarns that are aligned diagonally to the direction of strain when extended
in the bias. Once they are aligned with the direction of loading, the second phase
begins. This is illustrated by the ‘heel’ of the vector trajectory, evident in the results
of soft tissues in extension and the PDMS composites presented in this study.’*>° In
soft tissues, this phase is understood to be caused by the aligned collagen fibres
stretching.

Now, because collagen fibres are known to have a higher elastic modulus than elastin
fibres, collagen fibres progressively bear the load of strain until they reach their elastic
limit.*>* This response is partly due to their three-dimensional arrangement in the
ground substance, so the fibres cannot all be recruited to take up the strain
simultaneously, rather-gradually, resulting in the strain-softening effect. In rubbers,
this is also known as the Mullins effect, which occurs during the first elongation phase
of uni-axial testing. In the composites tested here, this is influenced by the elasticity

of the fibre filled PDMS substrate, which responds to strain in a similar way to the

ground substance found in soft tissue membranes like skin.

In the final phase of the ‘deckchair’ curve,® the collagen fibres enter their plastic
phase of deformation while the elastin fibres are recruited to bear the remaining load
supported by the highly extensible viscoelastic ground substance.*! In agreement with
the literature, this phase is represented by the recruitment of the PU filament at the
core of each elastane yarn, strengthened by the PDMS matrix surrounding the knitted
yarn architectural sub-structure. This characteristic manifests as a gradual strain

hardening of the specimens in extension prior to failure.

The failure characteristic of the PDMS composites support this theory too and can be
seen as a ‘tail’ of serrated strain, immediately prior to test secession, that was due to
the final few threads of yarn failing after rupture of the PDMS matrix at true specimen

failure (shown in figure 5.37).
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Figure 5.37 Uni-axial specimen, after extension to failure.

The image shows a detailed view of a tensile test specimen comprised of multi-layered
PDMS composite with 50% pretensioned fabric, cut in the bias. Notice the permanent
deformation, and how the top layer is more deformed than the lower layer, evidence of its
heterogenic anisotropy. The crimped broken ends of the elastane yarns are also visible,

protruding out of the distal end of the specimen, along with the short strand fibres.

Not all specimens tested during this investigation exhibited the same ‘deckchair’
shaped curves during uni-axial extension though. Almost all specimens that were
oriented in the coarse direction exhibited an almost linear behaviour in extension to
failure after the initial ‘heel’ yield at the start of the softening phase, common to all
test specimens. This indicated that pretensioning the fabric had a significant influence
on the anisotropic characteristics. In fact, all specimens with a single layer of PDMS
exhibited different strength and extensibility when the embedded fabric pretension
was increased as previously mentioned, but all the specimens with embedded fabric
and a multi-layered composition, behaved almost identically in the coarse orientation.
This suggested that the act of multi-layering the PDMS stabilised the behaviour of the
embedded fabric somehow, especially in the coarse orientation, that was unchanged
during the embedding process. Results from the UTS and Young’s modulus

examination support these observations too.

Furthermore, visual inspection of the specimens after testing revealed that the second,
stiffer layer ruptured only at failure, usually in the same region as the fabric, whereas
the softer OO-30 composite had multiple fractures or splits along its length as seen in
figure 5.38. This behaviour only appeared in multi-layered specimens with embedded

fabric though.
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Figure 5.38 Uni-axial specimen, after extension to failure.

The image shows a detailed view of a tensile test specimen comprised of multi-layered PDMS
composite with 50% pretensioned fabric, cut in the bias. Notice the multiple failure fractures
in the layer with embedded fabric and the intact upper layer, as well as the permanent

deformation.

While no apparent relationship was observed between orientation, pretension and UTS
in single-layered specimens in any orientation, or multi-layered specimens in coarse
or bias orientations, specimens oriented in the wales direction during extension
increased in UTS, and a strong linear relationship between UTS and pretension of
embedded fabric was observed (R?=0.9896). Again, these predictive models had only
three data points, so should be used with this in mind.

Similar results were observed when analysing Young’s modulus results too, where no
relationships were seen in any other group except in the multi-layered specimens
containing fabric oriented in the wales direction during extension. Despite the limited
number of data points a strong linear relationship began to emerge between Young’s

modulus and pretension of the embedded fabric was observed (R?= 0.967).

5.7.3 Multi-axial characteristics of PDMS membranes embedded with fabric

Multi-axial characterisation is an important, but often overlooked, aspect of the
mechanical behaviour of elastomers and soft tissues. Despite there being only a
handful of studies using the standardised multi-axial compression characteristics of
soft materials, it is agreed that the behaviour of soft tissues and elastomers are

5

comparable in many ways.*>> However, it should also be noted that the
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characterisation of soft tissues or soft elastomers have never been tested using the
agreed standards, until this investigation was conducted. It has been determined that
most specimens tested during this investigation exhibited anisotropic, viscoelastic
characteristics. Some specimen groups were found to be slightly more time-dependent
than others, but generally, there was little significant difference between groups,
regardless of the number of layers or the amount of pretension exerted on embedded
fabric.

Even when compared to specimens without fabric, no significant difference in multi-

axial deformation was observed.

5.7.4 Summary of PDMS membranes embedded with fabric

It has been revealed that the introduction of fabric produces a small, initial increase in
membrane hardness, and that there was a strong linear relationship between the
amount of tension exerted on the fabric during the embedding process and the increase
in hardness (R?*=1.00).

Notably, it was found that the presence of embedded fabric limited the overall strength
and extensibility of PDMS membranes especially when oriented in the wales and bias
directions. The pretension of the fabric in the bias, in particular, had the largest effect
on the anisotropic behaviour of PDMS membranes, that was characteristic of soft
tissue membrane behaviour in many ways, except in UTS. Specimens tested in the
bias doubled in strength, while specimens in the coarse and wales weakened by a third.
When oriented in the bias, PDMS with embedded fabric at 100% pretension, was ten
times stronger and three times more extensible than the fabric alone. While specimens
containing fabric with 50% pretension were more resilient in overall strength and
extensibility.

A strong linear relationship was also found between UTS and the pretension of
embedded fabric (R? = 0.9896), while the multi-layered specimens containing fabric
oriented in the wales direction during extension were found to have a strong linear
relationship between Young’s modulus and pretension of the embedded fabric (R?=
0.967).

During multi-axial characterisation, specimens exhibited an anisotropic, time-

dependent viscoelastic response to loading.
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5.8 Conclusion of PDMS membranes with embedded yarns

The mechanical influence of PDMS composites with embedded elastane yarns was
investigated. The fabrication, test methods and results have been presented with a
specific focus on creating new knowledge for the interdisciplinary researcher and
prosthetists with an interest in improving clinical or theatrical prosthetic design
practice.

Prior to this investigation, the precise influence that continuous, unidirectional,
elasticated yarns had on PDMS composites was unknown in the literature. Previous
investigations have used cast PDMS filaments with differing hardness’s in an attempt
to mimic the non-linearity of soft tissue membranes like human skin with some
success.?!% 211212 Mylti-material PDMS-based isotropic materials were blended and
layered in various ways to achieve elastic modulus close to that of skin, but the lack
of adjustable fibres and fibre architecture in previous strategies, limited the
mechanical control over known behavioural characteristics of soft tissue membranes
such as hardness, strength and extensibility.’® Moreover, the lack of explicit test
standards used in the published experiments made repeatability amongst peers
problematic, especially for uni-axial tensile tests.

In contrast, the multi-material composites explored and characterised in this work,
have shown how the lamination of multi-material PDMS composites and adjustability
in direction of embedded yarns can reduce extensibility in mechanically weakened
membranes. In particular, this work has revealed how embedding of elastane yarns,
and manipulation of the embedded yarn tension and orientation were in agreement
with the literature on human skin. The influential changes that have been presented
here can be used to control aspects of anisotropy and viscoelasticity that were not
previously achievable.

Most importantly, adoption of previously undocumented fabrication materials and
methods, that are familiar to clinical and theatrical prosthetists, such as layering and
embedding of reinforcing textiles, are crucial to wider audience uptake and

engagement with the findings of this work.
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5.8.1 Conclusions of PDMS membranes embedded with fabric

The purpose of this explorative work was to identify influential additives able to alter
the mechanical characteristics of PDMS gels and elastomers. Achieving mechanical
properties like hardness and tensile strength similar to soft tissue membranes can be
achieved by procuring suitable, commercially available PDMS and additives. Using
the information documented here, variations from 10 H OO to 50 H A and from 10kPa
to 10MPa respectively are acheivable.**% 3>’ However, engineering PDMS composites
that yield more complex biomechanical traits such as anisotropic viscoelasticity and
adjustable elongation is far more involved than choosing the right base material.
Experienced prosthetists have been embedding fabrics in PDMS membranes for
decades, with a deep understanding of its benefits, mainly that it increases the native
strength of commercial PDMS elastomers, but this technical know-how has remained
the embodied, tacit knowledge of the prosthetists domain, remaining unpublished and
unquantified, until now.

Finally, this work has revealed conclusive data-based evidence that proves the
orientation and tension of embedded fabric has a direct, measurable influence on a
range of mechanical characteristics, beyond simply adding strength. Moreover, this
work explicitly contributes new knowledge to the field of functional prosthetics by
describing the mechanisms for control over key behavioural traits linked to the
performance of organic counterparts such as; extensibility, elasticity, anisotropy, and

viscoelasticity.
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Chapter 6
Mechanical Effects of Oil Dispersal on Silicone

Gel Membrane Behaviour
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6.1 Introduction

In this chapter, changes in the mechanical properties of silicone gel when incremental
amounts of oil were added was investigated. More specifically, the mechanical
influence of PDMS (polydimethylsiloxane) oil dispersion in a two-part, room
temperature vulcanising (RTV2) PDMS gel has been characterised using a variety of
repeatable standards to support the development of very soft, simulated oily tissues,

like human subcutaneous adipose tissue (fat).

An overview of previous PDMS gel use, as a soft tissue simulant material in clinical
and theatrical prosthesis, was provided as a background to this work in Chapter 2. In
particular, the behaviour of adipose tissues and synthetic surrogate properties were
discussed to help frame unique characteristic traits. Here, their suitability as adipose
tissue simulants are produced and assessed. To do this a series of PDMS gel
membranes were prepared with varying amounts of added oil and were subjected to
rigorous testing. Before any surrogate tissues could be formulated, a series of
indentation tests by durometer, on warmed porcine adipose tissue were conducted to
establish a benchmark data set. A series of PDMS composite membranes were then
produced and subjected to identical tests to determine changes in hardness as the
amount of oil was increased. The gathered data on hardness was compared to data on
human adipose tissue given in the literature. Next, the effect of oil dispersal on PDMS
gel cure-time was ascertained and documented. Uni-axial tensile tests on oil saturated
PDMS membranes established the elastic modulus, strength and stress/strain
behaviour as the amount of added oil was increased, while also allowing for the
identification of any unexpected behavioural phenomena evident in the stress/strain
characteristics. Finally, multi-axial tests were conducted to identify the effect of
preconditioning on the viscoelastic, time-dependent properties of the PDMS

membranes at specific hardness intervals.

The overarching objective of this chapter was to create new knowledge concerning
materials that were familiar to clinical and theatrical prosthetists, presenting results in
a way that was accessible to researchers, designers and modellers as well as

prosthetists from various disciplinary backgrounds. Providing results using
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standardised methods may enable user groups to recreate mechanical characteristics
of materials presented in the current study for a variety of subject specific uses
including, but not limited to, clinical and theatrical prosthetics as well as soft tissue

simulation for surgical training.

6.2 Methods and materials
PDMS gel with Shore A hardness of 10 was combined with pure PDMS oil to identify
its influence on behaviour. Internationally agreed test standards used in this study,

allow direct comparative analysis with the literature.

6.2.1 Test standards and equipment
A summary of the test standards and equipment used in this investigation are discussed

in detail in Chapter 3. Variations specific to this chapter are described below.

6.2.2 Specimen grouping and storage

Five test groups were created for this experiment. Each of the five test groups
contained different amounts of oil, and each group consisted of five test specimens
(not including three spare specimens in case of defects). All specimens were created
in one week from the same batch of ingredients and materials and stored together at
room temperature for four weeks until testing commenced. All tests were conducted
within two weeks, and the temperature and humidity were recorded before and after

each test.

6.2.3 Material selection

As discussed in previous chapters, a commercially available PDMS gel (Polytek,
PlatSil® gel 10, Neills Materials, Bury St Edmunds, UK) with Shore A hardness of
10 was used; it is referred to as the ‘PDMS gel” herein.!”” More specifically it consists
of a two-part, viscous fluids that need to be combined in equal parts in order to cure
into an elastomer. The short cross-linking time (cure-time) of the chosen PDMS gel
was important because the addition of PDMS oil in the gel (prior to curing) causes an
increasing delay in cross-linking, slowing the cure-time gradually as more oil is added.
The PDMS oil was dispersed in PDMS gel during preparation to ensure homogeneity.
The amount of oil added to each group was increased in 50% increments from 0% to
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200%, by weight. Here, the mechanical influence on the cured materials was examined
with respect to agreed standards.

Both PDMS gel and oil are widely available in the UK and internationally via ‘Polytek
Development Corp’ (MA, USA), ‘Smooth-on Inc’, (PA, USA), ‘Wacker Chemie AG’,
(Munich, Germany) and many other global distributors and has been used in similar

previous studies by the author and others % 1> 104358, 359

6.2.4 Porcine fat preparation

Porcine adipose tissue was harvested from the belly fat of an 18-month-old bacon pig
slaughtered for consumption, purchased commercially from a licensed local butcher
(Michael Carter fresh foods, Mapperley, Nottingham), 24 hours after slaughter and
stored in a chilled cabinet. The outer skin and underlying flesh were debrided from
the fat to a uniform thickness of 6 mm using a surgical scalpel whilst chilled. The fat
specimens were allowed to warm up to room temperature, then further warmed to
37°C in saline solution before testing. Testing was conducted using a OOO calibrated
Shore hardness durometer (Rex gauge LLC, IL, USA) mounted onto a RX-OS-4H
stand (Rex gauge LLC, IL, USA) to eliminate operator error. Twenty-five readings
were taken from three separate specimens from the same region of the same animal

and recorded as per the standard previously mentioned.

Figure 6.1 Hardness testing on porcine subcutaneous adipose tissue. Data gathering
using a O0O calibrated Shore hardness durometer. Image ‘A’ shows the durometer
mounted to the test stand to minimise user error. Image ‘B’ shows a close-up contact

with the specimen during the test.
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6.2.5 PDMS gel and oil preparation

All of the synthetic, elastomeric materials were prepared as per the standard
(BS/ISO23529: 2016). To ensure the methods and results are widely accessible,
materials were weighed, poured and mixed by hand in a plastic beaker using a clean
wooden tongue depressor to mitigate contamination risk. There are known
contaminants that may cause PDMS cross-link inhibition (sulphur, tin and tin-based
alloys or compounds) or equipment bonding (glass/silica chemical bonding). The gel
was thicker and more opaque than the oil, so visual and tactile queues were used to
ensure oil dispersion in the gel. While mixing, a yellow colour was also added to aid
mixing and ensure homogeneity. This method of material preparation, by hand, was
given preference over available, automated mixing machines, because automated
machines are the primarily the domain of engineering applications and are rarely used
by clinical prosthetists and never used by theatrical prosthetists due to cost and time
implications. More-over, research also suggests that hand mixing (by an experienced
user) offer better mixing results over a wider range of materials and fillers.**®

Each mixture was stirred for five minutes until thoroughly homogeneous before being
degassed in a vacuum chamber for five minutes at -982 mbar (-736 mm Hg) to remove
entrapped air from the mixture. After degassing, the mixture was removed from the
vacuum chamber, poured into a levelled gauge mould that measured 500 mm x 500
mm X 2 mm and allowed to cure for 24 hrs. Once cured, the membrane was powdered
with talcum powder before being cut into test specimens, dumbbell and disc shapes

for the uni-axial and multi-axial tests respectively.

Figure 6.2 Multi-axial test specimens after testing. All of the specimens were prepared,
stored and tested over consecutive days to mitigate variable changes in specimen condition
or test environment. After testing, specimens were stacked and stored as pictured above,

for future reference.
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Specimens were cut prior to demoulding to mitigate the risk of sample distortion or
warping prior to or during cutting. The back side of each specimen was also powdered
with talcum powder during demoulding to prevent self-adhesion upon removal and
storage. Completed specimens were stored according to the given standard above until

tested.

6.3 Results

All individual datasets are reported in the appendix (see content). The results that are
presented only describe the characteristics of the test specimens from a tactile
perspective. The optical and visual analysis via digital image correlation are excluded

from this study.

6.3.1 The effect of oil dispersal in PDMS gel cure-time

A total of 25 specimens were prepared for this experiment, five groups of five, each
group with varying oil content (0%, 50%, 100%, 150% and 200% oil).

Adding PDMS oil is known to slow cross-linking in all PDMS gels, but no values
have been given in the literature. Hence, for this study, it was useful to document the
precise impact of oil addition on the cure time. The full cure time is defined here as
the demoulding time, not the working time. Full cure occurs where the material was
no longer tacky and could be removed from the mould without leaving a residue.
Working time is the period the gel stays in its fluid state.

It was found that when blended with the PDMS gel, PDMS oil slowed reaction time
by 63% (15 minutes) with the introduction of just 50% oil. For each additional 50%
of oil, reaction time was delayed by an additional 31% +/- 13% (average of 7.5
minutes +/-3mins). Ambient test conditions were 23.7°C and 15% RH (relative
humidity). Cure time is not affected by volume as PDMS is a room temperature

vulcanising elastomer so is only affected by ambient temperature, not volume.

6.3.2 Hardness
All hardness data was gathered and prepared using the guidelines given in the
standard. Results are reported using three characterisation perspectives, as specified

by the standard: Shore hardness, spring force and linear regression.
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6.3.2.1 Shore hardness of porcine SAT and PDMS gel with dispersed oil

Results of the indentation tests using a Shore OOO calibrated durometer on warmed
(porcine) subcutaneous adipose tissue showed an average of 31.7 H OOO with a
standard deviation of 6.91 H OOQ. Only porcine hardness by indentation is reported
to offer a context to indentation results on surrogate specimens, because it is the only

standard where both materials lay within the remit of the standard.
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Figure 6.3 Shore hardness values (000) - The hardness of porcine adipose fat
The results of shore hardness tests conducted on porcine adipose fat taken from the
belly fat of an 18-month-old bacon pig, measured with a OOO calibrated durometer.

The error bars represent the standard deviation of the data sets and are shown in red.

In identical hardness tests on PDMS specimens, it was found that, as the amount of
oil was increased, the hardness of the material significantly softened, steadily
becoming softer as the added oil was increased. After a slightly larger initial drop in
hardness of 16 H OOO between the control group with no added oil and the group
with the least amount of added oil (50%), hardness gradually depleted as more oil was
added. The average reduction in hardness across the remaining three groups (O3, O4

and O5) was 9 H OOO for every 50% of added oil.
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Figure 6.4 Shore hardness values (00 and O0O0) - The influence of increasing oil
content. Each bar represents shore hardness between 0 and 60. The dark coloured bars
show the 000 hardness while the lighter coloured bars show 00 hardness for each group.
The cross-hatched bar represents the mean hardness of porcine SAT. Error bars shown
in red for each group represent the standard deviation.
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Figure 6.5 Shore hardness values (00 and O0O) influence of increasing oil content.
Results shows two shore hardness scales for direct comparison. The data line is marked
by solid line (labelled) H OO and H OOO Shore hardness. A predictive negative
exponential trend is shown by the dotted line. Error bars are present in red for each
group representing the data set's standard deviation, but the small deviation in results

makes seeing the error bars difficult. To see the error bars more clearly, see figure 6.4.
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6.3.3 Linear regression of PDMS gel membranes with dispersed oil

The negative exponential trend regression for both hardness scales (H OO and H
OO0O0) used to measure specimens are shown in figure 6.5 for comparison. As can be
seen in the graph (fig 6.5) only OOO hardness range was able to span the range
achieved with oil saturated specimens and should be considered the most reliable data
set. Data gathered at OOO Shore hardness had a negative exponential trend value of

R2?=0.9875, and the equation for the relationship shown below (equation 6.1)

y = 85.184¢e 037 Eq. 6.1

For OO Shore hardness readings, the linear regression was found to be similarly
strong, at R = 0.9976. The formula for a linear relationship has been provided below
(equation 6.2)

y =66.311e05% Eq. 6.2

6.3.4 Spring force

The force required to overcome the calibrated spring force at 55 H OOO was 0.7 N,
while at 40 H OOO the force was 0.56 N. Spring resistance continued a downwards
trend to just 0.29 N at 10 H OOO. The spring calibration tolerance in all indentation
tests by durometer was 0.00908 +/- 0.0182 N. The resistive spring force in Newtons

was calculated using the formula given below in equation 6.3 as per the standard.

N=10.203 + 0.00908 HOOO Eq. 6.3

6.3.5 Uni-axial tensile testing of PDMS gel membranes with dispersed oil

All PDMS specimens underwent uni-axial testing as per the standard. Analysis of uni-
axial data has been presented using the standard format. In uni-axial examination
specimens were securely fastened with pneumatic clamps, to prevent slippage, to a
tensile testing machine and extended to failure to determine the ultimate tensile
strength, elastic modulus. The stress strain curves also offer an insight into the

mechanical characteristics of each specimen during extension.
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Results are reported with a focus on three characteristic specimen traits, as specified
by the standard; Ultimate tensile strength at high strain rates, elasticity at low strain
rates, expressed as Young’s modulus, and force versus strain (as this is more

accessible than stress against strain).

Figure 6.6 Tensile test specimen mounted to the tensiometer.

Image ‘A’ shows the specimen at a low strains. Image ‘B’ shows the specimen during
testing at a high strain prior to failure. The use of pneumatic clamping jaws seen in the
images was effective at preventing specimen slippage seen in other studies because the

Jaws tightened on the specimen as thinning occurred during extension.

6.3.6 Ultimate tensile strength of PDMS gel membranes with dispersed oil

During uni-axial testing, UTS data was gathered as per the standard. A comparison of
the UTS for all PDMS test specimens are shown in Figure 6.7. Porcine SAT was not
tested because a uniform membrane, demanded by the standard, was not feasible
without freezing the tissue, which changes the mechanical properties of soft tissues.

The load cell used in all tests remained the same to enable reliable comparison among
groups with different compositions. Despite an initially steep loss of strength with the
introduction of oil, strength was lost at a much slower rate as the amount of oil was
increased beyond 50%. The addition of just 50% added oil weakened the PDMS gel
by 73%. The force required to rupture the specimens can also be seen in figure 6.7,

demonstrating that changes in UTS are dependent on oil content.
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Figure 6.7 Ultimate tensile strength (UTS) - The influence of increasing oil content.
Ultimate tensile strength tests show the effect of adding oil on the mechanical strength
of PDMS. Error bars (shown in red) indicate the standard deviation. The predictive

model for this data has been presented in figure 6.8.
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Figure 6.8 Ultimate tensile strength (UTS) predictive model- The influence of increasing
oil content. A clear negative exponential relationship can be seen between the decrease in
UTS and the increase in oil content in all specimens tested. The negative exponential trendline
was chosen here as the best fitting model and is shown by the dotted line that was predicts the

strength to dimmish to less than 0.01 MPa at 350% added oil. Error bars are shown in red.
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The R? value for the UTS was calculated to be R?>= 0.9581 and the equation used to
calculate this given in equation 6.4.

y = 1.4358¢e079% Eq. 6.4

The error value (standard deviation) declined among specimens in each group as the
added oil percentage was increased, diminishing to 0.001 in specimens with 200%
added oil. A regression model of data without the control group (0% oil) offered better

linearity R? = 0.9623 using the equation given in equation 6.5.

y=-0.0629x + 0.268 Eq. 6.5

6.3.7 Young’s modulus of PDMS gel membranes with dispersed oil
Elastic modulus was calculated using the deformation slope's first, rising, linear part.
All readings were taken after the initial toe region of the curve as the specimen

straightens under loading but before the anisotropic area of the curve.
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Figure 6.9 Young's modulus - The influence of increasing oil content.

Bar chart showing the change in moduli with increasing amounts of PDMS oil. Error bars
indicate the standard deviation in each group of 5 specimens. Each bar represents the
arithmetic mean average deformation (mm) observed in each group tested. The linear
regression value is presented along with the derivative equation used to calculate the value

in figure 6.10.
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For Young’s modulus, the elastic region was under 1 N and under 100% extension in

all the specimen groups tested with oil and the control group without added oil.
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Figure 6.10 Young's modulus predictive model - The influence of increasing oil content.
A clear negative exponential relationship can be seen between the decrease in Young’s
modulus and the increase in oil content in all specimens tested. The negative exponential
trendline was chosen here as the best fitting model and is shown by the dotted line that was

predicted to diminish to less than 0.001MPa at 350% added oil.

Evaluation of the linear regression revealed a value of R?=0.9883, suggesting a strong
relationship between the amount of oil added and Young’s modulus. Equation 6.6 was

used to calculate the R? value of the modulus.

y = 0.0432¢1438% Eq. 6.6

With the addition of just 50% oil, the elasticity of the PDMS fell by >60% to 0.019
MPa. With the addition of 100% oil (equal parts PDMS gel and oil) elasticity fell
by >80% to 0.009 MPa. This trend in decreasing elastic modulus continued throughout
the test specimen groups as the amount of added oil was increased. At the maximum

amount of added oil (200%), the modulus was just 0.002 MPa (or 2 kPa).
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6.3.8 Force versus extension results of PDMS gel membranes with dispersed oil

Uni-axial results are displayed in standard force (N) against strain (%), as per the
standard. Figure 6.11) shows all of the groups together for comparison, while Figure
6.12 offers a closer look at the results with a specific focus on the graph vectors of

specimens that contained oil.
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Figure 6.11 The influence of increasing oil content - Uni-axial extension to failure.

Each group is labelled with its respective oil content. In this figure, all specimen groups are
shown to reveal the comparative changes in mechanical properties, with and without added
oil. Data from specimens containing oil appear on this graph to have a linear, Hookean vector
at this scale. To clarify the influence of oil addition, the reader is invited to see the graph

below that shows the region of interest presented in more detail. Figure 6.12 provides a

zoomed in view of the region of interest.

In Figure 6.11, it can be seen that the two groups containing the most added oil
exhibited a decrease in overall extensibility of >1000% when compared to the three
remaining groups with no oil and less oil added. These results are more clearly
revealed in Figure 6.12, which allows a closer inspection of the region of interest

highlighted by the selected area above.
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Figure 6.12 Uni-axial extension to failure (force versus strain %) - Magnified view
of region of interest, showing the influence of increasing oil content more clearly.

An enhanced view of the ROI indicated by the highlighted box in Figure 6.11. After a
closer inspection of stress strain curve characteristics, it can be seen that all specimen
groups exhibit a strain hardening quality, with a relatively short linear elastic region

followed by a gradually steepening vector.

The two groups with the most added oil showed the lowest ultimate tensile strength,
yield, and breaking point, all occurring in short succession. This is suggestive of a
very weak, hyperelastic gel with non-linear, characteristics.

Robust, and highly elastic at low strains up to 100 % elongation, the PDMS without
added oil also had a very long, non-linear, hardening trajectory up to around 1000 %
elongation; this non-linear region is the viscoelastic strain hardening region where the
atomic crystalline structure begins to fracture and reorganise, hardening in the process.
At very high strain rates, between 1000 % and 1800 %, all specimens in the group
with no oil group began to exhibit signs of permanent deformation. Specimens with
the least amount of added oil (50% -100%) exhibited an inclined serrated vector at
high strain rates during extension, evidence of Luders banding propagation and the

subsequent Portevin La Chatelier effect.
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All specimens in the two groups with the least amount of added oil also behaved this
way, exhibiting three very different behavioural zones. One group (without oil) had
high elastic modulus and high extensibility, another group had lower elastic modulus
but equally high extensibility (50% - 100% added oil), and finally, a third group (150%
- 200% added oil) had low elastic modulus and very low extensibility.

6.3.9 Multi-axial test result of PDMS gel membranes with dispersed oil

Multi-axial data analysis has been presented using the standard adopted from elastic
fabric test standard procedures, as described in Chapter 3. The influence of oil content
on deformability and time-dependent loss of elasticity was observed, which was
expected given the results from the uni-axial tests. Exaggerated extensibility was
immediately noticeable as shown in figure 6.13. Hysteresis, force degradation,
unrecovered deformation and force decay were measured, and the results are

presented forthwith.

Figure 6.13 Specimens mounted to Zwick Roell ring clamp during multi-axial testing.
Image ‘A’ shows the test apparatus during dynamic multi-axial testing. Image ‘B’ shows
specimens with 200% exhibiting extreme extensibility (>70mm at 5 N) due to added oil.
6.3.10 Hysteresis of PDMS gel membranes with dispersed oil

The mechanism for the preconditioning effect is discussed in more detail in Chapter
2. During preconditioning of the control specimen group, that was lacking added oil,
only slight changes were seen in loading and unloading vectors, typical of a
pseudoelastic material behaviour.>* As the oil content increased, the elastic response
gradually slowed, demonstrating increased viscoelastic strain softening at and above
100% oil saturation (shown in figure 6.14). Greater change during preconditioning

was observed in all groups with added oil. The loading and unloading curves for all
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specimens are shown comparatively, below, in figure 6.14.
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Figure 6.14 The influence of increasing oil content: Hysteresis (force vs deformation).

Multi-axial cyclical tests measuring the characteristic hysteresis loops exhibited by each
group. Each specimen preconditioning is shown in the graph rather than an average of the
group. Five loading cycles and five unloading cycles were conducted for each specimen.
The first loading cycle for each group is seen on the extreme left in every group, while the
final unloading cycle can be seen on the extreme right of each group. In the interest of
clarity, one specimen cycling (with 100% oil) has been highlighted in red to demonstrate
the loading and unloading cycle. All specimens are labelled and sectioned with brackets to

clarify where the specimen groups begin to overlap at any point on the loading or unloading

curves.

6.3.12 Force degradation of PDMS gel membranes with dispersed oil

To examine the amount of force degradation, SN of force was applied to each specimen
and the loss of energy calculated to help determine the extent and speed of relaxation.
This experiment helps describe how materials will behave over time while relaxing,
following repeated deformation. It was found that relaxation was still slightly declining
by the end of all tests, in all groups, but not significantly.

As can be seen in Figure 6.15, there appears to be no clear relationship between the
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amount of added oil and the rate of energy loss in all specimens when held at 5 N for

60 seconds.
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Figure 6.15 The influence of increasing oil content - Force degradation measured over
60 seconds while held at 5 N.

Presented results are the mean averages of experiments on each group. The graph shows
the poor relationship between change in force degradation and the amount of added oil.
Each vector represents an average of each group’s rate of force decay. Each group is

labelled according to the amount of oil used in its preparation.

However, the group with 150% oil content behaved slightly differently than the rest
of the groups, exhibiting greater energy loss than the other specimens during the first
five seconds of the tests.

Conversely, less energy was lost for the remainder of the 60-second test period
compared to the other groups tested. All of the groups with added oil lost most of their
stored energy within the first two to three seconds proceeding to relax more slowly
for the duration of the test, whereas, in contrast, the PDMS without oil had a much
more gradual loss of energy over the 60-second test period. Although some differences
were apparent in the graph, the loss of force is relatively small in all cases (<0.05 N)

and therefore was not significant. Deviation among specimens was also insignificant

(<0.1 N).
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6.3.13 Unrecovered deformation of PDMS gel membranes with dispersed oil

Unrecovered deformation or ‘bagging’ results record the rate of permanent change
influenced by holding each specimen at 5N for 60 seconds. Analysis of the
unrecovered deformation data revealed that each group exhibited gradual incremental
plasticity or permanent deformation, except for the group with 150% added oil, where
the amount of permanent deformation was approximately twice what one might
assume when compared to other specimen groups. This group also had a significant
deviation of almost 5 mm between specimens, indicating an unexpected anomaly in
all specimens with 150% added oil content. Results demonstrate the material's
permanent deformation rate increased as more oil was added. The graph helps
illustrate the disproportionate increase in permanent deformation at 150% oil content
compared to the other groups tested. The sharp increase in plastic deformation at
150% distorts the otherwise steady incremental plastic deformation rate observed in
all the remaining specimen groups, upsetting the initially strong predictive model and
giving a low overall predictive R? value = 0.654 using the formula shown below in
equation 6.6. Interestingly with group containing 150% oil removed from the chart,
the predictive model is significantly improved and the R? = 0.9881 (y = 0.5185x +
0.1181).

y=0.7137x-0.0771 Eq.6.6
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Figure 6.16 The influence of increasing oil content - Unrecovered deformation (mm).

Results show permanent deformation. Error bars indicate standard deviation.
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6.3.14 Force decay of PDMS gel membranes with dispersed oil

Force decay results are shown in the chart (Figure 6.17).

35

2.5

Force Decay (%)
"

T
. 1
0.5
0
0% oil 50% oil 100% oil 150% oil 200% oil

Percentage of added oil
Figure 6.17 Force decay over 60 seconds - comparison of oil addition in PDMS gels.
Results demonstrate the poor relationship between oil content and the relaxation
characteristics of the PDMS, with all specimen groups containing oil relaxing less than

PDMS without oil.

A force decay study was subsequently conducted where it was seen that there was a
poor correlation between the amount of added oil and the rate of force decay over 60
seconds, with a difference of <1.5% among all specimen groups. This was supported

by the low linear regression value of 0.363.

6.4 Discussion of results for PDMS gel membranes with dispersed oil

Characterisation of the specimens using standards for the testing of elastomers and
elasticated fabrics were used to help verify the influence of oil dispersal and enrich
the sparse data in the literature. More specifically, the principle focus of this work was
to quantify the precise mechanical impact of incremental amounts of oil dispersal in
five groups of test specimens. Data was gathered and analysed to measure the change
in mechanical response to deformation. The test standards used to characterise
material responses were chosen primarily to improve interdisciplinary
comprehension, repeatability and dissemination amongst peers.
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Previous mechanical characterisation of adipose fatty tissues has shown that the
hardness, elasticity and strength are all quite low compared to other soft tissues and is
beyond the reach of most commercially available synthetic gels. A priority for this
work was to report measurable methods and predictive models for the softening of
PDMS gels well below the mechanical values offered by commercially available
materials.

It has been recognised that, despite its widespread use, porcine tissues, such as the
skin, the liver and kidneys, can be up to twice as hard and less elastic than human

equivalents.!!> 103 110,114,236 Thjg

is especially true of the skin, where there are many
differences between human and porcine skin, most notably- thickness and hardness,
due partly to its different structure and surface topography.?3® 323361 Despite this,
porcine fat has not explicitly been measured or compared to human fat, so it has been
used sparingly in this study to offer a benchmark for comparison whilst considering
the potential differences. In addition, the effects of temperature are rarely discussed
in the literature, even though it is known to have a large influence on hardness and
extensibility, which adds another layer of complexity to comparison between studies
in the literature. In contrast, this study has been rigorous with all information
necessary to repeat these experiments adding value to any future work in this area. In-
depth analysis of animal or human tissue is beyond the scope of this investigation

although it is envisioned that the data provided here will aid such comparative studies

in the future.

6.4.1 Hardness of PDMS gel membranes with dispersed oil

Porcine adipose tissue test results were given here to provide baseline data at the same
scale to aid in a visual comparison with synthetic mediums. As the OO calibrated
durometer was unable to measure the softest of the five synthetic specimen groups
created for this investigation (150% and 200% added oil), a OOO hardness calibrated
durometer (H OOO) was used in addition to OO hardness results to broaden the
comparison with other studies that may have used the OO calibrated durometer. Only
Shore hardness by indentation is reported to provide context to indentation results on

surrogate specimens, because these test methods remain the only agreed test certified
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for the characterisation of soft tissues and soft, synthetic gels alike.

The results show the average hardness of warmed porcine adipose tissue to be 31.7 H
000, equivalent to PDMS gel with 100% added oil, whereas the hardness of PDMS
gel without oil was equivalent to 55.8 H OOO.

6.4.2 Uni-axial of PDMS gel membranes with dispersed oil

The manufacturer of PDMS A 10 (Platsil gel® 10, Polytek Development Corp ™) gives
data on additional mechanical properties of their supplied material, presumably taken
from uni-axial tests. However, no standards are mentioned in the manufacturer’s
literature, nor are the test protocols specified. To quantify the mechanical impact of
oil addition, it was necessary to first characterise a control group with both uni-axial
and multi-axial standards. The results on Platsil gel® 10, reported here, show that,
when using the standard, extensibility was far more significant than previously
reported by the manufacturer (970 %), with an average 1634 % strain percentage at
an average of 41 N. In addition, the ultimate tensile strength of the control group
specified by the manufacturer was 1.57 MPa, but the results reported using the
standard, found it to be significantly weaker, at only 0.77 MPa.

Such considerable differences in the control group’s characteristics do not present a
problem for analysis or transferability of the data here though, since the new control
values are reported and used comparatively in place of the given values in the
manufacturers literature.

As has been shown in previous chapters, Young’s modulus has been the focus for
many previous biomechanical investigators using uni-axial tests, but a Young’s
modulus only reveals the Hookean, character of the mechanical profile, exclusively at
low-strains. However, the Young’s modulus for human adipose tissue was previously
found to be 0.011 +/- 0.006 MPa. Interestingly, PDMS membranes with 100% added
oil were found to have 0.009 +/- 0.004MPa.

Extension to failure helped to provide a more comprehensive mechanical profile,

where at high-strains, strain softening and hardening was seen. Extension to failure
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tests revealed several behavioural phenomena; the Liiders effect, the PLC effect and
the Mullins effect (as previously discussed in Chapter 2). Interestingly, the PLC
effect?’® and associated Liiders effect,”® both appear in the literature, albeit
exclusively in tensile testing on hard materials, especially alloys like aluminium and
steel.’1> 392 This study is the first time both effects have been observed in soft
elastomeric gels. The precise mechanism of the serration was likely initiated by strain
softening at low strains (the Mullin’s effect) and has been previously described as the
‘flow region’ of the material. Serrations at low strains are classified as type ‘C’ Liiders
bands on the linear vector of the graphs (figures 6.11 and 6.12).%! Type C bands are
recognisable by their large serrations (amplitude) of banded stress propagating
randomly along the specimen length in diagonal waves.’”> As seen most clearly, in
figure 6.12, the specimens group containing 50% oil exhibited a short Liiders plateau
at around 300% extension, providing supporting evidence of the Liiders effect in
action. In metals, this usually occurs before strain hardening, not afterwards, as was
observed in the current investigation. Similar to ductile metal behaviour, the flow
region seen here, manifests when the specimens are deformed beyond the elastic limit
and can no longer return to the original length, eventually resulting in each specimen’s
rupture (failure).

Further test methods were adopted from elasticated fabric test standards used for
hyperelastic and viscoelastic properties similar to the behaviour of soft elastomeric
gels. Such standards were adopted mainly because no such standards exist for testing
elastomers, which is likely the root cause of such disparity in the literature. Instead,
here the standard has been used to provide clarity and guidance on test protocols for

future investigations.

6.4.3 Multi-axial of PDMS gel membranes with dispersed oil

During multi-axial testing, a gradual increase in viscoelasticity was noticed across all
groups, consistent with the increasing amount of oil. Groups with more oil were
affected the most by preconditioning, evident in the intervals between loading and
unloading. The graphs presented in the results help illustrate a clear relationship
between the amount of added oil and the increase in deformability, loss of elasticity

over time, and permanent deformation.
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Interestingly, it was noticed that specimens with 150% oil content behaved differently
than the rest of the groups during all multi-axial tests, except when investigating
hysteresis. In particular, the group with 150% oil exhibited a greater energy loss
(relaxation) than the other specimens during the first 5 seconds. It could be argued
that, on its own, this was not significant (<0.05 N). Further, all specimens with 150 %
oil exhibited a large deviation in force decay results and significant plastic
deformation (bagging)- almost double the amount seen in other specimens, even when
compared to the group with the most added oil. Results from the group with 150%
added oil were so different from all other specimens that it disrupted the otherwise
good predictive model for unrecovered deformation, instead giving a poor correlation
between oil content and bagging amount (R? value = 0.654). One would be forgiven
for thinking that this group was defective in some way, and that perhaps its fabrication
or storage had affected its behaviour somehow, but this was not the case. All
specimens were produced and stored together. More importantly, analysis of cyclic
hysteresis showed the group conforming to the expected softening pattern due to
incremental oil addition, as seen in other tests like uni-axial and hardness. It is not
understood why this particular group behaved more like a plastic than a viscoelastic

solid, and it has been identified as a candidate for future investigations.

6.5 Summary

This work aimed to investigate the effect of oil dispersion in PDMS gel for use as a
surrogate fatty tissue of the hypodermis. The dearth of mechanical data on human fat,
in the literature, made this task difficult, so limited data was gathered on porcine
equivalent to demonstrate transferability and provide a benchmark for surrogate
behaviour.

Utilisation of popular materials, that are well-known in the arts, have been examined
in this study, making results especially useful to multidisciplinary researchers and
fabricators of clinical and theatrical prosthetics. This study has identified several,
previously unknown, quantitative, behavioural changes relating to the use of oil
addition in PDMS that will be particularly useful to prosthetists such as predictive

changes in cure-time, hardness, modulus and extensibility.
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Test standards, used throughout this study, expedited the development of a robust test
regime that exploits a variety of accessible test methods and machines, inviting other
investigators to add their own transferable data, observations and analysis. In this way,

it is possible that this work will create a foundation for all future development of both

physical and constitutive models of very soft tissues like adipose tissues.

Key findings of this work were:

1.

Large differences were observed in all tests when comparing specimens with and

without oil, except in force decay and force degradation experiments.

2. A strong correlation was found between increasing oil content and decreasing
hardness, UTS and elastic modulus.

3. A strong correlation was found between increasing oil content and increasing
extensibility and cure-time.

4. A weak relationship was found between increasing oil content relaxation and elastic
recoverability.

5. Evidence of the Liiders effects were observed, for the very first time, in soft PDMS
gel membranes with 50% and 100% added oil. Related PLC effect was also suspected.

6. PDMS gel (Shore A-10) membranes with 100% added oil was best at mimicking

subcutaneous adipose tissue. It exhibited the same hardness observed in identical tests

on warmed porcine fat and the Young’s modulus of human fat given in the literature.

Future work should focus on further investigating the behaviour of PDMS gel with
100%-150% added oil because the most unusual mechanical behaviour was observed
in these groups, as well as being most similar to human fat and warmed porcine fat.
Although not necessarily of interest to prosthetists, digital image correlation would
enhance the study with visual cues on material characteristics, especially at rupture,
and finite element analysis of human fat measured alongside these materials would

further enrich the findings presented here.

6.6 Conclusion

This work provided clear test methods and results that are accessible to a broad
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audience, especially to prosthetists who may have a limited a understanding of
biomechanics and material science, cogently detailing the mechanical influence of oil
dispersal in silicone-based materials like PDMS gel.

Most importantly, this work enables prosthetists to create more scientifically accurate

soft tissue models with tuneable and predictable mechanical properties.
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Chapter 7

Conclusion
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7.1 Executive summary of the thesis

In this chapter, the contributions to knowledge are contextualised with regards to the
original aims, objectives and research questions, that were introduced in Chapter one.
Overall, this work has shown how silicone-based elastomeric gels were modified to
form synthetic membranes that could mimic aspects of soft tissue behaviour. Target
characteristics were informed by biomechanical studies of human anatomy. Each
synthetic membrane’s method of fabrication was documented to ensure transparency
and reproducibility of the characteristics revealed in the results. All the ingredients
used to produce the membranes are well known by prosthetists and widely available,
but the mechanical influence of their employment was poorly documented until now.
Mechanical characterisation is important because it helps researchers and prosthesis
fabricators, measure and compare results, pooling knowledge to support informed
design decisions about material performance.

PDMS gels and fillers, used in this work, are often used by prosthetists to produce
visual and tactile effects, but the influence of fillers on gel behaviour had not
previously been measured in a way that would allow comparison with data on soft
tissues that could be easily accessed and understood by multiple disciplines, where
practitioners have varying disciplinary backgrounds. In the interest of widening
participation among interdisciplinary peers and beneficiaries, complex mechanical
behaviour was simplified with a universal language and the use of standards, while
constitutive mathematical modelling was largely avoided.

Clinical prosthetists, medical modellers, designers of implantable devices, and soft
roboticists, will benefit from the results of tests as well as the mechanical test regime
established in this thesis, improving the reliability of the data and repeatability of the
results among peer groups. Maxillofacial and theatrical prosthetists, in particular, will
benefit from reported manipulation of characteristics that are important to them, such
as softening, strengthening, and hardening of PDMS gels, without altering their
stoichiometric ratios.

Findings from this work establish a solid foundation of mechanical data gathering
protocols for prosthetic-grade materials. The results presented will help accelerate

development of other more realistic soft tissue surrogates in the future.
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7.2 Contribution to knowledge
An overview of the discoveries demonstrating a contribution to knowledge in the

mechanical behaviour of PDMS membranes, previously unknown in the literature, are

summarised below.

Embedded loose fibres harden PDMS membranes in a significant and predictable way.
They also increase strength and plasticity but reduce elasticity.

Embedded uni-directional yarns offer controllable anisotropy and strength in PDMS
membranes without effecting hardness.

Embedded fabrics induce multi-directional anisotropy in PDMS membranes,
measurably increase hardness, elasticity, plasticity and strength, and significantly
reduce extensibility.

The dispersal of oil in PDMS gel drastically reduce membrane hardness, strength, and

elasticity, but increase cure-time, extensibility, creep, and viscoelasticity.

In the next section, a final detailed overview of all the findings relating to the research

questions are provided.

7.3 Addressing the research questions

This section includes a summary of conclusive results that are specific to the research
questions outlined in Chapter 1 and are in agreement with the literature.

Each subsection is structured to answer each of the three original research questions.

Sections 7.3.1, 7.3.2 and 7.3.3 answer questions 1, 2 and 3 respectively.

7.3.1 What are the mechanical characteristics of PDMS membranes saturated
with loose, short-strand fibres?

A strong linear relationship was discovered between fibre content and Shore hardness-
R2=0.9908 (A10) and R>=10.9867 (O0O-30). More specifically, for every 1% of added
loose fibres, hardness increased significantly, by 5 degrees of hardness (+/- 1 H OO).
It was found that the hardness of PDMS composites that were investigated could range
from 10.7 H OO to 51 H OO simply using fibre addition as shown. Living skin
hardness of the foot, leg, arm, hand and head, was reported to be between 15 H OO
and 50 HOO 17 94,334,337

The UTS of PDMS A10 without additives was 0.77 MPa (around half the amount
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specified by the manufacturer) when tested with the standard. The addition of the
softener, reduced UTS to 0.23 MPa, but the addition of 4% loose fibres restored the
UTS to 0.74 MPa in both OO-30 and A10 PDMS.

‘Deckchair-shaped’ stress strain curves featured in all specimens containing fibres,
characteristic of soft tissues in extension.

Young’s modulus for the softened PDMS A10 lacking fibres was 0.02 MPa.
Increasing fibre content by 1% increased elasticity by 0.1 MPa and reduced
extensibility at failure by 500% strain. The addition of 4% fibre content increased the
modulus to 0.43 MPa, but reduced extensibility by 1000 % strain compared to PDMS
lacking fibres. A PDMS fibre saturation of 3 % had a modulus of 0.22 MPa which
was within the region of bladder membrane tissue modulus, specified in the literature
(0.25 MPa).*%

The viscoelastic properties of the PDMS membranes appeared almost unaffected by
the presence of loose fibre fillers, except for a slight increase in force decay, signalling

that the membranes became more easily fatigued as the fibre content increased.

7.3.2 What are the mechanical characteristics of multi-layered PDMS gel
membranes embedded with textiles?

A strong linear relationship was found between fabric tension and increasing
membrane hardness (R* =1). Hardness gains, increasing fabric tension, caused an
increase of 3.2 H OO per 50% increase in tension.

Uni-directional yarns aligned in the direction of the extension embedded in multi-
layered PDMS, tripled UTS compared to PDMS without yarns. Embedded fabrics
increased UTS of single layered PDMS by six times when pretensioned at 50% of its
original length, which is the same as facial and abdominal soft tissues reported in the
literature (1.45 MPa).'® 17

Multi-layered PDMS membranes exhibited similarly high modulus when yarns were
aligned with loading. The same group ruptured at 27.5 N and 100% strain, similar to
human skin reported in the literature'® The modulus was much less than specified in
the literature though.*® Specimens with embedded fabric all had a similar modulus.
Only multi-layered membranes that contained embedded uni-directional yarns with
100 % pretension responded differently than the other membranes. They appeared to
store more energy and lose it more slowly during relaxation as the second layer
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stabilised the membrane’s behaviour. All membranes reinforced with textiles
exhibited time-dependent viscoelasticity, but pretension, orientation, and layering

made little difference to the membrane behaviour.

7.3.3 What is the mechanical influence of oil dispersal in PDMS gel membranes?
A strong relationship was discovered between the amount of added oil and the
reduction in PDMS hardness. When measured using a OOO calibrated durometer the
coefficient was found to be R? = 0.9875. With a less sensitive OO calibrated
durometer, the coefficient relationship was R*=0.9976. Results confirmed that PDMS
A10 with 100% (1:1) added oil was best at mimicking pig fat hardness although
human fat is known to be softer. The first 50% (2:1 PDMS to oil) of added oil caused
reduction of 16 H OOO (15.1 H OO). Every additional 50% of added oil reduced
hardness by 9 H OOO (9.7 H OO). The addition of 50% oil extended cure-time by

63% and for each additional 50% cure-time was extended a further 31%.

The initial introduction of oil caused the biggest loss in membrane strength. Dispersal
of just 50% oil in PDMS A10 caused a significant reduction in UTS by 73%. The UTS
of PDMS A10 without oil was 0.77 MPa, but with 50% added oil (2:1, PDMS to oil),
the membrane had lost almost three-quarters of its strength. At 200% added oil (1:2,
PDMS to oil) UTS was reduced to 0.027 MPa (R? = 0.9623.)

A strong exponential relationship (R?= 0.9883) was discovered between the Young’s
modulus and the amount of oil dispersed in the PDMS A10. Moduli ranged from 0.019
MPa to 0.0028 MPa were achieved by increasing the amount of added oil.

Elastic Young’s modulus of very soft tissues like the human liver and fat was reported
in the literature as 0.012 MPa and 0.001 MPa respectively, confirming the suitability
of PDMS/oil dispersal as an ideal surrogate capable of covering the entire modulus
range given in the literature,!7: 329 363. 364

Increasing the amount of oil content in the PDMS membranes had a significant effect
on deformability, permanent deformation, and time dependent viscoelasticity: All
increasing as the oil content was increased. Membranes containing 150 % oil lost
stored energy more quickly and exhibited plastic deformation at higher strain rates,
almost double the rate of all of the other groups, even the group with a higher
percentage of oil content. It was not understood why this group behaved so differently
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from the rest, perhaps due to the PLC effect and specific oil ratio.

7.4 Challenges to the research

The main challenge with this research was identifying erroneous literature. Some
examples are still being referenced by peer group studies and published, carrying
forward errors unwittingly. Some errors in reporting, base their data on historic errors
in reported data, spanning 30 years of publications. The seven errors identified all
relate to either a lack of standardised testing, or a lack of experience with PDMS.
Errors that were detected and noted have not been referenced here out of professional

curtesy. Identifying erroneous literature had a significant impact on research time.

In one example, authors reported on the Young's moduli of fat, and other soft tissues,
based on results reused from other papers. The original authors being cited, did not
report the source of their data. In another example, incorrect documentation of the test
equipment was suspected due to the published results. Fortunately, the original report
also featured an image of the investigator using the correct equipment. In a third
example, the authors cite use of ‘silicone oil’ but describe it as a well-known softening

agent, which in fact, contains no silicone oil.

7.4.1 The impact of the Covid19 pandemic

Finally, the Covid19 pandemic has an impact on two separate aspects of this work.
Firstly, access to laboratories and technicians was lost for 12 months. Secondly,
university closure happened during specimen preparation for the work presented in
Chapter 5. So, all the pre-Covidl9 specimens (60 specimens in total) had to be
discarded and remade because the test window had expired (as per the standard) by

the time the university was reopened.

7.5 Future work

In the course of this work, lessons were learned about PDMS elastomer behaviour

patterns that gave glimpses into other fascinating behaviour not documented in the

literature. This has laid the pathway for potential areas of future work.

e The self-adhesive properties of PDMS gel with softeners (PEIE) over 100%
should be investigated in more detail, for potential as a self-adhesive, reusable
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maxillofacial and mastectomy prosthetics.

The Liiders and PLC effect were observed in soft gel behaviour during this study,
and a deeper investigation into its causes is required. Plastic behaviour, more
commonly associated with rigid materials like metal and plastic, was found to
occur in soft PDMS membranes, but only between 50% and 100% added oil.
Accumulated strain mapping and digital image correlation during extension
would build a more detailed picture of the behaviour.

Other future investigations will include layering all of the membranes that were
found to mimic the properties of skin to determine its usefulness as a surrogate
skin for learning suturing techniques and surgical simulations.

The mechanical characteristics of the material compositions presented throughout
this work have the potential to inform the development of many other soft tissues

like organs and vasculature.
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Chapter 3 Appendix

Multi-axial data processing procedure

The Zwick Z2.5 tensiometer with a 200N load cell to
gather data. Test expert is the programme used to
control the tensiometer. Matlab is used to process the
data.

All data is collected as per the standard BS EN
14704-2:2007.

The below is an account of the test apparatus and
methodologies used to gather and process Multi-

axial data.

Figure 1 shows a diagram of the data gathering probe

Figure 1. Data gathering

and ring clamp sample holder, together with its probe (top) and ring clamp

dimensions. set up (bottom) used in all
The clamp is fixed the tensiometer base and the Multi-axial tests.

probe is fixed to the mobile crosshead gantry.

Apparatus and method summary

The data gathering probe is set 2 -5Smm away from sample secured in the ring clamp.

The probe contacts the sample surface with a force up to 0.2N before gathering data.

The probe deforms the sample at a rate of 500mm per minute up to a maximum force of SN
before returning to the start position, in a series of 6 cycles of loading and unloading- a
process involving 12 steps in total.

Cyclic loading for elastomeric and viscoelastic materials is known as preconditioning and
involves a series of loading cycles to capture hysteresis curve data.

During the test, two behavioural characteristics are observed- Force decay and Unrecovered

deformation.

Force decay

Force decay percentage is gathered at the maximum deformation (5N), during the 5™ cycle
after holding time of 60 sec.

The probe is held for 60 seconds gathering data on the samples’ relaxation (the decay in
resistive force).

Relaxation is the loss of stored elastic energy over time. True, Hookean elastic materials do
not lose their energy while held at extension over time, so long as the extension is within the
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elastic limit. Viscoelastic materials lose stored elastic energy quickly. The more
‘viscoelastic’ the material, the slower it responds to loading causing it to lose or gain its

stored energy slower.

“Stress relaxation is a time-dependent decrease in stress under

a constant strain. This characteristic behavior of the polymer is

studied by applying a fixed amount of deformation to a speci-

men and measuring the load required to maintain it as a func-

tion of time. Stress-relaxation data have been useful in many

practical applications. A typical stress-time curve is shown in

Fig. 7.5. At the beginning of the experiment, the strain is

applied to the specimen at a constant rate to achieve the desired

elongation. Once the specimen reaches the desired elongation,

the strain is held constant for a predetermined amount of time.

The stress decay, which occurs because of stress relaxation, is

observed as a function of time. The stress values at different

time intervals are recorded and the results are plotted to obtain

a stress versus time curve.”
https://reader.elsevier.com/reader/sd/pii/B9781455731725000074?token=42A0D91F
CADC34296454D3F8DSBEDE7DFB54DF579F4AC5B60C68 AE0330D916D4772D
6E864A4BFOFE9AS57DE37236A39C5&originRegion=eu-west-
1&originCreation=20230307104821

Unrecovered deformation (Hysteresis)

After the force decay data has been gathered (in cycle 5) and the probe has returned to the
starting position, the probe holds its position for a further 60 seconds. The probe then
completes the final 6™ cycle holding at 0.2N to measure the change in load between the first
loading cycle and the final unloading cycle. The difference between these two figures be can
used to measure the amount of permanent (unrecovered) deformation, or ‘bagging’.

The vectors that form the characteristic hysteresis loop also offer an insight into the
materials behaviour under cyclic loading. Each sample set (T3 — T16 and O1 - O5) will have
quite different hysteresis formation reflective of their variable mechanical and chemical

configurations.
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2.

kWb =

Once the data has been gathered from the test and securely stored, processing of the data can

begin.

Raw test data (RTD) refers to the complete data set gathered from the Zwick test expert (I1I)

program, presented in MS Excel format to allow for the easy creation of graphs and charts.

The Multi-axial data contained in the RTD includes;

Tool separation
Test time
Cycle number
Standard force
Standard travel

To create results tables, related graphs and charts, from the data, follows this procedure to

populate the results table first.

Populating the results table
Using the RTD:

To find ‘L’, use the standard force data, find 0.2N and log the deformation in mm. Add to the
results table in the L column.

To find ‘V’ and ‘E’, locate the maximum force (V), in Newtons, at the end of the 5™ cycle (9"
step) and log the deformation in mm (E). Add these to the results table in column V and E.

To find “W’, locate the maximum force, in Newtons, at the end of the holding period of the 5"
cycle. Add this to the results table in the W column.

To find ‘Q’, locate the data at the end of the final cycle (6™) and log the displacement in mm
at 0.2 Newtons. Add this to the results table in the Q column.

Once the results table has been populated, the remaining data can be calculated from ‘L’,

‘V’, ‘E’ and ‘W’.

Where L is the undeformed measurement at 0.2N, V is the force at maximum deformation at
the end of the 5™ cycle and E is the deformation at V in mm. W is the force decay in
Newtons after 60 seconds in the final cycle. Q is the unrecovered deformation at 0.2N after

the final unloading cycle given in mm.

Using the Results table:

To find ‘S’
S=FE-L

To find ‘A’,
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A=——100
1%
3. To find ‘P’,
P=L
4. To find ‘C°,
C=Q-L

To determine force degradation, create a separate table (with the title Force degradation) in the
RTD page from ‘E’ down to ‘“W’. Copy and paste:
Test time, cycle number, standard force and standard travel.

In the new table add a 5™ column on the left showing the time, 0 — 60 seconds.

Using Excel; Create a rule to change the original test (OT) time to a new cycle-specific (CS)
time (0-60 seconds), subtract the second line of the OT time from the first line of the OT time
then add the first line of the CS time (zero). Double click the plus sign cursor to populate the
rest of the CS time.

So;

OT2 - OT1 + CS1=CS2

Use these data to create suitable graphs and charts for visual dissemination of the data.

e Hysteresis is shown as a cyclic graph.
e Force degradation is shown as a line graph
e Force decay is shown as a bar chart

Averaging the Multi-axial force degradation graphs

Open the relaxation excel file

Select a new column, top cell (G2)

Press = average

Double click (left mouse) on average cell then Select first row of data

Double click bottom right of the averaged cell to populate the remaining column
Right click the graph and ‘select data’

Press ‘add’ (edit series) series name it ‘average’

series X value is the time column (select the time and control shift down)

Y values are the average force (select the average force and control shift down)
Press ok to exit the window

228



Untick all other boxes in the left hand window EXCEPT average. Press ok.
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Chapter 4 appendix

Results of hardness tests on fibre filled PDMS membranes

Indentation Results for PDMS A-10.

Indentation is a common method for the characterisation of elastomers used to measure skin
hardness in vivo, and is also the standard measurement method used to evaluate the hardness of
elastomers. Indentation by durometer was performed on all disc specimens to ASTM standard
(D2240-03) guidelines. Due to the softness of specimens, a type 00 Shore hardness (H 00) calibrated
durometer (‘Checkline', USA SN: 50168) with a spherical indenter tip measuring 2.5 mm in length
and 2.3 mm in diameter and the device and mounting assembly arm had a total weight of 400 g.
Each reading was taken using 6mm, triple-plied, 3 x 2mm specimens cut from the same sheet
material. Each plied specimen was measured five times in different locations taken 6mm apart (12
mm from any edge) and recorded directly as a shore 00 hardness value before being converted to a

force value in Newton’s.

Control Group (0% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO00 F(N) HO00 F(N) HO0 F(N) H00 FN) HO00 F®N)
1 11 0.31 11 0.30 11 0.30 10.5 0.30 11 0.30
2 9 0.28 11 0.30 12 0.31 9 0.28 11 0.30 H 00 Force (N)
3 12 0.31 12 0.31 11 0.30 9 0.29 10 0.29
4 11 0.30 11 0.31 10 0.30 10 0.29 11 0.30
5 11 0.30 12 0.31 10 0.30 9 0.28 11 0.30
Average 10 0.30 11 0.31 11 0.30 9 0.29 10 030 10 0.30
Median 11 0.30 11 0.31 11 0.30 9 0.29 11 030 10 0.30
Specimen Group 1 (1% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO0O FN) H00 FN) H00 FN) H00 FN) H00 F(N)
1 37 0.54 38 0.55 36 0.53 36 0.53 37 0.54
2 37 0.54 38 0.55 36 0.53 36 0.53 37 0.54 H 00 Force (N)
3 37 0.54 38 0.55 37 0.54 36 0.53 37 0.54
4 36 0.53 38 0.55 37 0.54 36 0.53 37 0.54
5 36 0.53 38 0.55 37 0.54 36 0.53 37 0.54
Average 36 0.54 38 0.55 36 0.54 36 0.53 37 0.54 37 0.54
Median 37 0.54 38 0.55 37 0.54 36 0.53 37 0.54 37 0.54
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Specimen Group 3 (3% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO0 F(N) HO00 F(N) HO0O F(IN) HO00 FIN) H00 FN)
1 44 0.61 45 0.61 45 0.61 46 0.62 46 0.62
2 45 0.62 45 0.62 47 0.63 47 0.63 47 0.63 HO00  Force (N)
3 46 0.62 47 0.63 47 0.63 46 0.62 47 0.63
4 47 0.63 47 0.63 48 0.64 48 0.64 46 0.62
5 48 0.64 48 0.64 47 0.63 48 0.64 46 0.62
Average 46 0.62 46 0.63 47 0.63 47 0.63 46 0.63 46 0.63
Median 46 0.62 47 0.63 47. 0.63 47 0.63 46 0.62 46 0.63
Specimen Group 4 (4% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO0 F(N) HO00 F(N) HO0O F(N) HO00 F(N) H00 FN)
1 50 0.66 49 0.65 49 0.65 48 0.64 50 0.66
2 52 0.68 50 0.66 50 0.66 51 0.67 51 0.67 HO00  Force (N)
3 50 0.66 50 0.66 51 0.67 50 0.66 51 0.67
4 52 0.68 51 0.67 52 0.68 49 0.65 52 0.68
5 50 0.66 50 0.66 50 0.66 52 0.68 52 0.68
Average 50 0.67 50 0.66 50 0.66 50 0.66 51 0.67 50 0.66
Median 50 0.66 50 0.66 50 0.66 50 0.66 51 0.67 50 0.66
Specimen Group 2 (2% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO0 F(ON) HO00 F(N) HO0O F(ON) HO00 FN) H00 F(NN)
1 41 0.58 44 0.60 41 0.58 41 0.58 41 0.58
2 42 0.59 44 0.60 42 0.58 42 0.58 42 0.58 H 00 Force (N)
3 43 0.59 42 0.58 43 0.59 42 0.58 42 0.59
4 43 0.59 44 0.60 43 0.60 42 0.59 43 0.59
5 43 0.60 44 0.60 44 0.60 43 0.59 43 0.59
Average 42 0.59 43 0.60 42 0.59 42 0.59 42 0.59 42 0.59
Median 43 0.59 44 0.60 43 0.59 42 0.58 42 0.59 42 0.59

Indentation Results for PDMS 00-30

Indentation is a common method for the characterisation of elastomers used to measure skin
hardness in vivo, and is also the standard measurement method used to evaluate the hardness of
elastomers. Indentation by durometer was performed on all disc specimens to ASTM standard
(D2240-03) guidelines. Due to the softness of specimens, a type 00 Shore hardness (H 00) calibrated
durometer (‘Checkline', USA SN: 50168) with a spherical indenter tip measuring 2.5 mm in length
and 2.3 mm in diameter and the device and mounting assembly arm had a total weight of 400 g.
Each reading was taken using 6mm, triple-plied, 3 x 2mm specimens cut from the same sheet
material. Each plied specimen was measured five times in different locations taken 6mm apart (12
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mm from any edge) and recorded directly as a shore 00 hardness value before being converted to a
force value in Newton’s.

Test equipment HOO Harness reading from Dur ter (00)
Conversion factor F(N) =0.203 + 0.00908 x HOO
Formulation PDMS 00-30 + Soft + Fibres
Control Group (0% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
H 00 F(N) H 00 F(N) HO00 FN) HO00 FXN) HO00 FQN)
1 23 0.41 24 0.43 26 0.44 25 0.43 24 0.42
2 23 0.42 24 042 25 043 23 042 24 043 HO0 Force(N)
3 24 0.42 24 0.43 24 0.43 23 0.41 25 0.43
4 24 0.42 24 0.42 26 0.44 26 0.44 25 0.43
5 24 0.42 24 0.43 25 0.43 25 0.43 23 0.42
Average 23 0.42 24 042 25 0.43 24 0.43 24 0.42 24 0.42
Median 23 0.42 24 042 25 0.43 24 0.42 24 0.42 24 0.42
Specimen Group 1 (1% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
HO00 F®N) H 00 F(N) HO00 F(N) HO00 F®N) HO00 F®N)
1 35 0.52 35 0.52 35 0.53 35 0.53 36 0.53
2 36 0.53 35 053 36 053 36 053 36 053 HO00 Force(N)
3 35 0.52 35 0.52 35 0.52 34 0.52 36 0.53
4 36 0.53 35 0.53 36 0.53 36 0.53 36 0.53
5 36 0.53 35 0.53 34 0.51 36 0.53 36 0.53
Average 35 0.53 35 0.52 35 0.52 35 0.53 36 0.53 35 0.52
Median 35 0.53 35 0.52 35 0.53 35 0.53 36 0.53 36 0.52
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Specimen Group 2 (2% Fibre addition)

Average Median

Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
H 00 F(N) HO00 FN) HO00 F®N) HO00 F®N) H00 F®N)
1 41 0.58 41 0.58 42 0.58 43 0.59 42 0.58
2 42 0.58 41 058 43 059 41 058 41 058 HO0  Force(N)
3 42 0.58 42 0.58 43 0.60 42 0.59 42 0.58
4 42 0.58 42 0.58 42 0.59 43 0.59 42 0.58
5 40 0.57 41 0.58 42 0.59 42 0.59 43 0.59
Average 41 0.58 41 0.58 42 0.59 42 0.59 41 0.58 41 0.58
Median 42 0.58 41 0.58 42 0.59 42 0.59 42 0.58 42 0.58
Specimen Group 3 (3% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Sp n 3 Sp n 4 Specimen 5
H 00 F(N) HO00 F(N) HO00 FN) HO00 FXN) HO00 F©N)
1 45 0.61 46 0.62 45 0.61 46 0.62 45 0.61
2 45 0.61 44 060 45 061 45 061 46 062 HO0  Force(N)
3 43 0.60 46 0.62 45 0.61 45 0.61 47 0.63
4 44 0.60 47 0.63 45 0.61 46 0.62 46 0.62
5 44 0.60 46 0.62 44 0.60 47 0.63 45 0.61
Average 44 0.61 45 0.62 44 0.61 45 0.62 45 0.62 45 0.61
Median 44 0.61 46 0.62 45 0.61 45 0.62 46 0.62 45 0.61
Specimen Group 4 (4% Fibre addition) Average Median
Key Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5
H 00 F(N) HO00 FN) HO00 FXN) HO00 FN) HO00 F®N)
1 52 0.68 49 0.65 52 0.68 53 0.68 49 0.65
2 52 0.68 51 067 53 068 51 067 52 068 HO0 Force(N)
3 52 0.68 50 0.66 53 0.69 51 0.67 52 0.68
4 50 0.66 49 0.65 50 0.66 51 0.67 51 0.67
5 51 0.67 51 0.67 49 0.65 51 0.67 50 0.66
Average 51 0.67 50 0.66 51 0.67 51 0.67 50 0.66 51 0.66
Median 52 0.68 49 0.65 52 0.68 51 0.67 51 0.67 50 0.66
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Tensile tests PDMS A10 with fibres

Results from tensile tests on fibre filled membranes
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Multi-axial tests PDMS A10 with fibres
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Tensile tests PDMS O0-30 with fibres
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Chapter S appendix

Test schedule for covid19 specimen tracking manager

Mechanical testing

Tensile (UTS), Hardness (Indentation), Multi-axial test

500mm x 500mm specimen sheet makes x7 Multi-axial discs specimens (also used

for hardness specimen testing) and x12 UTS dumbbell samples for tensile tests.

Same test specimen dimensions as (ISOBS37)

PDMS 0030/A10 + yarn/fabric

Legend
Black text- original test group Pre-covid 19 (2019)

Green text- New test group remade post-covid19 (2022)

1.  Yarn tests (single yarn thread) T1
Tensile extension

Tensile tests x5 (UTS)

Microscopic images x10 (x5 pre-test and x5 post-test UTS)

2. Multi-strand yarn tests knitted at both ends with a ladder float (6 strand) T2

Tensile extension
Tensile test x5 (UTS)
Microscopic images x10 (x5 pre-test and x5 post-test UTS)

3. Knitted Fabric T3
Tensile tests

Tensile tests x5 Course direction (UTS)
Tensile tests x5 Wales direction (UTS)
Multi-axial x5
Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

The Yarn, The Float and the Fabric

Tests to determine the mechanical
behaviour changes in lycra yarn
architecture prior to embedding in PDMS

matrix.
Mechanical tests

X20 Extension
X5 Multi-axial

All specimens extended in wales direction

only
(0%, 50% and 100%)

4. 0% Pre-stretch Multi-strand yarn embedded PDMS 0030- T4
Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

The (embedded) Float in PDMS 0030 only

PDMS 0030 of previously described
individual membranes.
Embedded with multi-strand, uni-directional

lycra yarn float.
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Specimen Dimensions

T4 V-1 2.8mm

T4 V-2 2.7mm

T4 V-3 2.6mm

T4 V-4 2.6mm

T4 V-5 2.6mm

Specimen Dimensions

T4 P-1 2.7mm

T4 P-2 2.7mm

T4 P-3 2.7mm

T4 P-4 2.7mm

T4 P-5 2.7mm

Specimen Dimensions

T4 D-1 2.3mm

T4 D-2 2.5mm

T4 D-3 2.4mm

T4 D-4 2.4mm

T4 D-5 2.4mm

Average 2.58mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

T4 37, 46, 45.6
47, 49,
49

T4-2 49, 47, 47.8
48, 47,
48

T4-3 46, 47, 46.6
47, 47,
46

T4-4 50, 51, 49.8
50, 49,
49

T4-5 48, 45, 47.6
48, 48,
49

Total average 47.4

Standard deviation 4.2

5. 50% Pre-stretch Multi-strand yarn embedded PDMS 0030 — T5

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T5 V-1 2.9mm
T5 V-2 2.8mm
T5 V-3 2.8mm
T5 V-4 2.6mm

Mechanical tests

X30 Extension
X15 Multi-axial
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T5 V-5 2.6mm

Specimen Dimensions

TS P-1 3. 1lmm

TS5 P-2 3.0mm

TS5 P-3 3.0mm

TS5 P-4 3.0mm

TS5 P-5 3.0mm

Specimen Dimensions

TS5 D-1 3.0mm

TS5 D-2 3.0mm

TS5 D-3 2.9mm

TS5 D-4 2.9mm

TS D-5 2.9mm

Average 2.9mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

T5-1 46, 46, 45.8
46, 45,
46

T5-2 48, 47, 46.8
45, 48,
46,

T5-3 47, 45, 45.8
46, 46,
45

T5-4 48, 47, 47.6
47, 49,
47

T5-5 48, 46, 47.6
47, 47,
50

Total average 46.7

Standard deviation 1.8

6. 100% Pre-stretch Multi-strand yarn embedded PDMS 0030 — T6

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T6 V-1 2.6mm
T6 V-2 2.6mm
T6 V-3 2.7mm
T6 V-4 2.7mm
T6 V-5 2.6mm
Specimen Dimensions
T6 P-1 2.6mm
T6 P-2 2.5mm
T6 P-3 2.6mm
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T6 P-4 2.7mm

T6 P-5 2.8mm

Specimen Dimensions

T6 D-1 2.5mm

T6 D-2 2.7mm

T6 D-3 2.6mm

T6 D-4 2.7mm

T6 D-5 2.7mm

Average 2.64mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

Te6-1 49, 50, 49.4
50, 50,
48

T6-2 46, 46, 46.6
46, 47,
48

T6-3 50, 47, 49
48, 50,
50

T6-4 50, 51, 50.2
51, 49,
50

T6-5 47, 50, 49.2
50, 49,
50

Total average 48.8

Standard deviation 3.6

7. 0% Pre-stretch fabric embedded PDMS 0030 — T7

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T7 V-1 3.3mm
T7 V-2 3.3mm
T7 V-3 3.2mm
T7 V-4 3.3mm
T7 V-5 3.2mm
Specimen Dimensions
T7 P-1 3.2mm
T7 P-2 3. lmm
T7 P-3 3. lmm
T7 P-4 3.3mm
T7 P-5 3.3mm
Specimen Dimensions

The (embedded) Fabric PDMS 0030 only
described

Of  previously individual
membrane.
Embedded with multi-strand, uni-directional

lycra yarn float.

Mechanical tests

X45 Extension

X15 Multi-axial

X15 Indentation (fabric side up)
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T7 D-1 3.3mm

T7 D-2 3.4mm

T7 D-3 3.3mm

T7 D-4 3.2mm

T7 D-5 3.3mm

Average 3.25mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

T7-1 47, 49, 48
47, 49,
48

T7-2 49, 48, 48.2
48, 49,
47

T7-3 47, 45, 46.8
46, 46,
50

T7-4 49, 48, 48.6
49, 48,
49

T7-5 47, 49, 47.6
46, 46,
50

Total average 47.8

Standard deviation 1.8

242




8. 50% Pre-stretch fabric embedded PDMS 00030 — T8

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions

T8 V-1 3.4mm

T8 V-2 3.5mm

T8 V-3 3.5mm

T8 V-4 3.6mm

T8 V-5 3.5mm

Specimen Dimensions

T8 P-1 3.2mm

T8 P-2 3.2mm

T8 P-3 3.2mm

T8 P-4 3.2mm

T8 P-5 3.2mm

Specimen Dimensions

T8 D-1 3.4mm

T8 D-2 3.lmm

T8 D-3 3.2mm

T8 D-4 3.2mm

T8 D-5 3.7mm

Average 3.34mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

T8-1 46, 46, 45.8
46, 46,
45

T8-2 47, 48, 47.6
48, 48,
47

T8-3 46, 46, 47
47, 48,
48

T8-4 48, 48, 46.8
45, 47,
46,

T8-5 49, 47, 48.2
48, 48,
49,

Total average 47.08

Standard deviation 2.4
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9. 100% Pre-stretch fabric embedded PDMS 0030 — T9

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)
Multi-axial x5

Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions

T9- V1 3.7mm

T9- V2 3.6mm

T9- V3 3.6mm

T9- V4 3.7mm

T9- V5 3.6mm

Specimen Dimensions

T9 P-1 3.lmm

T9 P-2 3.lmm

T9 P-3 3.0mm

T9 P-4 3.4mm

T9 P-5 3.2mm

Specimen Dimensions

T9 D-1 3.3mm

T9 D-2 3.4mm

T9 D-3 3.4mm

T9 D-4 3.5mm

T9 D-5 3.5mm

Average 3.4mm

specimen

thickness

Specimen - Hardness Average

Measurement (HOO) (logarithmic)

T9-1 53, 53, 52.8
52, 53,
53

T9-2 53, 51, 524
52, 53,
52

T9-3 53, 54, 53
52, 53,
53

T9-4 54, 52, 52.8
53, 53,
52

T9-5 52, 53, 52.6
52, 53,
53

Total average 52.7

Standard deviation 0.6
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10. PDMS A10 + PDMS 0030 laminated (no fabric or yarn) -T10

Tensile extension
Tensile test x5 (UTS)
Multi-axial x5
Indentation x5

Microscopic images x10 (x5 pre-test and x5 post-test UTS)

Specimen Dimensions
T10 -1 2.7mm (2.1mm 00-30, 0.6mm A-10)
T10 -2 2.9mm (2.3mm 00-30, 0.6mm A-10)
T10 -3 2.8mm (2.2mm 00-30, 0.6mm A-10)
T10 -4 2.9mm (2.3mm 00-30, 0.6mm A-10)
T10 -5 2.7mm (2.1mm 00-30, 0.6mm A-10)
Average 2.8mm
specimen
thickness
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T10-1 49, 51, 49.8

51, 48,

50
T10-2 51, 49, 49.8

51, 48,

50
T10-3 49, 51, 49.4

49, 49,

49
T10-4 49, 50, 49.4

48, 49,

51
T10-5 53, 52, 50.6

49, 48,

51
Total average 49.8
Standard deviation 1.2

PDMS lamination
Recreation of previously  described
individual membranes laminated together

during the casting process.

Mechanical tests
X5 Extension
X5 Multi-axial
X5 Indentation

Emerging results
By increasing the 0030 thickness by just

0.2mm the maximum force and tear force
increased by approximately 2N. From 12-
15N

11. 0% Pre-stretch Multi-strand yarn embedded in PDMS A10 + PDMS 0030

The (embedded) Float

laminated — T11

Tensile extension
Course direction x5 (UTS)
Wales direction x5 (UTS)

PDMS lamination_of previously described
individual membranes
Embedded with multi-strand, uni-directional

lycra yarn float.
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Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions

T11V -1 3mm (2.4mm 00-30, 0.6mm A-10)
T11V-2 2.9mm (2.1mm 00-30, 0.8mm A-10)
T11V-3 2.9mm (2.3mm 00-30, 0.6mm A-10)
T11V -4 3mm (2.4mm 00-30, 0.6mm A-10)
T11V-5 3.2mm (2.6mm 00-30, 0.6mm A-10)
Specimen Dimensions

T11P-1 2.9mm (2.3mm 00-30, 0.6mm A-10)
T11P-2 2.9mm (2.3mm 00-30, 0.6mm A-10)
T11P-3 3.2mm (2.6mm 00-30, 0.6mm A-10)
T11P-4 3.4mm (2.8mm 00-30, 0.6mm A-10)
T11P-5 3mm (2.3mm 00-30, 0.7mm A-10)
Average 3.04mm

specimen

thickness

Specimen -Measurement Hardness (HOO) Average
(logarithmic)

T11-1 52,49, 51, 50, 53 51

T11-2 51, 51, 50, 50, 50 50.4

T11-3 50, 51, 52, 53, 53 51.8

T11-4 50, 52, 51, 52, 52 51.4

T11-5 51, 52,53, 53, 54 52.6
[Total average 51.4
Standard deviation 252

12. 50% Pre-stretch Multi-strand yarn embedded in PDMS A10 + PDMS

0030 laminated — T12

Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)

Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions

TI2V -1 2.9mm (2.2mm 00-30, 0.7mm A-10)
TI2V -2 2.8mm (2.2mm 00-30, 0.6mm A-10)
T2 V-3 3.2mm (2.5mm 00-30, 0.7mm A-10)
T12V -4 3.2mm (2.5mm 00-30, 0.7mm A-10)
T12V -5 3.2mm (2.5mm 00-30, 0.7mm A-10)
Specimen Dimensions

Mechanical tests

X30 Extension
X15 Multi-axial
X15 Indentation

Maximum force at break increased by 10N to

25N for most specimens.
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T12P-1 3.4mm (2.7mm 00-30, 0.7mm A-10)
T12P -2 3.3mm (2.6mm 00-30, 0.7mm A-10)
T12P-3 3.4mm (2.7mm 00-30, 0.7mm A-10)
T12P -4 3.3mm (2.6mm 00-30, 0.7mm A-10)
T12P -5 3.4mm (2.7mm 00-30, 0.7mm A-10)
Average 3.21mm

specimen

thickness

Specimen -Measurement Hardness (HOO) Average
(logarithmic)

T12-1 50, 51, 53, 53, 53 52

T12-2 50, 51, 50, 52, 52 51

T12-3 52,53,51, 53,52 52.2

T12-4 50, 51, 50, 49, 50 50

T12-5 50, 52, 53, 50, 51 51.2
[Total average 51.2
Standard deviation 2

13.  100% Pre-stretch Multi-strand yarn embedded in PDMS A10 + PDMS

0030 laminated -T13
Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)

Multi-axial x5

Indentation x5

Microscopic images x20 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions

T13V -1 3.3mm (2.7mm 00-30, 0.6mm A-10)

T13V -2 3mm (2.4mm 00-30, 0.6mm A-10)

T13V-3 3mm (2.4mm 00-30, 0.6mm A-10)

T13V -4 3mm (2.4mm 00-30, 0.6mm A-10)

TI13 V-5 2.9mm (2.3mm 00-30, 0.6mm A-10)

Specimen Dimensions

TI3P-1 2.9mm (2.2mm 00-30, 0.7mm A-10)

T13P-2 3mm (2.3mm 00-30, 0.7mm A-10)

TI3P-3 2.7mm (2.1mm 00-30, 0.6mm A-10) sub
1

TI13P -4 3.2mm (2.5mm 00-30, 0.7mm A-10)

T13 P -5 2.8mm (2.1mm 00-30, 0.7mm A-10) sub
2

Average 2.98mm

specimen

thickness

Specimen -Measurement

Hardness (HOO) Average

(logarithmic)

T13-1

52,50,53,54,55 | 52.8
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T13-2 51, 52,51, 52, 54 52
T13-3 55,51, 53, 53, 51 52.6
T13-4 53,52, 54,52,53 52.8
T13-5 52,52, 53,53,53 52.6
Total average 52.5
Standard deviation 0.8

14. 0% Pre-stretch fabric embedded in PDMS A10 + PDMS 00-30 laminated —

The (embedded) Fabric

T14
Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)
Multi-axial x5
Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T14 V-1 3.6mm (2.8mm 00-30, 0.8mm A-10)
T14 V-2 3.7mm (2.9mm 00-30, 0.8mm A-10)
T14 V-3 3.7mm (2.9mm 00-30, 0.8mm A-10)
T14 V-4 3.7mm (2.8mm 00-30, 0.9mm A-10)
T14 V-5 3.7mm (2.9mm 00-30, 0.8mm A-10)
Specimen Dimensions
T14 P-1 3.4mm (2.6mm 00-30, 0.8mm A-10)
T14 P-2 4.3mm (2.9mm 00-30, 1.4mm A-10)
T14 P-3 4.3mm (2.9mm 00-30, 1.4mm A-10)
T14 P-4 4.2mm (2.8mm 00-30, 1.4mm A-10)
T14 P-5 4. 1mm (2.9mm 00-30, 1.2mm A-10)
Specimen Dimensions
T14 D-1 3.8mm (2.8mm 00-30, 1.0mm A-10)
T14 D-2 4.0mm (2.8mm 00-30, 1.2mm A-10)
T14 D-3 3.8mm (2.8mm 00-30, 1.2mm A-10)
T14 D-4 3.7mm (2.6mm 00-30, 1.1 mm A-10)
T14 D-5 3.7mm (2.7mm 00-30, 1.0mm A-10)
Average 3.84mm
specimen
thickness
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T14-1 50, 52, 52.2

53, 53,

53
T14-2 54, 54, 53.8

54, 54,

53
T14-3 54, 53, 53.6

54, 54,

53

PDMS lamination_of previously described
individual membranes
Embedded with knitted (multi-directional)

lycra yarn.

Mechanical tests
X45 Extension

X15 Multi-axial
X15 Indentation
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T14-4 53, 54, 52.6
53, 51,
52
T14-5 55, 54, 54
54, 54,
53
Total average 532
Standard deviation 1.8

15. 50% Pre-stretch fabric embedded in PDMS A10 + PDMS 0030 laminated —
Ti5
Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)

Multi-axial x5
Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T15 V-1 3.6mm (2.6mm 00-30, 1.0mm A-10)
T15V-2 3.5mm (2.7mm 00-30, 0.8mm A-10)
T15 V-3 3.5mm (2.7mm 00-30, 0.8mm A-10)
T15 V-4 3.6mm (2.7mm 00-30, 0.9mm A-10)
T15 V-5 3.6mm (2.7mm 00-30, 0.9mm A-10)
Specimen Dimensions
T15 P-1 3.6mm (2.7mm 00-30, 0.9mm A-10)
T15 P-2 3.5mm (2.6mm 00-30, 0.9mm A-10)
T15 P-3 3.6mm (2.6mm 00-30, 1.0mm A-10)
T15 P-4 3.6mm (2.6mm 00-30, 1.0mm A-10)
T15 P-5 3.6mm (2.6mm 00-30, 1.0mm A-10)
Specimen Dimensions
T15 D-1 3.5mm (2.8mm 00-30, 0.7mm A-10)
T15 D-2 3.5mm (2.7mm 00-30, 0.8mm A-10)
T15 D-3 3.6mm (2.7mm 00-30, 0.9mm A-10)
T15 D-4 3.6mm (2.8mm 00-30, 0.8mm A-10)
T15 D-5 3.6mm (2.7mm 00-30, 0.9mm A-10)
Average 3.56mm
specimen
thickness
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T15-1 55, 56, 55.6

56, 56,

55
T15-2 55, 56, 55.8

55, 56,

57
T15-3 55, 56, 56.2

57, 57,

56

249




T15-4 56, 56, 56
55, 56,
57
T15-5 54, 56, 56
56, 57,
57
Total average 559
Standard deviation 0.6
16. 100% Pre-stretch fabric embedded in PDMS A10 + PDMS 0030 laminated

~T16
Tensile extension

Course direction x5 (UTS)
Wales direction x5 (UTS)
Diagonal x5 (UTS)
Multi-axial x5
Indentation x5

Microscopic images x30 (x5 pre-test and x5 post-test UTS for each)

Specimen Dimensions
T 16 V-1 3.3mm (2.5mm 00-30, 0.8mm A-10)
T16 V-2 3.5mm (2.4mm 00-30, 1.Ilmm A-10)
T16 V-3 3.6mm (2.5mm 00-30, 1.Imm A-10)
T16 V-4 3.6mm (2.5mm 00-30, 1.Imm A-10)
T 16 V-5 3.6mm (2.5mm 00-30, 1.1mm A-10)
Specimen Dimensions
T16 P-1 3.1mm (2.4mm 00-30, 0.7mm A-10)
T16 P-2 3.4mm (2.5mm 00-30, 0.9mm A-10)
T16 P-3 3.5mm (2.6mm 00-30, 0.9mm A-10)
T16 P-4 3.4mm (2.5mm 00-30, 0.9mm A-10)
T16 P-5 3.4mm (2.5mm 00-30, 0.9mm A-10)
Specimen Dimensions
T16 D-1 3.2mm (2.3mm 00-30, 0.9mm A-10)
T16 D-2 3.2mm (2.3mm 00-30, 0.9mm A-10)
T16 D-3 3.2mm (2.3mm 00-30, 0.9mm A-10)
T16 D-4 3.2mm (2.2mm 00-30, 1.0mm A-10)
T16 D-5 3.2mm (2.2mm 00-30, 1.0mm A-10)
Average 3.36mm
specimen
thickness
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T16-1 57, 59, 57.8

57, 58,

58
T16-2 58, 58, 59

59, 60,

60
T16-3 59, 60, 58.6

58, 58,

58
T16-4 60, 60, 59

59, 58,

58
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T16-5 59, 59, 58.6
59, 58,
58
Total average 58.6
Standard deviation 1.2

Test Schedule Overview

X175 UTS tests (AS)

X70 Multi-axial tests (AS)

X65 (x5) Indentation tests (RA)
X350 Microscopic images (RA)

Materials

2 cones of Lycra yarn- Single cover 16/SC (‘S’ twist direction, single cover)/090

Cr:22/1/60 (lycra size)/60 (twists per meter) n66 (Nylon type)

20KG PDMS 00-30
20KG PDMS A-10

2K G Loose chopped strand polyester fibres

Specimen legend

V — Inline with direction of extension (Wales)

P — Perpendicular to direction of extension (Course)

D - Diagonal to direction of extension (45 degrees)
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Hardness - Modulus converter and inverter using Gent’s expansion equation

Table of results for Gent’s expansion equation
And Shahidi’s inversion equation
A.N. Gent (1958) A. Shahidi (2022)
Hardness Modulus Hardness Modulus
Shore A MPa Shore A MPa
- - 1.64 0.05
- - 3.835 0.1
El 0.127 5.933 0.15
7.942 0.2
10 0.253 9.867 0.25
15 0.394 11.713 0.3
13.485 0.35
- - 15.187 0.4
- - 16.824 0.45
- 18.398 0.5
20 0.552 19.914 0.55
- - 21.375 0.6
22.784 0.65
- 24.142 0.7
25 0.732 25.454 0.75
- - 26.722 0.8
- - 27.946 0.85
- - 29.131 0.9
30 0.937 30.277 0.95
35 1.174 31.387 1
40 1.45 40.809 1.5
as 1.777 47.955 2
50 2.169 53.562 2.5
ss 2.648 58.078 3
60 3.246 61.794 3.5
65 4.016 64.904 4
- = 67.547 4.5
70 5.045 69.819 E
75 6.479 - -
80 8.63
85 12.227
20 19.411 - -

Uni-axial specimen breaks multi-layered specimens without yarn or fabric

Uni-axial specimen breaks multi-layered specimens with embedded fabrics
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Chapter 6 appendix

Hardness test data log

+ 150% PDMS oil (3:2 ratio) ( Test group O4)

Specimen Dimensions
T1 2.6mm
T 2.6mm
T3 2.7mm
T4 2.5mm
TS 2.6mm
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T1 - -
T2 - -
T3 - -
T4 = =
TS - -
Total average =
Specimen - Hardness Average
Measurement (HOOO) (logarithmic)
T1 20, 20, 20.2
21, 20,
20
T2 18, 20, 19.6
20, 20,
20
T3 19, 20, 19.6
20, 20,
19
T4 20, 20, 19.8
20, 20,
19
TS 19,21, 20
20, 20,
20
Total average 19.84
e e v (63 |
Test sample dimensions
PDMS (control groum
e T
T ailmm
= T
T il
T T
5 o
Specimen= Hardness Averags
Measurement (HOO) (logarithmic)
e 33.35. 344
34,35
35
= 30,37, 364
35,34,
36
£ 36.3 354
35,35,
36
g1 EEREER EERS
34,35
35
TS EEREZS 34
34,3
34
T oo 35
Specimen - Hardness Average
Measurement (HOOO) (logarithmic)
T 57.56. 56
s6. 56.
ss
= 6. 55. 562
57. s6.
57
T 57.55. S6.4
s6. 57.
57
T 6. 56. 556
s6. 55.
ss
TS 55,57 552
s6. 54.
s
Total average 5588

+ 50% PDMS oil (1:2 ratio) ( Test group O2)
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Specimen Dimensions
r1 2.7mm
T2 2.7mm
3 2.7mm
T4 2.7mm
rs 2.7mm
Specimen - Tlardness Average
Measurement (HOO) (logarithmic)
T1 16,21, 19.6
20,21,
20
T 18, 20, 18.8
19, 19,
18
TS 18,20, 19.6
19, 20,
21
T4 17,20, 19.2
19, 20,
20
TS 17,18, 18.6
20, 19,
19
Total average 19.9
Specimen - Tlardness Average
Measurement (HOOO) (logarithmic)
T1 40, 38, 39.2
39, 40,
39
T2 a1, 39, 398
40, 40,
39
TS 39, 40, 394
39, 40,
39
T4 41,41, 40.2
40, 39,
40
TS 41,41, 40.4
39, 40,
41
Total average 398
+ 200% PDMS oil (2:1 ratio) (Test group OS5)
Specimen Dimensions
T1 2.7mm
T2 2.7mm
T3 2.8mm
T4 2.8mm
TS 2.7mm
Specimen - Hardness Average
Measurement (HOO) (logarithmic)
T1 - -
T2 - -
T3 - -
T4 - -
TS - -
Total average
Specimen - Hardness Average
Measurement (HOOO) (logarithmic)
T1 13,13, 13.4
16,12,
13
T2 12, 13, 11.8
10, 11,
13
T3 12, 12, 12.2
13, 12,
12
T4 13,13, 12.4
11,12,
13
TS 12,12, 11.8
12, 10,
13
Total average 12.32




Tensile and Multi-axial tests for PDMS with oil
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01- Uniaxial extension to failure comparison of PDMS A10
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02- Uniaxial extension to failure comparison of PDMS A10
with 50% PDMS oil dispersion
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04- Uniaxial extension to failure comparison of PDMS A10
with 150% PDMS oil dispersion
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05- Uniaxial extension to failure comparison of PDMS A10
with 200% PDMS oil dispersion
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01-05 Hysteresis- Comparison of the effects of increasing
oil content on force versus deformation

Deformation (mm)
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Time (minutes)

70
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30
2

o
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o

Cure time of PDMS A 10 with incremental
amounts of added PDMS oil

0% oil 50% oil 100% oil 150% oil 200% oil
Amount of added oil (%)
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