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Abstract

This investigation forms part of a larger study, investigating the mechanical properties
of skin and other soft membrane tissue. The focus of this project was the design and
construction of a planar biaxial tensile testing machine, suitable for ultimately testing skin
and other soft membrane tissues. The mechanical properties of skin and other collagenous
soft tissues are of interest to a wide range of researchers and professionals. Interests
include medical device design, research into the change in skin’s mechanical properties
due to disease, and skin’s material characterisation for computational simulation.

None of the laboratories at the University of Cape Town (UCT) were capable of
performing planar biaxial tensile tests on soft tissue prior to this project. The machine
was designed as a stand-alone, portable and accurate tensile tester with two independent
and orthogonal testing axes. The machine was designed to be operated using GRBL
software: an open-source motion control system for CNC milling. Two 50 N tensile
load cells (K-S2M, Hottinger Baldwin Messtechnik, Darmstadt, Germany) were used for
load measurement and a non-contact Digital Image Correlation (DIC) system (Dantec,

Denmark) was used for three-dimensional surface displacement measurement.

Commissioning testing was done on a silicone elastomer (Smooth-On, Dragon Skin 10)
which was used as a skin surrogate. The commissioning testing did not seek to characterise
the surrogate material, but to verify that the machine operated as intended. As testing
of biological specimens will involve non-trivial specimen preparation and mounting, this
is left to future research. Initially, a single axis of the custom machine was used to
perform uniaxial tensile tests on the surrogate material. Specimens of the same surrogate
material were tensile tested using a calibrated Instron (Norwood, MA, USA) tensile testing
machine at the Centre for Materials Engineering (CME) at UCT for comparison. Twenty
specimens were tested on each machine: five specimens per cross-head displacement rate:
10, 50, 120 and 400 mm/min. Sources of error were identified and addressed through
minor design and procedure changes. Further uniaxial testing on the revised first axis,
and the newly built second axis, was performed at 50 mm/min and 400 mm/min. These
results compared favourably to the results from the Instron tensile testing machine.

Planar biaxial tensile tests were performed on cruciform specimens of the surrogate
silicone elastomer. Biaxial testing was performed at four different cross-head displacement
rates (10, 50, 120 and 400 mm/min) combined with five different loading ratios between
the axes (1:1, 1:0.75, 1:0.5, 1:0.25, 1:0). A total of 30 specimens were tested.




The performance of the machine was critically assessed and the areas of difficulty
encountered during testing were: handling and gripping the highly pliable specimens,
consistency in the boundary conditions of the specimen, inter specimen variability, and
alignment issues. The testing demonstrated that the machine functions as intended, and
meets the requirements to be used in the testing of skin and other membrane tissue in
the future.
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Chapter 1

Introduction

1.1 Background

The mechanical properties of skin and other collagenous soft tissues, such as myocardium,
tendons, aorta tissue and many others are of interest to surgeons, medical device experts,
biomedical engineers and material engineers. Interests include changes to tissue mechani-
cal properties due to disease or medical intervention, medical device design, and material
characterisation for computational simulation of a tissue’s response to loading. Under-
standing the mechanical properties of skin and other collagenous tissues is complicated by
the fact that they are heterogeneous, anisotropic, non-linear and some show visco-elastic
properties [1][2][3]. There are currently no accepted standards for the tensile testing
of biological tissues, whether hard or soft. A variety of testing methods are employed
depending on the specific needs of the study and the availability of suitable tissue for

specimens. This gives rise to varied results in literature.

The research presented in this dissertation was done at the Blast Impact and Sur-
vivability Research Unit (BISRU) at the University of Cape Town (UCT). BISRU is
interested in the mechanical properties of skin to better understand the human structural
make-up and therefore survivability of people subjected to impact trauma. Previous post-
graduate research projects within BISRU have designed, built and commissioned bulge
test devices capable of testing skin (or other biological membranes) at different strain
rates. These devices all use a pressure differential to inflate a membrane, inducing bi-
axial tension. However, planar biaxial tensile tests remain an essential part of biological
membrane tissue characterisation [4]. Biaxial tensile testing equipment is not commonly
available, even for engineering metals or polymers. Testing biological tissues requires
sensitive force instruments, suited to the very small forces anticipated. Although planar
biaxial tensile testing machines are commercially available, such as the CellScale BioTester

[5], these machines are extremely expensive (USD 85 000). As there were no facilities for
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planar biaxial tensile tests of any kind at the start of BISRU’s broader investigation of
tissue properties, it was decided to design and build a custom planar biaxial tensile tester

for biological tissues.

1.2 Aim

The aim of this investigation was to design, build and test a custom planar biaxial tensile
testing machine, suitable for testing skin and other collagenous soft tissues. This disser-
tation will detail the design and commissioning testing of the custom built machine. Due
to the complexities in harvesting and preparing specimens from human or animal tissue,
the commissioning testing of this machine will be performed using silicone elastomers as a
surrogate for soft human tissue. The procedures for preparing biological tissue specimens
and the actual testing thereof, are left for future research.

The planar biaxial tensile tester will be used by researchers in BISRU and the broader
UCT community, so it must be accurate and easy to use consistently. As it may be nec-
essary to perform tissue testing at clinical sites, to limit any degradation after harvesting
tissue, the device must be portable. The objectives of the investigation are summarised
in the list below:

e Design and build a planar biaxial tensile testing machine, which should be suitable
to ultimately test skin and other collagenous soft tissues.

e Verification testing to be performed to prove the concept and build of the custom

machine.

e Planar biaxial tensile testing to be performed on a surrogate material.

1.3 Scope and limitations

The planar biaxial tensile testing machine was intended to be a custom built machine,
and was not designed with mass manufacture or commercialisation in mind. The device

does not need to be novel or patentable.

As this research forms part of an M.Sc in Mechanical Engineering, the focus will
be on the mechanical machine design and testing. The electronic instrumentation and
associated software makes use of transducers, actuators and software libraries that can
be implemented in a modular fashion, rather than designing these from a first principles
approach. Additionally, the machine operates in an open loop control mode. Prior BISRU
projects using bulge testers had shown that open loop control was stable at low loading

rates [6] and that the significant complexity of implementing a closed loop control system
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only began to yield benefits at substantially higher loading rates than those intended for
this machine [7].

Due to the flexibility and fragility of soft membrane tissues, a non-contact, image
based deformation measurement system was used. As there is an existing 3D Digital
Image Correlation (DIC) system within the department, it would not be justifiable to
develop a new image based measurement system for the machine. Therefore, the existing
DIC system was used to measure the deformation of the specimens during testing. The
DIC system available at UCT, provided by Dantec Dynamics, does not allow for live
feedback as the deformation data is only available after post-processing.

The commissioning testing for this M.Sc project was limited to silicone elastomers as
a surrogate for soft biological material. The aim of the testing was not to produce an
accurate material model for the elastomer, but to verify that the machine operated as
intended. This project made use of simple clamp grips suitable for elastomers, with the
detailed design of grips suitable for extremely fragile tissues left for future research.

1.4 Plan of development

This dissertation first establishes the aim and scope of the research. Comprehensive
research into the topics relevant to the investigation are then presented in the form of
a literature review. Relevant topics include the mechanical properties of skin and soft
tissues, testing methods of skin, planar biaxial tensile testing of skin and existing planar
biaxial tensile testing machines.

The design process of the custom built machine and its subsystems are then detailed,
beginning with the user needs, specifications and concepts. An in-depth break down of

the subsystems and their design are presented, discussed and justified.

The experimental plan for the testing of the custom built machine is then presented.
The testing was split into first uniaxial testing of individual axes and then planar biax-
ial testing. The dissertation first presents the uniaxial experimental design, results and
discussion. The data from the uniaxial testing was compared against data obtained from
a calibrated and commercially available uniaxial tensile testing machine (Instron). Diffi-
culties encountered during the uniaxial tests done on the custom machine were analysed

and informed minor revisions to the final design of the planar biaxial tensile tester.

Following the implementation of the revisions, the custom machine was used to per-
form planar biaxial tensile tests on silicone elastomer specimens as a surrogate for skin.
The biaxial testing plan and the test results are presented. The biaxial results are then

analysed and discussed. Finally, conclusions are drawn, most notably that the machine
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met the design requirements. Recommendations are made to facilitate future testing with
biological tissue specimens.




Chapter 2

Literature Review

This chapter reviews the literature needed to understand the background and content
of this investigation. First, literature on the mechanical properties of skin and other
collagenous soft tissues is reviewed in order to fully understand the complexities and
difficulties inherent in testing a soft biological membrane. Then, literature on a variety of
methods of testing soft tissue is reviewed, with a focus on planar biaxial tensile testing.

2.1 Skin

Skin is the body’s first line of defense against the outside world and is the largest organ
in the body [8]. Not only is it a physical barrier, it provides vital structural support to
internal organs while simultaneously allowing ease of movement of the body. Skin also
regulates the body’s heat and fluid losses, it acts as insulation and also protects the body

stratum cornewm  viable epidermis reticular dermis  papillary dermis  sub-papillary dermis

. 20070m . 3 " "gﬂ@ ‘};"‘Q‘
S e v Ay,

Figure 2.1 Cross-section of stained human back skin [§]
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from infection [9]. Skin can be considered as a multi-layered complex fibre reinforced
composite structure [1]. Human skin consists of three layers: the epidermis, the dermis
and the hypodermis; these layers have different functions and therefore different micro-
structural architectures and mechanical properties.

2.1.1 Epidermis

The epidermis is the outer most layer of the skin and is the thinnest, typically measuring
between 50 pm and 150 pm [10]. However, this varies substantially with Kolarsick et al
stating the epidermis is thinnest on the eyelids with a thickness of 0.1 mm and thickest
on the soles of the feet with a thickness of up to 1.5 mm[9]. The epidermis continuously
produces a protective outer layer primarily made of keratin through the process of kerati-
nazation. This protective layer of dead keratinocytes is called the stratum corneum and
is 15 to 30 pm thick [8], preventing water loss and invasion from foreign substances [9].

2.1.2 Dermis

The tensile mechanical properties of skin are predominantly determined by the dermis
[10] as it is the main load-bearing component of skin [8]. The dermal layer prevents
mechanical injury, aids with thermal regulation and houses sensory receptors [9]. The
dermis is between 0.15 mm and 4 mm thick, and is made up of elastin and collagen
fibres which make up approximately 5-10% and up to 70% of the dry weight of skin
respectively[1]. These fibres are supported in a ground substance which is mainly made
up of proteoglycans [11]. The collagen fibres have the most pronounced influence on the
mechanical response of skin to tensile loading [11].

LR ” k% -

Figure 2.2 An image of the collagen fibres found in the epidermis taken by
Pissarenko et al. using SEM microgarphs [10]

The collagen fibres in the dermis (Figure 2.2) are arranged into a complex three-
dimensional network [10]. These fibres are initially crimped and have natural preferred
orientations (Langer lines) depending on where the skin is on the body. When a load is
applied to the skin the collagen fibres uncrimp and reorient themselves in the direction
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of the load. Many of skin’s mechanical properties, such as being anisotropic, viscoelastic,
heterogeneous and nonlinear [1], can be understood by understanding the micro-structural

and mechanical response of the dermis.

2.1.3 Hypodermis

The hypodermis, or subcutaneous layer, is primarily made up of fat cells separated by
large blood vessels and collagen [9]. The main function of this layer of skin is to store
energy, provide shock absorption and to minimize friction with internal organs. Although
vitally important, the hypodermis does not contribute significantly to the mechanical

response of the skin to loading.

2.1.4 Other collagenous soft tissues

Holzapfel describes soft tissue as “a primary group of tissue which bonds, supports and
protects our human body and structures such as organs” he expands on this by stating that
it is a wide-ranging biological material in which the cells are separated by extracellular
material”[1]. Skin, ligaments, tendons and blood vessels are all considered as soft tissues
and are all fibre reinforced composite structures composed of both collagen and elastin to
varying degrees as shown in Table 2.1.

. Ultlmate 0| ltimate ten- Collagen (% | Elastin (% dry
Material | sile ~ strength sile strain (%) | dry weight) weight)
(MPa) 0 y g g
Tendon 50-100 10-15 75-85 <3
Ligament | 50-100 10-15 70-80 10-15
Aorta 0.3-0.8 50-100 25-35 40-50
Skin 1-20 30-70 30-70 5-10
Table 2.1 Mechanical properties of some soft tissues and their biochemical

data [1]

2.2 Mechanical characteristics of skin

Skin and other collagenous soft tissues are non-linear, heterogeneous, anisotropic and
exhibit some viscoelastic properties[1][11]. This makes skin a difficult material to accu-
rately characterise. Skin is generally considered to be hyperelastic under loading [12],

with several different strain energy functions used to characterise it in literature [13].
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2.2.1 Stress-Strain response

The typical stress-strain response of skin under uniaxial tension is shown in Figure 2.3,
with the non-linear curve being widely described as J-shaped in literature. The response
can be better understood by splitting the curve into three stages and then analysing how
the micro-structure of the dermis reacts to the load during each stage. In the first stage,
the material’s response is linear with a very low elastic modulus [14]. Initially, the collagen
fibres are crimped and tangled and do not bear the load, with the elastin fibres being the
primary resistance to deformation [2]. During this stage the skin acts isotropically and
linearly with a typical elastic modulus between 0.1 and 2 MPa [1]. It is important to
note that the slope of the curve in this first stage is also more commonly known as the
initial slope, with the gradient in stage 3 of the curve often being referred to as the elastic
modulus.

Stress

Strain

Figure 2.3 A typical stress versus strain response of skin undergoing
uniaxial tension [1]

As strain increases into Stage 2, the collagen fibres begin to straighten, untangling
and stretching in the direction of the load. Stage 2 is highly non-linear, with the collagen
fibres supporting more of the load [1]. Once the collagen fibres have completely untangled
and straightened the response enters stage 3, where the tissue behaves almost linearly
with a much higher elastic modulus. In Stage 3 the mechanical properties of the skin are
dominated by the collagen fibres [3]. The material behaves in a highly anisotropic manner,
as the material’s response to loading is dependent on the orientation of the collagen fibres.

2.2.2 Anisotropy

The fibres found in soft tissues such as skin have a preferred orientation making skin

a highly anisotropic material. This anisotropic behaviour of skin was first mapped by
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Langer in 1861. Langer showed that skin had natural lines of tension, a map of these
lines which are now known as Langer’s lines is shown in Figure 2.4 below [15].

Ld - “
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Figure 2.4 Map of Langer’s lines [15]

oy

More recently there have been several studies into the affect of skin’s natural pre-
ferred fibre orientation on its mechanical properties. Ni Annaidh et al [3] studied skin’s
anisotropic behaviour by performing in vitro uniaxial tensile tests on skin specimens ori-
ented at different angles to the skin’s Langer lines. Ni Annaidh et al tested 56 samples from
their human subjects’ backs, samples were parallel, perpendicular, or at 45° to Langer’s
lines. It was found that the orientation of the samples with regards to the Langer lines
had a significant effect on the ultimate tensile strength, strain energy, elastic modulus and
initial slope of the samples [3]. Similar results were found by Ottenio et al [16] who tested
the effects of orientation and strain rate on the mechanical properties of skin. Ottenio
et al’s results [16] are summarised in Table 2.2, highlighting the significant difference in

modulus and UTS of skin parallel and perpendicular to the Langer lines.

2.2.3 Heterogeneity

Skin is not homogeneous across the body, varying significantly depending on its location
on the body. For example, glabrous (hair free) skin is found on the hands and feet while
skin on the top of the head is typically covered in hair. Depending on where the skin is
located, its thickness, number of hair follicles and the various types of glands it houses
vary significantly. These differences make skin highly heterogeneous when analysing its

mechanical response [17].
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Mean UTS (MPa) | Mean elastic modulus(MPa)

Parallel 28.0 £5.7 160.8 £53.2

Perpendicular | 15.6 45.2 70.6 £59.5

Table 2.2 Effects of orientation on UTS and Elastic Modulus of human
skin (Ottenio et al, 2015) [16]

Ni Annaidh et al [3] found that the specimens’ location had a major effect on the
ultimate tensile strength, elastic modulus and strain energy, when grouping specimens
according to three locations: the upper back, middle back and lower back (Figure 2.5).
Ni Annaidh et al also noted that the location of the specimen did not have any statistically

significant effect on the initial slope or failure stretch of the specimens [3].
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Figure 2.5 The effect of the location of skin specimens on their respective
UTS, Elastic modulus and strain energy [3]

Agache et al [18] performed torsional tests in vivo on 138 subjects’ forearms. It was
found that the age of the subject had a significant effect on the results. It was found
that up to the approximate age of thirty years old the elastic modulus of the specimens
remained more or less constant. For older subjects, the modulus would undergo a rapid

increase of approximately 50%, indicating the significant effect of aging on skin [18].

Falland-Cheung et al [19] performed uniaxial tensile tests on human skin taken from
the scalp of their subjects with the aim of gaining material data across different ages and

regions of the scalp. It was found that there was no statistically significant difference
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when comparing the tensile strength between males and females. However, there where
differences between male and female subjects when comparing the elastic modulus of
samples from the occipital region of the scalp. Falland-Cheung et al also found differences
when comparing elastic modulus and tensile strength results between the different regions
of the scalp and concluded that their “results highlight the heterogeneous nature of human
skin” [19].

2.2.4 Viscoelasticity

The skin’s response to loading is comprised of both an elastic and a viscous response.
The elastic response is primarily a result of the deformation of elastin and collagen fibres
as well as that of the base material of skin’s lattice structure. The viscous response is a
result of viscous sliding of the fibres as they align in the direction of the applied load [2].
As a result of having both elastic and viscous responses; skin is considered viscoelastic
and is therefore strain rate dependent. Soft tissues also display stress relaxation as a
result of the shear interaction of the collagen fibres with the base material lattice [1].

There have been several studies into the strain rate dependence of skin. Ottenio et al
studied the effect of strain rate on the mechanical properties of skin undergoing uniaxial
tensile tests [16]. Specimens were tested at strain rates of 0.06 s~1, 53 s~ and 167 s71,
with reported parameters being UTS, stretch at UTS, stretch at failure, strain energy
and modulus. A comparison of the response at 0.06 s~ and 53 s~! showed statistically

I and

significant differences in all parameters. However, comparing the responses at 53 s~
167 s~! only showed statistically significant variations for strain energy and modulus.
An example of the stress-strain curve obtained by Ottenio et al for a single location at
varying strain rates is shown in Figure 2.6 [16]. Figure 2.6 does not seem to show the
typical J-shape curve shown in Figure 2.3. This is because the initial slope driven by the
elastin only happens at very low strains, Ottenio et al preloaded the specimens up to 2
N and all specimens underwent pre-conditioning where a cyclical displacement of 0.5 mm

at 1 Hz was applied to the specimens for ten cycles [16].

Shergold et al [20] studied the compressive response of silicone rubber and pig skin over
a wide range of strain rates (0.004 s7*, 0.4 s71, 40 s7! and 4000 s~!). Tests were performed
on cylindrical specimens of pig skin and silicone rubber, with a Split Hopkinson Pressure
Bar being used for high strain rate tests (4000 s7!), a hydraulic testing machine for
medium strain rate tests (40 s7!) and an Instron 5500R screw driven testing machine for
low strain rates (0.004 s7' and 0.4 s71). Shergold et al found that the pig skin strengthened
and stiffened with an increase in strain rate, with the shear modulus increasing by a factor
of five as strain rate increased from 0.004 s~! to 40 s~! and increased by a factor of four

when strain rate increased from 40 s~ to 4000 s~ [20].
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Figure 2.6 The stress-strain response of specimens from the same location
at varying strain rates [16]

Pissarenko et al [10] performed uniaxial tensile tests on pig dermis specimens at strain
rates of 1074571, 1073s71,1072571, 1071571 and 0.5s7!. Pissarenko et al found that inter-
specimen differences were significant, and more importantly, greater than the differences
attributed to strain rate across all specimens [10]. This highlights the heterogeneity of
skin, as discussed in Section 2.2.3. Pissarenko et al then performed tests at variable strain
rates on the same specimen to mitigate the effects of the heterogeneity of skin and it was
found that strain rate did have a significant effect on the failure stress and the linear
region modulus [10].

2.3 Mechanical testing of skin

There are several different methods for testing the mechanical properties of skin, they
can be split into two broad categories, in vivo and in vitro testing. In vivo meaning the
specimen is in its natural environment (on the body) and in vitro meaning it has been

removed from its natural environment before testing.

2.3.1 In vivo

Some widely used in vivo techniques for testing skin are: indentation, suction, torsion

and tensile testing. These techniques are non-invasive and therefore quite commonly
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used. Results vary widely depending on the type of testing used, the age of the subject,
the location of the testing area and the applied strain rate.

Indentation tests are done by applying a small load to the skin in a direction normal to
the surface. The displacement of the indentation is typically very small. The deformation
is then recorded and the stress-strain response can be analysed. There are difficulties in
separating the response of the skin and that of the connected subcutaneous tissue. Pailler-
Mattei et al [21] performed indentation tests on the forearms of their subjects as shown
in Figure 2.7. Pailler-Mattei et al concluded that it is necessary to take into account
the subcutaneous layers’ effects in order to accurately estimate the modulus of skin. It
must also be noted that the thickness of the skin could not be accurately measured and
therefore literature was used to make an assumption on the thickness of the combined
dermis and hypodermis layers [21].

b |
(Conical
indenter

2

Figure 2.7 Pailler-Mattei et al in vivo indentation test setup [21]

Torsional tests typically provide a constant torque to the skin of a patient and then
measure the resultant rotation, where the axis of rotation is perpendicular to the skin.
A reported benefit of this method of testing is the ability to mitigate the anisotropic
behaviour of skin [14]. The test is repeatable and easily done and therefore relatively
popular. Agache et al [18] performed torsional tests on patients’ forearms to investigate
the effects of ageing on the response of skin as discussed in Section 2.2.3. Agache et al
claimed that torsional testing minimised the effects of the underlying tissue connected to
the dermis [18].

A suction test is performed by applying a known underpressure, relative to the skin,
through an aperture to the skin’s surface [22]. The applied suction results in deformation
which can then be recorded. The benefits of performing a suction test are that the bound-

ary conditions are more clearly defined than other in vivo techniques and the method can

13



Literature Review 2.3. Mechanical testing of skin

easily be combined with an imaging technique to measure the deformation. Additionally,
the skin is loaded both parallel and perpendicular to the skin surface [22]. Hendricks et al
[22] performed suction tests on ten subjects’ forearms and successfully characterised the
response. Hendricks et al also found that the effect of the fatty subcutaneous layer was
negligible for an aperture size of 6 mm [22].

In vivo testing has the benefit of being able to test live healthy tissue in its natural
state. Both the microstructural make up of skin and the boundary conditions of any in
vivo testing are by definition closer to those of skin undergoing regular deformations. On
the other hand it is difficult to determine what response is due to the skin and what is due
to connective tissue linking the skin to adjacent muscle or fat. Evans and Holt [12] noted
that the pre-stress of skin in its natural loading state cannot be measured in vivo, making
it difficult to characterise. Additionally, the boundary conditions of the skin cannot be
completely controlled as they can when performing in-vitro testing [12].

2.3.2 In vitro

When performing in vitro testing there is no interference from other connective tissue,
therefore the boundary conditions of the specimens are easier to control and the effects
of unmeasured pre-stress are mitigated. This means a simple stress-strain relationship
is more easily obtained but it must be noted that pre-stress while clamping specimens
can be difficult to avoid [14]. A much wider variety of soft tissues can be tested using
in vitro testing such as tendons, arteries and heart valves which are very difficult to test
in vivo. There are also unwanted confounding factors when performing in vitro testing
which have to be taken into consideration; such as the effects of specimen dehydration,
specimen degradation and specimen sensitivity to the environment all of which affect the
response of skin during in vitro testing [12]. The structural integrity of the specimen may
be compromised, either during excision from the host, or during clamping for in vitro
testing [14].

Common in vitro techniques include uniaxial, biaxial, multi-axial, bulge, shear and
torsional testing. Unlike in vivo tests, the specimens are not in their natural loading
state: specimens need to be extracted from the host, possibly stored, then clamped or
mounted for testing. How a specimen is extracted, stored, clamped and tested can have
a significant effect on the results [23].

In vitro uniaxial tensile tests are used extensively for testing soft tissue: Shergold et al
tested pig skin and silicon rubber at differing strain rates [20], Ottenio et al tested human
skin at varying strain rates and orientations [16], Ni Annaidh et al tested human skin
with regards to its orientation [3] and Kumaraswamy et al studied the response of human
female breast skin [24]. Although a significant amount of useful data has been obtained

using uniaxial tensile testing, one cannot fully characterize skin with only uniaxial testing
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data due to the anisotropic properties of skin. Therefore additional testing is required to
fully characterize skin [13]. Furthermore, skin is very rarely loaded in a uniaxial manner
in its natural state [12].

Bulge testing allows for the skin to be tested in a state that is closer to in vivo loading
than most other in vitro methods, as it constrained along the outer boundary of the
specimen. Bulge testing involves applying pressure to a specimen and essentially inflating
or deforming the specimen into a hemisphere. Measuring the deformation requires a non-
contact measurement technique, such as DIC, due to the flexibility of the specimen. The
directionality of the collagen fibres can be found experimentally while doing bulge testing
by identifying the direction in which the response is stiffest. Bulge testing with circular
clamps does not require prior knowledge of the direction of the fibres in the skin, unlike
uniaxial or biaxial tensile testing, which are sensitive to specimen orientation. Tonge et
al [25] conducted bulge tests on human skin, finding that preconditioning of the skin or
environmental humidity had little effect on the results. However, Tonge et al did note
that isolating the effects of bending stress from the assumed membrane stress state of a
bulge test was not trivial [25]. Tonge et al’s testing setup is shown in 2.8.

Figure 2.8 Tonge et al’s bulge testing machine [25]

Previous research into testing the mechanical properties of skin at BISRU was heavily
focused on bulge testing machines. Grahame [26], A. Curry [6] and D. Fischer [7] de-
signed, built and tested three separate bulge testing machines for testing skin and other
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collagenous soft tissues. Three machines were designed to enable testing at different strain
rates; ranging from the quasi-static bulge testing machine designed by A. Curry[6] to the
high strain-rate bulge testing machine designed by A. Grahame|[26].

2.4 Planar biaxial tensile testing

2.4.1 History

In the 1940s Treloar developed a technique in which two independent strains could be
applied in perpendicular directions on a specimen while the resulting stresses in these
same directions were recorded [27]. In 1951 Rivlin developed a planar biaxial technique
for testing rubbers. Rivlin and Saunders also developed a method in which the constitutive
form of the material could be derived directly from the experimental data [28]. These
initial works focused on rubber, an incompressible and isotropic elastic material; later

research would incorporate these techniques in the testing of biological materials.
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Figure 2.9 Lanir and Fung’s setup for testing rabbit skin in 1974 [29]

Lanir and Fung [29] performed planar biaxial tensile testing on soft tissue in 1974.
Figure 2.9 shows Lanir and Fung’s custom built rig which used up to 17 silk strings
attached to staples along each edge of a square specimen of rabbit skin to test its me-
chanical response under loading. A Video Dimension Analyser (VDA) system was used
to continuously record the displacement between two parallel lines on the specimen in
order to record the deformation. Lanir and Fung compared their biaxial tensile testing

results to uniaxial results and found that stresses were higher for the same stretch value
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under biaxial testing than those recorded during uniaxial testing. This helped to justify
the need for biaxial testing to properly analyse the response of soft tissues such as skin
[29].

2.4.2 Biaxial method

As the name suggests; the planar biaxial tensile testing method is used to apply tensile
loads on two perpendicular axes in the same plane to a membrane specimen. Figure 2.10
shows a basic setup of a planar biaxial tensile testing machine. Such tests are necessary
because the response of skin under multi-axial loading cannot be predicted or properly
understood using uniaxial tests even if multi-axial strain data is recorded [4]. Biaxial
testing data and the machines needed to carry out the tests are more complicated than

uniaxial ones.

X, axis
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Figure 2.10 Basic setup of a planar biaxial tensile test as depicted by
Sacks and Sun [30]

Biaxial testing devices need to control additional boundary conditions and analyse
more complex deformations than is typically done during uniaxial testing. Devices need
to allow specimens to expand in the lateral direction of each of the two testing axes.
Additionally, the unwanted effects due to the various types of grips on the usually small
specimens need to be mitigated [30]. The target region is typically far from the specimen
edges for this reason, as well as to ensure that uniform stress and strain states are created
at the target region for simplified data analysis [30]. Due to the often complex and
sensitive response of specimens under biaxial loading (especially for anisotropic specimens)
optical means of strain measurement are used, which ensures there is no interference with

the specimen when measuring the strain. Unlike uniaxial testing, biaxial tensile testing
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typically stops short of rupture. Considering the previously discussed sensitivity of excised
skin to environmental conditions, tests are often performed in a saline solution heated to

temperatures similar to that which skin would experience in vivo.

2.4.3 Existing planar biaxial testing machines

Several planar biaxial tensile testing machines for testing skin and other soft tissues al-
ready exist, some being custom built in research laboratories and others being commer-
cially manufactured. These machines can be grouped as either stand-alone machines or

mechanisms which are added to existing uniaxial tensile testing machines.

Examples of commercially manufactured, stand-alone planar biaxial tensile testers for
soft tissues are the Zwick-Roell biaxial testing machine, the Test Resources 574 Series
planar biaxial testing machine (Figure 2.11) and the CellScale Biotester (Figure 2.12).

~

=
g0,
s v CellScale

Figure 2.11 Test
Resources 574 Series Figure 2.12 CellScale
[31] Biotester [5]

All the above mentioned machines use four separate linear actuators to form an X
shape device with the specimen loaded at the centre of the X with the two axes of the
device perpendicular to each other. Force measurements are recorded using load cells
and the strain is measured using optical measurement techniques. It is also common
practice in literature to perform tests in a saline solution to keep the skin or other soft
tissues hydrated and at a constant temperature during testing. As a result, many of
the commercially available machines include heated baths so that the specimen can be

submerged in a heated saline solution during testing.
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Uniaxial tensile testing machines may be modified with linkage mechanisms, to allow
the application of biaxial tension to a specimen. Such mechanisms have been used ex-
tensively in planar biaxial testing of sheet metals [32][33] but are not as popular when

testing soft tissues.

Link mechanisms allow for tests to be carried out using equipment which is already
readily available in most materials science laboratories. Due to the use of physical links,
the range of strain rates which are tested is reduced. Both axes are powered by the
same compression or extension motion of the tensile tester; therefore differences in rates
between axes are determined by the physical links themselves. This is limiting as physical
adjustment is required to adjust rates, which is further complicated by the fact that the
relationship between the rates of the testing axes and the rate of the uniaxial machine’s
compression/extension is not necessarily linear as in Figure 2.13. Additionally, the links
can obscure the view of non-contact displacement measurement systems such as DIC.
Alternatively, an additional actuator which is orthogonal to the existing actuator can be

added to a uniaxial tensile testing machine.

Attached to cross head of tensile tester

Cruciform Specimen

Horizontal bed link Figure 2.14 Vertical
attachment link attachment
mechanism [32] mechanism [33]

2.4.4 Planar biaxial testing studies

There have been several studies on biological soft tissues using planar biaxial tensile
testing in literature. Table 2.3 summarises a sample of published studies using planar
biaxial tensile testing of soft tissue, without being an exhaustive list. As can be seen in
Table 2.3 a wide variety of materials were tested, including human ventricular myocardium
[34], bat wing skin [35] and porcine gastric tissue [36].
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Some of the articles from Table 2.3 were used to determine the loads encountered
during planar biaxial tensile testing of various soft tissues. This data is summarised in
Figure 2.15. As can be seen the loads vary with a maximum of 16 N shown in Szczesny
et al’s investigation into the mechanical properties of human supraspinatos tendon [41].

Force (N) used in biaxial tensile testing
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4
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0 | ] — - -
Porcine posteria Porcine aorta Human Porcine Human Treated human
sclera (Perezet (Deplanoetal., myocardium antrioventricular subraspinatus aortic valve cusp
al. 2014) 2016) (Sommer et al., heart valves (Jetttendon (Szczesny (Sacks & Billiar,
2015) et al. 2018) etal, 2012) 1998)

Figure 2.15 Forces recorded in literature [42] [43] [34] [45] [41] [3§]

Multi-axial tensile testing can be done as an extension of the biaxial testing method.
Jor et al [11] tried to mitigate the unwanted effects found in bulge testing and uniaxial
testing by performing multi-axial tensile tests. Circular porcine skin specimens were
used and loaded by 12 automated motor axes with the deformation recorded using optical
measurement techniques. With 12 axes, Jor et al found that the response of the specimens
showed a high sensitivity to fibre orientation and that knowledge of fibre orientation before
testing was a priority [11].

2.4.5 Difficulties in planar biaxial testing

Sacks and Sun [30] list some common difficulties encountered when performing planar
biaxial testing: “Just a few of the experimental problems include small specimen sizes,
structural and compositional heterogeneity, difficulty in gripping (without doing dam-
age), dramatic effects of different gripping techniques (St. Venant-like effects), difficulty
in precisely identifying material axes, difficulty in assuring constant forces along speci-
men edges, large specimen-to-specimen variability, and time-dependent changes due to
biological degradation. In addition, a question of homogeneity of deformation within the
specimen is paramount”[30]. As pointed out by Sacks and Sun there are several obstacles
to overcome when biaxially testing skin and other collagenous soft tissues.
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Boundary conditions, specimen preparation, testing environment, and the extreme
variability between samples due to the age, location, orientation and condition of spec-
imens can all have a significant effect on the results. As stated in Section 2.2.3, the
heterogeneity of skin even between specimens from the same subject can produce large
variations in results. Therefore researchers need to be mindful of inter-specimen variability
and take due care when sourcing specimens. Ottenia et al [16] list accidentally applying
a preload to the specimen, varying thickness across a specimen and specimens being dif-
ficult and cumbersome to grip, as some of the difficulties encountered when dealing with

biological membrane specimens.

How to grip the specimens in a repeatable manner without applying a large unknown
pre-load is not a trivial matter. The proper alignment of the preferred orientation of the
specimen with that of the testing axes is also essential in order to properly understand
the response of the specimen [46].

2.4.6 Specimen boundary conditions

As mentioned in Subsection 2.4.5 one major source of difficulty reported when performing
planar biaxial tensile tests is that of gripping the specimens. Additionally, a key require-
ment is that the region of interest reaches a state of uniform stress and strain [30], which
can be difficult to achieve due to St. Venant effects, unknown in-plane shear stresses and
unknown contra-lateral forces. Contra lateral forces are a result of the specimen boundary
being fixed in the direction perpendicular to the testing axis. This results in resistance to
the deformation in the lateral direction which can negatively effect the results especially
if the grips are close to the target region [4]. Saint Venant’s principal states that local
stresses due to gripping of the specimen becomes negligible at some distance from the
boundary [23], therefore it is beneficial to have the target region at a set distance from
the boundary of a specimen.

It has been found that the shape of the specimen and how it is constrained by the grips
greatly affects the experimental results [23]. In Figure 2.16 the most common specimen
profiles and gripping methods are shown. When performing planar biaxial tensile testing
on elastomers, sheet metal and other non-organic materials, cruciform specimens are
typically used. When testing biological tissue the specimen material is often more difficult
to acquire or naturally small in size. The cruciform specimen is not an efficient use of
material, hence most experiments are done using square specimens to reduce material
waste [47].

The three most commonly used gripping mechanisms are: sutures (or tethers), rigid
clamps and rakes [47]. When using clamps no lateral deformation is permitted and the
magnitude of the axial displacement is equal across the length of each clamped boundary

[47].  Sutures can be considered as a series of point loads along each boundary. As
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Figure 2.16 Different specimen types and gripping methods commonly
used in planar biaxial testing [47]

the points are connected to pulleys via individual tethers, they do not necessarily result
in equal displacements in the direction of loading and allow for motion in the lateral
direction, therefore they do not create unwanted contra-lateral forces. They also allow
for some rotation of the specimen. However, the pulleys and hinges ensure that forces are
evenly distributed amongst the tethers. Rakes, like sutures, create point loads. Unlike
sutures, rakes have bending rigidity and therefore do not allow completely free lateral
motion. They also do not allow for differing axial displacements to the same extent as
sutures due to the absence of pulleys nor do they allow for any rotation of the specimen.

All three of the above gripping techniques have some unwanted effects. Clamped
grips result in unwanted and unmeasured contra-lateral forces along the gripped edges.
Waldman and Lee compared the results of biaxially tensile tested bovine pericardia using
sutured and clamped specimens and found that clamps result in a significantly higher
recorded stiffness of the specimen [23]. This can be mitigated by using cruciform specimens
if enough material is available [48].

Sutures have more localised loading than clamps. Sutures also suffer with repeata-

bility, as they have to be connected individually - requiring very dexterous and skilled
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testing personnel. Unlike clamps, sutures do not create unwanted contra-lateral forces as
they allow for lateral motion along the boundary as well as in-plane rotation of the spec-
imen. This means that in-plane shear loading can be induced and the effects of in-plane
shear studied. In-plane shear is induced by rotating the specimen so that the specimen’s
preferred fibre directions are at 45° to the testing axes [49]. The specimen edges also need
to be able to rotate freely in plane and a non-uniform system of forces can be applied
[49]. Sun et al [48] found that the boundary effects were less significant when using su-
tures compared to when using clamps and concluded that sutures appeared best suited
for biaxial tensile testing of soft tissues.

Rakes also result in localised loading but are more uniform than sutures due to better
repeatability when connecting the rakes to the specimens [47]. Rakes also create small
unmeasured contra-lateral forces as they allow restricted lateral motion. They do not
allow rotation of the specimen and therefore in-plane shear cannot be induced. Rakes
are therefore only advantageous to use when the material axes are known and there is no

specific shear term in the material model [47].

2.4.7 Biaxial testing standards

There is currently no standard for the planar biaxial tensile testing of soft tissues. BSI
ISO 16842:2014 [50] details the method and standards for testing cruciform specimen
planar sheet metal with a biaxial tensile tester. Although some of the information and
requirements listed in the standard are useful, much of the difficulties of testing soft tissue

specimens are not addressed.

The specimen dimensions and designs listed in BSI ISO 16842:2014 [50] are not feasible
for testing skin and other soft tissues, with the width of the cruciform arm needing to
be greater than 30mm and the minimum overall length of the cruciform specimen being
120mm. Such specimens are much larger than typical biological membrane specimens.
Additionally the standard specifies strain gauges be mounted onto the specimen for strain
measurement, it also states where and how they should be mounted. Once again, this is
not feasible for testing skin and other soft tissues as the in-plane stiffness of the strain
gauge would be higher than that of many membrane soft tissues and would therefore skew
the measured stiffness.

2.4.8 Constitutive modelling of skin

In 1974, Lanir and Fung [29] claimed that as skin can be considered an incompressible
material, a full three-dimensional test is not necessary as a two-dimensional test could be
be used to derive a three-dimensional model of the skin [29]. Sacks and Sun make the same

claim in 2003 about biological tissues [30]. Holzapfel and Ogden countered these claims
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in 2009 when they noted that this was only true when the material is an incompressible
isotropic material and that a planar biaxial tensile test was not sufficient when creating a
three-dimensional model for an anisotropic material [13]. Holzapfel and Ogden then go on
to state that to fully characterize a transversely isotropic material both a planar biaxial
tensile test which includes in-plane shear and an additional through thickness shear test
are necessary [13].

To characterise the mechanical response of skin one has to mathematically define the
material and populate model variables which approximate the experimental response of
the skin. In literature skin is generally accepted to behave as a hyperelastic material. In
continuum mechanics this means that it is a nonlinear elastic material whose stress strain
response derives from its strain energy function () and whose deformation is described
by its deformation gradient F. In planar biaxial tensile testing this deformation gradient
F is obtained experimentally through optical measurement of the surface deformation of

the specimen.

There are several examples in literature of investigations which characterised soft bi-
ological tissues using planar biaxial tensile testing. O’Connell et al [40] characterised
human annulus ficrosis using biaxial testing data, Skulborstad et al [35] characterised bat
wing skin using a custom built planar biaxial tensile testing machine, and Aydin et al
[36] characterised porcine gastric tissue using a commercial planar biaxial tensile testing

machine.

2.5 Digital Image Correlation (DIC)

2.5.1 Theory

Digital Image Correlation (DIC) is a contactless optical measurement technique first de-
veloped at the University of South Carolina in the 1980s [51]. It has since undergone much
improvement and is widely used in experimental mechanics. DIC tracks the deformation
of the specimen surface in sets of images. Unlike grid methods, which track displacement
of discrete points, DIC can achieve a much finer spatial resolution and therefore more

accurate measure of deformation.

Each image is split into several much smaller regions called facets, which are identified
and tracked relative to both the image’s preceding and succeeding images. The motion
and deformation of each facet can then be calculated. In order to identify each facet
correctly the specimen surface needs to have a random pattern which deforms along with
the specimen (Figure 2.17) [52]. This random pattern is typically called the speckle
pattern, which can either be the natural surface of the specimen or added to the surface

of the specimen.
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Figure 2.17 DIC workflow needed in order to get strain measurements of a
specimen [52]

DIC can be done in 2D or 3D. For 2D DIC a single camera perpendicular to the surface
is used, which assumes planar deformation. For 3D deformation, it is necessary to use two
or more cameras, whose axes are not parallel. It is essential to calibrate the system using
a target of known dimensions to establish the precise relative positions and orientations
of the cameras to the region of interest. The calibration target also facilitates correcting
for lens distortion effects. The accuracy and precision of DIC is highly dependent on
the quality of the images, quality of speckle pattern, accuracy of the calibration and the
parameters of the numerical processing [52].

2.5.2 Specimen marking

In most cases when testing biological specimens the natural texture of the specimen’s sur-
face does not provide an adequate random pattern for DIC. Specimens are usually marked
with a speckle pattern prior to testing. The quality of this speckle pattern influences the

accuracy of the displacements and strains measured [52].

Palanca et al [52] list some of the requirements that a good speckle pattern should
have. Firstly the pattern must be random, to ensure that the DIC software can easily
track the deformation and translation of the individual facets. The contrast between the
background and the speckle should be high in order to more easily differentiate the speckle
from the background. The speckle should be sized appropriately for the specimen size.
Palanca et al note that when using a 5 Megapixel (2448 x 2050 pixel) camera for a region

of interest of 2 m x 2 m the optimum speckle size is around 3.25 mm [52].

There are two main techniques used to create speckle patterns on biological specimens.
The first is to use an airbrush to create a speckle on the surface of the specimen (Figure
2.18) and the second technique, is to use a toner or graphite powder on the surface of the

specimen (Figure 2.18). Barranger et al [53] reported that graphite did not work as well
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Figure 2.18 Three different types of speckle pattern; black paint (left),
white paint (centre) and black powder (right) [53]

for large strains because, unlike airbrushed paint, the graphite did not deform with the
specimen but was displaced. In both cases a background paint or dye is used to provide
contrast between the speckle and the specimen. The effects of layering paint or dyeing
the specimen must be carefully considered as they may adversely affect the results of the
experiment [53].

28



Chapter 3

Design of Biaxial Tensile Testing
Machine

The focus of this MSc project is the design, manufacture and verification of a planar
biaxial tensile testing machine, suitable for soft biological tissue specimens. It is not
necessary for the machine described in this paper to be patentable or novel. Existing
methods and experiments were critically analysed in literature (Sections 2.3 and 2.4) to
gain an understanding of the difficulties which may be unique to testing biological soft
tissue as well as to determine the user needs of the machine.

Once the requirements and specifications were determined, concepts were generated
and chosen. The biaxial machine would have the same means of actuation along both
axes. It was therefore decided to initially build a single axis and ensure the concept
worked as expected before making a fully operational biaxial machine. This would make
it possible to test the design against an existing tensile testing machine before adding the
second axis, making it easier to implement any design revisions. The comparison to the
existing uniaxial tensile testing machine along with other physical testing would serve as
a verification of the design.

3.1 Overview of final design

Figure 3.1 shows an image of a 3D CAD model of the final design of the planar biaxial
tensile testing machine, with the saline bath and electronics omitted for clarity. The
machine was modelled on SolidWorks and drawings of the sub-components which were
machined at the UCT Mechanical Engineering Workshop are shown in Appendix A.

Figure 3.2 shows an image of the machine in use during planar biaxial testing as a

part of this investigation.
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BIAXIAL CRUCIFORM SPECIMEN
ATTACHED TO 4x PLA
MODULAR CLAMP GRIPS

MOTOR CONNECTED TO
GEARS AND THEN LEAD SCREW
(1 PER AXIS) 4x CARRIAGES MOUNTED ONTO

C-BEAM VIA V-GROOVE WHEELS

2x LEAD SCREWS,
HALF LEFT HAND AND
HALF RIGHT HAND

1 PER AXIS

4x U-ARMS,
CONNECT GRIPS TO CARRIAGES
OR LOAD CELLS

2x 50N HBM
LOAD CELLS

Figure 3.2 Photo of the final planar biaxial tensile testing machine in use

3.2 User needs and design inputs

Before any design work could begin the user needs and design inputs had to be determined.
This was done by extensively analysing literature on physical testing of skin and examining

existing planar biaxial and uniaxial tensile testing machines.
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3.2.1 User Needs

First, broader user needs were determined, then more specific design inputs were deter-
mined in order to quantify and meet all the user needs, these inputs are detailed in Section
3.2.2. The design inputs were used to create the design outputs which were recorded to
ensure all design inputs were addressed. Furthermore, verification of design inputs was

done to ensure that all design outputs were functioning as designed and therefore fulfilling

the design inputs. The user needs determined for the machine are listed below;

Number

User Need

UN 1

Planar biological specimens:

Can test skin and other planar collagenous soft tissues

UN 2

Strain rate:

To be used at variable low strain rates

UN 3

Biaxial loading:

Capable of biaxial tensile loading, with different ten-

sions on each axis

UN 4

Force data:

Measure and record force data along the axes of de-

formation

UN 5

Deformation data:

Measure and record deformation data of specimen

surface

UN 6

Safe to use:

Machine does not pose safety risk to users or ob-

servers

UN 7

Easy to use:

Machine is easy to use

UN 8

Portable:

Machine can be moved to various work-spaces by the

user
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Design of Biaxial Tensile Testing Machine

3.2. User needs and design inputs

UN 9 Reliable:
Produces repeatable and consistent data
UN 10 Manufacturable:

Workshop and/or commercially available

Device sub-components and key sub-systems are
manufacturable at the UCT Mechanical Engineering

Table 3.1 User Needs

3.2.2 Design inputs and design control matrix

Design inputs were then formed to address the user needs. Table 3.2 lists the Design
Inputs, with these addressed in subsequent sections. As far as possible all design inputs

are to be verified through testing of the manufactured machine.

Number| Design Input Linked
User
Needs
DI1 Grips:
Can grip soft tissue surrogate material without slip- | UN 1
ping during testing. Grips providing different bound-
ary conditions can be mounted onto the device.
DI 2 Specimen shape:
Machine to be designed to test specimens across 2 | UN 1 and
perpendicular, independent axes, with specimens an- | UN 3
ticipated as being both square and cruciform in ge-
ometry
DI 3 Specimen size:
Specimen’s size and therefore machine size to be ap- | UN 1
propriate for human biological specimens; region of
interest (ROI) between 6x6 and 20x20 mm.
DI 4 Saline Bath:
Make provisions for a saline bath for testing tissue in | UN 1
temperature controlled environment
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DI 5 Sanitary:

Device can be cleaned easily UN 1 and
UN 6

DI 6 Forces:
Machine capable of loading specimens and recording | UN 1, UN
data at expected loading range of soft tissue speci- | 4 and UN 9
mens up to 50 N.

DI7 Force resolution:
Force data is digitally recorded to a resolution of | UN 4 and
0.01N or better UN 9

DI 8 Cross-head/carriage speeds:
Cross-head speeds between 10 and 400 mm /min UN 2

DI 9 Biaxial:
All loads and rates of actuation can be applied si- | UN 3 and
multaneously and independently to the two separate | UN 9
axes.

DI 10 Maximum deformation length:
Machine to be able to provide a minimum of 30mm | UN 3
of continuous deformation to the specimen per axis

DI 11 Deformation measurements:
Deformation is to be measured using a non-contact, | UN 5 and
image based system such as DIC. UN9

DI 12 Device is DIC compatible:
Machine allows for DIC cameras to record test; no | UN 5
mechanical components in way of cameras and spec-
imen ROI to be stationary for ease of deformation
measurement. Load measurements interface with ex-
isting Dantec DIC system for synchronized load and
deformation data.
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DI 13 Instructions for use:

Instructions for use created with clear and concise | UN 6 and
instructions for user. UN 7

DI 14 Emergency shut down button:

Physical emergency stop button, that is easily acces- | UN 6
sible, which stops all machine movement.

DI 15 Machine motion limits:

Motion of carriages are limited by physical limit | UN 6
switches. Machine stops if limits are reached.

DI 16 Load limits:

Limits on maximum loads can be set by user. Ma- | UN 6
chine stops if limit is reached

DI 17 Machine mass:
Weighs no more than 20kg UN 8

DI 18 Overall Dimensions:

Overall dimensions of machine are smaller than | UN 8
600x600x300 mm (length x width x height)

DI 19 Machinability:

All sub-components which are intended to be man- | UN 10
ufactured can be machined at the UCT mechanical
engineering workshop

DI 20 Bought parts:

All sub-components which are intended to be bought | UN 10
as standard items are readily available to users in
South Africa

DI 21 Single user:

Can be operated by a single user given the appropri- | UN 7

ate training

Table 3.2 Design inputs

34



3.3. System design Design of Biaxial Tensile Testing Machine

A review of planar biaxial tensile testing data was conducted from literature (Figure
2.15) to obtain the expected forces needed to adequately deform the specimen, and it was
concluded that 50 N would be suitable. This would give the user more flexibility with
regards to the materials and sample sizes which could be tested on the machine, while
still providing suitable resolution of the expected loads, documented Figure 2.15.

3.3 System design

3.3.1 Stand-alone versus adjustment mechanism

As previously discussed in Section 2.4.3 there are two broad types of existing planar
biaxial tensile testing machines: stand-alone machines and link adjustment mechanisms.
Although both options were considered it was decided to design a stand-alone machine.
The link-adjustment mechanism was inferior to the stand-alone machine when it came to
several requirements. The ratio of the displacement rates in the two axes is determined by
the linkage lengths. Hence the user would have to physically change linkages, if different
rates are desired. Additionally, the portability of a link-adjustment mechanism is limited
to the location of an existing tensile testing machine. A stand-alone machine of the
appropriate size could be moved to different clinical environments to facilitate testing of
fresh specimens. The physical links are likely to obstruct the view of the specimen region
of interest, which is an obstacle for optical measurement of specimen deformation. While
a link adjustment mechanism would be inexpensive and have good repeatability, these
factors did not outweigh the prior negatives, therefore only stand-alone machines were
considered further.

3.3.2 System

The machine was broken down into basic subsystems for ease of design. As discussed
previously the machine was to be designed and constructed as two uniaxial tensile testing
machines, which are assembled together. A breakdown of the sub-systems for the planar
biaxial tensile testing machine is shown in Figure 3.3.

3.3.3 Motion constraint

The linear actuator determines the strain rates, displacements and forces for which a
specimen can be tested at. It also determines the constraints and therefore the allowable
motion of the machine. Typically, a uniaxial tensile testing machine will have one end of
the specimen clamped in a stationary grip, with the other end mounted in a grip on a
movable cross-head. This means the centre of the specimen moves relative to a stationary

observer. If a biaxial tensile testing machine keeps two adjacent grips stationary, while
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Figure 3.3 System design of custom built biaxial tensile testing machine

the opposite grips move, the specimen deforms in a non-symmetric manner, illustrated
in Figure 3.4 (left). However, if both grips on an axis displace symmetrically as seen in
Figure 3.4 (right), the specimen deformation is symmetric and more uniform in the region
of interest. Furthermore, keeping the region of interest stationary is very desirable for
image based deformation measurements as the position will remain stationary relative to

a stationary observer or optical deformation measurement device.

Figure 3.4 Left; deformation of specimen where one carriage of each axis is
fixed. Right; deformation when both carriages of each axis move equally.!

In order for the specimen to remain centered, both cross-heads (carriages) of the same
axis of the biaxial tensile testing machine need to undergo equal but opposite displace-
ments and velocities along the axis as shown in Figure 3.4 (right). This means that the

'Image was made as part of this investigation using SolidWorks Simulation
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designed machine requires four degrees of freedom as opposed to the single degree of free-
dom that a typical uniaxial tensile testing machine has. This adds significant complexity

to the design when compared to a uniaxial tensile testing machine.

Furthermore, the motion of the carriages is to be constrained to only allow axial motion
along each of the two planar deformation axes. All angular and radial degrees of freedom
on all axes are to be fully constrained and axial motion on the 3rd axis (out of plane) is
to be constrained as well.

3.3.4 Linear actuation

The machine was designed so that both carriages on a single axis are powered by the
same source, and are mechanically coupled. Without mechanical coupling of the carriages,
separate drives on the same axis would need closed loop control to avoid having different
displacements or speeds on the same axis. Therefore, carriages on the same axis were
mechanically coupled to mitigate any errors that may arise due to the carriages on a

single axis not moving in unison.

Two carriages on the same axis are connected to a single lead screw which is connected
to a stepper motor. Half of the lead screw has left-handed thread and the other half has
right-handed thread, with the carriages connected to either half of the lead screw with
the appropriate lead screw nut. This means that when the screw is rotated by the stepper
motor the two carriages move an equal distance in opposite directions along the same
axis as shown in Figure 3.5. Therefore the two carriages are physically constrained to
move together. This ensures that the specimen remains centered on a given axis and that
the displacement and velocities being applied to either end of the specimen are equal in
magnitude but opposite in direction.

Right hand leadscrew f_GLIIdE Rails Left hand leadscrew
.'.|
g J ! L)
B | o - 1 5
MOTOR WO I AN = T E—t
I:
1
]
A i
Carriages

Figure 3.5 Linear actuation concept
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A lead screw was selected as opposed to a ball screw as lead screws are more customis-
able, which is important for a proof of concept. Ball screws are typically commercially
available in right hand thread. Sourcing a left hand ball screw was seen as prohibitively
expensive. Other concepts such as belts and pulleys were considered. However, these are
better suited for higher speed / low force applications. For the range of deformation rates
desired, an electrically driven lead screw is the most commonly used system.

3.4 Subsystem design

3.4.1 Carriage and guide rail design

Various carriage and guide rail concepts were considered. Most of the concepts were
based on one of two main methods of motion constraint. The first method of constraint
was cylindrical guide rails connected to linear bearings which are mounted to the carriage.
The second was V-slot aluminium extrusions and V-slot wheels mounted onto the carriage.
Both of these forms of constraint can be applied in various configurations with differing
amounts of bearings or wheels depending on the type of loading and motion anticipated.
The various concepts were assessed using a concept selection matrix and the highest
scoring concept was chosen for the design. The matrix is shown in Appendix B and shows

the concepts’ score tallies and has brief descriptions of the concepts themselves.

The concept which was chosen uses an aluminium V-slot C-beam extrusion as the
guide rail, with each partially constrained carriage fitted to the C-Beam by six V-wheels
that fit into the V-slots of the C-beam. These were chosen as they provide guide slots
with a relatively fine tolerance for straightness as received from the factory, and can be
assembled perpendicular using stock brackets - hence reducing machining costs. They are
also lightweight and strong. Many 3D printers use similar V-slots to constrain the motion
of the 3D printer extruder. Additionally, the guide system needs to be able to interface
with the linear actuation system. On either end of the extrusion a fixed end-plate is fitted
which houses the lead screw bearings, therefore, fully constraining the system.

Figures 3.6 and 3.7 show two different views of the final concept which uses V-wheels
and the aluminium C-beam extrusion. It has six wheels, three on either side of the
carriage with the bottom wheel on both sides being adjustable with an eccentric nut for
ease of assembly. The carriages are connected to the lead screw via the anti-backlash nuts
which will be discussed in Section 3.4.3. The carriages were designed to have a flat top
section for mounting load cells and specimen grips. In Figure 3.6 (side view) it can be
seen that the the specimen interface (end of the arm) and lead screw are not on the same
plane, in order to counteract the moments that this would cause three wheels are needed
to properly constrain the carriage. This allows motion along the axis while counteracting

the moments caused. In Figure 3.7 it can be seen that to prevent the unwanted moments
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Figure 3.6 Carriage and aluminium extrusion guide system, side view

caused by the guide rail plane being offset from the lead screw and specimen plane an
additional set of three wheels was added to the carriage, mirrored across the lead screw
plane. The carriages are now constrained so that they can only move axially along the

deformation axes and all other axial or angular motion is constrained.

ARM WHICH CONNECTS
TO SPECIMEN

LEAD SCREW

ALUMINIUM EXTRUDED

CARRIAGE V-GROOVE C-BEAM

LEAD SCREW NUT

V-GROOVE WHEELS

Figure 3.7 Carriage and aluminium extrusion guide, rear view
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3.4.2 Lead screw selection and calculations

When designing the lead screw, the strength, length, diameter, pitch and number of
thread starts all had to be considered. The following calculations were done in order to
determine the required dimensions of the lead screw. The lead screw was designed to
move a load (F') of at least 200 N. This was based on the requirement of 50N specified in
the design inputs, with a safety factor of 4 to compensate for inertia and friction forces
from the carriages and to ensure that the lead screw could withstand load fluctuations in
undesired situations such as the carriages jamming or larger specimens being used. The
machine also needed to be strong enough to ensure it would be durable during assembly
and transportation. There was no benefit to having the machine designed to the minimum
required strength in this instance.

It was decided to buy the lead screws, as the UCT Mechanical Engineering workshop
staff were uncertain whether they could manufacture a lead screw of the desired length
and diameter to the necessary accuracy. The available lead screws were limited to those
supplied as both left hand and right thread. The number of thread starts, pitch, material
and outer diameter specified by the manufacturer were then used to ensure the poten-
tial screws would be strong enough and to determine the required motor torque. The
calculations used to check the screw specifications are listed in Equations 3.1 to 3.3.

A 10mm outer diameter lead screw was chosen as a standard size screw which met
all the loading requirements. The mass reduction in selecting a smaller screw diameter
did not justify the increased risk of buckling. A single start screw with a 3mm pitch
was chosen. The smaller pitch was selected as displacement resolution was considered
a higher priority than machine speed. As a single start thread met the mechanical and
performance requirements therefore there was no need for a double or triple start thread
to be used. Stainless steel 304 was chosen due to its high strength and corrosion resistant
properties. A high helix dryspin (Igus) thread was selected.

First the torque (T) required to move a load (F') was calculated using Equation 3.1. A
Matlab code was written which allowed the different screw variables (which were available
for purchase) to be added to the code to calculate the required torque. See Appendix C
for the Matlab code used.

T

= 04N 3.1
2 \7dfB— utL> " (3.1)

Where d,, is the mean diameter of the screw, L is the lead of the screw, pu,; is the
coefficient of thread friction (0.25 for static friction of Sustarin C on Stainless Steel, 0.21

for dynamic friction) and 8 = cosa,, where «, is the normalised flank angle of the thread.
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The lead screw needed to be self-locking to ensure that a loaded specimen did not
cause motion of the carriages when the motor was not powered. Rather it would remain
in place unless the motors were purposefully driven by the user. Equation 3.2 displays

the condition that needed to be met to ensure that the screw was self locking.

The critical load (F. in Equation 3.3) is the force at which the lead screw will buckle.
This load was calculated to ensure there would be no unwanted buckling of the screw for

the expected loading it would undergo during regular use.

Cr’E (nd}
F="7 (64> (3.3)

Where C is the buckling end-condition constant (C' = 1), L, is the column length and
d, is the minor diameter of the lead screw. A value of C' = 1 is a used as the bearing
supports on either end of the device are considered as floating bearings and the entire
span of the screw was used for L.. These are both conservative values as the screw is also
supported by the lead screw nuts which have a variable displacement always less than the
length of the screw.

3.4.3 Anti-backlash nut

A regular nut transmits loads in both directions but has a small backlash displacement
when changing direction, where the nut and screw are briefly not in contact before being
able to transmit a load in the opposite direction. Backlash within the lead-screws’ in-
terfacing nuts are a potential source of inaccurate specimen deformation. If the backlash
on any two nuts is not the same then there can be errors even if the nuts are interfaced
with the same lead-screw. In order to mitigate these errors anti-backlash nuts were cus-
tom built. The manufacturer of the lead-screw could not provide anti-backlash nuts for
left-hand thread and therefore the nuts were custom designed and manufactured.

The nut was split into two halves which are preloaded to ensure that the backlash is
fully taken up by the two halves of the nut. The one half of the nut is used to transmit the
load in a certain direction, then when the screw changes direction the load is transmitted
by the other half of the nut.

The nut was made from Sustarin C, a polyoxmethylene (POM) thermoplastic, with a
low coefficient of friction (0.21), high abrasion resistance and a yield strength of 67MPa.
Stresses within the nut were calculated to ensure that the nut thread does not strip due

to the forces it is transmitting. The nut was considered as a point of potential failure as
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Figure 3.8 CAD model of anti-backlash nut on lead screw

it is interfacing with a stainless steel lead screw and would therefore wear over time; so,
the nut would require periodic lubrication and tightening.

The anti-backlash nut displayed in Figure 3.8 shows the nut’s two halves are on either
end of a C shaped block. The larger half is designed to transmit the forces while the system
is in loading and the smaller half while it is unloading. The two halves are preloaded with
a bolt across the open end of the C-block ensuring that the two halves are always in
contact with the thread. This anti-backlash nut design is commonly used in DIY CNC
machines. When appropriately tightened there is no play between the carriage and the
screw in either direction. If the anti-backlash nut needs to be tightened due to wear the

user simply needs to tighten the bolt on the anti-backlash nut.

3.4.4 Arm design

”Arms” were designed to connect the carriages and load cells to the specimen grips. They
were designed to accommodate a saline bath and therefore had a ”U” shape to allow the
arm to pass over the edge of the bath. The arm was designed to not create unwanted
bending moments on the load cell as this would skew the data. Some slight bending
within the arm was unavoidable so the arm was designed out of Stainless Steel 316 alloy
with a relatively large cross section to mitigate the effects of bending within the arm.
Although the arm is not straight the force acting through the specimen is co-linear with
the connection to the load cell as seen in Figure 3.9. This mitigates the risk of non-tensile
forces acting on the load cell. The length of the arm shown in Figure 3.9 is 101 mm and
the height is 59 mm.
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U-SHAPED ARM

50N HBM LOAD CELL

MODULAR INTERFACE
TO CONNECT TO SPECIMEN GRIP

CARRIAGE

Figure 3.9 Arm designed to connect load-cell to grips

The load cell is slightly raised above the carriage, with the arm sitting in a slot in
front of the load cell. The slot is toleranced for a locational clearance fit, to minimise any
impact on the forces on the arm, while still keeping accurate alignment. The normal force
and therefore frictional force of the arm in the slot is negligible, lubricant is also used to
further mitigate any risks of unwanted friction. A simple finite element analysis was done
on SolidWorks Simulation to assess the deformation of the arms as seen in Figure 3.10.
The deformation is minimal, with a maximum of less than 0.02mm, the deformation of
the arm in Figure 3.10 has been scaled for deformation visualisation. These results were
backed up with hand calculations using Castigliano’s method.

URES (mm)
1,662¢-002
l 1,523¢-002
_ 1.385e-002

_ 1.246e-002

_ 1.108e-002
9,654¢-003
8,309:-003
6,924¢-003
5,540¢-003

| 4,155e-003
2.770e-00%
1.385e-003

1.000e-030

Figure 3.10 Scaled deformation of Arm at 200N
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3.4.5 Grip design

The grips were designed as modular attachments to the arms. As the commissioning
testing was to be done with silicone elastomer cruciform specimens, simple modular rigid
clamp grips were designed and are shown in Figure 3.11. The interface between the arms
and the grips was designed so that different grips can be manufactured in the future
depending on the needs of the user. Each grip is connected to the arm with an M5 socket
head screw and/or a 3mm stainless steel pin. Each grip consists of a top and a bottom
half. The bottom half has two M4 nuts embedded into it which connect with two M4
screws which pass through the top half to clamp down on the specimen.

M5 SCREW TO FIX GRIPS
TO CARRIAGE ARM

M3 PIN TO LOCATE
GRIP TO ARM AND
TRANSMIT LOAD.

2x M4 SCREWS
TO CLAMP DOWN ON
SPECIMEN

SERRATED SURFACE
FOR EXTRA GRIP

2x 3D PRINTED
PLA GRIPS

2 M4 NUTS HOUSED IN
LOWEER GRIP

Figure 3.11 Grips designed to connect specimen to arms

The grips are made of 3D printed Ploylactic Acid (PLA) which allows for a certain
amount of flexibility which can securely grip the specimen without easily damaging the
specimen, like grips made from harder material such as stainless steel could. The surfaces
which come into contact with the specimen are serrated to allow for extra grip and there-
fore mitigate the risk of specimens slipping in the grips during testing. Follow up projects
that test biological tissue will need to investigate the use of other gripping techniques
such as sutures or rakes. This is because rigid clamps are not very effective in gripping
smaller square specimens which are typically used when testing biological specimens, they

are effective when used with cruciform specimens.
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3.5 Force and deformation measurement

3.5.1 Load cell

A single axial load cell on each axis is used to measure the axial load applied through
the specimen. Two 50 N HBM (Hottinger Baldwin Messtechnik, Darmstadt, Germany)
K-S2M tensile load cells were purchased along with two HBM ClipX devices. The ClipX
is a combined load cell amplifier and signal conditioner which connects to a PC via an
ethernet connection. If load cells with different maximum loads are needed they can easily
be switched with other HBM load cells which interface with the ClipX devices.

3.5.2 Surface deformation measurements

The custom biaxial machine needed to integrate with the already existing Dantec DIC
system at CME at UCT due to the large expense of having a dedicated DIC system for
the machine. In order to integrate with the existing system the cameras need to have an
unobstructed view of the specimens and the specimens cannot shift out of the region of
interest of the cameras. For the most part the DIC system is a standalone system, with
the only connection between the DIC system and the custom machine being an analogue
connection which sends load cell force data from the ClipX device to the DIC system. This
ensures the force and DIC data is synchronised correctly and can be analysed together on
the Dantec Istra4D software in post processing. The force data is also recorded separately
from the DIC system, by automatically recording the data on the PC used to control the
machine. This ensures that if other DIC systems are used in the future the force data
can still be recorded reliably, so that the design can be used with a wide selection of

non-contact image based surface deformation measurement systems.

3.6 Electrical and embedded system design

As this project forms part of a Mechanical engineering masters, the focus is not on design
of the electrical and embedded systems from first principles. Rather, existing solutions
and systems were integrated with the mechanical design of the custom built machine.
This Section describes the electrical and embedded systems used and justifications for
their use.

3.6.1 Electrical and embedded system overview

The electrical and embedded control system consists of the following; a single Arduino
Uno microcontroller board, a GRBL shield board, 2 motor drivers, two stepper motors, 4

limit switches, one emergency stop button, two load cells and two ClipX devices. Figure

45



Design of Biaxial Tensile Testing Machine 3.6. Electrical and embedded system design

3.12 shows a schematic of how the system is connected, with the blue arrows depicting
the transfer of electrical signal or data and the red arrows depicting the transfer of power
to the system.

_— Ground
CAMERA
LIMIT SWITCHES »> Fowwar
X
—_ > Signal

k. MOTOR DRIVER
DRY8825
(24, 8.2-45)

CNC SHIELD ¥2 MEMAZZ, TMm, (3v, 24)

MOTOR DRIVER
DRvWE825

(24, 8.2-45)

PC > ARDUINO UNO
(12-36 %)

MEMAZZ, 1Nm, (3v, 24

CLIFX

i

LOAD CELL

Lonic Power Supply Motar power supphky

Figure 3.12 Electrical system

GRBL is an open source CNC motion control system which can be run off an Arduino
Uno. The GRBL system is designed to use open loop control and stepper motors to
run a CNC mill. The GRBL shield board can be purchased and plugged directly into an
Arduino, the software is then downloaded onto the Arduino. The shield board has marked
ports for the motor drivers, motor connections and power connections. Instructions are
then sent to the Arduino as GCode commands using Universal GCode Sender - an open
source software used for interfacing with CNC controllers.

In order to move the axes of the planar biaxial tensile testing machine the X and Y
axes on the GCode sender are used to send instructions to the two machine axes, known
as the red and white axes respectively. The axes are named the red and white axes
as the motor mounts and gears for the two axes are red and white respectively, giving
the user an easy visual marker to differentiate the two axes. The Z-Axis of the GRBL
system is used to send signal to the data acquisition system in order to record data via
the ClipX. The ClipX requires a constant signal to record data, not just a trigger. The
GCode instruction to move the Z-Axis is used to record data via the ClipX and does not
send motion instructions. Alternatively, other GCode commands - such as spindle speed -

could be used as long as the signal could be held while the X and Y axes were in motion.
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3.6.2 Motor selection

Stepper motors with open loop displacement control were selected as the simplest solution
for controlling the motion of the machine. This was done with the use of the open source
GRBL system. With the low loads needed to be tested, it was calculated that stepper
motors connected to spur gears and then to the lead screws would provide enough torque
to power the machine without any unwanted losses. Other options such as servo motors
with closed loop load control were considered but deemed unnecessarily complicated for
this project. Closed loop load control with such small forces, and specimens of a biological

nature, would add an unrealistic amount of complexity to the project.

For the desired 50 N of force, it was calculated that the motor needed to provide at least
0.4 Nm of torque while the carriages were running (Equation 3.1 in Section 3.4.2). The
additional torque needed to accelerate the loaded carriages up to speed was calculated
and found to be negligible. Spur gears with a ratio of 3:1 were mounted between the
motors and the lead screws to increase the displacement resolution and torque at which
the machine could operate. The gears were 3D printed out of PLA. The motor selected
was a 1 Nm Wantai stepper motor, which could easily operate at the required 0.4 Nm.
The backlash potentially introduced by the gears was not a substantial concern. Firstly,
specimen deformation is measured directly via DIC, so this does not negatively affect
deformation measurement. Secondly, as both carriages are mechanically constrained to
the same screw any backlash between the gears would result in the same losses (if any)
across the two carriages. Therefore, equal and opposite motion of the carriages is ensured.
If greater precision of cyclic loading is required, a means of minimising gear backlash
should be investigated.

3.6.3 Safety features

Several safety features were built into the machine to ensure that it would not harm the
user, or damage itself. The machine was designed to have the ability to detect predeter-
mined dangerous scenarios and stop all functions which are a danger. The machine was
also designed to be able to be safely stopped by the user in an emergency situation not
detected by the machine. The list below details the safety features of the machine:

e A physical emergency stop button, which stops all motors and GRBL commands.
The system alarm needs to be turned off on the Universal GCode sender by the user
before the machine can be put into motion again.

e Limit switches to prevent carriages from moving beyond limits of the machine.

When limit switches are hit an alarm is triggered and all motors are stopped.
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e Soft limits set in Universal GCode Sender do not allow GRBL commands beyond
the user specified limits. If a command is sent which would result in motion beyond
the specified limits an error message will be sent and the machine will not perform

the motion command.

e Load limits can be set by the user on the ClipX which stops machine if a load above
the limit is detected.

e (Clear and concise step by step user instructions provided to the user for starting

the machine (See Appendix D).
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Chapter 4

Uniaxial Experimental Planning and

Procedure

In order to verify that the custom built machine met the design requirements and worked
reliably and safely, physical testing was performed. First, subsystem commissioning test-
ing was done and then testing of the individual axes with specimens was performed and
results compared to a calibrated Instron uniaxial tensile testing machine. Only once the
uniaxial systems and subsystems were verified could the machine be reliably used to per-
form planar biaxial tensile testing. This section details the experimental planning and
procedure to verify the uniaxial systems and subsystems.

4.1 Commissioning testing

4.1.1 Planned subsystem commissioning

The subsystem commissioning testing was done to ensure the machine worked as expected,
that the design requirements were met and that the machine could be used reliably before
the testing of skin surrogate specimens could begin. The following machine functions
and requirements were verified during machine commissioning: carriage speed, carriage
displacement, carriage reliability, safety features, data acquisition and stepper motor set-
tings.

4.1.2 Displacement commissioning testing

The accuracy of the location of the carriage was tested to ensure that both carriages
were moving the predetermined amount as specified by the GCode command sent to

the machine. This was done by running the machine over a given displacement and
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measuring both carriages before the carriage movement and then again afterwards using
a vernier caliper. Tests were carried out by giving the carriages a series of displacement
commands and then measuring their locations after each instruction. This was done while
the carriages were both loaded and unloaded; carriages were loaded by using elastic bands
as specimens to provide resistance to the motion of the carriages. Safety features, homing
accuracy and settings were also tested and adjusted as needed during the displacement
testing. The motion of both carriages on a given axis was measured individually, relative

to fixed reference points, to ensure displacement was symmetrical.

4.1.3 Speed commissioning testing

Speed tests were done by first tracking a point on a specimen to ensure the speed was
constant. A point very close to the grips on a speckled specimen was tracked using the
Dantec DIC system and the speed plotted. Although this is not a very accurate way to
measure the speed it would allow for valuable insight into whether the speed was constant
and into the acceleration and deceleration of the machine.

Speed testing was then done by measuring the amount of time taken by the carriage
to travel a predetermined displacement; the displacement was then confirmed through
physical measurements of the distance travelled by the carriage. This was done over a
distance of 5mm and 20 mm (per carriage: 10 mm and 40 mm total displacement per
axis) over four different carriage speeds; 8 mm/min, 20 mm/min, 50 mm/min and 180
mm/min (which equates to a total speed of 16, 40, 100 and 360 mm/min per axis).
This was done for both an unloaded (no resistance) and loaded system. Forces were also
recorded during the speed testing; firstly, to ensure that the data acquisition from the
load cell was working correctly but also as a safety feature to ensure excessive force was
not transmitted through the load cell. Furthermore, load cell data was used to confirm
the time of the tests as the starting and stopping point of the test is clearly visible when
load data is analysed, even in an unloaded test, due to the slight - but visible - vibrations
detected by the load cell.

4.2 Specimens

4.2.1 Specimen material

As per the scope of the investigation, both uniaxial and biaxial tensile tests were done
using a skin surrogate rather than skin. This would allow the machine and proposed
testing method to be critically assessed before testing on an actual soft tissue which has

the additional complexities of preparing and gripping the specimens.
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Dragon Skin 10 [54] (Smooth-On) was chosen as the skin surrogate. Dragon Skin 10 is
a Shore 10A platinum cure liquid silicone compound predominately used for special effects
in the film and entertainment industries [54]. It was chosen as it has a similar Young’s
modulus to that of skin in the toe region, it is also highly pliant (1000 % elongation at
break [54]), it is readily available and easy to use. This material was also previously used
as a surrogate by A. Curry [6] and A. Graham [26] at BISRU, which allowed specimen

design and manufacture to be built on past knowledge of using the material.

4.2.2 Specimen manufacturing and speckling

Dragon Skin 10 [54] is translucent - in order to get the contrast needed between the base
material and the speckle pattern needed for DIC, pigment was added to the base material
to colour it white. Black speckle pattern was used to provide the adequate contrast.
Various substances and means of speckling the white Dragon Skin 10 were attempted
with varying degrees of success; spray paint, paint, and silicone were all used along with
paint brushes, air brushes and even milk frothers.

Figure 4.1 Photograph of a failed uniaxial Dragon Skin 10 specimen which
was speckled using an airbrush

Initially Dragon Skin 10 with black pigment was used to speckle the specimens using
a milk frother [26]. This was done by using the milk frother to spray the black Dragon
Skin 10 onto the specimens. This method, although time consuming and highly prone to

error, did produce reasonable specimens but only when making larger specimens.

It was found that a platinum cure liquid silicone based paint called Psycho Paint [55]
(made by Smooth On, manufacturers of Dragon Skin) when used with an airbrush was
able to provide the consistently fine speckle pattern needed when working with such small
specimens, an example of which is shown in Figure 4.2.

The Dragon Skin 10 comes as two parts (Parts A and B) which are mixed and cured

at room temperature to form the surrogate material. For the base of the specimens it
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Figure 4.2 Photograph of a successful biaxial Dragon Skin 10 specimen
after being speckled with an air brush, before having the excess silicone
trimmed

was found that the following quantities provided the best results: 1 part Part A, 1 part
Part B, 0.1 parts solvent (Dimethylsiloxane) and 0.05 parts white pigment. The solvent
was added as Dragon Skin 10 is highly viscous and difficult to work with while curing.
The mixture was then left to cure in a custom made Plexiglas mould for 2 hours before
adding the speckle. For the Psycho Paint it was found that in order to achieve the desired
contrast less solvent was to be used than the recommended amount: with 1 part Part
A, 1 part Part B, 3.5 parts thinner and 0.125 parts black pigment. The black speckle
was added with an air gun after the specimens had partially cured, which meant they
bonded but did not mix. This ensured a clear contrast between the base material and the
speckle. Care had to be taken to ensure the speckle material was the correct consistency
and opaqueness otherwise it was prone to run and be a light grey rather than black as
shown in Figure 4.1, which did not provide the needed contrast between the base and
speckle.

Figure 4.3 shows the specimens curing in their Plexiglas mould after speckling; this
method of curing the specimens resulted in some inter-specimen differences in thickness.
This was due to the very high viscosity of the Dragon Skin 10 while curing, a 2.5 mm thick
plexiglass sheet was used to aid in making 2.5 mm thick specimens the mould could not
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be sealed to ensure an even thickness however as the speckle needed to be added during
the curing process.

Figure 4.3 Photograph of uniaxial Dragon Skin 10 specimens in their
mould after being speckled with an air brush

4.2.3 Uniaxial specimen design

60
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ITEM: UNIAXIAL SPECIMEN

MATERIAL: DRAGON SKIN 10

NOTE: SPECIMEN IS SYMMETRIC ABOUT
HORIZONTAL AND VERTICAL

Figure 4.4 Drawing of the uniaxial specimen

The specimen dimensions were constrained by the size and range of motion of the
planar biaxial testing machine. The machine was designed to test specimens which are
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considerably smaller than those typically used when performing uniaxial tensile tests on
non-biological materials. ASTM D412—16 (Standard test methods for vulcanised rubber)
was used to design the shape of the specimen but the size was scaled down in order to fit

into the testing machine (Figure 4.4).

In order to mitigate any unwanted complications from the deviation from standard
ASTM D412-16 it was decided that the same size specimens would be used for uniaxial
testing on the custom built biaxial testing machine and for testing done using the Instron
uniaxial tensile testing machine. Additionally, the specimens for both rounds of testing
would come from the same batch to avoid small variations in manufacturing between

batches affecting the results.

4.3 Uniaxial testing

4.3.1 Method

In order to critically assess the machine design and build, it was decided to do a com-
parative study of the results obtained when using the designed biaxial tensile testing
machine versus that of a calibrated and commercially available machine. The commercial
machine chosen to compare results with was the Instron uniaxial tensile testing machine
with a calibrated 100 N load cell, with a resolution of 0.001 N, at the Centre for Materials
Engineering (CME) at the University of Cape Town. The same batch of specimens was
used for the testing done on the custom machine and the Instron to ensure an accurate
comparison could be made. Additionally, the same DIC system (Dantec) would be used

for testing on the Instron and custom machine.

As the custom biaxial tensile testing machine could essentially run as two separate
uniaxial tensile testing machines, it was not an issue to run only a single axis during this
phase of testing. It also meant the controls and recording of data would be simplified
which would allow for the ironing out of any issues which could then be rectified before
moving to full biaxial testing. These factors, along with lack of access to a commercially
built biaxial tensile tester, meant that uniaxial testing of each axis individually was the

best method to verify the machine design and build.

The acceptance criteria was set as either the stress-strain data for the designed machine
lying within the limits of the stress-strain data obtained via the Instron machine, or the

means varying by less than 2%, with a Coefficient of Variation of less than 5%.
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4.3.2 Uniaxial tensile testing plan

The specimens for both the Instron machine and the custom built biaxial machine were
all made together from a single batch of Dragon Skin 10. This was done to ensure the
same material was used and that no differences in mixture or curing environment could
have an effect on the specimens; and therefore the results. The testing protocols for the
uniaxial testing on the self built machine (Table 4.1) and Instron testing machine in CME

(Table 4.2) are given below.

Test Speed Number of DIC sample Maximum

(mm/min) | specimens tested | frequency (Hz) | displacement (mm)

10 5 1 30
20 B ) 30
120 5 12 30
400 ) 20 30

Table 4.1 First round of uniaxial testing done using designed planar biazial
tensile testing machine (Axis 1)

Test Speed Number of DIC sample Maximum

(mm/min) | specimens tested | frequency (Hz) | displacement (mm)

10 5 2 50
50 3] 5 50
120 5 15 50
400 ) 30 50

Table 4.2  Uniazial testing done using the Instron uniaxial tensile tester at
CMFE

As shown in Tables 4.1 to 4.3 the DIC sample rate was not the same across tests
of different speeds. This is because DIC can be become computationally expensive if
the sample rate is too high, or inaccurate if it is too low. A 400 mm/min test over 30
mm lasts approximately 4.5 seconds and requires the sample frequency of the DIC to be
higher to adequately capture the deformation of the specimen, hence a sample rate of 20
Hz. Conversely, a 10 mm/min test over 30 mm lasts 180 seconds and is computationally

expensive to run with a DIC sample frequency of 20 Hz, as this would result in 3600 DIC

55



Uniaxial Experimental Planning and Procedure 4.3. Uniaxial testing

images being taken as opposed to the 90 of the 400 mm/min test Therefore, to not have
large inconsistencies in the resolution of the deformation data, the DIC sample rate was
adjusted depending of the speed of the test. It must also be noted that the Instron test
was run over 50 mm and not 30 mm, this does not have any effect on the results.

After the first set of uniaxial tests, some revisions to the machine were necessary and
are detailed in Section 5.2.2. After completing these revisions, an additional round of
testing was performed on the custom built biaxial tensile testing machine. The testing
protocol for this second round of testing is given below in Table 4.3. In the second round
of testing both axes of the custom machine were tested individually. The axes are named
the red axis and the white axis to easily identify them by the colour of the motor mounts

on each axis.

Test Speed Number of DIC sample Axis Tested
(mm/min) | specimens tested | frequency (Hz)
50 5 10 Red
50 5 10 White
400 5 25 Red
400 5 25 White

Table 4.3 Second round of uniaxial testing done using the custom built
machine

4.3.3 Uniaxial tensile testing procedure

The DIC system and software; Istra4dD (Dantec Dynamics, Skovlunde, Denmark) were
used to track and record the deformation of the specimens. Calibration of the cameras
for DIC was done at the beginning of each testing session. If testing lasted more than a
day then the cameras were calibrated at the beginning of each day. The first round of
testing on the custom built machine and the Instron tensile testing machine were done
using 2D DIC which meant that only a single camera was needed. 3D DIC was used for
the second round of testing on the custom built machine, which meant that two cameras
were used. This was done in anticipation of the need to use 3D DIC when doing full

biaxial tensile tests on the machine.

In order to calibrate the DIC system a series of 10 images of a Dantec calibration
plate were taken. The Istra4dD software would then determine camera positions, focal
lengths and image distortion using known features on the calibration target, which are

later used in processing the images from the experiment into displacement data. In order
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to accurately calibrate the system, the region of interest needs to be in focus and the
lighting should be bright but without causing any glares. During calibration, the Istra4D
software would provide the residuum value, which is the uncertainty (in pixels) of the
location of any facet. A residuum of less than 0.4 pixels was deemed sufficient. The
initial placement of the calibration plate is important as the axes that the software uses
align with the first calibration image during the calibration setup.

Once the cameras are calibrated and the machine has been powered up and homed
the following testing procedure is followed:

e Measure and record the thickness of the specimen at multiple locations in the region
of interest, using a vernier caliper.
e Ensure the correct G-Code is selected for the current test on GRBL software.

e Ensure the carriages are at the predetermined start point (this could be the home

position or a distance from the home position depending on the specimens).

e Ensure the force data acquisition system has the correct file name for saving the
test data. The name should include the test number with an underscore used to

differentiate different specimens of the same test regimen.
e Ensure the camera sample frequency and settings are correct.

e Mount the specimen into the grips and then mount the grips onto the arms of the

machine. Ensure the specimen is not slack or accidentally pre-loaded.
e Start the capture of the images on the DIC Instradd software.

e Run the test. Data collection from the load cells is started by a trigger which forms
part of the every G-Code written for testing.

e When the test is finished, stop DIC data collection. The force data is automatically
saved at the end of the test.
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Chapter 5

Uniaxial Commissioning, Results
and Machine Revision

As the custom built biaxial tensile testing machine can be run as a uniaxial tensile testing
machine along either of the machine’s two axes, it was decided to do a comparative
study against the Instron uniaxial tensile testing machine at CME at the University of
Cape Town. Before the comparative study could be done displacement, speed and safety

commissioning tests were done to verify the machine was working as intended.

5.1 Commissioning testing

5.1.1 Displacement tests

As described in Section 4.1.2, testing was done to ensure that the carriages moved the
amount specified by the GCode command given to the machine. The results of the
displacement tests are detailed in Table 5.1 below. Testing was done while the machine
was loaded to ensure the displacement is correct under test conditions.

As can be seen in Table 5.1, the measured displacements were slightly less than the
commanded displacement, but by less than 0.13 mm at most. The average error was
0.2% and 0.4% for the white and red axes respectively. However, the variation between
the results of the two speeds tested is very small - the difference in measured displacement
for all tests on the white axis spans 0.02 mm, while the red axis measurements span 0.08
mm. It should be noted that a vernier caliper (with a resolution of 0.02 mm) was used to
measure the displacement, this combined with human error in aligning the vernier caliper
would account for some of the error. A total of 5 samples per axis were tested at each

speed.
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Axis | Test speed | Average measured | Variance
(mm/min) | displacement (mm)

White 50 29.89 0.00012
Red 50 29.97 0.00043
White 400 29.89 0.00032
Red 400 29.96 0.00092
White 500 29.87 0.0003
Red 500 29.89 0.00067

White | All speeds 29.88 0.00029
Red | All speeds 29.94 0.0029

Table 5.1 30mm Displacement tests while loaded

5.1.2 Speed tests

Once the displacement testing was completed testing was done to verify that the speed
of the carriages was correct and constant. Displacement was measured using a vernier
caliper and time was measured using measurements from the load cell. Additionally, DIC
was used to further verify that the speed measured was constant during testing. This
was done by tracking the displacement of a point on the specimen which was close to
the grips. This displacement wouldn’t equal the grip displacement precisely, due to the
small deformation between the grip and the point tracked. However, the testing would
still show whether the speed varied appreciably. Table 5.2 shows the speed verification
results and Figure 5.1 shows the speed of a point on the specimen close to the grips.

Table 5.2 shows that the speeds recorded closely match those commanded in the
GCode. The speeds commanded seem to be quite arbitrary; this is because a 1 mm
motion step in the Z-Axis (which does not physically exist in the machine) was used in
the GCode to trigger the data capture. This 'motion’ in the Z-Axis then unknowingly
altered the speeds tested as the speed specified in the GCode is the absolute speed. For
example: if a displacement of 10 mm along the X-axis and 1 mm along the Z-Axis was
specified at 16 mm/min the actual speed along the the X-axis would be 15.69 mm/min
and the absolute speed would be 16 mm/min if a Z-axis existed. For all future testing,
the Z-Axis displacement was taken into account when making the GCode commands to
ensure trigonometry played no part in determining the speeds set in the machine post

testing.
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Machine Settings Experimental
Results
Speed Distance (mm) | Acceleration Measured speed
(mm/min) (mm/s?) (mm/min)
15.69 10 20 15.65
15.98 40 20 16.01
39.22 10 20 39.10
39.95 40 20 39.88
98.06 10 20 98.19
99.88 40 20 100.18
353.01 10 20 351.99
359.55 40 20 359.96

Table 5.2 Speed tests done while unloaded
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Figure 5.1 Average relative cross-head speed v Time; Red Axis
400mm/min (top) and White Axis 50mm/min (bottom). Measured using
DIC
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Figure 5.1 shows the instantaneous speed as recorded by DIC for tests at 400 mm/min
and 50 mm/min. While there is variation between the instantancous speed and the
nominal set speed, over a test the average is typically within 0.15 mm/min. It wasn’t
clear whether the apparent variation was due to noise in the DIC measurements, or if this
was actual speed variation in the machine. However, further refinement of this would need
an independent speed measurement and possibly closed loop control, which was deemed
to be beyond the scope of this project. The speed recorded by the point on DIC is not
perfectly linear as can be expected when tracking an arbitrary point on the specimen
but it does maintain the intended speed across the test. The ramp-up acceleration for
all testing was set at 20 mm/s?, for the the 400 mm/min and 50 mm/min tests shown
in Figure 5.1 the ramp up time took approximately 0.4 s and 0.07 s respectively. A test
which tracked the rigid grips themselves, rather than a point on the specimen, would have

been useful in eliminating potential unknowns.

5.1.3 Vibration analysis

During commissioning testing it was observed that the load cell raw data had significant
noise. As the magnitude of the noise was greater than anticipated, a vibration analysis
was used to investigate the possible source of the noise and what mitigation options could
be undertaken. This was investigated and it was determined that the noise came from
the vibrations of the machine while in operation. In order to mitigate the adverse effects
of the noise on the data collected, testing was done to analyse said vibrations. Micro-
stepping of 1, 1/8th and 1/16th were tested to see what effect the stepper motor stepping
had on the noise, as well as testing the machine when loaded as opposed to unloaded.

The frequencies of the undesirable noise was then found using Fast Fourier Transforms.

Figure 5.2 shows the dominant frequencies in the force noise (from a zero load test)
were considerably higher than the frequencies anticipated when loading a typical specimen
at the anticipated rates. It can also be seen that 1/16th stepping provided the best results
in terms of noise reduction. The noise at higher frequencies can be removed using a low
pass filter on the ClipX amplifier system which the load cell interfaces with. Bessel low
pass filters were used to filter out frequencies above 20, 50 and 100 Hz with the results of
the 20 Hz low pass filter shown in Figure 5.3.

As can be seen in Figure 5.3 the noise in the force data was successfully filtered out
using the software supplied with the load cells. It was therefore determined that 20 Hz
Bessel low pass filters would be used for all future testing using the custom built planar
biaxial tensile testing rig. It should be noted that the noise was much less evident when the
machine was loaded with a specimen (even if highly compliant), than when the machine
was running unloaded. It is hypothesised that the soft elastic specimens have a damping

effect, thus the decrease in noise of the machine when loaded during this investigation.

62



5.1. Commissioning testing Uniaxial Commissioning, Results and Machine Revision

oi Force v Time plot unfiltered(8mm/min with 8th microstepping)
: T T T T T T

z

g o 7
=]

= | | 1 | |

20 Time(s) 40 60 80 100 120 140
Force v Time plot unfiltered (Bmm/min with 16th micr pping)
T T T

i} 140
E .

s 10 | 3|ngle-3|ded Amplitude S ectrurn of For ce(t) ,

G — —
Sab .
o

|
0 PV adal o b 11 11Jm111,li il |I L !l | .|| I‘IL ll
0 50 100 150 200 250 300
f(Hz)
Figure 5.2 1/8th and 1/16th micro-stepping noise comparison
Force v Time plot unfiltered (SOmmémin)
T T -
1 | | ]
o 5 10 15 Time({s) a0 25 0 35
Cx10 Fon::s v Time plot Bssssl 20Hz Low Pass Flltsr{S{lmmImln}
T
z .
E L w . //‘WMWW mmw |
(=]
= 5 I I I
0 5 15 Time (s} 20 25 30 35
P 1078 Slngle-Slded Amplitude Spectrum of Force(t)
T T T T T T T T

6 - -
Sat §
o

1 J JL _

0 LL A I} T} | i P —| 1 _J

0 5 10 15 20 25 30 35 40 45 50
f(Hz)

Figure 5.3 Unfiltered (top) and filtered data (middle)

Additionally, interfacing components are less likely to have any play between them when
the items are loaded, this would decrease noise caused by rattling or vibrating fits.
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5.1.4 Load cell check

In order to verify that the force results obtained during the comparative study were truly
comparable the load cells of the custom built machine (S2M 50N HBM load cells) were
placed in series with a calibrated load cell on the Instron uniaxial tensile testing machine.
The load cells were placed in compression and the results recorded. The results show that
the bought load cells are accurate. Some slight vibrations were picked up by the HBM
load cells but these did not negatively affect the results.

5.2 Uniaxial tensile testing

5.2.1 Instron uniaxial test results and discussion

Figure 5.4 shows the Stress versus Strain graph of the 20 specimens tested on the Instron

tensile testing machine, using a 100 N load cell.
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Figure 5.4 Engineering stress versus Engineering strain, testing done on
Instron machine at CME, UCT

The results from the Instron testing demonstrated a few issues worth noting. The spec-
imens exhibit strain rate dependent behaviour with the specimens tested at 10 mm/min
showing consistently lower stresses between strains of 0.4 and 1.2. Likewise, the 400
mm/min tests show consistently higher stress values. This can be seen more clearly in
Figure 5.5 below. The 400 mm/min tests also have a small but noticeable spike in stress
at the start of the tests. This could could be a result of inertial effects due to the testing
no longer being truly quasi-static or an effect of the grips or other physical mechanisms

within the machinery at higher testing speeds.
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Average Engineering Stress versus Average Engineering Strain, Instron
300

250

& 200

=

0

7]

8}

&

o 150 [

£

=

['F)

@

£

=4 -

|_|C_| 100 10mmJmin
S50mm/min
120mmimin
400mmimin

50

] 0.2 0.4 0.6 0.8 1 12 1.4
Engineering Strain {mm/mm)

Figure 5.5 Average Stress v Average strain curve for each speed tested on
Instron Uniaxial Tensile tester

The thickness of the specimens can be difficult to measure as the Dragon Skin 10 is
so pliable. The specimens deform in the user’s hand if held up for measurement with a
vernier. To obtain more reliable measurements of thickness, the specimens were laid flat
on a surface measuring table, and a height gauge used to determine thickness. It was also
difficult to load the specimens into the grips on the Instron machine (Figure 5.6) without
unintentionally applying a small pre-load, or inversely, leaving slack in the specimen. As
the forces needed to deform the specimens are so small extra care was needed to accurately
reproduce the same starting point for all specimens.

5.2.2 Custom machine results: first test and resulting changes

The custom built planar biaxial tensile testing machine was used to test the Dragon Skin
10 uniaxial tensile specimens, using the same test parameters and specimens from the
same batch as those used in the Instron tests. It was the first time that the machine
was used while incorporating all the sub-systems together at once with test specimens.
Twenty specimens were tested at four different strain rates as specified in Section 4.3.1.

There were some clear issues in the data obtained. The results can be seen in Figure
5.7; the figure illustrates some of the technical issues encountered. Although there is
some noise and other mechanical issues there were some positives from the testing. There
was still significant overlap of the testing results on the custom machine and those of the

Instron tensile tester, and errors could be analysed and fixed.
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Figure 5.6 Specimen under tension in Instron machine

In the top left image of Figure 5.7 it can be seen that there is noise throughout the
test; this is a result of the Low-Pass Filter (as discussed in subsection 5.1.3) not being

activated before testing began.

In the image on the top right of Figure 5.7 there are two interruptions to the data,
the first at approximately 0.3 strain: where the DIC lost tack of the specimens, briefly
causing the strain to momentarily go to zero. Then at approximately 0.55 strain there is
significant noise. This is a result of the user accidentally bumping the table the machine
was on. This demonstrates the sensitivity of the system.

The bottom left graph of Figure 5.7 is an example of a ”stepping” phenomenon which
was seen in four of the 20 tests. After some investigation it was found that the cause
was a slight misalignment between the two arms of each carriage and was not the result
of the specimen’s response to loading. This caused the arm connected to the load cell to
jam in its slot. This jamming caused the force measured to go through cycles of constant
force (when the arm was jammed) and then relatively quick periods of loading as the arm
overcame the friction needed to move in the slot again. Results with this stepping cannot
provide reliable tensile testing data. Additionally, the observed ”stepping” is a safety risk
to the load cells as the actual load can reach an amount greater than the safety limits
put in place on the load cells if the arm jams and then frees itself while loaded above the
safety limit.

The bottom right image of Figure 5.7 shows an example of a large jump in force at the

start of the test - the specimen was not preloaded. The load cell was undamaged in this
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Figure 5.7 Figure showing some of the errors encountered while testing

case but such alignment errors are a risk to the safety of the load cells and the machine
as a whole.

In order to address the errors discussed above modifications were made to the machine.
The machine was reassembled with particular care taken to ensure the arms were aligned
correctly. There were some physical changes to the carriages to make assembly easier and
less likely to result in error, while also making it easier to ensure they are equidistant
from the centre. This was done by making slots, as opposed to circular holes, to connect
the carriage to the anti-backlash nut. This meant that the position of individual carriages
could be easily adjusted without moving the carriage on the opposite end of the lead

SCrew.

A central bushing (Figure 5.8) was designed to support the centre of lead screw as it
was observed that there was a slight eccentricity in its rotation. Such an eccentricity is a
concern due to unwanted fatigue effects on the central connection between the two halves
of the lead screw as well a higher risk (although still relatively low at expected forces) of
buckling of the lead screw.

The procedure for the test was refined to ensure specimens were loaded more reliably

into the machine, which included marking the specimens to ensure the same amount of
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CENTRAL BUSHING

Figure 5.8 Figure showing central bushing which was added to machine to
support the lead screws

each specimens was loaded into the grips. This would mitigate the risk of some specimens
being accidentally pre-loaded or mounted with slack prior to testing.

5.2.3 Designed machine results; Second uniaxial test

After the changes discussed in Section 5.2.2 were implemented a second set of uniaxial
tensile tests was performed. As detailed in Section 4.3.2, 20 specimens were tested in
total; 10 on each axis, with half tested at 50 mm/min and half tested at 400 mm/min.
The same specimens were used as those used during the Instron and first custom machine
tests. Initially, each specimen was only meant to be used once, but rather than making
a new set of specimens which may differ in material properties to those tested on the
Instron, the same specimens were used. This meant that the second round of testing was
limited to 50 and 400 mm /min due to the fact that both axes were tested as opposed to a
single axis that was tested during the first round of testing. As the amount of specimens
available for testing was limited, only certain speeds were retested.

Dragon Skin fits within the broad category of unfilled silicone rubber. The manufac-
turer claims an elongation at break of 1000% [54] and testing by Graham [26] reached
strains of 700%, which was the limit of the Instron machine’s extension, without rupture.
Meunier et al [56] studied a comparable unfilled silicone rubber and found that any hys-
terisis and Mullins effect were negligible. No permanent deformation was observed during
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the first set of tensile tests on these specimens, where the maximum strain was limited to
40%. As the second set of tensile tests was performed at least three weeks after the first
set, the influence of repeated tension on the same specimens was considered insignificant.
The likelihood of variation between the first batch of specimens and any new batch pre-
pared thereafter, was considered to be much higher as solvent content, cure temperature
humidity and duration all impact the mechanical properties of the silicone rubber. As
damage from previous clamping was another potential source of error all specimens were
checked for visible damage before being reused.

Engineering stress versus Engineering strain, Designed machine (red) and Instron (cyan)
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Figure 5.9 Engineering stress versus Engineering strain, testing done on
custom designed machine

Figure 5.9 shows all the Instron test results in cyan and the second set of tests done
on the custom designed machine in red. There was some noise recorded which was inves-
tigated and found to be from the sheet metal tray the machine was placed on. Future
tests would need to be done on a more sturdy and well damped system. The vibrations

were recorded only in the force measurement and not the displacement measurement of

the DIC.
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Engineering stress versus Engineering strain
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Figure 5.10 Strain rate dependence of specimens

The specimens exhibited a strain rate dependent response to loading; as seen in Figure
5.10. The 50 mm/min tensile test results were consistently lower than those tested at 400
mm/min. This is consistent with the tensile testing done on the Instron tensile testing
machine as previously shown in Figure 5.5.

5.2.4 Comparison

Figure 5.11 compares the stress-strain response for all tests performed at 50 mm/min (on
the Instron, designed machine white axis and red axis), while Figure 5.12 compares the
data for tests at 400 mm/min. Note that the dual lines for the custom machine’s data
are upper and lower limits for loading curves, not an averaged load-unload test. Likewise,
the green and blue bands show the full range of the data from the Instron machine at 50

mm,/min and 400 mm/min respectively.

It can be seen that the stress-strain curves from both the red and white axes are within
the bounds of of the data obtained during testing on the Instron machine. Therefore, for
the speeds, displacements and forces tested the custom machine provides data which is
equivalent to that obtained on the Instron. It must be noted that there was some difficulty
placing the specimens into the grips on the Instron and it is expected that this fact is

responsible for some of the variation recorded during the Instron machine tests.
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Figure 5.11 Engineering stress versus Engineering strain, comparison
between Instron and custom machine at 50 mm/min

Engineering stress versus Engineering strain, 400mm/min
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Figure 5.12 Engineering stress versus Engineering strain, comparison
between Instron and custom machine at 400 mm/min

The results shown in Figures 5.11 and 5.12 have been limited to a strain below 70%,
because the custom built machine was not designed for such large specimens and defor-
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mations. The specimen size and expected deformations of biological biaxial specimens is
significantly smaller than those used during this testing. With regards to loads encoun-
tered the custom machine did not record any forces above 5 N during testing. Although
this is lower than the full desired range it does compare well with the majority of testing
done on planar biaxial soft tissue specimens as seen in literature in Section 2.4.4.

From the results of the uniaxial testing it can be concluded that the design concept
has been verified, as the results obtained compare favourably with those from a commer-
cially built testing machine. The custom built machine was further used to test planar
biaxial Dragon Skin 10 specimens at varying strain rates and loading ratios to verify that
the machine can successfully operate as a fully operational planar biaxial tensile testing

machine.
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Chapter 6

Biaxial Experimental Procedure

Having successfully demonstrated the custom planar biaxial machine’s capability to per-
form uniaxial tests on either axis, the system still needed to be tested with simultaneous
biaxial tension. Unfortunately, it was not possible to locate a commercially built, cal-
ibrated planar biaxial tensile testing machine suitable for loads less than 50 N in the
Western Cape province. Thus it was not possible to perform direct comparison tests for
biaxial tension. The testing was done to assess whether the machine can reliably and
accurately obtain results of a typical biaxial tensile test, as seen in literature, with an
appropriate surrogate, such as Dragon Skin 10. The testing was not done to characterise
any material but done to verify the design and build of the the planar biaxial tensile

testing machine.

6.1 Biaxial Specimens

As discussed in Section 2.4.5, when performing biaxial tensile tests an area of uniform
stress is desirable [30]. This can be complicated by gripping methods and the St Venant’s
like effects caused by said grips. It was decided to use cruciform specimens, as opposed
to square specimens as is typically done when testing collagenous soft tissues. This was
done as it was found that cruciform specimens could more reliably produce the uniform
stress region needed for data analysis. As Dragon Skin 10 was to be used for testing
rather than a soft tissue there was no material constraint which would make the amount
of material needed for a cruciform specimen impractical as when dealing with human or

animal tissue. The specimen dimensions are detailed in Figure 6.1.
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ITEM: BIAXIAL SPECIMEN

MATERIAL: DRAGON SKIN 10

NOTE: SPECIMEN IS SYMMETRICAL ABOUT
VERTICAL AND HORIZONTAL

Figure 6.1 Dimensions of biaxial specimens

6.2 Biaxial testing plan and procedure

6.2.1 Biaxial commissioning testing plan

The biaxial tensile testing of the machine was designed to test a variety of loading rates.
This was achieved by varying the speed and the ratio of the speeds of one axis compared
to the other. Furthermore, testing was done with oscillating and varying loading in the

same test.

The first round of testing involved constant speeds and ratios: where a 1:1 ratio would
equate to both axes running at the same speed and 1:0 ratio would mean one axis is
running at the selected speed, while the other is held stationary. The speeds for any
given test are always given as the reference speed, which is the faster speed of the two
axes. There were 4 speeds and 5 ratios used for testing; providing a total of 20 different
possible tests. Some tests were run multiple times and one test was not run (10 mm/min
at 1:0.5), this was because it was not necessary to test every ratio at every speed in order

to verify the machine. Each specimen was only used once during testing. These ratios and
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speeds were chosen to verify that the machine works as expected at a range of speeds and
ratios expected to be used during the testing of collagenous soft tissues, as per the design
requirements. Material characterisation was not a consideration when conducting these
experiments. Testing was done in order of test number and test numbers were assigned
randomly to help mitigate potential environmental confounding effects. The tests carried
out and the number of specimens tested are shown in the Table 6.1 below.

Test num. | 10 mm/min | 50 mm/min | 120 mm/min | 400 mm/min
(number  of

tests)

1:1 Test 1 (x2) Test 15 (x4) | Test 12 (x2) | Test 3 (x3)
1:0.75 Test 10 (1) Test 7 (x1) Test 16 (x1) | Test 8 (x1)
1:0.5 No Test (x0) | Test 14 (x1) | Test 5 (x1) Test 19 (x1)
1:0.25 Test 6 (x1) Test 9 (x1) Test 2 (x1) Test 11 (x1)
1:0 Test 17 (x2) | Test 4 (x2) Test 13 (x2) | Test 18 (x2)

Table 6.1 Biaxial testing done using designed planar biazial tensile testing
machine. Test Number (number of tests): shown against testing speed vs
speed ratio between the azxes

In order to verify the machine performance the following data needed to be obtained
for analysis: DIC data for specimen surface deformation, axial force on each axis and
the initial dimensions of the specimens. The controlled testing variables were the speed
and total displacement of each axis independently. Table 6.2 below shows the sample
frequencies used for obtaining the axial force and DIC data. As the load cells are separate
to the DIC system the sample rates are different. The DIC sample rate was adjusted as
the computational cost of analysing a 10 mm/min test at a high sample rate would be too
great and unnecessary. Additionally, the maximum frame rate of the cameras imposed a

limit on the fastest possible test speed.
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Test speed DIC sample Force sample

(mm/min) | frequency (Hz) | frequency (Hz)

10 1 100
20 5 100
120 10 100
400 25 100

Table 6.2 Biaxial testing DIC and load cell sample frequency

The second round of testing consisted of more complex loading profiles. This is neces-
sary when performing cyclic loading on the machine when trying to establish visco-elastic
properties of a material. First a single specimen was tested with repeated loading and
unloading of the specimen at equal rates of 120 mm/min by 6 mm five times. There were
also 7asynchronous” tests with a more unconventional loading profile. Figure 6.2 displays
the displacement versus time graph for both axes according to the GCode used to control
the axes for the asynchronous tests.

Displacement vs time
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— Axis 2
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Time (s)

Figure 6.2 Displacement versus time graph for both axes during
asynchronous biaxial testing
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6.2.2 Data analysis plan

Typically in literature biaxial results are presented as stress and strain or stress and
stretch results, therefore the stress and strain for each test would be recorded and analysed.
Unfortunately, without the slits in the specimen arms specified in BSI ISO 16482:2014, it is
not possible to consistently define the width of the gauge section of the cruciform specimen.
To avoid calculating stress with an ill-defined area, which would not be an accurate
representation, the force per unit of initial thickness is presented. Future biaxial testing
of soft tissues should ensure that the gripping system and specimen geometry allows for
a well defined gauge area. The strain used in the data analysis was the engineering strain
along the two loading axes.

The testing needed to verify the following:

e the ability of the machine to run both axes simultaneously at different speeds,
e whether the gauge section remains stationary and centered during testing, and

e whether the specimen deformation remains planar.
To facilitate the above, the 3D surface deformation of the specimen was tracked with DIC.

6.2.3 Testing Procedure

The testing procedure for the biaxial testing is very similar to that detailed in Section
4.3.3. All testing was done using 3D DIC, therefore two cameras were needed for testing.
From the uniaxial tensile testing results it was clear that extra care was needed to mount
the specimens into the grips repeatedly. This was achieved by first setting the carriages
to a known distance apart, then the specimens were marked so that they were mounted
to the correct depths in the grips. If mounted to this predetermined depth and set onto
the carriages the specimens were neither slack nor pre-loaded.
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Chapter 7

Biaxial testing results and Discussion

This chapter details, analyses and discusses the results of the biaxial commissioning testing
of the custom built planar biaxial tensile testing machine.

7.1 Biaxial tensile testing results

Figure 7.1 below shows a biaxial cruciform specimen fitted into the custom built planar
biaxial testing machine during testing at CME. Lighting was carefully controlled to ensure

optimum image quality for the DIC system.

Figure 7.1 Photograph of biaxial testing specimen during testing
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7.1.1 DIC strain data

The DIC data was analysed using the IstradD software. Each test was evaluated individ-
ually using the appropriate calibration data obtained before each round of testing. The
three figures below show the 1st principal strain superimposed onto an image of the spec-
imen. The strain direction is displayed as a quiver plot and the magnitude of the strain
is displayed with the colour. These specimens are in states of maximum deformation in
the images below.

Figure 7.2 shows Test 154; which was run at 50mm/min at a displacement ratio of
1:1. The distribution of the strain across the specimen is as expected; with an area of
uniform strain in the central region of interest and the strain in the arms being nominally

uniform. The direction of the strains aligns with the testing axes as would be expected.

o 3 o 3 &3 3
=y

Figure 7.2 1st Principal Strain of Test 15, (1:1, 50mm/min) superimposed
onto image of specimen during testing

Figure 7.3 shows the maximum deformation of test 17; where the test was run at
10mm/min at a ratio of 1:0. The direction of the 1st principle strain aligns with the
reference axis and there is also some resistance provided by the specimen arms along the
stationary axis as well. There is a notable variation between the strains measured in the
opposite arms of the reference axis. This could be a result of a difference in thickness
across the specimen, or from a misalignment in the mounting of the specimen or from
mounting the one end of the specimen deeper into the grips than the other end of the

specimen.

Figure 7.4 shows the principal strains of test 19; in which the rate of displacement was

400mm/min and the ratio was 1:0.5. It should be noted that the displacement reference
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Figure 7.3 1st Principal Strain of Test 17; (1:0, 10mm/min) superimposed
onto image of specimen during testing

axis in Figure 7.4 is horizontal, whereas it was the vertical axis in Figures 7.2 and 7.3.
The resistance provided in the non-reference axis is clearly more than that in Figure 7.3
which was to be expected. There are two small regions of low strain that form above and
below the the central uniform strain region.

strain|
= o = = o o

Figure 7.4 1st Principal Strain of Test 19; (1:0.5, 400mm/min)
superimposed onto image of specimen during testing

As previously discussed the ROI at the centre of the cruciform should form a uniform
strain area. In Figure 7.2 this can be seen clearly as the testing was done at a 1:1 ratio.

For the Figures 7.3 and 7.4 the region is still uniform but the uniform gauge area is slightly
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smaller and less obvious. Therefore when analysing the data on the Instra4D software
the selection of the ROI is essential.

7.1.2 Out of plane motion

In order to verify that the deformation of the specimen was planar the Z-axis positions
of 5 gauge points were plotted. One gauge point was placed at the centre of each arm of
the cruciform specimen and one at the centre of the ROI. The coordinate axes and gauge
points are shown in Figure 7.5.

Figure 7.5 Gauge points shown on Specimen 10; (1:0.75, 10mm/min)
during testing

Figure 7.5 displays the 1st principal stress of the specimen at its maximum deformation
with the 5 gauge points in place. The position of these gauge points with respect to the
Z-axis (out of plane) are shown in Figure 7.6 for four tests.

As can be seen in Figure 7.6 in tests 10; and 33 the cruciform arms depicted by gauge
points 3 and 1 respectively, are not initially level with the other points. However, when
a load is applied to the specimen the gauge points level out and all 5 gauge points are
within 0.15mm of each other with respect to their Z-axis position in both test 10; and
33. This implies that a small initial out-of-plane offset has largely corrected and leveled
out under load, and these tests may be considered as planar. It is also interesting to note
that at maximum deformation the centre of the specimen (Point 5) is the lowest, which
implies that the thickness of the specimen is thinner at the centre of the ROI than on the

arms of the cruciform.

The self correction seen in tests 10; and 33 is not evident in test 135, with points 3 and
4 staying above the other gauge points throughout the test. Upon closer inspection it can
be seen that the ”self-correction” only happens across pairs of opposite gauge points on
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Z-coordinates of test specimens under deformation
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Figure 7.6 Z-axis position of the 5 gauge points on specimen 135, 191, 10,
and 33 as per Figure 7.5

the same axis. Hence points 1 and 2 on the same axis will converge to the same height,
but points 3 and 4 on the perpendicular axis may not converge to this height, which can
be seen to a lesser extent in tests 10; and 19;. It must also be noted that there was
significantly less force applied across points 3 and 4 of test 13, as they were located on
the zero displacement axis of a 1:0 test.

The out of plane motion is still too large according to BSI ISO 16482:2014; which
stipulates that out of plane motion should be limited to 0.lmm. However, BSI ISO
16482:2014 is a standard for the planar biaxial testing of metals and not soft tissue. It
should also be noted that the gauge points which were tracked to detect in the out of plane
motion were located on the specimens which will narrow when undergoing deformation
and would therefore be expected to show some out of plane motion even in a perfectly
planar test.

Across the 4 tests shown in Figure 7.6 there does not seem to be a single point which is

consistently out of plane. This would imply that there could be small inconsistencies when
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mounting the specimens into the grips or when mounting the grips onto the machine. This
would be consistent with the difficulties of mounting soft specimens reported in literature

and experienced during this round of testing.

7.1.3 Translation of the Region of Interest (ROI)

It is important that the ROI remains centred during planar biaxial testing, as required
by BSI ISO 16482:2014. The centre of the ROI was tracked to see if it remained centred
with respect to the machine axes during loading of the specimens. Figures 7.7, 7.8 and
7.9 show the X and Y motion of the centre of the specimen during testing for 9 different
specimens, grouped according to their strain ratios.

Motion of specimen centre, 1:0
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Figure 7.7 Displacement of the centre of the specimen during testing (1:0)

The motion direction appears to be random and the magnitude small. This implies
that the errors are not consistent machine errors affecting testing but rather that the
centre moves depending on how the specimen deforms. The maximum displacement
displayed above is 0.27 mm recorded during test 18; in Figure 7.7. Compared to the grip
displacements of 15 mm, this displacement is not significant enough to adversely affect

the results nor show evidence of system machine error.

There are a number of potential causes of the drift of the centre of the ROI observed
during testing. When mounting the specimens into the grips it can be very easy to load
the specimen differently into the four grips due to the extremely pliable material being
tested. This can be done by mounting the specimen at a slight angle relative to the
loading axes or by loading the specimen further into certain grips. Additionally due to

the nature of the manufacturing of the specimens there was some variation in thickness
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Motion of specimen centre, 1:0.5
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Figure 7.8 Displacement of the centre of the specimen during testing
(1:0.5)
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Figure 7.9 Displacement of the centre of the specimen during testing (1:1)

of the specimens, if one arm of the specimen is marginally thicker than the the opposite

arm it would result in the ROI drifting towards the thicker specimen arm during loading.
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7.1.4 Stress-strain response

As previously discussed, the load was normalised to Newtons per unit thickness rather
than stress as the specimen geometry and pliability meant that it was not possible to define
a consistent cross-sectional area. This is simplified when testing metals as specimens and
means of measuring specimens are specified in standards which do not apply to the testing
of silicone elastomers or biological specimens. The biaxial results are shown in Figures
7.10 to 7.14 and are grouped according to the displacement ratios of the tests performed.

Force per unit thickness versus engineering strain;(1:0)
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Figure 7.10 Force/Thickness versus tangential strain graph at stress ratio
of 1:0

The tests performed at ratios of 1:0 and 1:0.25 both show a negative strain on the
non-dominant testing axis. The results for the 1:0 testing seem well clustered (Figure
7.10). When some additional resistance is applied during the 1:0.25 testing (Figure 7.11)
the results are no longer linear but there is still a negative strain along the less dominant
axis. This was to be expected as lateral contraction would be observed in a uniaxial
tensile test due to the Poisson effect; at the ratios of 1:0 and 1:0.25 the relatively low
forces applied across the non-dominant axis are not enough to overcome this Poisson

effect resulting in negative strains.

As the extension ratios increase the maximum strain decreases, conversely the strain
along the non-dominant axis consistently increases. This culminates in the two axes
meeting in Figure 7.14 when the strain ratio is 1:1, as would be expected. However, there

were some outliers such as test 154 in Figure 7.14 which appears to show evidence of slack
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Force per unit thickness versus engineering strain;(1:0.25)
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Figure 7.11 Force/Thickness versus tangential strain graph at stress ratio
of 1:0.25
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7.1. Biaxial tensile testing results
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being present in the specimen when testing commenced. For the most part the data is

consistent with the uniaxial results and most of the variation is believed to be a result of

specimen and grip mounting inconsistencies. There was no consistent difference between
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the results obtained from the two axes and the machine was able to perform all tests at
the different speeds and testing ratios adequately.

7.1.5 Stress relaxation
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Figure 7.15 Force versus time (top) and stretch versus time (bottom)
plots for Biaxial Test 114

Figure 7.15 shows both the force versus time (top) and stretch versus time (bottom)
plots for specimen 11;. The force and stretch for both axes of the biaxial test are shown.
The graphs show both the loading and unloading of the specimen. It is interesting to note
that there is slight hysteresis observed. This is made evident by the fact that when the
carriages are not in motion between approximately 3.8 s to 11.8 s it can be seen that the
stretch remains constant, but that there is a very slight but clear drop in force across the
same time period. This was observed for all specimens and indicates stress relaxation at
constant stretch, confirming that the material has a visco-elastic response.

7.1.6 Synchronous and asynchronous results

All the results shown have been done by the single loading of a specimen at a constant
speed. Often biaxial soft tissue specimens undergo cyclic loading. In order to verify that
the machine can apply a cyclic load and record the results correctly, a series of cyclical
loading tests were performed. Figure 7.16 shows a test in which the applied displacement
of both axes are the same and repeated.

The results displayed in Figure 7.16 show that the machine is capable of applying a
cyclical load. There is an offset when comparing the two strains but this can be attributed
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7.1. Biaxial tensile testing results

Oscillating test data (4 to 10mm cross-head displacement)

Figure 7.16 Results of synchronised oscillating test
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55

to a variation in thickness of the perpendicular specimen arms. While the machine was
not tested with a sinusoidal load, this can easily be achieved by adjusting the GCode: by
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making the GCode follow a circular path in a 2D space, a sinusoidal loading curve would
be achieved.

Figure 7.17 shows the results of an asynchronous test to show some of the more complex
loading regimens that can be performed using the planar biaxial tensile testing machine.
The top graph shows the intended displacement according to the GCode sent to the
GRBL system, the bottom graph shows strain recorded when that GCode was applied to

a specimen.

7.2 Discussion

7.2.1 Testing procedure and setup

There were some difficulties noted during testing of the biaxial specimens. Most difficul-
ties concerned the repeatable and reliable mounting of the specimens. These could be
mitigated in the future by implementing a more robust testing procedure and a better
grip design. The major difficulties encountered were:

e Difficulty consistently aligning the specimens in the grips,
e difficulty consistently placing the specimens into the grips to the same depth,
e difficulty mounting the grips consistently into the machine,

e inconsistencies in calibration; the placement of the calibration plate during the
initial calibration image when calibrating the DIC software determines the X, Y
and Z directions which are used in post processing of the DIC data, and

e intra-specimen variability; although not as pronounced as the heterogeneous na-
ture of biological specimens the specimens’ thicknesses varied sufficiently that non-
uniform deformation was detectable.

In order to mitigate the unwanted effects resulting from the aforementioned difficulties
the following recommendations should be followed for future testing. Specimens should
be measured and marked prior to testing to ensure that the same length of specimen
is exposed (i.e. able to deform between the grips). This will allow for more consistent
mounting of specimens with fewer specimens accidentally pre-loaded or slack on one or
more specimen arms. This was done for later testing in this study and although it helped
it did not completely resolve the issue as there were still uncertainties from the use of a
ruler and pen to mark such soft and pliable specimens. Working with soft and pliable
biological specimen will likely require the development of a dedicated mounting jig to

assist in accurately mounting the specimens.

91



Biaxial testing results and Discussion 7.2. Discussion

Additionally, the grips were mounted to the carriages using bolts which fixed the grips
in place, which resulted in slight misalignments from placing the specimen into the grips
or placing the grips into the machine. Therefore, these misalignments could affect the
results and may cause slight inconsistencies. In order to mitigate these inconsistencies it
is recommended to give the grips a rotational degree of freedom in the testing reference
plane. Like the sutures attached to pulleys used in literature this would allow for small,
unavoidable variations in mounting the specimens to be corrected as the specimen would
be able to realign itself with the testing axes. For the grips used in the testing detailed
here the bolt can be removed and testing can be performed using only the 3mm stainless
steel pin which allows rotation but not translation of the grips, which would decrease the

variation in results in the future.

7.2.2 Specimen and boundary conditions

As discussed in Section 7.2.1 there were some issues with the mounting and gripping of
the specimens. It is hypothesised that these problems will only be exacerbated when
handling soft tissue. The mounting of the specimens and grip design have a direct effect
on the boundary conditions of the experiment.

Although there was no evidence of slipping during the testing, the repeatability of the
mounting process was found to be a cause of variation in results. A system which allows
in-plane rotation and lateral deformation would mitigate some of the inevitable errors in
specimen mounting. For example; tethered sutures on pulleys would correct this but also

require user dexterity to mount the specimens.

The specimen design prevented unwanted confounding effects like St Venant’s effects
and provided a uniform stress region in the gauge area. The forces recorded during testing
were of the magnitude expected during testing planar soft tissue specimens. Therefore,
the choice of Dragon Skin 10 for the commissioning testing described in this study can
be considered as a reasonable material choice for a skin surrogate. However, other issues
such as hygiene, and sterility were not tested during commissioning because of the use of

a non-biological surrogate and will still need to be tested.

7.2.3 Machine performance

For the most part the custom built machine performed well. The individual axes pro-
duce uniaxial tensile data that is within the bounds of results obtained when using the
calibrated Instron uniaxial tensile testing machine. The design, build and testing of the
custom built planar biaxial tensile testing machine is considered to have been a first at-
tempt and a proof of concept, and therefore performed well. Realistically there are design

features which can be updated which will improve the performance of the machine.
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As detailed in Section 7.1.2, there was some out of plane motion (Z direction) of the
specimens during testing. This is undesirable and can result in unwanted bending effects
or through shear of the specimens. Neither of these are measured or accounted for in
post-processing of planar biaxial tensile testing. Although the measured Z displacements
were small, some did exceed the amount specified by BSI ISO 16842:2014. The standard
is intended to be followed for the planar biaxial testing of metals and not soft tissue, so
the effects of the out of plane motion do not have as much of an effect on soft specimens
as they would on a more rigid metal specimen. However, it was found that the four arms
of the cruciform specimens remained planar with respect to each other during loading.

It is important to correctly align the specimens (especially when testing anisotropic
collagenous tissue) with the loading axes of the machine, and in turn with those of the
DIC system. This proved to be an area of difficulty during the commissioning testing
of the machine. To ensure better alignment of the respective axes it is suggested that a
calibration plate holder be made to align the calibration target with the machine axes for
the first calibration image. This was done using the square faces of the stainless steel U-
arms during the later biaxial testing and worked acceptably. However, a dedicated, more
robust way of aligning the DIC and machine axes would be better and can be used for
other grip/arm configurations. Furthermore, to ensure better specimen alignment to the
grips, and therefore the machine, it is proposed that grips that allow for in plane rotation
and contra-lateral boundary motion be used. This can be done in the form of tethers or
rakes for example, or alternatively similar grips to those used during the commissioning
testing can be used if they are not fixed, ie only attached via a pin that allows rotation.

The sanitary requirements of the machine were not tested and will still need to be
investigated. The use of aluminium and stainless steel for the majority of the machine
components should mean that it will not be negatively affected by the use of biological
specimens and can be easily cleaned with bleach or alcohol, although hard to reach areas

of the device are a concern for cleaning.
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Chapter 8

Conclusion and Recommendations

The aim of this investigation was to design, build and test a planar biaxial tensile testing
machine with the intention of using the machine to test skin and soft membrane tissues
in the future. The machine was designed and built as two orthogonal and independent
axes. Each axis consists of a lead screw of half left-handed and half right-handed thread
driven by a stepper motor with gears connecting the screw to the motor. Force was
measured using a 50 N load cell on each axis and deformation was measured using a non-
contact DIC system. Uniaxial tensile testing was done on a silicone elastomer on each
axis independently and results were compared to those obtained using an Instron uniaxial
tensile testing machine with the same specimens. Machine and procedure adjustments
were made as needed and then planar biaxial tensile testing was performed on silicone

elastomer cruciform specimens.

8.1 Uniaxial tensile testing on custom machine

The custom machine detailed in Chapter 3 was designed and constructed as part of this
investigation. The machine concept was verified by performing tests on the two axes
independently and then comparing them to the results obtained when using an Instron
uniaxial tensile testing machine while testing the same Dragon Skin 10 silicone elastomer
as a skin surrogate. The commissioning tests performed on the individual axes were:
displacement tests, speed tests, safety system checks and finally full uniaxial tensile tests.

After initial testing on the first axis there were some errors detected in the results
obtained using the custom machine, which were resolved by minor modifications to the
machine. These changes included making the machine easier to assemble, adding a bush-
ing to support the lead screw, adjusting the testing procedure and using a 20 Hz low pass
filter on load cell data. These changes resulted in a significant improvement in the results.
Both axes were tested at 50 and 400 mm/min and the results fell within the bounds of
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the data obtained when using the calibrated Instron tensile testing machine on the same
tensile testing specimens at the same rates. Therefore the machine design was verified

when testing the specimens uniaxially.

The specimens were a source of difficulty from manufacture through to testing. Ini-
tially during fabrication, the speckling of the silicone specimens was more difficult than
anticipated. After several methods were tried, an airbrush was found to be the best way to
speckle the specimens with a special silicone based product used in special effects (Psycho
Paint, Smooth-On). During testing the specimens proved difficult to repeatably mount
due to their soft and pliable nature.

8.2 Planar biaxial tensile testing

Planar biaxial tensile testing was then performed using the custom machine. This test-
ing was intended to prove the machine’s ability to test specimens over a wide range of
speeds and displacement ratios for both axes. A further requirement was to quantify any
undesirable translation of the specimen during testing both in and out of the reference
plane. Biaxial testing was done on cruciform Dragon Skin 10 specimens at four different
speeds and 5 different strain ratios between the axes. The speeds were: 10, 50, 120 and
400 mm/min, and the ratios were: 1:1, 1:0.75, 1:0.5, 1:0.25 and 1:0.

Minor out of plane motion of the specimen was observed, which is attributed to minor
inconsistencies in mounting height of the specimen arms. The out of plane displacement
was not considered large enough to negatively affect the results for soft tissue specimens.
The U-shaped arms used for testing are also a potential source of some out of plane motion
as the arms will tend to open and bend when loaded. Calculations were done to ensure
this would not be the case however at the forces observed during this investigation.

There was also some in-plane drift of the ROI observed during testing; this was to be
expected due to minor intra-specimen variation in thickness and due to inconsistencies
in mounting the specimen perfectly in the centre of the machine. The in-plane drift was
random and small in magnitude. It was concluded that it was not a result of machine error.
These difficulties are most likely a result of the soft and pliable nature of the specimens,
which can be accidentally mounted into the grips and the machine with unwanted pre-
loads or slack across the specimen. These difficulties were also widely reported in literature
when dealing with soft biological membranes. A jig to ensure the correct mounting of

specimens would mitigate these errors and is recommended for future testing.

Clamp grips were used for both the uniaxial and biaxial testing performed. Some
of the difficulties and errors encountered during testing can be mitigated by redesigning
the grips. By using a design that allows in-plane rotation within the reference plane

and allows contra-lateral deformation of the specimen boundaries these expected human
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mounting errors can be corrected as the specimen would realign itself when loaded. The
clamped grips were successful in that there was no evidence of slipping during testing and

their modular design made them relatively easy to use.

As a whole the machine performed the planar biaxial tensile tests well. The results
obtained were repeatable and as anticipated. The machine performed well for all speeds
and ratios tested; however, more testing at higher loads is still needed. Although there is
room for improvement, as a first design and proof of concept the investigation is considered
a success. Testing on skin and other collagenous membrane tissue can be undertaken with
confidence at the rates and loads used in this study.

8.3 Recommendations

From this investigation the following recommendations for future use of the custom tensile

testing machine are made.

e Create jig to align the DIC calibration plate with the machine axes. This will ensure
that the testing axes align correctly with the axes used by the DIC software during
post processing of the data.

e Create jig to hold specimens while mounting into grips and/or the machine; this will
reduce the errors caused by poor repeatability of mounting of specimens observed

in this investigation.

e Design of new grips for testing biological specimens; from the testing done in this
study and from literature it is believed that a system which will allow some in-plane
rotation and contra-lateral motion would be preferable.

e Investigation into the cleanliness of the device when used with biological specimens.
This includes the potential use of an environmental chamber as well as the effects
of the specimens and saline bath on the machine.

e Although testing was performed at a wide range of testing speeds the testing was
limited to a relative small range of loads. This was due to the nature of the specimens
tested. In order to fully validate the machine further, testing at higher loads (above
5 N but less than 50N) is needed. An investigation into whether closed loop control
would be worth while, in order to perform load control testing. It was not needed
for the load range tested in this study.
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Concept Selection

Requirement

Allow unobstructed motion in x direction
Ability to accurately locate bearings to guide
Constrain rotation in the xy plane
Constrain rotation in the xz plane
Constrain rotation in the yz plane
Constrain motion in the y direction
Constrain motion in the z direction

Cost

Ease of manufacture

Weight

Ease of assmbly

A B C D E/F G H
Weighted Weighted Weighted Weighted Weighted Weighted Weighted
Importance Score Score Score Score Score Score Score Score Score Score Score Score Score Score
10 4 40 5 50 5 50 5 50 5 50 5 50 5 50
8 4 32 4 32 3 24 5 40 5 40 4 32 4 32
6 4 24 5 30 5 30 5 30 5 30 4 24 4 24
6 4 24 4 24 5 30 3 18 5 30 5 30 5 30
4 3 12 3 12 4 16 3 12 5 20 4 16 5 20
6 5 30 5 30 5 30 5 30 5 30 5 30 5 30
6 3 18 3 18 5 30 3 18 5 30 5 30 5 30
5 5 25 5 25 5 25 5 25 2 10 5 25 5 25
5 5 25 5 25 4 20 5 25 3 15 4 20 4 20
5 5 25 5 25 5 25 5 25 4 20 5 25 5 25
4 5 20 4 16 4 16 5 20 4 16 4 16 4 16
65 47 275 48 287 50 296 49 293 48 291 50 298 51 302

IOTMMmMOO®®>

Description of Concepts
4 wheels located in the xy-plane, equally spaced
3 wheels located in the xy-plane, plus one in the xz plane to counter moment during loading
3 wheels located in the xy-plane, plus 3 in the xz plane
3 wheels located in the xy-plane (Displayed below)

3 linear bearings on guide rod
Igus T rail, with 3 bearings (use extrusion as light weight base)
3 wheels located in the xz plane
2x 3 wheels located in the xz plane
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Lead Screw calculations
Jonathan Caine

o
o
o
o
o
o
o
o
o
o
o
o
o
o

o

Input Parameters

clear

alpha = 2*pi* ((15)/360);

p = 0.003; %
nt = 1; %
L = nt*p; %
d o= 0.010; $
d i =0.0062; %
dm = (d i + d o) / 2; %
F = 200; %
coef st = 0.25; %
coef dy = 0.18; %
c =1; %
Ey = 200E9; %
Lc = 0.5; %
coef sl = 0.5; %
L sl =0.02; %
d sl i =0.006; %
d sl o =0.012; %
E sl = 200E9; %
v = 0.3; %
v sl = 0.3; %
%% Lead Screw Calculations

Torque = (F * dm/2) * (

coef st*L) );

eff = (F*L) / (2*pi*Torque);

F crit = (C * pi®3 * Ey * d_i~4)

def = (4*F*Lc) / (pi*d i"2*Ey) ;

Torsion = 16*Torque/ (pi*d i"3);

Stress norm = -4*F/(pi*d i"2);

Stress bearing
Stress bending =

o9
i)

Sleeve Calculations

(pi*coef st*dm + L*cos(alpha)) /

-2*0.38*F/ (pi*dm*1*p) ; %

6*0.38*F/ (pi*d i*1*p); g

angle of thread
pitch (m)

number of threads
Lead (m)

outer diameter (m)
inner diameter

mean diameter

Load (N)

Coefficient of friction (static)
Coefficient of friction (dynamic)
End condition constant

Youngs Modulus of screw

column length

Coefficient of friction of steel
Length of shrink fit on sleeve (m)

Inner diameter of sleeve
outer diameter of sleeve
Youngs modulus of sleeve
Poisson's ratio of screw
Poisson's ratio of sleeve

(pi*dm*cos (alpha) -¢

)

% efficiency

(Lc™2*64) ; % critical buckling force

o)

% deformation

bearing stress on thread

bending stress on thread



2022/05/14 3:05 PM C:\Users\Jono\Desktop...\Lead Screw.m 2 of 2

sf = 3; % safety factor

ri=4dsli/2; r o=d sl o/2;

F sleeve = sqrt(F"2 + (Torque/r 1i)"2);
Norm = F_sleeve/coef sl;

P = sf*Norm / (2*pi*L sl*r i);

A= (P *r i”"2 )/ (r o%2 - r i72);

B= (P * (ri”2) * (r o%2) )/ (r_o"2 - r i"2);

sig Ho = A+(B/r_i"2);

sig Hi = -P;

$shrink all = (r i / Ey)*(sig Ho + v * (-P)) - (r_ i / E sl)*(sig Hi + v_sl * (-P))

shrink all = (r_ i / By) * (sig Ho - sig Hi); % 1if both are stainless steel
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Appendix D

Set-up instructions

1. Ensure motor is connected to Arduino Uno
2. Ensure all limit switches are correctly connected (Y+, Y-)

3. Ensure machine (and machine path) are clear of any foreign objects (tools, station-
ary etc)

4. Connect Arduino Uno to PC

5. Before connecting Arduino Uno/GRBL Shield to power supply unit (PSU) ensure
the unit is turned on and set to 12 v.

6. Connect Arduino Uno/GRBL Shield to PSU
7. Connect to the Arduino Uno on the Universal Gecode Sender software

8. Ensure all motor settings are correct (They will appear on the Universal GCode
Sender once connected)

9. Home the machine. Watch to make sure machine is operating properly. Hit emer-

gency stop in case of error.
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Appendix E

Ethics Clearance
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Application for Approval of Ethics in Research (EiR) Projects
Faculty of Engineering and the Built Environment, University of Cape Town

APPLICATION FORM
Please Note:

Any person planning to undertake research in the Faculty of Engineering and the Built Environment
University of Cape Town is required to complete this form before collecting or analysing data. The objective

(EBE) at the
of submitting

this application prior to embarking on research is to ensure that the highest ethical standards in research, conducted under
the auspices of the EBE Faculty, are met. Please ensure that you have read, and understood the EBE Ethics in
Research Handbook (available from the UCT EBE, Research Ethics website) prior to completing this application form:

- APPLICANT’S DETAILS

-Name of principal researcher t dent or:
-extemal appllcant :

Jonathan Caine

Mechanical Engineering

Cnxjon003@myuct.ac.za

MSc

120

Dr Reuben Govender

other collagenous soft tissues.

Design, build and test a planar biaxial tensile testing machine for skin and

I hereby undertake to carry out my research in such a way that:

there is no apparent legal objection to the nature or the method of research; and

the research will not compromise staff or students or the other responsibilities of the University;

the stated objective will be achieved, and the findings will have a high degree of validity;

limitations and alternative interpretations will be considered;

the findings could be subject to peer review and publicly available; and

| will comply with the conventions of copyright and avoid any practice that would constitute plagiarism.

SIGNED BY

Principal Researcher/
Student/External appllcant

Jonathan Caine | Signed by candidate |
[

05 Apr 2019

APPLICATION APPROVED BY

Dr Reuben Govender (

05 Apr 2019

| HOD (or delegated nomines

Final authority for all applicants: who . i =
have answered NQ_ to all questions in W l/ i C}:\M

Section1; c and s for coeall
Undergraduateresearch : (Including .
Horiours), - ) gl

1/ wfrs

Page 10f1




iy UNIVERSITY OF CAPE TOWN

. Faculty of Health Sclences i
6' : Animal Ethics Committee

el Room E53-46 Oid Maln Bullding
Groote Schuur Hosphal
Observatory 7925
Telephone [021] 406 6492
Emall:

Webslte:

01 April 2019

Dr R Govender
Mechanical Engineering
Upper Campus

ucT

Dear Dr Govender

PROTOCOL TITLE: Mechanical Properties of Membrane Tissues

FHS AEC REF NO: 019/014

Thank you for submitting your request for approval of use of animal material for scientific purposes to
the Faculty of Health Sciences (FHS) Animal Ethics Committee (AEC).

| am pleased to inform you that the FHS AEC EXCO has approved your request, which will terminate on
30 Aprli 2022.

Number of animal material & species: 2Kg -Sheep, Cow, Pig Intestines
Please quote the FHS AEC REF NO (above) in all future correspondence.

Please note that the approval of this protocol imposes the following obligations on the principal
investigator (PI):

1. To submit an annual mandatory progress report. The first annual report for this protocol is due
on 28 February 2020. The forms can be accessed from

http: w.health.uct.ac.za/fhs/research/animalethics/forms
2. To submit a final mandatory report on the 30 April 2022, please access the final report form
from: http: w.health.uct.ac.za/fhs/research/animalethics/form

3. Ensuring that all study participants perform within the confines of the procedures and
experimental design of the protocol as approved, or as amended.

AEC REF# 019/014






4. Ensuring that all study participants comply with ail applicable national legislation, UCT policies,
FHS AEC policies and standard operating procedures (SOPs) and national standards (SANS 10386:
2008).

My best wishes for a successful research and /or teaching endeavour.

(7 &

PROF PJ COMMERFORD
CHAIR, FHS AEC

Yours sincerely

AEC REF# 019/014






UNIVERSITY OF CAPE TOWN

TeuhJEAn YRMaAPA » R B 4I18E3 VAN sAAPIAG

FHS029: Application Form: Use of Animal
Material (May 2018)

Faculty of Health Sciences
Animal Ethics Committee (AEC)

USE OF ANIMAL MATERIAL FOR SCIENTIFIC PURPOSES

« Cument forms to be downloaded from the Administrative Forms web page at
; .health.uct.ac. research/anim i rms

This application form Is to seek ethics approval for the Use of Animal Material for Scientific Purposes.

Please print double-sided where possible.

« Important: Animals not specifically killed for this study.

This application must be typed and one signed completed

For office use only

form submitted to: e
Mrs Sumayah Ariefdien  ApplicationNo: Aol
Animal Research Ethics Committee | Animal Material: tegbe 4
E 53 Room 46, Old Main Bullding, Groote Schuur Hospital, ' e e (" E
Observatory, 7700 s s 2 W
Telephone: +27 21 404 6402 P R
An electronic copy of the original application (Word format which ource: |
is saved as a PDF file) is to be forwarded to Date received: Pood, 2
fhsanimalresearch@uct.ac.za and sumayah.ariefdien@uct.ac.za . S

| ' Date approved

1. TITLE OF APPLICATION d' Hechanical Properties of Membrane 'I:Issues

2. DETAILS OF APPLICANT - 7 ' il
| Title (e.g. Prof, Dr, Mr, Ms) Dr i ) B
| Forenames & Sumame Reuben A. Govender

Quallfications (e.g. PhD) PhD

Position or appointment

Senior Lecturer

If applicant is a student, please
_provide name of supervisor

| 3. CONTACT DETAILS

| APPLICANT

Address for correspondence

Mechanical Engineering
Library Rd South

Upper Campus

University of Cape Town
Rondebosch

7701 |

'T_elophons number, extension

—

021 650 4526

[ Cell phone number

082 730 2048

Fax number

“E-mail address

| Reuben.govender@uct.ac.za
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‘ ."..’f."!‘.’.E.“.f.'.f."..?f...ﬁ‘?.‘.’.5.39.?’..'.‘3 FHS029: Applicatlon Form: Use of Animal

Material (May 2018)

41 ANIMAL MATERIAL REQUESTED
Specles and Strain Sheep, cow, pig — Intestines processed Into “sausage casings”

;'::mof animal material Approx. 0.5kg of intestine per student project (2.0kg total)

Describe Animal Material (e.g. tissues) {max 250 words)

=l |

Sausage skins (cleaned intestinal membranes) from sheep / pigs / cows will be used for commissioning a newly
designed and built bulge / inflation tester. The device measures the mechanical stiffness and strength of thin
f membranes, and is intended to ultimately assist with characterisation of human membrane tissues and their

artificial replacements.

' 5.1 SOURCE OF ANIMAL MATERIAT

Please indicate the source/supplier of the animal material and where and when it was sourced. Please note that an
abattoir registration number is required If the animal material is sourced from an abattoir.

Was material ethically sourced? Please explain.

Intestines will be purchased as “natural sausage casings” from Freddy Hirsch Group (www.freddyhirsch.co.za),
who are suppliers of sausage casings, spices and butcher's equipment in wholesale quantities to retail butchers
and the meat processing industry. The Freddy Hirsch Group is supplied by several abattoirs, as they sell both
halaal-certified products and non-halaal products.

52 ANIMALS KILLED
Briefly explaln, if known, how and why animals were killed.

This study will not use tissue from any animal that was not destined for slaughter at a commercial
abattolr.

6. STUDY PARTICIPANTS:
Name [ Department \ Role
Dr Reuben Govender Mechanical Englnesring Principal Investigator
Jonathan Caine Mechanical Engineering PG Student (Lab Work
| Involves handling specimens)
Danlel Pons Mechanlcal Engineering PG Student (Lab Work
Involves handling specimens)
| Andrew Curry Mechanical Englneering Research Assistant
Deharen Plllay Mechanlcal Englneering UG Student (Lab Work

involves handling specimens)




-F‘?‘“ ;\%!.Ix.ﬁ.ﬁ,.?.ﬁ.ﬁ'é.f OWN FHS029: Application Form: Use of Animal
— f Material (May 2018)

tic: the application is required ' Years [ 2 months | 2
elveeyrars)

~ May2019 - Enddate @ July 2021

i 9. B y'ydeuribe what you will be doing
If a hyphesis i being tested (explanatory research) please state what it is.
L = -

This p,i]act is nvestigating different ways of quantifying the mechanical properties (stiffness, fallure straln:
and stpsses et) of blological membrane tissues. The PI's PG students In Mechanical Englneering have bee!
designing andtuliding the experimental apparatus (bulge tester and planar blaxlal tensile tester) to perforn
these experimints. To date, the early commissioning work on the apparatus has been completed witl
engineering surogate materials (latex and sllicon elastomers). Further improvements to the apparatus
specifically th: Imaging system used for strain measurements and the gripping system for delicate
gpecimens, rewire that specimens are preparad from blological tissues. For this level of commissloning
| work, animal Inestines that have been processed Into “natural sausage casing” are an ideal material - they

are of simllar mposition / properties to the ultimate material of interest, can be sourced Inexpensively in
sulitable quantties and specimens can easily be prepared.

The desired oiicome of this phase of the project Is a calibrated testing apparatus and mature testing
protocol. such the Investigations of human membrane tissues or material destined for human clinical
applications (ej. artificlal skin cultured for burn treatment) may proceed. This will clearly require a further
_application to the appropriate ethics committee. _

(10. SIGNATURES

\ Applicant Signatre: i V- - pate 26 NARCH 29014

NOTE: Please notethat an Annual or Final Report Is required in order to maintain AEC approval.








