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Abstract

The growing demand for compact and compliant mobility assistive devices has driven
interest in low-profile actuating technologies. With the increasing mobility needs of
an aging population, such devices could meet this growing market if they can pro-
vide low power capabilities, high strength, and compatibility with standard industrial
fabrication processes. As a result, researchers have been investigating smart materi-
als, such as carbon nanotube (CNT) and their higher-order structures, as potential
components for soft actuator systems.

However, reported works using this material within actuators have remained lim-
ited due to the material’s prohibitive cost and fabrication complexity. Further-
more, presented actuator designs are difficult to compare due to custom fabrication
procedures and inconsistent characterizations. The recent availability of commer-
cial higher-order CNT products and the superior material consistency they provide
present an opportunity to comprehensively analyze these materials in actuators with-
out the challenges faced in previous work.

This thesis addressed this opportunity by evaluating a stiffness-variable actua-
tor design leveraging a commercially available CNT fibre. The evaluation focused
on the effects on the mechanical and electrical properties in addition to its elec-
trothermal and electromechanical responses when changing selected actuator design
and operational parameters. The findings highlight the importance of optimal coat-
ing and embedded pre-stretch to achieve optimal contractile stress and contractile
strain performance, while increased fibre diameter diminishes these properties. Fur-
thermore, the usage of commercial CNT yarn ensured consistent mechanical and
electrical properties during the fabrication and testing of actuator prototypes.

This in-depth understanding of this actuator design’s strengths, weaknesses, and
the influence of selected operational and design parameters on performance estab-
lishes a foundation for future CNT-based actuator research within a repeatable
framework.
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Chapter 1

Introduction

Interest in mobility assistive device research has steadily grown over the past decade
with the development of lightweight materials and high-performance electronics.
These devices aim to deliver economic benefits and enhanced user independence over
personnel assistance, lending themselves to medical, industrial, and defence indus-
tries. Traditionally, assistive devices have taken the form of rigid scaffolds to provide
structure and support to various joint areas of the body. However, their overbearing
design, and cost have limited adoption [1,2]. As an alternative, soft-bodied exosuits
(SBEs), which provide partial support and rely on flexible materials, have gained
attention due to their smaller footprint and superior user comfort [3]. Within this
subfield, the most commonly reviewed SBE designs utilize tether, pneumatic or hy-
brid systems to drive actuation, and while effective, they are dependent on bulky
components such as bowden cables or pressure tanks, countering the overarching
goal of a low-profile device.

In the search for smaller and simple actuators, composites known as actuating
textiles offer a low-profile solution key to the attractiveness of SBEs. These innova-
tive materials are small actuating components that take advantage of the emergent
properties of active material networks and are easily integrated into other fabrics.
A variety of active materials can be used as their core components, such as shape
memory polymers [4,5,6,7] and shape memory alloys [8,9] whose actuation can be
driven and reversed consistently, both of which are effective within robotic appli-
cations. Still, these active materials commonly suffer from low cycle times [10, 11],
which are not conducive for dynamic real-time systems.

Conversely, active materials built from carbon-based materials such as carbon
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nanotubes (CNTs) have demonstrated faster cycle times, in addition to other de-
sirable characteristics such as high strength-to-weight ratios and high conductiv-
ity [10,11]. As such, carbon-based actuators have garnered substantial attention and
are widely reported in the literature. Though few are reported in a textile format
compared to their counterparts, none have explicitly investigated SBE applications
- presumably due to cost [12]. Furthermore, reported designs often focus on the
experimental development of the CNTs, not lending themselves to commercial ap-
plications due to the significant material developmental cost and emergent property
unknowns. Without an adequate understanding of the commercial CN'T landscape
in the context of an actuator component, particularly their costs and properties, any
real-world applications will be limited due to perceived infeasibility.

1.1 Objective

To this aim, this thesis has three objectives. The first is to study the mechani-
cal and electrical properties of a commercially available CNT product and how its
foundational properties change throughout the various stages of the actuator fab-
rication process. The second is to develop a fabrication procedure that generates
actuators with consistent properties. Finally, the last objective is to characterize the
electromechanical and electrothermal responses of various stiffness-variable actuator
prototypes under isolated fabrication and operational parameters to determine their
relationship with the actuator’s overall performance.

1.2 Methodology

In order to achieve the thesis objectives, a four-part methodology was applied to
guide the research activities effectively. The first was to quantify the material’s ref-
erence properties by analyzing the commercial yarn’s electrical and mechanical prop-
erties in response to uniaxial loading before converting it to an active material. The
second was to evaluate the commercial yarn’s electrical and mechanical properties
while in a twisted state and undergoing uniaxial loading, determining any changes in
behaviour due to the spring-like geometry. The third was to apply an epoxy coating
procedure on the pre-stretched twisted yarn resulting in a stiffness-variable actuator,
and examine its electromechanical responses when electrically stimulated. Lastly was
to evaluate the effects of various fabrication and operating condition modifications
to determine how they modulate its actuating performance.
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1.3 Contribution

This thesis provides a comprehensive literature review of CNT-based actuators, in-
cluding their design, fabrication processes, actuating mechanisms and the various
strengths and weaknesses that result. This review emphasizes the lack of collective
characterization of this group of actuators, particularly the lack of commercial prod-
uct usage, limiting the repeatability of fabrication. Furthermore, it reviews the most
performant designs, particularly composites that use twisted and coiled geometries,
and highlights a selection of key operational parameters that play a significant role in
such an actuator design. These include the applied voltage, precursor fibre diameter,
pre-stretch of the coiled sample, and the guest material used during the manufactur-
ing procedure. With this information, a fabrication apparatus is built to selectively
control these parameters, resulting in actuators with consistent capabilities.

Subsequently, this thesis provides a two-part experimental mechanical and elec-
trical characterization of the commercially available DexMat CNT fibre, and the
PRO-SET® epoxy guest material to identify relationships between these isolated
materials and their operating parameters. This analysis includes effects on their
stiffness under passive conditions, details missing from previous actuator investiga-
tions in the literature.

Finally, a comprehensive experimental evaluation is performed on DexMat CNT
yarn-based stiffness-variable actuators, revealing the relationships between their re-
sulting performance and the isolated fabrication and operation parameters. Based
on this evaluation, various trade-offs were identified and shown to hinder or enhance
various actuating behaviours, including the highest generated stresses and strains.

1.4 Outline

This thesis is structured into six chapters as follows:

Chapter 1 introduces the motivation behind the need for a comprehensive analysis
of a commercially available CNT yarn and fibre as a viable component for linear
actuators, the objectives, methodology, contributions and outline of this thesis.

Chapter 2 presents a review of the literature and is organized into four main
sections. It begins with a description of traditional actuating materials and the
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more emergent field of active materials. This is followed by a comparison between
CNTs and other electroactive polymer (EAP) actuating materials, and a description
of the selected commercial DexMat Galvron™ CNT products and their properties.
Next, it covers various actuator design considerations, highlighting their role in a
prospective actuator’s capabilities and behaviours. Lastly, it gives a brief overview
of the current state of electrically driven CNT-based actuators, emphasizing the
strengths and weaknesses of their respective designs.

Chapter 3 describes the experimental setup in three sections. The first reviews
the electrothermally-driven stiffness-variable actuator design selected to be inves-
tigated. The second covers the fabrication apparatus, its design, capabilities and
limitations, as well as its corresponding validation through the creation of consis-
tently manufactured actuators. Lastly, the selection of tests and their corresponding
procedures used for the experimental evaluations are detailed.

Chapter 4 presents an experimental characterization of the two components
within the stiffness-variable actuator design. The first section investigates the pre-
cursor DexMat 100 pum Galvron™ CNT fibre in various stages of the fabrication
process, evaluating its mechanical, electrical and thermal properties compared to
values reported by the manufacturer. Subsequently, an investigation of the PRO-
SET® epoxy guest material is presented, looking at the material’s mechanical and
electrical properties under variable temperature operating conditions and material
thicknesses. The results of these characterizations are summarized to identify trends
corresponding to the isolated component’s fabrication properties.

Chapter 5 presents an experimental evaluation of a stiffness-variable actuator
built from the DexMat Galvron™ CNT products designed with various fabrication
parameters and tested with various operational conditions. Each of these parame-
ters is isolated into sub-chapters, which include any unique fabrication processes and
testing setups required to illustrate their particular effects on the overall actuator
electromechanical performance. This evaluation comprised multiple tests, including
resistivity, electrothermal response, and electromechanical response through isomet-
ric and isotonic tests. The results of these tests are summarized to identify the
numerous parameters responsible for enhancing or diminishing specific actuating
behaviours.

Chapter 6 reviews the results and contributions of this thesis and presents con-
cluding remarks regarding the actuator’s design and performance contrasted against
the reported capabilities of related actuators. This discussion highlights the key
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areas that benefited from using the DexMat Galvron™ products and presents an ob-
jective argument for the viability of these commercially available materials for larger
applications. Lastly, a discussion of future work to improve the development and
testing of these actuating actuators is also presented.



Chapter 2

Background

This chapter presents a literature survey to provide context for the concepts perti-
nent to this thesis. The presented materials are divided into four sections: traditional
soft-bodied actuator technologies used within assistive devices, an overview of com-
monly reported active materials, an overview of CNTs as actuator components and
a review of existing CNT-based actuator designs. Section 2.1 discusses the range
of applications for traditional actuator materials and the challenges associated with
each. Section 2.2 presents the novel area of active materials and highlights how
they can fill the gaps endemic to traditional technologies. Section 2.3 presents an
overview of CNTs as actuator components, their properties, actuating mechanisms
and the particular commercial product utilized as the foundational material for this
thesis. Finally, Section 2.4 reviews existing CNT-based actuators, noting their design
considerations and potential given an improved characterization of their underlying
materials.
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2.1 Traditional Actuating Technologies

Traditional actuators used with mobility assistive devices today commonly employ
one of three primary drivers to support their actuation: electrical, pneumatic or
hydraulic.

Electrical systems offer the smallest and simplest designs by reducing power
source and device complexity. Using a universal power source allows the designs
to take advantage of a wider selection of configurations without much additional
complexity. Although auxiliary electrical systems such as motors and batteries con-
tribute to the overall size of these systems, they are comparably smaller than their
pneumatic and hydraulic-based counterparts. Moreover, careful selection of the out-
put power can significantly reduce the system’s overall size and is a crucial area of
improvement as underlying components such as batteries are developed and minia-
turized.

Pneumatic systems leverage compressed air to drive the actuation of various com-
ponents. These systems are slightly more complex than their electrical counterparts
and often smaller than comparable hydraulic systems. While they still require more
bulky equipment than electrical systems, the open-loop design reduces complexity
compared to their hydraulic counterparts. However, this benefit also comes at the
cost of lower pressure generation, reducing the resulting power outputs of the sys-
tem. Similarly, without the natural lubrication of fluid, these systems suffer higher
frictional resistances, reducing their operating efficiencies than hydraulic systems.

Hydraulic systems operate similarly to pneumatic systems by leveraging a hy-
draulic liquid instead of air. This fluid change allows for greater power outputs and
faster delivery speeds due to the incompressible nature of fluids. However, reliance
on these fluids also necessitates sufficient storage equipment and a closed-loop system
increasing complexity, size, and weight. Additionally, certain hydraulic fluids suffer
from temperature variance and potential toxicity, reducing their safety for human
device usage.

These technologies offer sufficient actuation support but present numerous draw-
backs not conducive to many applications, particularly those of a biomedical nature.
This has further driven the desire for smaller, low-powered, increasingly flexible sys-
tems. Such novel devices designed with compliance in mind are capable of greater
efficiencies and power-to-weight ratios, which are well suited to the future of biomed-
ical device development.



CHAPTER 2. BACKGROUND 8

2.2 Active Materials

Active materials are a family of materials that embody properties capable of mechan-
ical change when introduced to a particular stimulus. Typically, they are stimulated
with electrical, thermal, or chemical energy sources and can generate consistent be-
haviours. Compared to the more traditional actuating devices mentioned previously,
these are commonly small-scale, offering a unique opportunity to build complex ac-
tuating systems by utilizing smaller building blocks. This ground-up approach also
allows for an exponential increase in the applications that could utilize these tech-
nologies owing to their size. From millimetre scale sensors to active textiles, their
unique properties promote countless applications generally less amiable to larger ac-
tuating technologies. While this family encompasses a large collection of materials,
the most often reported fall within the subcategories of shape memory alloys (SMAs),
shape memory polymers (SMPs), and electroactive polymers (EAPs).

SMAs are alloy metals which are often composed of zinc, copper, gold, iron, nickel,
aluminum or titanium [13] and have a shape-setting behaviour when introduced to
a specific high temperature. After setting, any mild deformation at a lower tem-
perature can be reversed to its original state through high-temperature re-exposure.
Due to their metallic nature, they have the benefit of being conductive, which lends
itself to applications where self-sensing properties are desired [14]. This property
also aids thermal transfer when stimulated, which can be driven using direct sources
such as joule heating. As an actuator, their shape memory abilities can be leveraged
by setting the material into a spring-like structure. While this is the most common
design, more unique shapes can be leveraged for a particular desired motion [15,16].

Generally, cycle times for actuators built with these materials tend to average
approximately 2-10 s [11,17], making them unfeasible for real-time quick draw appli-
cations. This is primarily due to their thickness, as it takes longer to heat and cool a
larger object. However, this size provides the structural integrity of the overall ma-
terial. In instances where researchers have attempted to reduce the cross-section of
these materials to improve this cycle time, the mechanical integrity of the material
dropped substantially [18], outlining the underlying limitation of these materials.
Moreover, as a consequence of the underlying metal material, SMAs are commonly
stiff depending on their set geometry, which can be a benefit depending on the ap-
plication.

Similarly, SMPs are a family of materials that can also utilize heat-setting, though
over a more limited "memory” range. When exposed to a high temperature, they
undergo internal chemical cross-linking that imprints their current formation into
the polymer once cooled. Analogous to SMAs, they can shift between their relaxed
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and set state when exposed to a higher temperature.

Compared to SMAs, SMPs generally require external heating sources as they are
often non-conductive and suffer from similar low cycle times due to their reduced
thermal conductivity. Additionally, actuation with these materials must incorporate
counter loads to return them to their unattenuated states. However, their elastic
nature provides additional flexibility compared to the stiffness of the SMAs and
allows them to form tighter structures, such as coils, which can significantly increase
their mechanical performances [19].

The subgroup of EAPs actively deform through charge manipulation within the
material and include a wide variety of materials that handle this process differently.
Typically, this manipulation can be accomplished through direct electrical or ionic
stimuli. With direct electrical stimulation, the material experiences an increase in
electrostatic forces between itself or another material, triggering a relative attraction
or repulsion behaviour as the charges along the materials are displaced. With ionic
mechanisms, the material is placed in contact with an ionic substance which facili-
tates the transfer of ions into the EAP, either through direct contact or an electrical
field. The sorption of ions causes swelling of the material and, consequently, a lon-
gitudinal compression. Each of these methods can be influenced by geometry and
allow for unique activation behaviours depending on the underlying actuator shape
as it undergoes this swelling and unswelling cycle.

While these inexpensive mechanisms require low power and can generate consis-
tent actuation behaviours when employed, their effectiveness strongly relies on the
underlying material’s ability to translate the charges. In the case of direct electrical-
based EAPs, the strength of the electrostatic forces is minimal [20], limiting any
larger-scale actuation or sensor applications. Conversely, while ionic EAPs offer
greater actuation forces, they rely on an ionic bath increasing design complexity:.
Further, since ionic mechanisms rely on the absorption of ions, the cycle times often
perform worse than SMAs and SMP-based materials without additional hardware to
hasten the disassociation post actuation through greater electromagnetic fields in the
case of electrochemical stimuli or an evaporative mechanism for contact absorption
stimuli.

The trade-offs between flexibility and strength, efficiency and speed, and overall
complexity exist in each of these materials. Finding a material that can capitalize
on each of these would offer a substantial opportunity for improved active materials.
This is where CN'T’s aim to address. Though they are commonly classified as an EAP
on their own, their unique mechanical and electrical properties distinctly separate
them from other EAP materials and highlight the potential influence they could have
on future active materials.
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2.3 Carbon Nanotubes as Actuator Components

CNTs are widely considered advanced materials with a variety of unique properties
desirable in countless applications. Their high conductivity, low weight, and high
tensile strengths allow them to augment all sorts of designs to obtain additional abil-
ities such as improved sensors, stronger materials and smaller actuators. While these
characteristics have inspired many to investigate how they could incorporate CNTs
into a variety of applications, their fabrication complexity and cost have hindered
the predicted uptake since their invention. However, consistent work on new fabrica-
tion techniques has decreased the cost and improved the quality and speed of their
production [21,22,23]. These improvements have pushed the industry to develop
commercial products to capitalize on this potential market. This new found avail-
ability presents an opportunity to establish a standard baseline for their capabilities
within an actuator design with greater precision previously impossible.

CNTs can be incorporated in one of three forms: powders, fibres or yarns. Pow-
der infiltration involves coating a host material with CNTs which provide increased
strength and conductivity [24] depending on the extent of the coating. CNTs can
also be a pulled into fibres initially and further bundled into yarns, both offering
high conductivity and tensile strength due to the homogeneity of the material and
high concentration of CNTs. Typically, fibre and yarn formats are more commonly
leveraged due to their familiar geometry to the countless other materials used in the
established textile industry, easing the technical knowledge required for embedding
these materials in various applications.

2.3.1 Carbon Nanotube Fibre and Yarn Material
Properties

CNT fibres and yarns inherit many of their impressive properties from the underlying
CNT material, demonstrating high tensile strengths of 80 GPa [25] and low resistivity
ranging from 7 x 107® to 10000 x 107® Q.m [26,27,28]. Their composite structure
allows stresses to be distributed amongst the many individual fibres, which are much
stiffer, allowing them to remain highly flexible [29]. Such a geometry also enhances
conductivity due to electron hopping between the individual fibres as the current
passes down the longitudinal axis of the material. Here, resistance is defined by two
dimensions of yarn, the resistance of the longitudinal edge of the fibre bundle and
the contact resistance between parallel fibres.
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The balance between these two resistances can vary depending on the bundle
density. For yarns, bundling is accomplished through twisting individual fibres to-
gether. Thus, this density is modulated by tuning the helical angle to increase the
radial pressure of the yarn. The helical angle is the angle between the fibre twist
and the axial direction, defined in Eq. 2.1 and visualized in Figure. 2.1. Ideally, this
angle can be optimized, known as the critical angle, which was found to be 25-50
°C [20].

2
= tan —— 2.1
o = arctan T (2.1)

AW
WAL

Figure 2.1: Helical angle « along the carbon nanotube yarn

The raw mechanical and electrical capabilities however are poorer than those
seen in individual CNTs. Pure CNT have been reported to have tensile strengths
of 100 GPa [30], resistivity as low as 1 x 107 Q.m [31], and a young’s modulus of
1 TPa [30,32]. This diminished mechanical and electrical property translation from
the nano to the macro structures remains a challenge, but has been linked to the
fabrication quality, and the underlying geometry of the yarn [33,34].

Yarn fabrication processes involve one of three techniques; direct spinning from
a CVD furnace [35,36], wet-spinning of CNTs [37,38] or dry spinning from multi-
walled carbon nanotube (MWCNT) forests [39,40]. Depending on the application
of the fibres, a technique can be selected to enhance or diminish specific properties
from their original CNT precursor material [41].

Yarn quality is most often measured by the consistency of the longitudinal align-
ment of the underlying CN'Ts during the spinning procedure and has been a key point
of improvement for each of these techniques [33]. This can also be accomplished as
a post-treatment process where chemical additives [42], or external mechanical pres-
sures such as cyclical loading [43].

Complimenting CNT alignment, bundling can be used to emphasize different
internal forces within the yarn. Twisting the fibres results in greater interaction
between the underlying CNT bundles via Van der Waals forces, and the increased
lateral friction makes them more resistant to tensile stresses and tensile strains [34,
44, 45]. This relationship is not linear, as seen by the solid lines in Figure. 2.2 and
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thus must be tuned to maximize the tensile gains achieved with an increasing helical
angle. It should be noted that such changes inversely diminish the young’s modulus
of the resulting yarn [29]. As twisting increases the density of the CNT bundles,
it reduces the internal porous structure of the fibre in a predictable manner [46].
These nanoscale pores are a consequence of imperfect packing of the CNT bundles,
which negatively affect the overall strength and conductivity of the material [47].
Furthermore, one can tailor the winding geometries to improve the strength for a
particular directional force or impart an embedded chirality within the fibre which
can be exploited in eventual actuator designs [48,49].
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Figure 2.2: Theoretical relationship between the strength of the yarn or fibre and the
twist angle o where £ is a contribution factor, and oy4rn, and o i are the strength of the
yarn and elementary fibre respectively. This relationship is derived from the classical yarn
mechanics theory [50], where cos? a describes the decline in yarn strength and [1— (k csc )]
describes the strength drop-off due to the increasing transverse forces as a function of twist
angle. (Adapted with permission of Elsevier from [51])

Each of these aspects of the CNT yarn can be modulated to create a material
tuned for an end application. For example, one could design a CNT yarn that is
not very conductive but extremely strong or a material that is extra resistant to
fracture from specific application-specific forces. This tunability is still somewhat
complicated owing to the small size nature of the precursor material and fabrication
difficulty. When reviewing reported CNT yarns, it is no surprise that almost all were
fabricated in a lab and limited to the lab testing settings. However, this is beginning
to change, with a few commercial offerings becoming available over the last decade.
Though these have primarily been for pure CNT powders, some have showcased their
CNT yarn and fibre-like materials, albeit mainly restricted to industrial access.
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2.3.2 Actuation Mechanisms

The aforementioned properties of CNT yarns can support various actuating mecha-
nisms either directly within the yarn itself or through an intermediary guest material.

When stimulated electrically, CNT yarns experience small electromagnetic forces
along their longitudinal axis. While this effect is relatively minimal, it can be ampli-
fied by incorporating twisted structure into the yarn [20,49,52]. With this geometry,
the coils of each portion of CNT yarn emit electromagnetic forces upon one another,
effectively creating small magnetic fields along its longitudinal direction. The com-
bined effect of these small forces along the yarn contributes to a contraction along
the longitudinal axis, illustrated in Figure 2.3.

i

Current direction L I, (b)
™ = I I
2 4 L
i J F!I
(a) (c)

Figure 2.3: Electromagnetic actuation mechanism behind contractive and torsional mo-
tions. (a) Schematic of two parallel cross-sectional disks i and j taken in the carbon
nanotube yarn. (b), (c¢) Schematic of the currents and forces experienced by each disk. F,
and F} represent the contractive and torsional forces respectively. (Adapted with permis-
sion of John Wiley & Sons Ltd from [20])

This contractive force can be modelled as:

B [L[lfgl
- 2nr

F, (2.2)

Where [ is the effective length of the fibre in the perpendicular direction, p is the
magnetic permeability and r is the radius of the singular CNT fibre.

When leveraged as an intermediary, their high conductance has been shown to
be effective in triggering thermoelectric changes in surrounding materials boasting a
quick method for supplying heat to a localized area in a controlled manner. Addi-
tionally, their minimal coefficient of thermal expansion [53] makes them resistant to
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degradation in these applications. Actuators composed of CNT yarns with surround-
ing sheaths [54,55] or infiltrated composites [56,57] have been shown to facilitate
the transmission of thermal energy into thermally sensitive materials, generating
predictable and controllable actuation.

Due to the porosity of assembled CNT yarns and fibres, sorption and electro-
chemical mechanisms can play an interesting role for driving actuation behaviours
as well. With the introduction of an ionic compound, the absorption of the charged
molecules into the porous fibres can drive contraction. When the charged particles
enter the fibre’s structure, the increase of like charges causes an internal repulsion
of the aligned MWNTs or MWNTSs bundles [58,59,60] as shown in Figure 2.4.
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Figure 2.4: Ionic actuation mechanism behind contractive and torsional motions. (a)
Schematic of two parallel MWNTs bundles infiltrated by additional ionic charges where
F, are the repulsive forces, and F, are the attractive forces. F, >> F,. (b) Schematic of
a carbon nanotube yarn after before (left) and after (right) infiltration where 7o > 7 and
h1 > ho.

This repulsion causes the volumetric expansion and thus an expansion of the coil
diameter, reducing the coils stiffness and resulting in the axial contraction. Equa-
tion (2.3) highlights the stiffness relationship of a coiled CNT yarn, where stiffness
(S) depends on the material’s shear modulus (G), the yarn diameter (d), the coil
diameter (D), and the number of turns in the coil (N) [61].

Gd*

Taking advantage of this structural change, actuation can be realized by trigger-
ing the volumetric expansion of the material [55,62,63,64,65], resulting in expressed
longitudinal changes. Ionic liquids, such as water and ethanol, induce response times
and actuation strengths dependent on their polarity and diffusion rate [62,64].

In practice, these actuators commonly utilize variable submersion of the CNT
to control the actuation, though this can be quite complex. Conversely, attempts
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at mimicking this process with gels has showed some promise [63]. Generally, ionic
activation induces superior contractile strains compared to temperature-dependent
or electromagnetic actuation techniques [55], although electrolyte dependency and
long cycle times remain an issue.

2.3.3 DexMat Carbon Nanotube Fibres and Yarns

The primary material used in the successive experimentation was the commercial
CNT fibre and yarn manufactured by DexMat Technologies. Of all the prospec-
tive commercial manufactures on the market such as Timesnano, Nanograffi, and
Huntsman Corp., they are the only supplier with a variety of available products
at competitive prices. Additionally, when reviewing the properties of the DexMat
fibres/yarns compared to other commercially available offerings, the DexMat prod-
ucts reported higher tensile strengths and conductivities most likely owning to their
greater CNT lengths, CNT packing densities and Herman orientation factors [66].
DexMat supplies three primary CNT ”Galvron” products: fibres that are less than
or equal to 100 um in diameter, braided yarns which are 150 pym and above and
ribbons. Some of their yarn products are labelled as carbon nanotube high-strength
(CNT-HS) which have the additional benefit of greater tensile strengths. One of the
key benefits of investigating with a commercial product is the standardized informa-
tion available. Table 2.1 presents a summary of the products used within this thesis
and their corresponding properties.

Table 2.1: DexMat Carbon Nanotube Product Properties [67,68,69]

Diameter (pm)

Property

40f 100" 2007
Actual Diameter (um) 40 £ 5 100 + 30 200 £ 20
Linear Mass (mg- m™1) 1.7+ 0.2 13+1 32+ 3
Density (g - cm_S) 1.4 £ 0.1 1.5 +£ 0.3 1.0 £ 0.1
Linear Resistance (Q - m™1) 140 + 30 17 £ 3 7.0+ 2
Conductivity (MS-m™1) 6+ 1 842 4.0 £ 0.6
Break Force (g) 100 + 20 1750 £ 150 3000 + 400
Tensile Strength (MPa) 800 £ 150 2000 + 400 1000 £+ 100
Tenasity (MN - tel'_l) 600 £+ 100 1300 £+ 100 1000 £ 100
Cost per metre ($USD)* 80 100 200

T Fibre
Yarn
* Price at the time of writing
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2.4 Carbon Nanotube Fibre and Yarn Actuator
Design

2.4.1 Design Considerations

With the considerable amount of beneficial properties highlighted in 2.3.1 and the
methods of exploiting those properties covered in 2.3.2, the main question dictating
the end design are the application parameters. Noting the performance character-
istics required by the actuator, the working conditions and any environment limita-
tions would provide a framework for what CN'T-based actuator scheme would be best
suited. Determining the right combination of geometry and actuation mechanisms
is integral to any performant actuator.

When utilized within an actuator design, often, these singular properties require
enhancement to be effective on a macro scale. This is often accomplished through
complimentary structure geometries, such as overtwisting, bundling or plying illus-
trated in 2.5, seen in many of the linear actuator designs [49, 56, 70].

(a) (b)

Figure 2.5: Internal and external structures of carbon nanotube yarns. (a) Internal struc-
ture of a carbon nanotube yarn, Dual-Archimedean (top) and Fermat (bottom) designs.
(b) SEM images of external fibre structures, coiled (top), two-ply (middle), and four-ply
(bottom) (Adapted with permission of The American Association for the Advancement of
Science from [48]).

When an overtwist is introduced into the fibre, it becomes analogous to a stiff
spring, where fundamental spring properties, such as spring indexes and twist angle,
are more pronounced and characterized by the standard spring equation. While this
can be seen to a lesser extent by the original form of the fibres and yarns, which is
somewhat twisted after the spun fabrication process, the overtwisting amplifies these
effects by expanding the diameter of the spring material. Without any stimulation,
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this geometry already contains far greater potential energy than its standard form.
The overtwist can also be optimized for particular mechanical properties such as
increased contractile strain and stresses depending on the helical angle introduced
62].

If the desired force is of greater concern, multiplier methods such as composing
bundles of fibres in the form of thicker yarns [49,70] has been effective. In these de-
signs, the forces are distributed among the bundled fibres, improving the contractile
performance and mechanical stress resistance. This technique can be used in con-
junction with others to improve the overall strength performance at the cost of stroke
length. Further, combining various fibres or yarns into more complex geometries seen
in 2D or 3D designs can take advantage of a particular scaffold geometry [49,64], or
the differential response between layers [56] for a unique operating behaviour.

More complex actuators can be designed by using additional materials in con-
junction with the CNT fibre or yarn to complement the geometric enhancements.
Such is the case for composite actuators that use sheathing or guest infiltration inter-
faces described in Figure 2.6. In a sheathing format, the CN'T material is a conduit
of thermal energy to a surrounding thermoreactive material which undergoes either
contraction or expansion when heated. Similarly, guest infiltration takes advantage
of the same interaction, however in this case, the guest materials are allowed to be
absorbed into the CNT fibres. In this form, thermoreactivity of the guest material
triggers a volumetric expansion within the CNT fibre pores, expanding the fibre
radially and consequentially contracting the fibre axially.

™ot

hgo

rcnk—».

Figure 2.6: Cross-sectional schematic of composite carbon nanotube actuator designs.
These are the sheathing methods via (a) coating, and (b) wrapping, (c) the infiltration
method and (d) a combination of both infiltration and sheathed coating methods. Here,
Tent is the radius of the CNT fibre or yarn, thy; is the thickness of the infiltrated guest
material, thy, is the thickness of the outer guest material.

Infiltration can also be used to encase higher tensioned twisted CNT fibres, lever-
aging the guest materials variable stiffness when thermally stimulated to control
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actuation. Such systems operate as a two-spring system, throughout this thesis re-
ferred to as the stiffness-variable design, modelled as a balance between the tension
of an inner coil and the stiffness of the surrounding guest material. This allows
for an enhancement of the default guest infiltration method by providing additional
potential energy.

The actuation mechanisms provide further constraints on any actuator design,
whether through electrical, thermal, or ionic means. Utilizing thermal activation
methods, whether generated via electrical, photonic or otherwise [48], as shown in the
sheath [54,55], guest infiltration [71] and stiffness-variable [56,72] methods, restrict
the actuator to an environment with a stable thermal profile to ensure consistent and
controllable behaviour. While this can be tailored for sensor applications to provide
active sensing of the environment when the temperature changes, this limitation is
important for actuator design. Moreover, designs which use ionic delivery require the
complexity of liquid containment which has been shown to be a significant limiting
factor for this type of actuator [63,70]. Though this can be overcome as mentioned in
2.3.2 with gel electrolytes for electrochemical interactions, pure sorption mechanisms
have no solution.

Designs can also bypass the reliance on external materials all together by sim-
plifying relying on the electromagnetic forces between the coils of the CNT fibre or
yarn, making for a more versatile actuator even though the smaller contractile strains
limit their utility. Regardless of the driving mechanism, additional considerations
need to be given to the power source of these actuators and the control systems
required to maintain their operation similar to any traditional actuator.

Lastly, any design must also consider the actuator’s eventual applications due
to its underlying nanoscale material, especially if intended for the medical field.
Though a few studies [73] have found weak and reversible irritation in vivo, they were
limited to CNTs in their powdered format. More macro 2D and 3D designs could
present unique effects on the corresponding topical areas. Such designs presumably
include additional materials surrounding the actuating components, reducing their
potential irritant effects. Dedicated studies would be required to investigate their
safety adequately and is outside the scope of this thesis.

2.4.2 Existing Single-Dimensional Designs

The desirable properties of CNT yarns and fibres have naturally enticed a plethora
of industries to improve biomedical devices [54], sensors [74,75,76,77], and energy
storage [78,79]. Still, their fabrication procedures remain costly, pushing the material
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out of the commercial application space. To the author’s knowledge, there has not
been a commercial product developed or in development that utilizes CNT fibre or
yarn in an actuator format. Consequently, all the reported advancements in CNT
fibre or yarn actuator technologies have remained in the lab setting though these
advancements have shown significant performance and relative cost reduction due to
improved fabrication methods. Further, while these actuators have been shown to
produce both rotational and linear motions depending on their design and support
a variety of driving mechanisms as covered in section 2.4.1, this section will focus
solely on the electrically driven linear actuators as it best aligns with nature of the
thesis.

Reported single-dimensional actuators can be categorized as those which utilize
the CN'T fibre or yarn as the sole actuator component and those composed of multiple
materials, i.e. composite fibres where the CNT fibre or yarn is but one.

In the primary material designs, actuators often follow a twisted-coiled polymer
(TCP) design pattern by incorporating some form of overtwist into the fibre or yarn.
As mentioned in the section 2.4.1, this overtwist allows for a build of potential energy
and, when stimulated, supports a contraction. This has been established countless
times [49,62,63] such as with Chen et al. Spring-Like-Fibres (SLF). These actuators
were capable of generating contractile strains of 14%, contractile stress of 1.6 MPa,
and tensile strength of 220 MPa [49] operated on low voltages (<10 V/em) without
noticeable fatigue after 4000 cycles. Additionally, by tuning the helical angle to 32°,
peak performance for the contractile stress and tensile stress reached their maximum
values [62], further emphasizing the importance of the material geometry.

Utilizing electrochemical drivers for a similarly designed multi-plied yarn de-
veloped as seen by Lee et al. and Kim et al. [63,70] resulted in more significant
contractile stresses and strains at the cost of increased cycle times. Further, investi-
gations on electrolyte replacement from aqueous to gel solutions [63,70] reduce the
fabrication complexity making them more appealing for future actuator applications.

Incorporating additional materials in the form of composites can increase the de-
fault abilities of these more basic actuator designs. Including elastic materials such
as the CN'T yarn-spandex composite fibres investigated by Foroughi et al. allowed
the team to amplify the contact between the CNT and spandex fibres, increasing the
spandex fibres’ thermoelastic response when the CNT yarn was electrically stimu-
lated [54]. This composite design generated impressive contractile strains of 33%, far
exceeding many of the alternative designs, which average ~5-15%. Similar results
were seen with designs that instead used poly(ethylene terephthalate) (PET) as the
complementary fibres instead of Spandex, highlighting how various peak forces and
activation times can be modulated depending on the ratio between CNT yarns and
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complementary material [80].

Instead of interweaving the non-CNT material into the composite fibre, coat-
ing the CNT yarns as seen in sheathed designs, such as those reported by Mu et
al., optimize the surface area between the thermal transducer (CNT yarn) and the
surrounding guest material. Here, their sheath was maintained by pre-coating the
twisted CN'T yarn core with a solvent that prevented the infiltration. Three coat-
ings were tested, a poly(ethylene oxide) (PEO), tetrafluoroethylene and sulfonyl
fluoride vinyl ether mixture (PEO — SOs), elastomeric polyurethane (PU) or ny-
lon6 [55] resulting in two different coated designed designated by PEO—SO;QCNT,
PUQCNT and nylon6@QCNT respectively. These samples resulted in maximum con-
tractile strains of ~13-15% and work capacities of 0.64-1.33 .J - ¢g~!. Furthermore,
the sheath/core ratio to bias angle had been shown to have a direct relationship to
the sheath stability, increasing sheath fracture behaviour with an increase in the bias
angle.

Allowing the infiltration of the CNT yarn has also been investigated with a
variety of guest materials such as paraffin wax [48], PEO — SOs, PU [55,81], a
methanol-elastomer mixture [57], Polystyrene (PS) and poly(styrene-b-isoprene-b-
styrene) (SIS) [71]. In each of these cases, the guest material experienced a variable
volumetric change when thermally stimulated through the CNT yarn. This resulted
in contractile strains ranging from 5-30% and contractile stresses from 16.4 to 85
MPa.

The variable stiffness of a infiltrated guest material can also be leveraged to
facilitate actuating behaviour. This is what Xu et al. had achieved with their
stiffness-variable design by infiltrating a spring-like CN'T' yarn core in a higher ten-
sion state. The electrical stimulation of their actuator caused the surrounding guest
material to undergo a decrease in stiffness, allowing the inner core to temporarily
relax until the stimulus was removed. This design managed to produce better me-
chanical results indicated in Table. 2.3, while utilizing low power and temperature
inputs of 40°C compared to alternatives such as the Spandex or Sheath-Run com-
posites, which required operating temperatures of 70°C and 85-100°C, respectively.
Though capitalizing on the greater potential energy available, it allowed for stan-
dalone actuation without the requirement of external load to equalize the actuator
after stimulation [56]. Further, as this design is driven thermally (through the CNT
core transducing electrothermal energy), they have also shown the same capabilities
through photonic power sources [72].

From the actuator designs reported, the variety of ways CNT fibres and yarns
can be utilized and the additional beneficial properties they provide to any actuator
design is apparent. In the cases where guest materials are leveraged, their selection
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can be integral to tuning the overall activity of the actuator, particularly by selecting
the desired range of variable temperature sensitivities. Regardless of design, each
of these reported actuators depended on in-lab fabrication methods for the included
CNT fibres and yarns, contributing to the overall complexity and cost of the resulting
actuator. Shifting to commercial materials that offer better quality could improve
the resulting properties in the actuator design and increase their utility for a broader
range of applications that have been limited by cost or performance. Determining
how these commercial materials compare to in-lab materials within actuator designs,
particularly one of the more performant designs, such as the stiffness-variable actu-
ator, would provide the foundational work for future actuators using commercial
products.



Table 2.2: Summary of Primary Carbon Nanotube Fibre and Yarn Based Actuators

Contractile Contractile Contractile Contractile Ultimate Tensile Activation Relaxation Work
Strain™ Strain Rate Stress™ Stress Rate Strain Strength Time Time Capacity
(%) (%/s) (MPa) (MPa/s) (%) (MPa) (s) (s) (J/9)

Actuating

Name .
Mechanism

Sping-Like-
Fibre Electromagnetic 14 140t 1.6 20 245 220 0.100 0.100 0.0116%
(SLF) [49]

Hierarchically
arranged Ionic
Helical Fibre (Electrochemical) 15 340 L5 8.4 240 212
(HHF) [62]

0.045 17 0.0267

Single
Electrode
(TBA -
PF6/PC)
(63]

Ionic

~ t _ _ - . ~ ~ ~
(Electrochemical) 16.5 ~16.5 ~1 ~1 ~1.6

Single
Electrode
(TEA -
BF4/PC)
[63]

Tonic

~ ~21T _ _ _ _ ~ ~ ~
(Electrochemical) ~10.5 ~21 ~0.5 ~1 ~1.6

Single
Electrode
(THA -
PF6/PC)
(63]

Tonic

~ ~5T . . . . ~ ~ ~
(Electrochemical) ~15 ~5 ~3 ~3 ~1.75

Hierarchically
twisted CNT
artificial
muscle
(HTAM)
(THA - PF)
[70]
Twisted

CNT Electromagnetic 10 — — — — — - — _
Yarn [20]

Ionic
(Electrochemical)

AUNNOYOMOVE ¢ HA.LdVHO

T Calculated from data provided in current literature.
* Presented stresses and strains are engineering stresses and strains.

GG



Table 2.3: Summary of Composite Carbon Nanotube Fibre and Yarn Based Actuators

Actuatin Contractile Contractile Ultimate Tensile Activation Relaxation ‘Work
Name Type Mcchanislgn Strain™ Strain Rate Strain Strength Time Time Capacity
(%) (%/s) (%) (MPa) (s) (s) (J/9)
Hybrid Carbon Nanotube Sheathed Electrothermal 3 ~60T — — 0.025 0.025 —
Yarn Muscles
(HCNYM) [48]
Knitted CNT/SPX1 [54] Sheathed Electrothermal 16 ~6.47 895 78 ~2.5 ~2.5 0.640
(reverse)
Knitted CNT/SP Xy [54] Sheathed Electrothermal 25 ~10t 880 84 ~2.5 ~2.5 —
(reverse)
Knitted CNT/SPXs [54] Sheathed Electrothermal 33 ~13.2f 600 75 ~2.5 ~2.5 —
(reverse)
Knitted CNT/SPX12 [54] Sheathed Electrothermal 24 ~9.61 700 82 ~2.5 ~2.5 —
(reverse)
Sheath Run Artificial Sheathed Electrothermal ~8 ~ot — — ~4 ~1.5 0.64
Muscle (SRAM)
PEO — SO3@CNT [55]
Sheath Run Artificial Sheathed Electrothermal ~12.5 ~2.37 ~5.5 ~6 1.33
Muscle (SRAM)
PUQCNT [55]
Sheath Run Artificial Sheathed s Ifr‘t‘f - ~15 — — — — — 0.99
Muscle (SRAM) orptio
CNT@nylon [55]
CNT hybrid yarn artificial Infiltrated Electrothermal ~5.5 ~1.38t — — ~4 ~1.5 ~0.4
muscles (HYAM)
PEO — SO3@QCNT [55]
CNT hybrid yarn artificial Infiltrated Electrothermal ~9 ~1.63% — — ~5.5 ~6 0.11
muscles (HYAM)
PUQCNT [55]
CNT hybrid yarn artificial Infiltrated s If“t‘f ) ~11.5 — — — — — 0.11
muscles (HYAM) orptio
CNT@nylon [55]
Variable
Stiffness-variable Carbon Stiffness & Electrothermal ~12 ~at 3 2
Nanotube Spring-like Infiltrated
Nanocomposite Yarn [56]
. Tonic +
Hybrid Carbon Nanotube- Sheathed (Electrochemical) 0.08 ~0.0005 — — ~157 ~34 —
Polypyrrole-Coated Yarn ectrochemica
CNT — PET [65]
Hybrid Carbon Nanotub Sheathed fonic 0.22 ~0.022f — — ~10 ~20 —
Y arbo anotube- cathe (Electrochemical) . =~ ~ ~

Polypyrrole-Coated Yarn
CNT — PET/PPy [65]

AUNNOYOMOVE ¢ HA.LdVHO

T Calculated from data provided in current literature.
* Presented stresses and strains are engineering stresses and strains.
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Chapter 3

Experimental Setup

In the following chapter, the experimental setup used to fabricate and test the pro-
duced actuators is outlined. First, Section 3.1 describes the investigated stiffness-
variable actuator design to highlight the various components and interactions that
support its actuating behaviour. Next, Section 3.2 presents the fabrication apparatus
responsible for the controlled tuning of the precursor CNT fibre sample throughout
each step of the fabrication procedure, such as coiling, stretching and curing, fol-
lowed by accompanying validation samples and test results. Finally, Section 3.3
concludes the chapter by describing the testing procedures and equipment used to
characterize the mechanical and electrical properties as well as the electrothermal
and electromechanical responses of the fabricated actuators.

24
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3.1 Stiffness-Variable Actuator Design

The stiffness-variable actuator design, shown in Figure 3.1, leverages the variable
stiffness of the infiltrated and sheathed guest material surrounding a high tension
twisted-coiled CNT fibre core to perform actuation. As described briefly in Chap-
ter 2, this stiffness variability is driven thermally, either through external sources
or electrothermally, using the CNT as the conductive medium. In this thesis, the
latter method was selected to characterize this design’s strengths and weaknesses
adequately. Additionally, while the primary actuation driver is the regulation of the
CNT fibre’s tension through thermal stimulation, using the electrothermal driving
mechanism allows the twisted-coiled core to undergo electromagnetic attraction be-
tween its coils, further adding to its actuating behaviour. The two materials selected
for this evaluation were chosen due to their commercial availability, the key focal
point of this thesis, and contrasting opportunities to previously reported designs
from Xu et al. [56,72].

i“dpas—’i

@

L
(@)

Figure 3.1: Stiffness-Variable actuator design in its (a) inactive and (b) active states
where F; is the tension force, F.,, is the electromagnetic force, dyt and d,qs are the
diameters and [, and lpqs are the lengths. Note, dget > dpes and loer < lpas-

For the core, the DexMat Galvron™ CNT fibres were chosen, while the PRO-
SET® 125 epoxy resin and PRO-SET® 229 epoxy hardener were opted for as a
guest material due to their availability and low cost. The selection of epoxy in
particular also allowed for a better comparison to the previously reported stiffness-
variable actuator in the literature. An in-depth characterization of their individual
properties and how those properties vary with temperature and various fabrication
modifications is described in Chapter 4.
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3.2 Fabrication Apparatus

3.2.1 Design

To controllably fabricate stiffness-variable actuators, a programmable fabrication
apparatus was designed and built. This apparatus was composed of a servo motor, a
sled system to ensure constant axial tension, an LCD screen to display the relevant
data when performing the fabrication, a control panel and an Arduino to control each
component programmatically. The apparatus’s design underwent various iterations
to best handle the CNT fibres investigated, the first of which is shown in Figure 3.2

Mass Servo  Menu Servo Arduino
Guide Rail  Mount Sled Sample LCD Motor Controller ~ Controller Microcontroller Power

Figure 3.2: Initial version of the fabrication apparatus in (a) loaded, (b) annotated and
(c) ariel views.

The material mounting mechanism connected the sample of interest to the ap-
paratus and held it securely during actuator fabrication. Various fibre mounting
connectors were tested to reduce the setup time for each sample, particularly sand-
wiching the fibre between two washers, tying the fibres on washers, and soldering
the fibres onto paperclips. In the first scenario, the washer sandwich did not provide
enough friction to keep the material in place during twisting, often slipping out as
the fibre increased in tension. In an attempt to increase the friction between the
washers, rubber, plastic, and wood were added, but none substantially improved the
results. The second design bound the fibre to the washer by tying it, which fared
better during testing. Unfortunately, due to the stiffness of CNT fibres, the knotting
procedure led to fracturing when introduced to greater tensions. The final design
involved wrapping the fibre around the loop of a paperclip and soldering it into place
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prior to placing it on the twisting apparatus. This ensured the fibre could not slip
during the twisting procedure and provided the end state required for further testing
its electrical abilities.

When testing the mounting setup, it became apparent that there were inconsis-
tencies in the rails guiding the sled. This was primarily due to the slight warping of
the rails and the uneven pressure on the bearings supporting the sled. Even with the
realignment of the mounting points, any slight shift in the tension would result in the
sled getting stuck, allowing the tension in the fibre to build up and either fracture
the sample or cause jumps in its movement, completely bypassing the benefits of a
contact load during the twisting procedure. Further iterations of this design removed
the sled apparatus entirely and used a guiding bar to ensure the sled mounting point
did not rotate with the sample when undergoing twisting. Additionally, a curing
platform was used to fix the tension applied to each sample during the curing pe-
riod, shown in Figure 3.3. This final design was used to fabricate all tested samples
to characterize the twisted-coiled precursor and stiffness-variable actuators.

Tension Mass
Sample(s) Clips Mount

(b)

Figure 3.3: Curing apparatus in (a) annotated, and (b) front views.

Finally, the software was designed to provide an intuitive user experience for the
apparatus user. Screens were separated into clear menus for the twisting configura-
tion, such as setting the number of twists per cycle, the number of cycles per session,
the speed of each twisting cycle and real-time statistics of how many cycles have
occurred. The corresponding code and screenshots can be found in Appendix A.

While these modifications improved the twisting procedure required for the ac-
tuator fabrication, the entire process remained lengthy due to the time required to
cure the epoxy coating.
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3.2.2 Procedure

The apparatus facilitated three processes; twisting the CNT fibre, stretching the
twisted-coiled fibre, and coating the loaded twisted-coiled fibre.

Figure 3.4: Overview of the stiffness-variable actuator fabrication procedure. From top
to bottom, the precursor fibre, the pre-twisting stage, the twisting state, the stretching
stage and the coating stage. Here, m is the mass used to stretch the twisted-coiled fibre.
l; is the twisted-coiled fibre length and [s is the length of the twisted-coiled fibre after
stretching. ls > ;.

(a) (b)

Figure 3.5: Sample in each stage of the fabrication process. (a) The precursor fibre , (b),
the sample pre-twisted before (left) and after (right) the soldering process, (c) twisted-
coiled, (d) stretched, and (e) coated.

(c) (d) (e)

Table 3.1: Fabrication Procedure Base Properties

Property Value
Pre-stretch 15%
Twisting Load 70 g
Sample Length ~2-3 cm
Sample Diameter 100£30 pm [68]
Total Twists ~90-100
# of Coating Applications 4
Time Before Initial Coat 10 min
Time Between Coats (Coating Interval) 10 min
Total Curing Time 24 hr

Curing Temperature 25 °C
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3.2.2.1 Pre-Twisting Setup

The pre-twisting procedure involved three steps. First was binding the CNT fibre to
a paperclip by first bending the paperclip into an elongated fashion, wrapping the
CNT fibre around the bent portion and surrounding this wrap point with thin gauge
copper wire, as illustrated in Figure 3.5(b). This copper wire kept the CNT fibre in
place and provided the solder with additional contact points since the CNT fibre was
resistant to bonding alone. Then the copper/fibre wrapping was slid into position,
the paperclip was re-bent to its original shape, and the wrapping was soldered. This
procedure was performed on both ends of the CNT fibre sample.

3.2.2.2 Twisting and Coiling

After the sample had undergone the pre-twisting procedure, it was connected to the
apparatus’s mount points and placed under tension with a 70 g free-hanging mass.
Next, the twisting function was initiated via the graphical interface visible on the
LCD, which began twisting the sample. The winding function was limited to a speed
of 100 RPM and ten twists per cycle to mitigate the potential fracturing of the fibre
during the winding process. The sample would undergo multiple cycles until the
entirety of the sample was visibly coiled.

3.2.2.3 Stretching

Applying a particular amount of pre-stretch to the twisted-coiled sample began by
first moving it to the loading configuration of the apparatus, and its starting length
was measured under the 70 ¢ load using a ruler and image processing software.
Then, after a certain percentage of stretch was determined, additional mass was
added to the load until the required calculated length and the actual length were
within 1% tolerance. A scale measured the mass before loading and after achieving
the predefined stretch.

3.2.2.4 Coating

The application of the epoxy coating occurred after the completion of the previous
two steps. Here, a 3-1 ratio of PRO-SET® 125 epoxy resin was added to PRO-SET®
229 epoxy hardener in a container and mixed vigorously for 15 s. After mixing, the
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Figure 3.6: Example length measurement with a digital ruler highlighted in red/yellow
and the sample highlighted in blue. Images were scaled to match the digital ruler which
had a precision of 0.1+£0.05 mm.

epoxy rested for ten minutes to increase its viscosity since it tended to bead signif-
icantly on the CNT fibre if applied immediately. Then, using a Quetip™ drops of
the epoxy mixture were applied to the high-tension twisted-coiled fibre in a brushing
manner. The number of applications and length between applications depended on
the characteristic tuning further explored in chapter 5, however, unless stated oth-
erwise, the base procedure involved four applications at ten minutes intervals. After
completing the application steps, the sample dried for 24h at room temperature.

3.2.3 Apparatus Validation

Validation of the fabrication process and the facilitating apparatus involved a series
of small tests on each fabrication step.

Nucleation Site

Figure 3.7: Coil nucleation site along the carbon nanotube fibre due to twisting.

The first was the twisting procedure. One of the key aspects of fibre coiling is the
coil activation point, where the introduced twists cause coils to nucleate along their
axis, as shown in Figure 3.7. Ideally, the coil activation point is modelled by (3.1) [4],
assuming consistent fibre diameter, where T, is the number of twists per centimetre
until coiling, ¢ is the twisting load stress, F is the material’s young modulus, D
is the material’s diameter, and G is the materials shear modulus. However, due to
missing data on the shear modulus, the determination of the range of values expected
is limited. Instead, this test focused on the consistency of results as opposed to ideal
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accuracy using five 100 um samples fabricated under the standard twisting conditions
to determine at which point this activation occurred. The overall grouping seen
in Table 3.2 shows consistent results with a mean of 20.24 [0 = 0.69] twists per
centimetre. In Table 3.2, T}, is the total number of twists per centimetre.

8v20E 1
T, =Y 1
°~ #DG 100 (3:-1)

Table 3.2: Coil Activation Validation Summary of 100 pm Manufactured Stiffness-
Variable Actuator Samples

Sample Initial Length (cm) Final Length (c¢m) Ttot Te
s1 2.53 0.87 36.11 19.36
S92 2.63 0.77 39.62 20.19
s3 2.89 0.90 36.45 19.96
sS4 1.86 0.57 41.89 20.41
S5 2.45 0.97 39.25 21.26

Validating the stretching procedure was difficult due to the fabrication appara-
tus’s limited precision capabilities and the samples’ size. To improve this process,
image processing of the values using a ruler reference and a more precise digital
representation did allow for more accurate reading at such small scales. Further,
as each sample varied in length and diameter due to its manufacturer’s tolerance,
selecting the specific load required to achieve an exact stretch percentage would nat-
urally include some error. Five samples were fabricated with a fixed ideal stretch
percentage of 20% shown in Table 3.3 to determine if the apparatus could achieve
consistent pre-stretch results. Among the selection of test samples, the variation
from the intended stretch value varied by ~0.9%.

Table 3.3: 20% Pre-Stretch Validation Summary of 100 pm Manufactured Stiffness-
Variable Actuator Samples

Length (c¢m) Pre-stretch (%)
Sample
Initial Twisted-Coiled Stretched Actual A
s1 2.45 0.97 1.15 18.92 1.08
ED) 2.46 0.89 1.05 18.95 1.56
s3 2.43 1.13 1.35 19.64 0.36
sS4 2.70 0.94 1.53 19.98 0.02
S5 2.35 0.70 0.83 18.50 1.50

Finally, three samples with 20% pre-stretch were created using the outlined pro-
cedure to ensure that each of these steps produced consistent actuators when utilizing
a constant set of fabrication parameters. Their fabrication properties are summa-

rized in Table 3.4, where the Coil Mean Diameter (MD) is defined by (3.2), and
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the Spring Index (SI) is defined by (3.3). The resulting samples successfully gener-
ated consistent stresses shown in Figure 3.8 and strains shown in Figure 3.9 under
the same voltage stimuli. Additional data tables can be found in A.4. Each stress
reported is the mean of three trials at each voltage step.

MD = OuterCoil Diameter — WireDiameter (3.2)
MD

ST = 3.3

WireDiameter (3:3)

Table 3.4: Fabrication Properties of 100 um Carbon Nanotube Manufactured Stiffness-
Variable Actuator Samples with 20% Pre-stretch

Length (cm) Pre-stretch

Sample MD (pum) ST Ttot Te Q-cm
Initial Final (%)
s1 2.45 1.15 18.92 97.00 0.97 39.25 21.26 0.3260
ED) 2.46 1.06 18.95 92.00 0.92 40.22 20.31 0.3389

s3 2.43 1.35 19.64 69.44 0.69 41.20 21.43 0.3195
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Figure 3.8: Mean contractile engineering stress vs applied voltage for fabricated stiffness-
variable actuator validation samples (a) s1, (b) s2 and (c¢) s3 over three actuation cycles

at each voltage.
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Figure 3.9: Mean contractile engineering strain vs applied voltage for fabricated stiffness-
variable actuator validation samples (a) s1, (b) s2 and (c) s3 over three actuation cycles
at each voltage using a 4 ¢ hanging load.

3.3 Experimental Equipment and Procedures

3.3.1 Test Selection

The selection of tests aimed to measure the six characteristics, namely the ten-
sile strength and breakage strain, resistance, stimulated surface temperature and
contractile stress and strain, critical in assessing the utility of these electrothermal
actuators. These characteristics are highly connected. While they are passive, the
tensile properties, particularly the material’s stiffness, sets the internal mechanical
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resistances that the electromechanical responses have to counteract during actua-
tion. Similarly, the electrical resistances regulate the thermal responses of the CNT
as a conductor, thus affecting the variable stiffness of the surrounding epoxy and,
consequently, the resulting electromechanical response.

The particular procedures used to measure each of these properties are outlined
in the following subsections.

3.3.2 Mechanical Properties

The DexMat Galvorn™ CNT fibres used by the stiffness-variable actuators had their
mechanical properties characterized by a series of tensile tests to failure performed
using the Instron 4202 Universal Tensile Machine™ , which supports force precisions
of 0.1 N and variable strain rates. For these tests, a load cell of 500 N was selected
and set to a 10% range (50 N) to more accurately capture the 500-3000 MPa range of
stresses expected with these materials as outlined by the manufacturer’s specification.
The tests were conducted at a strain rate of 1 mm - s~! and marked as completed
once the sample’s tensile strength reached 30% of its peak value.

3.3.3 Electrical Properties

CNT fibres are known to have very low resistances owing to their precursor CNTs,
whose resistances are on par with common metals such as copper. These low values
necessitated a method that could eliminate the influence of the testing equipment on
the measured resistances, whose own resistances would be within a similar magni-
tude. As such, a four-point resistance measurement was performed using a Keithley
2010™ multimeter. This multimeter supported 1 uf precision [82] and many fil-
tering functions for noisy signals. No filtering functions were applied within these
measurements due to the relatively stable signals.

For each tested sample, resistances were taken between each fabrication stage.
This involved connecting the probes to either end of the sample using a four-point
setup and recording the displayed value after ten seconds to allow the signal to
settle. In the cases where higher precision pre-stretches were of concern, such as
investigating the twisted-coiled precursor samples, they were instead mounted within
a tensile device known as the Biotester 5000™ developed by CellScale which operated
using a 23 N load cell and supported force and displacement precisions up to 1
mN and 1 pm, respectively [83]. This device applied a calculated displacement
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to achieve the desired sample pre-stretch, at which point the standard resistance
measurement occurred as illustrated in Figure 3.10. Recalibration of the Biotester
occurred between each sample to minimize any displacement alterations that may
have occurred during the mounting/unmounting process.

Mounting Clamp #1

Probe Pair #1

Sample

Probe Pair #2

Mounting Clamp #2

(b)

Figure 3.10: Twisted-Coiled actuator sample mounted in the (a) Biotester and with (b)
0% and (c) 15% pre-stretch next to the reference ruler.

3.3.4 Electrothermal Response

The stiffness-variable actuator design relies on the joule heating of the sheathing
guest material to variably change its stiffness. In this design, the CNTs acts as
the medium to transfer the thermal energy necessitating an adequate understanding
of their thermal conductivity properties to tune this stiffness accurately. To mea-
sure these thermal changes, a FLIR E6-XT™ infrared camera was employed that
supported 9 Hz image frequency, + 2°C temperature accuracy and a -20 to 550 °C
temperature range [84]. Voltage stimulation was provided via a KAIWEETS PS-
3010F™ power source which supported up to 30 V, and 10 A with 0.01 V and 0.01
A resolutions [85].

Testing the thermal responses began by first mounting the sample in the Biotester
and then connecting the sample to the power supply with an intermediary control
switch for manual control. The Biotester was used to ensure consistent tension in
the sample, so it remained horizontal and to module the pre-stretch in twisted-coiled
samples, similar to the procedure outlined in Section 3.3.3. When initializing a test, a
timer was started that provided an indicator to track three-second cycles to direct the
manual triggering of the power switch. During each stimulation cycle, the thermal
camera was manually handled and pointed toward the sample in the setup to record
the max temperature observed. Each test included three cycles with a five-second rest
period in between each to ensure consistency of the temperature results for applied
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voltages of 0.8, 1.0, 1.2, 1.5, 1.7, and 1.9 V. This range was selected after an initial
investigation into the durability of the epoxy during actuation. It was observed that
the applied voltages greater than 2.2-2.3 V led to a bubbling, excessive globing and
burning of the epoxy, depicted in Figure 3.11, during actuation. As such, keeping
below this threshold would ensure minimal damage to the sample during testing
while providing insight into the effects due to increasing voltage stimuli.

. _aaanacan

Figure 3.11: Damaged sample after exposure to a 2.5 V for 5 s, resulting in epoxy
discolouration and reduction along the centre portion of the sample. Globs at the ends are
exaggerated due to the resetting of the epoxy at the increased liquid state.

3.3.5 Electromechanical Response

Understanding the connection between the electrical stimulus and the corresponding
mechanical response is vital to the stiffness-variable actuator design. To determine
the extent of this relationship, two tests were created that utilized a multi-voltage
electrical stimulus on CNT samples in each stage of the fabrication process.

The first test measured the stress produced under isometric conditions. Tested
samples were placed into the Biotester’s mount points while connected to the power
leads from the Kaiweets power supply. When connected, a test campaign was ini-
tiated on the Biotester that involved five stimulation-relax cycles of three and five
seconds, respectively, where the Biotester measured the generated force and cycle
lengths of each actuation. Each cycle set was repeated for 0.8, 1.0, 1.2, 1.5, 1.7,
and 1.9 V at a 100 Hz sampling rate to ensure higher time precision during actua-
tion. The peak results were averaged over each actuation cycle’s top three maximum
values.

The second series of tests measured the strain produced under isotonic conditions
when stimulated. A testing apparatus, shown in Figure 3.12, was built to hold the
sample and provide an electrical connection while supporting a load. After mounting,
the sample was tested under a four gram load condition over three cycles at 0.8, 1.0,
1.2, 1.5, 1.7, and 1.9 V. The captured test recording was parsed into images of
the sample at the beginning and end of its actuation cycle and analyzed using the
Biotester’s image analysis suite, LabJoy™.
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Figure 3.12: Strain testing apparatus (a) annotated and (b) camera views.
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Chapter 4

Experimental Evaluation of
Actuator Components

To fully understand the capabilities of any actuator design, it is necessary first to
characterize its underlying components integrally responsible for its emerging per-
formance. This chapter presents a comprehensive experimental evaluation of the
commercial stiffness-variable actuator components, the DexMat 100 pum Galvorn
CNT-HS™ fibre and the PRO-SET® 125 epoxy resin and PRO-SET® 229 epoxy
hardener. Presented first are the mechanical, electrical, electrothermal and elec-
tromechanical characterizations of the commercial CNT fibre in its uncoiled, twisted-
coiled, stretched and coated formats. This is followed by the mechanical properties,
and electrical response of the PRO-SET® epoxy is detailed, providing additional
information on how these components will work together.

39
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4.1 DetMat Galvorn CNT-HS™ 100 ym Fibre
Properties

4.1.1 Mechanical Properties

Uniaxial tensile tests were used to verify the commercial break strength data reported
by the manufacturer’s specifications to ensure consistency within the commercial
samples and, to highlight the effect of each fabrication step on these properties.
Three 100 pum diameter CNT fibre samples were selected at uncoiled, twisted-coiled,
and coated fabrication stages to undergo the loading campaign described in Section
3.3.2, shown in Figure 4.1.

While the reported manufacturer tolerances are quite large, as seen in Table 3.1,
the results obtained from the tensile tests were well within the specifications. For
the 100 pm diameter pre-twisted fibres, this resulted in a mean maximum strength
of 1993.72 [0 = 92.23] MPa. Furthermore, the ultimate strain and corresponding
necking strain, that being the strain between the tensile strength and the ultimate
strain, remained at 7.15 [0 = 1.05]% and 0.11 [0 = 0.06]%, respectively, emphasizing
the relatively high stiffness of the material, at 32.02 [0 = 7.81] GPa-m™!, and highly
localized deformation. The stiffness was also slightly non-linear, particularly outside
the 1-3% strain range, with plastic behaviour beginning at 3.5% strain.

As the fibre goes from uncoiled to twisted-coiled, a trend appears in the resulting
sample’s tensile strength and overall flexibility. Twisted fibres show a diminished
ability to withstand loads by a factor of ~2.75, (t(4) = —20.5901;p = 3.3 x 107°),
as seen when comparing the maximum strengths reported in Tables 4.1 and 4.2,
with a mean of 721.50 [0 = 54.29] MPa. This reduction is due to microfractures
appearing during the twisting procedure [45]. Although DexMat uses longer CNT's
in their fibre and yarn fabrication [66], the locations conglomeration act as fracture
points and would experience higher stresses as the fibre underwent torsional stresses.
In contrast, the introduction of coiling increased the ultimate strain ~7.48 times,
(t(4) = 13.8969;p = 1.5 x 107*), with a mean of 53.45 [0 = 5.64]%. Similarly,
the necking strains increased partially compared to their pre-twisted counterparts,
though inconsistently, showcasing how the fibre damage brought on by twisting re-
duces the localization of deformation during loading. These samples’ stiffness were
significantly smaller, (¢(4) = —6.8752;p = 2.3 x 107%), as well, at 1.06 [0 = 0.10]
GPa-m™!, owing to their coiling structure, and showed a more exponential behaviour
with an increasing load.
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Figure 4.1: Monotonic to failure uniaxial tensile test of (a) pre-twisted, (b) twisted-coiled
and (c) coated with 15% pre-stretch 100 pm carbon nanotube sample sets composed of
three fibre samples, s1, s3 and s3.

The failure behaviour also changed with the introduction of the epoxy coating.
Compared to the twisted-coiled samples, the coated samples experienced an extended
failure over a greater strain. This intuitively makes sense when one considers the
bonding attribute of the epoxy itself. When the epoxy soaks into the fibre, even
the upper layers, it adds additional reinforcement to the underlying fibres. Though
this did not result in a discernible improvement in the tensile strength, (¢(4) =
1.2984;p = 2.6 x 1071), with a mean of strength of 789.15 [0 = 72.10] MPa, the
effect on the ultimate strain is apparent (¢£(4) = —8.8162;p = 9.1 x 10~%), even when
accounting for the embedded 15% pre-stretch. This is demonstrated in Figure 4.1(c)
and Table 4.3, where the ultimate strain was 18.34 [0 = 3.29]%. Similarly, the
stiffness increased significantly, (£(4) = 3.1335;p = 3.5 x 1072), compared to the
twisted-coiled samples with a measured value of 3.86 [0 = 1.55] GPa-m™', and was
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visibly more linear.

Table 4.1: Monotonic to Failure Uniaxial Tensile Test Summary of 100 pum Pre-twisted
Samples

Sample Tensile Strength Ultimate Strain Neckin’g Strain Young’s Moil?lu5§ Toughnisg
(MPa) (%) (%) (GPa-m™") (MJ-m™")
s1 1931.63 7.29 0.04 34.25 76.01
EDY 2099.70 6.04 0.15 38.56 60.70
s3 1949.84 8.12 0.15 23.40 82.04

§ Calculated at 2.5% strain.

Table 4.2: Monotonic to Failure Uniaxial Tensile Test of 100 um Twisted-Coiled Samples

Sample Tensile Strength Ultimate Strain Neckin’g Strain Young’s Moil?lu5§ Toughnisg
(MPa) (%) (%) (GPa-m™") (MJ-m™")
s1 717.47 59.62 0.23 1.05 192.61
ED) 669.34 52.54 2.72 0.96 131.02
s3 777.69 48.38 0.02 1.17 134.70

§ Calculated at 35% strain.

Table 4.3: Monotonic to Failure Uniaxial Tensile Test Summary of 100 pum Coated
Samples

Sample Tensile Strength Ultimatoe Strain Neckin§ Strain Young’s Mthlllus§ Touglme_s;
(MPa) (%) (%) (GPa-m™") (MJ-m~?)
s1 760.63 18.62 1.16 3.30 60.15
592 871.15 14.27 0.73 5.60 54.74
s3 735.68 22.12 4.59 2.67 68.31

§ Calculated at 10% strain.

Overall, these results support the high mechanical strength claims of CNT fi-
bres but also allude to the reduction in those properties as the material undergoes
torsional modifications. Conversely, the later fabrication modifications, such as twist-
ing, can increase the breaking stains and dramatically decrease their stiffness, while
the consecutive coating increases the necking strains and stiffness of the material.
Finally, the consistency of the mechanical properties, especially regarding the manu-
facturer’s specification, highlights the benefit of utilizing a commercial fibre product
instead of in-house fabrication.

4.1.2 Electrical Properties

Similar to the mechanical tests, the objectives of the resistance measurements were
to verify those reported by the manufacturer’s specifications and to observe how
each fabrication stage affected their resulting values. First, nine samples in their
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pre-twisted and twisted-coiled and stretched formats were mounted in the Biotester
and tested following the procedure described in Section 3.3.3. Then, four of these
samples were placed on the conventional fabrication apparatus and underwent the
final coating stage while stretched. Once cured, they were remounted and had their
resistances remeasured. Resistances reported in Table 4.4 are normalized to pre-
twisted lengths of the corresponding sample.

Table 4.4: Resistance vs Fabrication Stage Test Summary for 100 pum Samples

Resistance (- cm 1)

Sample

Pre-Twisted Coiled Stretched Coated
s1 0.3935 0.3947 0.4080 —
ED) 0.5355 0.5564 0.5688 —
s3 0.9295 0.9741 1.0216 —
sS4 0.5155 0.5272 0.5478 —
S5 0.4559 0.4762 0.4862 —
s 0.3776 0.3850 0.3876 0.3884
s7 0.3273 0.3350 0.3416 0.3479
S8 0.4263 0.4381 0.4472 0.5693
s9 0.4401 0.4602 0.4615 0.4615

The pre-twisted resistances measured were significantly greater than the values
mentioned in the specifications, reporting a mean of 0.4890 [0 = 0.1774] Q- em™!
compared to 0.1740.03 © - cm™! [68]. This can be explained by the connection re-
sistance between the paperclip and the fibre, better described by a multi-resistor
circuit shown in Figure 4.2. Additionally, due to fabrication tolerances, these con-
nection resistances varied between samples, as indicated by the large o, reducing the
sample-sample resistive measurement significance.

Rcl cht Rc2

A A AN

Figure 4.2: Sample resistive model where R.; and R are the CNT-Paperclip connection
resistances and R.,; is the resistance of the fibre.

However, when looking at how those resistances changed within each sample,
a clear trend appeared. As the yarns were twisted and coiled, their resistances
increased by 1.6% on average. Ideally, when the current passes through the fibre,
it tends to encounter the least resistance along the axial pathway of the CNT [86].
Such a system can be represented as a simple wire where the current only flows
along a one-dimensional path demonstrated in Figure 4.3. This pathway is distorted
when the fibre is twisted and coiled, and its new bunched spring formation connects
the coiled potions along their perpendicular sides. This contact point has a greater
resistance than the axial pathways but would allow electrons to jump between the
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coils. Therefore as the coiling reduces the effective length of the fibre, it also lessens
the distance the electrons need to travel.

— -~ Ient-cnt

— lent —»

( T (1

(a)

Figure 4.3: Summary of the various resistances within a CNT fibre bundle (a), its cross-
section (b) and when twisted and coiled (c), where 7., is the resistance along a CNT,
Tent—ent 18 the resistance between CNTs within a CNT fibre, and r.,; is the resistance
between each coil. rep; >> Tent—ent > Tent- Gray circles represent epoxy globules.

While this represents the behaviour of an ideal conductive material as its geom-
etry is modified, the CNT yarns have been shown to undergo microfractures when
twisted [45], decreasing the axial connectivity in the process. Since the axial re-
sistance plays a more significant role in determining the resulting resistance of the
material, its effective increase due to torsional stresses exceeds the resistance de-
creases gained from coil contact. However, this does not discount the role inter-coil
resistance plays altogether. Stretching the twisted-coiled yarns decreased the inter-
coil contact, returning the preferred path to the axial direction and consequently
increasing the fibre resistance a further 1.4% on average. Finally, the introduction
of the coating was shown to have a lesser affect the overall resistance of the fibre
compared to its stretched state, with only a mean increase of only 0.3%. Since the re-
sistance is predominantly defined by the resistances of the internal CNT core and the
pathway to that core is not altered through the coating process, the involvement of
the epoxy on the composite’s resistance is negligible. This is somewhat intuitive since
introducing insulating material between parallel conductors should reduce its overall
bandwidth, assuming inter-conductor electron transfer. In the case of these yarns,
however, the leading pathway of the electrons is along the CNTs themselves [45],
whose structure is not affected by the absorption of the epoxy coating. Furthermore,
while the internal resistance of the epoxy is temperature dependant, as described in
Section 4.2.2, its scale is vastly larger than that of the inter-CNT connections and
thus can be ignored.

Generally, the greatest effector on the fibre’s resistance was the torsional stresses
that damage the structures of the fibre. While coiling can ideally decrease this effect,
it is comparatively minimal in scale and did not play a significant role, (£(16) =
0.1873; p = 8.5 x 1071), within these fibres. When stretched, this intercoil effect is
lost, and the additional stress on the fibre further increases the overall resistance,
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though the increases were less than 2%. Overall, the entire process resulted in a mean
increase of the resistance of the sample by ~ 3.3%. While the trends are apparent
within each of these tests, there were a variety of areas that could have reduced the
accuracy of the readings. Whether through the multiple mounting and unmounting
stages required to test the samples, the two stages of stretching procedures, or, most
notably, the welding quality between the solder, the paperclip and the CNT fibre,
future work could benefit from improving each of these processes.

4.1.3 Electrothermal Response

As the thermal transfer medium for the infiltrated epoxy, the CNT fibre’s ability to
conduct thermal energy directly correlates to the actuator’s performance. This series
of tests aimed to determine the relationship between the voltage and the resulting
temperature of the CNT core and how structural changes may play a role in modu-
lating these values. Four 100 um diameter CN'T samples for each of the successive
fabrication stages outlined in Section 3.3.3 underwent this series of tests using the
procedure described in Section 3.3.4.

Joule heating is directly proportional to the voltage used to stimulate a conductor
as described in (4.1), where @ is heat, V is voltage, R is the conductor’s resistance,
and t is the time the voltage is applied. This equation can also be rewritten to de-
scribe the relationship between the mass of the object m, its particular heat capacity
C' and the change in temperature AT. In the case of these tests, the application
time, resistance, heat capacity and mass are constant for each sample, only with the
fixed voltage being modulated. As such, a thermal response and AT proportional
to the square of the voltage was expected.

V?
Q:Ei:m'C-AT (4.1)
2
ro%ocAT (4.2)

The first trend observed highlights the relationship between the applied voltage
and the exponential increase in temperature at different fabrication stages. These
temperature-voltage rates were shown to peak at the applied voltage of 1.9 V for
the pre-twisted, twisted-coiled and stretched samples with 7.5, 15 and 12.5 °C -V !
respectively, while the coated sample saw its largest increase at 1.7 V with 33.5 °C
V=1, The complete set of rate data can be seen in Table 4.5.
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Figure 4.4: Fabrication stage comparison of the mean electrothermal responses.

Table 4.5: Mean Temperature-Voltage Rates of 100 pm Carbon Nanotube Samples at
Selected Fabrication Stages

o -1
Fabrication Stage Response Rate (°C -V ™)

(n=4)

0.8-1.0 V 1.0-1.2 V 1.2-1.5 V 1.5-1.7 V 1.7-1.9 V
Pre-twisted 1.5 1.5 2.0 3.0 7.5
Coiled 0.5 3.0 2.7 4.5 15
Stretched 0.0 1.5 2.3 3.5 12.5
Coated 5.0 8.5 21.3 33.5 25.5

The difference in the rate and magnitude between the various sample sets alludes
to changes in thermal conductivity due to their structure. The first transition from
the pre-twisted to the twisted-coiled format, shown to increase the resistance of
the sample in 4.1.2, should have decreased the heat produced by the conductor.
However, the observed maximum mean temperature change from 28.3 [ = 0.6] to
30.4 [0 = 0.7] °C was minimal when accounting for the standard deviation albeit
statistically significant, (£(6) = 4.7247;p = 3.2 x 1073). In the subsequent transition
from the twisted-coiled to stretched stage with maximum mean temperatures going
from 30.4 [0 = 0.7] °C to 29.2 [0 = 0.2] °C the difference was insignificant (¢(6) =
—3.6093;p = 1.1 x 1072), mirroring the transitional resistance change. In contrast,
the last transition from stretched to coated did show an exaggerated and significant
increase in temperature, (£(6) = 11.4188;p = 2.7 x 107°), from 29.2 [¢ = 0.2] °C to
46.0 [0 = 2.9] °C even though it did not experience a resistance increase.

While it is clear the resistance does not play the primary role in determining
the temperature response of these samples, even when including any changes due
to temperature itself denoted by these material’s temperature coefficient of ~0.002
ppm - °C~1 [87], it points to the underlying sample structure as the main contributor
to the response. For the pre-twisted samples, the entire length of precursor CNT
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fibre is exposed during the test, providing additional cooling along its surface area
due to the ambient atmosphere. This surface area is reduced when it transitions to a
twisted-coiled format and then increased when it is stretched, aligning more with the
behaviour observed. Furthermore, when looking at the coated samples, the epoxy
coating surrounds the internal conductor, insulating it during the stimulation. As
such, the fabrication steps that have been shown to reduce the exposed conductive
area of the underlying fibres positively influenced the resulting thermal response.

Figure 4.5: Manual thermal capture through the FLIR E6™ thermal camera.

Though these tests could discern the overall trends of these thermal responses,
the low refresh rate of the thermal camera, in conjunction with the quick activation
time of the sample, restricted thermal measurements to snapshots only. Addition-
ally, attempts to precisely and consistently lock onto the relatively small heated
area, shown in Figure 4.5, proved difficult and could be improved with a dedicated
mounting apparatus in future experiments.

4.1.4 Electromechanical Response

Four samples were fabricated for each fabrication stage to undergo the Isometric
stress and Isotonic strain testing procedure outlined in Section 3.3.5. The results of
these test series are presented in the following subsections.

4.1.4.1 Isometric Stress Testing

The actuation of the samples within the first three stages of the fabrication process
is driven by the electromagnetic forces between the parallel CNT fibres that make
up the fibre bundle, described in Section 2.3.2. Beginning with the pre-twisted
CNT fibre, a small response was observed at higher voltages though its magnitude
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Figure 4.6: Mean contractile engineering stress vs applied voltage at selected fabrication
stages (a) and the corresponding stress-voltage rate between each voltage step (b).

remained relatively small. This could be due to the small amount of embedded twist
in the fibre created during its commercial fabrication process, though more precise
measurements would be required to validate this hypothesis due to the magnitudes
falling within the Biotester’s £30m/N fluctuation tolerance.

When the sample is twisted and coiled, the increase in electromagnetic forces
is depressed by the restricted space between each coil, limiting the actuation. In
this state, the expressed stresses were limited to ~5-14 MPa as seen in Table B.2,
although a significant increase (¢(6) = 6.5296;p = 6.1 x 10~*), when compared to its
precursor state at 1.9v. Once additional space was introduced between these coils
via a 15% stretch, the added room allowed the actuation to occur more effectively
and led to a signifcantly (¢(6) = 12.5011;p = 1.6 x 107°) greater generated forces
from ~5-34 MPa (Table B.3).

Intercoil Guest Material

|

Figure 4.7: Sample with epoxy guest material in between coils impeding full movement.

Finally, the coated samples experienced a more complex actuation mechanism
through the electromagnetic forces of the underlying CNT yarn and the reduction
of stiffness within the epoxy coating resisting the contraction. Compared to the
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uncoated stretched samples, this modification diminished the maximum contractile
stress response (£(6) = —3.1636;p = 1.9 x 1072), measuring between ~5-29 MPaq for
the tested voltage range (Table B.4).

Similarly, a reduced stress-voltage rate could also be seen between various volt-
ages, as shown in Figure 4.6. Since the coating resists the movement of the under-
lying yarn during stimulation, the time required to achieve a sufficient temperature
to reduce its stiffness must be considered. Further, introducing a guest material
between the coils, depicted in Figure 4.7, restricts the distance they can travel when
contracting, dampening its response.

3.0 Pre-twisted (n = 4)
----- Twisted-Coiled (n = 4)
250 ... Stretched (n=4)
g ——- Coated (n=4)
§ 20
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Figure 4.8: Stress drop at consecutive voltage intervals during isometric test cycles for
pre-twisted, twisted-coiled, stretched and coated sample sets.

Actuation cycles also exhibited force drops over consecutive voltage intervals
highlighted in Figure 4.8. This behaviour appeared to affect the stretched samples
most significantly, with to an increasing degree as the voltage increased. Coated
samples, on the other hand, experienced the opposite effect, a stress increase af-
ter relaxation, particularly around the epoxy relaxation point of 1.2 V. This shows
the slight loosening of the tension within the encased fibre after the completion of
an actuation cycle caused by the momentary reduction in the surrounding epoxy’s
stiffness.

Overall, the increase in voltage was shown to increase the force generated and
the rate at which it occurred, with a relatively minor stress loss between voltage
test intervals. This rate was non-constant, however, with the most significant in-
crease between 1.5-1.7 V for most of the fabrication stages apparent in Table B.6.
The inclusion of greater twisting in the form of coils, enhanced with adequate spac-
ing between such coils through stretching, increased the mean expressed stresses
most significantly from ~14 MPa in the twisted-coiled samples to ~34 MPa in the
stretched samples. Moreover, with the epoxy coating, the mechanical responses and
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their corresponding rate were reduced due to the mechanical resistance created by
the guest material, though these were still larger than the pre-twisted samples.

4.1.4.2 Isotonic Strain Testing
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Figure 4.9: Mean contractile engineering strain vs applied voltage at selected fabrication
stages using a 4 g load (a) and the corresponding strain-voltage rate between each voltage
step (b).

Strains for all samples were relatively small regardless of the fabrication stage,
with a peak of 0.64%, and increased with increasing voltage, similar to the measured
isometric responses. The pre-twisted yarns showed the weakest performance, lacking
the superior electromagnetic forces that accompany their twisted-coiled alternatives,
and, in most cases, did not measure any strains under each of the voltages supplied.
With additional coiling, the effectiveness of the geometry change requires sufficient
spacing between the coils to actuate. Using a load of 4 g was not large enough to
provide adequate spacing between the coils resulting in a maximum strain of 0.35 [o
= 0.06]%, a small but significant increase, (¢(6) = 12.2474;p = 1.8 x 107°), compared
to the pre-twisted sample set under the.

The strains were much more significant, (£(6) = 3.1105;p = 2.1 x 10~2), when the
yarns were coated, measuring 0.62 [0 = 0.16]%. Since the coils are encased in their
stretched state, the stimulation releases the tension and allows them to contract as
if they were sufficiently loaded in their stretched state. The applied voltage was
integral to this response, with limited actuation occurring before 1.2 V, owing to the
unchanged stiffness of the epoxy coating prior to this point. The pre-loaded state of
the coated yarns is the primary benefit of their design, removing their dependence
on an external load to achieve continuous actuation.
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The magnitude of strain appeared most affected by the space available for con-
traction, and the magnitude of the electromagnetic forces between the parallel fibres,
coiled or not, could optimally generate. Furthermore, the applied voltage’s role was
not insignificant, as without sufficient thermal energy resulting from the current run-
ning through the CNT fibre, the epoxy coating remained stiff, resisting any internal
contraction of the high tension CNT fibre core.

4.1.5 Summary

The process of converting the precursor DexMat Galvorn CNT-HS™ fibres into the
fabricated stiffness-variable actuator results in the reduction of some of the under-
lying properties of the base material. The magnitude of these diminished properties
can vary greatly, such as the 65% decrease in strength compared to the 3% decrease in
conductance, potentially limiting applications that depend on the more affected prop-
erties. Regarding their resulting actuation abilities, the process of twisting+coiling
and stretching improves the contractile stresses expressed and the contractile strains
when loaded, which is complemented by the built-in strain resetting mechanism of
the coating process.

Table 4.6: Stiffness-Variable Actuator Fabrication Stage Transition Experimental Sum-
mary

Effect on Quality

Fabrication Contractile™®

St A Resistance Surface Tensile Ultimate Stiffness
age - cmfl) Tempoerature Strength Stgain (GPa- mfl) Stress Strain (%)
°C) (MPa) (%) (MPa)
4 T 4+ T
Pre-twisted— a g% Nct (-63.8%) (648%) (-96.6%) (121%) © 0050 35)
Twisted-Coiled 670 (1993—722) (7.2—53.5) (32.1>1.1) (5.26—11.64) : :
T
Twisted-Coiled— T \fell N/A N/A N/A 169% N/A
(1.4%)
Stretched e (11.64—31.38)
T T 4 T + T
Stretched— Coated © g‘?’) (57.5%) (9.3%) (-38.8%)8 (251%) (-14.2%) (82.8%)
270 (29.2-46.0) (722 789) (53.5-+33.3) (1.1-3.9) (31.38—326.92)  (0.35—0.62)
T No change

* Presented stresses and strains are engineering stresses and strains.
§ Calculated by adding 15% to the mean strain measured.
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4.2 PRO-SET® Epoxy Properties

4.2.1 Mechanical Properties

The stiffness-variable actuator design depends on the variable stiffness of the epoxy as
it undergoes a temperature change. To properly characterize these properties, epoxy
samples were created and mechanically tested within the Instron 4202 Universal
Tensile Machine™ under different strain rates and applied temperatures.

The first test series conducted was a monotonic to failure uniaxial tensile test
using a 5 mm - s~! strain rate at room temperature. The second test series, a load-
unload test, was performed with strain rates of 5 mm - s7!, and 8 mm - s~ over
two cycles per sample. The load-unload series was repeated for three temperatures,
room temperature, 30, and 50 °C supplied by a Wagner HT3500™ mounted heat gun
and verified by a FLIR E6™ thermal camera. The heat gun was used at its lowest
setting (121°C) until the sample reached the desired temperature before initiating

the test.

Two types of samples were created for this investigation, a thinner sample mea-
suring 28x7.5x1 mm (LxWxD) and a thicker sample set 28x7.5x1.5 mm. In the
mould shown in Appendix C.1, this accounted for 6 and 10 ml, respectively. Each of
these test series were performed on the thinner samples, while the thicker samples
only underwent the monotonic to failure uniaxial tensile tests. Each test series was
repeated with three samples.

4.2.1.1 Monotonic to Failure Uniaxial Tensile Testing

The thinner samples had a tensile strength of 38.90 [¢ = 3.95] MPa with a corre-
sponding ultimate strain of 4.29 [0 = 0.09]%. When the samples were thicker, these
values increased to 44.37 [0 = 0.34] MPa and 6.33 [0 = 0.44]%, respectively. Ad-
ditionally, the minor necking strains and complementary low toughness of 0.60 and
0.99 [0 = 0.26] MJ-m ™3, seen in Tables 4.7 and 4.8, for the thin and thick samples
respectively highlighted the material’s brittleness at room temperature.

More significant changes in the fracture behaviour were illustrated by the shift
in sample starting temperature at room temperature, 30 and 50 °C highlighted in
Figure 4.11. The linearity of the stress-strain curves is completely gone, with clear
signs of deformation. This is most apparent when looking at the peak tensile strength
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Figure 4.10: Monotonic to failure uniaxial tensile test of a (a) thin epoxy sample and (b)

thick epoxy sample at room temperature and using a strain rate of 5 mm - s~1.

Table 4.7: Monotonic to Failure Uniaxial Summary of Thin Epoxy Samples with a 5
mm - s~! Strain Rate At Room Temperature

Sample Tensile Strength Ultimatoe Strain Neckinog Strain Young’s I\/[oihlllus§ Toughne_sg
(MPa) (%) (%) (GPa-m™") (MJ-m™°)
s1 43.41 4.34 0.00 0.69 0.67
ED) 37.21 4.35 0.00 0.58 0.59
s3 36.07 4.18 0.04 0.62 0.54

§ Calculated at 2.5% strain.

Table 4.8: Monotonic to Failure Uniaxial Summary of Thick Epoxy Samples with a 5
mm - s~ Strain Rate At Room Temperature

Sample Tensile Strength Ultimaf}e Strain Neckinl% Strain Young’s M0£11111u5§ Toughn(is;
(MPa) (%) (%) (GPa-m™") (MJ-m™?)
s1 44.73 6.83 0.03 0.60 1.28
ED) 44.35 6.15 0.04 0.67 0.89
s3 44.04 6.01 0.03 0.64 0.79

§ Calculated at 5% strain.

and ultimate strains of these higher temperature samples outlined in Tables 4.7, 4.9
and 4.10. As the starting temperature rose, the tensile strengths dropped, first from
38.90 [0 = 3.95] to 24.30 [0 = 1.66] (¢(2) = —9.4452; p = 1.1 x 107%) and then further
to 6.75 [0 = 2.94] (t(6) = —13.5054;p = 5.4 x 1073).

A similar trend was also seen in their respective stiffness, starting at 0.64 [0 =
0.04] GPa-m™" at room temperature and dropping to 0.49 [0 = 0.25] GPa-m™" at
30 °C (t(2) = —9.4452;p = 1.1 x 1072) and then 0.10 [¢ = 0.02] GPa-m™! at 50 °C
(t(2) = —13.5054;p = 5 x 1073).
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Figure 4.11: Monotonic to failure uniaxial tensile test of a thin epoxy sample at a strain
rate of 5 mm - s~! and (a) 30 °C and (b) 50 °C.

Table 4.9: Monotonic to Failure Uniaxial Summary of Thin Epoxy Samples at 30 °C

Sample Tensile Strength Ultimate Strain Necking Strain Young’s Modulus? Toughness
P (MPa) (%) (%) (GPa-m™1) (MJ-m™3)
s1 23.13 12.96 2.97 0.67 2.10
ED) 25.48 10.45 5.74 0.31 1.56

§ Calculated at 1.5% strain.

Table 4.10: Monotonic to Failure Uniaxial Summary of Thin Epoxy Samples at 50 °C

Sample Tensile Strength Ultimate Strain Necking Strain Young’s Modulus? Toughness
p (MPa) (%) (%) (GPa-m~1) (MJ-m™3)
s1 7.31 11.00 3.69 0.12 0.49
ED) 6.20 15.15 8.69 0.09 0.48

§ Calculated at 4% strain.

4.2.1.2 Load-Unload Uniaxial Tensile Testing

Though the monotonic to failure tensile tests shed light on the boundary limits of
the material, a more useful test is looking at its load-unload response as a more
common operating environment within the stiffness-variable actuator design. The
first series of tests explored the strain rate’s effect on the mechanical properties of
the thin epoxy samples. As shown in Figure 4.12, and the Tables 4.11 and 4.12, the
increase in strain rate from 5-8 mm-s~! had no significant effect on these properties.

In contrast, changes were much more distinct when testing the effect of the operat-
ing temperature on the mechanical properties, highlighted in Figure 4.13. When the
epoxy’s starting temperature increased, the material’s stiffness decreased as shown
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Figure 4.12: Two successive cycles, T and T5, of a load-unload uniaxial tensile test on a
thin epoxy sample at a strain rate of (a) 5 mm-s~! and (b) 8 mm-s~! at room temperature.

Table 4.11: Load-Unload Tensile Test Summary of Thin Epoxy Samples with a 5 mm-s~*

Strain Rate At Room Temperature

§0

Sample Tensile Strength Ultimate Strain Young’s Modulus Toughr\eS§ Hysteresi§

p (MPa) (%) (GPa-m™1) (MJ-m™3) (MJ-m™3)
Sla 14.31 2.60 0.5551 0.09 (-0.08) 0.009
s1p 14.28 2.78 0.4651 0.09 (-0.10) 0.012
S2a 14.28 3.11 0.2551 0.10 (-0.07) 0.033
Sop 14.28 3.11 0.2551 0.10 (-0.07) 0.033
$3a 14.05 2.08 0.6352 0.07 (-0.06) 0.010
sap 14.09 2.03 0.6952 0.06 (-0.06) 0.032

80Calculated by subtracting the toughness from the load and unload measurements.

§lcalculated at 2.5% strain.
$2Calculated at 2% strain.

in Tables 4.13 and 4.14, following the trend previously observed in the monotonic
to failure testing. Additionally, the hysteresis became exaggerated with increasing
temperature due to the difference between the cool-down rate of the material and
the unload strain rate. This was seen most signifcantly between room temperature
to 30 °C (t(10) = 4.0973;p = 2.1 x 1073), and less significantly with the transition
from 30 to 50 °C (¢(10) = 2.6367;p = 2.4 x 1072).

Maintaining the starting temperature proved to be more difficult with the 50 °C
samples, resulting in a quicker drop of the temperature between 50 and 30 °C and the
change in tensile responses between the successive cycles within the 50 °C testing set.
Secondary cycles of these samples were in the range of 43 to 48 °C though hysteresis
trends remained consistent. Additional sample data can be found in Appendix C.2.
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Table 4.12: Load-Unload Tensile Test Summary of Thin Epoxy Samples with a 8 mm.-s~!

Strain Rate At Room Temperature

Sample Tensile Strength Ultimate Strain Young’s Modulus Toughness Hysteresis§0

p (MPa) (%) (GPa-m™1) (MJ-m™3) (MJ-m™3)
Sla 14.26 2.58 0.41581 0.09 (-0.07) 0.018
s1p 13.92 2.50 0.4181 0.07 (-0.07) 0.001
S2a 13.80 1.92 0.40%2 0.05 (-0.05) 0.000
sop 14.22 2.08 0.3852 0.06 (-0.06) 0.002
$3a 14.26 2.58 0.4151 0.09 (-0.08) 0.011
s3p 13.82 2.48 0.4251 0.07 (-0.07) 0.010

80Calculated by subtracting the toughness from the load and unload measurements.
S$lcalculated at 2.2% strain.
82Calculated at 1.7% strain.
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Figure 4.13: Two successive cycles, T1 and T5, of a load-unload uniaxial tensile test on

a thin epoxy sample at a strain rate of 5 mm- s~! and initial temperature of (a) 30 °C and
(b) 50 °C.

4.2.2 Electrothermal Properties

In addition to the epoxy’s mechanical abilities, how the material behaves electrically
could also play an essential role in the stiffness-variable actuator design due to the
driving mechanism being electrical. Here, a testing apparatus, illustrated in Fig-
ure 4.14, was created to observe this behaviour as the temperature of the material
was increased and as the material returned to room temperature during cool down.

The resin sample was created using the recommended 3-1 ratio of the PRO-
SET® 125 epoxy resin and PRO-SET® 229 epoxy hardener and allowed to set in
a cylindrical vessel 11.3 mm deep, 30.6 mm wide with two paper clip leads ~2 c¢m
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Table 4.13: Load-Unload Tensile Test Summary of Thin Epoxy Samples with a 5 mm.-s~!
Strain Rate At 30 °C
Sample Tensile Strength Ultimate Strain Young’s Modulus Toughness Hysteresis§0
p (MPa) (%) (GPa-m™1) (MJ-m™3) (MJ-m™3)
sia 14.30 7.29 0.1481 0.38 (-0.10) 0.278
s1b 14.40 6.68 0.1681 0.30 (-0.14) 0.164
saa 14.32 6.61 0.1881 0.31 (-0.06) 0.249
sab 14.18 5.62 0.2181 0.25 (-0.04) 0.163
ssa 14.10 4.83 0.2752 0.22 (-0.09) 0.132
s3b 14.23 4.11 0.35%2 0.15 (-0.12) 0.032
80Calculated by subtracting the toughness from the load and unload measurements.
S§lcalculated at 5% strain.
82Calculated at 4% strain.
1

Table 4.14: Load-Unload Tensile Test Summary of Thin Epoxy Samples with a 5 mm- s~
Strain Rate At 50 °C

Sample Tensile Strength Ultimate Strain Young’s Modulus Toughness Hystcrcsis§0

P (MPa) (%) (GPa-m™1) (MJ-m™3) (MJ-m™3)
Sla 5.48 7.95 0.0981 0.23 (-0.03) 0.216
s1p 11.46 9.68 0.165! 0.64 (-0.04) 0.482
s2q 3.32 10.18 0.07 0.27 (-0.05) 0.212
Sap 6.34 12.01 0.08 0.51 (-0.03) 0.480
s3q 5.26 9.10 0.0553 0.31 (-0.06) 0.260
s3b 10.02 9.66 0.1288 0.66 (-0.03) 0.630

80Calculated by subtracting the toughness from the load and unload measurements.
8lCalculated at 4% strain.

82Calculated at 3.5% strain.

83Calculated at 6% strain.

apart from each other, as shown in Figure 4.14. Each paperclip lead was connected
to a Keithley multimeter lead pair to obtain the four-point resistance measurement
previously described in Section 3.3.3.

The resin was heated using a Wagner HT3500™ heat gun, set to 121°C mounted
alongside the sample at a distance of ~10 ¢m. A FLIR E6™ thermal camera tracked
the resin temperature in real-time and was also mounted alongside the sample to
ensure stable reading during the lengthy test campaign. Finally, a video was taken
of the equipment during the test campaign and post-analyzed to record the temper-
ature and its corresponding resistance measurement to capture both readings. The
heat application continued until the epoxy was visibly bubbling, at which point the
heat gun was switched off. The temperate measurement continued until the epoxy
returned to its starting resistance value, completing the test.
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Figure 4.14: Epoxy electrothermal test sample (a) in its front (left) and side (right)
views, and (b) the corresponding test setup.

The initial resistance measurements were out of range for the multimeter, de-
noting an open-circuit behaviour of the resin setup at room temperature. As the
temperature increased from 24 to 60 °C, the resistance exponentially decreased from
greater than 400 M) to ~20 MS) before settling at ~4 M) around 80 °C. While this
change is significant relative to their original values, the resistance in the epoxy is
substantially larger than the resistances measured in the CNT fibre, alluding to a
minor role as a conductor within the stiffness-variable actuator composite.
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Figure 4.15: Electrothermal response of the epoxy when heated with the (a) resistance
vs temperature and (b) temperature vs time.



CHAPTER 4. EVALUATION OF ACTUATOR COMPONENTS 59

4.2.3 Summary

Of the two parameters investigated, the temperature plays the most significant role
in the pertinent properties of the stiffness-variable actuator design, particularly the
stiffness. Furthermore, since the thickness investigation did not provide considerable
differences within the measured properties at these scales, it can be inferred that the
minuscule amounts used in the coating would have substantially smaller values. It
should also be noted that these tests solely focused on the epoxy, not its interaction
with the epoxy yarns’ fibrous material, which could change these properties. Never-
theless, understanding how these two parameters affect the overall properties of the
epoxy lends insights into future actuator designs that leverage epoxy composites.

Table 4.15: Epoxy Experimental Summary

Effect on Quality

Design /
Operational A Resistance Tensile Strength* Ultimate Strain™ Stiffness Ductility
Parameter (MQ) (MPa) (%) (GPa-m™1) (MJ-m™3)
+ T Not T
Thickness [mm)] 1T N/A (13.9%) (45.9%) (0.63—50.64) (65.0%)
1.5—2.5 (38.90—44.37) (4.29-56.33) : : (0.63—50.99)
Temperature " 1 2 2 2 2
kel 122 s 80] (co—s4) (38.90,24.30,6.75) (4.29,11.63,13.07) (0.64,0.49,0.10)  (0.99,1.83,0.48)
222, 30, 50]
f No change

* Presented stresses and strains are engineering stresses and strains.



Chapter 5

Experimental Evaluation of
Stiffness-Variable Actuator

The stiffness-variable actuator design has many fabrication and operational parame-
ters that can be modified to alter its performance. With the extensive characteriza-
tions of its underlying components in Chapter 4, an evaluation can be conducted to
examine how those fabrication parameters can elevate or hinder the resulting actu-
ator’s capabilities. This chapter investigates three of these fabrication parameters;
the diameter of the inner CNT material, the pre-stretch within the CNT coil and
the epoxy coating application interval, to determine their effect on the mechanical
and electrical properties of the actuator and includes comparisons to its uncoated
twisted-coiled precursor design where applicable. This is followed by a summary of
the evaluation results and how such design decisions should be leveraged for future
applications is presented.

60
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5.1 Effects due to Precursor Fibre Diameter

5.1.1 Fabrication Procedure and Sample Descriptions

The first parameter explored was the diameter of the CNT fibre within the actuator.
Three products of varying diameters were selected from the Dexmat commercial of-
ferings, the 40 pm CNT-HS fibre, the 100 um CNT-HS fibre and the 200 pm yarn to
be investigated for this parameter. Unfortunately, initial work attempting to fabri-
cate samples with the 40 pm fibre failed to withstand the twisting process, fracturing
before reaching coil activation. Furthermore, while the first two are described as sin-
gle filament, untwisted and unbraided fibres, the 200 pym is a multifilament yarn
made with a combination of different sized 20-30 um single filaments in a braided
fashion. This adds variability to the parameter analysis, but without additional sin-
gle filament products that could withstand the fabrication procedure, this limitation
was accepted to explore the trends that could occur with larger diameter materials,
albeit not ideal.

The fabrication process outlined in Section 3.2.2 was followed for the 100 pm and
200 pm sample sets, with a constant coiling load of 70 ¢ and a pre-stretch of 20%.
For the comparative twisted-coiled samples, the pre-stretch was applied using the
Biotester to reduce variability between sample stretching and testing. A summary
of the sample’s fabrication properties can be seen in the Tables 5.1 to 5.4.

Table 5.1: Fabrication Properties of 100 um Carbon Nanotube Stiffness-Variable Samples
with 20% Pre-stretch

Length (cm) s
Sample Pre i;,re“h MD (um) SI Tyor T, Q-em™1!
Initial Final (%)
1 2.45 1.15 18.92 97.00 0.97 39.25 22.08 0.3260
s2 2.46 1.06 18.95 92.00 0.92 40.22 22.34 0.3389
83 2.43 1.35 19.64 69.44 0.69 41.20 23.90 0.3195

Table 5.2: Fabrication Properties of 200 pm Carbon Nanotube Stiffness-Variable Samples
with 20% Pre-stretch

Length (cm) Pre-stretch

Sample % MD (pum) SI Ttot Te Q-em— 1
Initial Final (%)
sS4 2.33 0.77 22.77 204.00 1.02 19.76 13.32 0.1378
S5 2.62 1.05 22.79 166.00 0.82 20.58 13.34 0.1033

s6 2.32 1.12 20.17 164.55 0.82 18.53 13.36 0.1295
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Table 5.3: Fabrication Properties of 100 um Carbon Nanotube Twisted-Coiled Samples
with 20% Pre-stretch

Sample Length (cm) Pre-stretch MD (um) SI Tiot Te Q-em™ 1
Initial Final (%)
s7 3.25 1.39 20.63 99.31 0.99 40.62 21.85 0.4175
s8 2.72 1.14 20.00 115.10 1.15 37.84 18.00 0.5500
sg 1.92 0.81 20.57 101.56 1.02 44.39 20.89 0.4992

Table 5.4: Fabrication Properties of 200 um Carbon Nanotube Twisted-Coiled Samples
with 20% Pre-stretch

Length (cm) Pre-stretch

Sample MD (pum) ST Ttot Te Q-em~?t
Initial Final (%)
s10 2.77 0.91 19.86 234.03 1.17 24.14 15.85 0.1434
S11 2.79 0.74 20.90 231.60 1.16 22.58 11.83 0.2157
512 2.92 0.80 20.26 225.00 1.13 21.58 13.01 0.1807

5.1.2 Electrical Properties

As seen in each of the fabricated sample sets, increasing the underlying material
diameter results in a decrease of the resistance within the sample. The stiffness-
variable actuators (the coated samples) experienced a significant decrease of 62.4%
(t(4) = —17.2556;p = 6.6 x 107°), with mean values of 0.3281 [0 = 0.0080] - cm™!
for 100 um samples and 0.1235 [0 = 0.0147] Q- em™! for 200 um. For the twisted-
coiled samples, a similar decrease was seen at 63.2% (£(4) = —7.0415;p = 2.1x1073),
accompanied by a mean values of 0.4890 [0 = 0.0545] Q-cm ™! for the 100 um samples
and 0.1799 [0 = 0.0295] Q- em ™! for the 200 um samples.

These results follow the inherent difference of commercial product’s properties
outlined in Table 2.1. where the 200 um fibres conductivity was half that of the 100
pm fibres. The findings for both the stiffness-variable actuators and the twisted-
coiled actuators noted above follow this trend, reaffirming the behaviour determined
in Section 4.1.2 whereby the resistance within the CNT is the primary factor for the
overall resistance of the actuator.

5.1.3 Electrothermal Response

T rmal r nse resu ummarized in Figure 5. W a sur m-
The electrothermal response results, s arized in Figure 5.1, show a surface te
perature decrease as the core’s diameter increases, given the same stimuli.
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Figure 5.1: Mean temperature vs applied voltage for the fabricated (a) stiffness-variable
and (b) twisted-coiled sample sets with 100 and 200 ym CNT fibre diameters.

At a glance, this trend counters the relationship described by (4.2) where the
heat is directly proportional to the applied power. However, as these resistances
decrease, the internal resistances of the system become more important. This can
more accurately be described by (5.1) where R;,; is the internal resistance of the
power supply itself.

VZ

@ Ript + R

(5.1)

To determine how this heat dissipates over the volume, wvol, of the object, we
can divide the equation by the volume of the object and rewrite the resistance as
a relationship between the material’s resistivity, p, and its volume shown in (5.2).
Here we can see with equal lengths L, internal resistances R;,;, application times
t and applied voltages V, the samples with larger volumes will have proportionally
smaller thermal responses, even though their resistance is smaller.

V2 V2
= = — = “t (5.2)
vol  7r2L(Rin + #) 7r2 LRy + pL?

Within the stiffness-variable samples, these thermal responses ranged from 25.0
[0 = 0.0] to 54.3 [0 = 2.4] °C for the 100 pm samples and 25.0 [c = 0.0] to 42.3 [0 =
5.1] °C for the 200 pm samples. In the twisted-coiled samples, narrower values were
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observed ranging between 25.0 [0 = 0.0] to 29.4 [0 = 0.6] °C for the 100 pm samples
and 25.0 [0 = 0.0] to 28.7 [c = 0.4] °C for the 200 pum samples.

Though the effect of the larger diameter fibre did not play a significant role when
uncoated (t(4) = —1.8562;p = 1.3 x 107!), the introduction of the epoxy coating
led to a 12° difference (¢(4) = —3.6727;p = 2.1 x 1072) in the responses of stiffness-
variable samples. This alludes to a difference in the interaction between the epoxy
and the underlying fibres. In this case, the thicker fibres would have a larger volume
left untouched by the epoxy, assuming infiltration was limited in depth on both
sample sets. This lower epoxy-fibre ratio is likely the primary contributing factor to
this reduced response.

Table 5.5: Mean Temperature-Voltage Rates of 100 um and 200 ym Carbon Nanotube
Stiffness-Variable Samples

Sample Set X Response Rate (°C-V 1)
_ 3 Diameter (pm)
(n=3) 0.8-1.0 V 1.0-1.2 V 1.2-1.5 V 1.5-1.7 V 1.7-1.9 V
1 100 1.9 35.8 23.2 44.7 29.2
2 200 3.9 11.2 6.4 25.0 36.7

Table 5.6: Mean Temperature-Voltage Rates of 100 um and 200 pym Carbon Nanotube
Twisted-Coiled Samples

Sample Set X Response Rate (°C-V 1)
_ 3 Diameter (pm)
(n=3) 0.8-1.0 V 1.0-1.2 V 1.2-1.5 V 1.5-1.7 V 1.7-1.9 V
1 100 1.7 2.5 2.9 5.4 7.5
2 200 1.2 1.9 1.9 4.7 7.9

Responses remained non-linear regardless of diameter, and those of the 200 u
samples did exhibit a lower response rate as shown in Tables 5.5 and 5.6. These
temperature-voltage rates peaked at the applied voltage of 1.9 V for the 100 um
twisted-coiled, 200 um stiffness-variable and twisted-coiled sample sets with rates of
7.5, 36.7 and 7.85 °C -V ~! respectively. For the 100 pm stiffness-variable sample set,
peaks occurred at 1.7 V with a rate of 44.65 °C -V ~1. Therefore, a greater voltage
stimulus is needed for a comparable thermal response within the 200 pum sample
designs. Additional data on the individual sample sets can be found in Appendix
D.1.2.
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5.1.4 Electromechanical Response

5.1.4.1 Isometric Stress Testing

Similar to the electrothermal results, there was a clear trend between the different
diameter stiffness-variable samples regarding their electromechanical responses. Il-
lustrated in Figure 5.2, the 200 pum samples showed a significantly diminished peak
contractile response compared to their 100 pum counterparts. In the stiffness-variable
samples, this is expressed by an ~7.26 fold decrease (t(4) = —23.6986;p = 1.9x107°)
in the contractile stress, a shift from a mean range of 5.01 to 29.11 MPa in the 100
pm samples to 0.92 to 4.01 MPa in the 200 pm samples. Similarly in the twisted-
coiled precursors, there was an ~4.69 fold decrease (t(4) = —47.6365;p = 1.2 x 107°)
with a mean range of 8.15 to 33.46 MPa and 1.68 to 7.14 MPa in the 100 pm and
200 pum samples respectively. Tables 5.7 and 5.8 show the complete set of isometric
data.
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Figure 5.2: Mean contractile engineering stress vs applied voltage for the fabricated (a)
stiffness-variable and (b) twisted-coiled samples sets.

Table 5.7: Mean Contractile Engineering Stress vs Applied Voltage of Stiffness-Variable
Samples with 20% Pre-stretch using 100 pm and 200 pm Carbon Nanotube Fibre/Yarn

Sample Set Diameter Contractile Stress (MPa) (o]
(n=3) (pm) 0.8 V 1.0 V 12V 1.5 V 17V 1.9V
1 100 5.01 [0.90] 9.17 [1.35] 18.56 [0.71] 26.57 [3.35] 28.72 [1.54] 29.11 [1.86]
2 200 0.92 [0.11] 1.32 [0.24] 2.39 [0.16] 3.58 [0.43] 4.01 [0.32] 3.21 [0.37]

These stark differences could be attributed to the balance between the mechanical
stiffness of the fibre and the electromagnetic forces driving the actuation. However,
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Table 5.8: Mean Contractile Engineering Stress vs Applied Voltage of Twisted-Coiled
Samples with 20% Pre-stretch using 100 pm and 200 pm Carbon Nanotube Fibre/Yarn

Contractile Stress (MPa) [o]

Sample Set Diameter
(n =3) (nwm) 0.8 V 1.0 V 12V 1.5V 1.7V 1.9V
1 100 7.49 [2.04] 9.52 [2.93] 14.58 [4.65) 20.41 [3.62] 28.96 [6.36] 34.87 [0.88]
2 200 1.68 [0.38] 2.39 [0.11] 3.90 [0.70] 5.24 [0.30] 6.48 [1.03] 7.14 [0.50]

preliminary tests show that the stiffness of the thicker samples, even in their coated
forms, remained significantly smaller than the thinner samples. Furthermore, while
the reduced thermal responses previously shown in Section 4.1.3 might play a role
in the stiffness-variable samples, the contractile stress performance gap remained
significant in the twisted-coiled counterparts as well. One key structural difference
between these two products is their underlying composition, where the 100 ym ma-
terial is a single filament fibre without twist, while the 200 pm material is a twisted
yarn presumably composed of multiple 100 um fibres. The manufacturer does not
mention how these samples were twisted either, which has been shown to be a cru-
cial parameter in enhancing or depressing the contractile responses in various CNT
fibre actuator designs. More information would be needed to determine if this is the
underlying cause for the poor responses and how it could be modified to mitigate
them.

Beyond their magnitudes, the response rates of the stiffness-variable samples
show a consistent activation point around 1-1.2V where the thermal energy was
sufficient to reduce the epoxy stiffness. This is echoed in the thermal response
results where the largest temperature-voltage rates occurred between 1-1.7 V. The
twisted-coiled samples do not have this resistive property due to the lack of epoxy and
thus experienced a traditional exponential increase as the applied voltage increased.
Additionally, the reduced stiffness within the twisted-coiled samples, as shown in
Section 4.1.1 and Tables 5.3 and 5.4, allowed for larger maximum contractile stresses
33.46 MPa compared to 29.11 MPa in the 100 gm samples and 7.14 MPa compared
to 4.01 MPa in the 200 pum samples.

Post-actuation stress relaxation, shown in Figure 5.3, was also affected by the
difference in core diameter. Stiffness-variable actuator samples with the 200 um
core experienced a noticeable decrease in stress relaxation occurrences and actually
exhibited stress increases throughout the testing cycles. These conflicting shifts
acted to balance out within consecutive cycles resulting in an insignificant difference
throughout (£(4) = —1.2468; p = 2.8 x 107!). Without the additional resistance from
the epoxy, the same behaviour was significantly (£(4) = —4.9196;p = 7.9 x 1073)
exaggerated within the twisted-coiled samples, emphasizing the reduced loss within
the thicker diameter samples.
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While the increased contractile stress results paint the twisted-coiled samples
as superior actuators, the additional losses during consecutive actuation cycles and
the reliance on an external load can be a significant disadvantage depending on the
application.
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Figure 5.3: Mean stress relaxation after an actuation cycle at consecutive voltage intervals
during isometric test cycles for (a) stiffness-variable and (b) twisted-coiled actuator sample
sets.

5.1.4.2 Isotonic Strain Testing

The diameter of the fibre/yarn significantly (¢(4) = —29.7143;p = 7.6 x 107%) de-
creased the resulting contractile strains of the stiffness-variable samples. Those from
the 200 pum were 82% smaller at their peaks compared to their 100 pm counterparts,
with 0.15 [0 = 0.02]% and 0.84 [0 = 0.03]%, respectively as indicated in Table 5.9.
Similarly, strain-voltage rates were reduced by 74% at their peaks, with maximum
rates of 0.4%-V and 1.55%-V, respectively. Conversely, when the fibre was left un-
coated in the twisted-coiled samples, the maximum contractile strain and strain rate
remained almost equal (£(4) = 1.3684;p = 2.4 x 107!), regardless of the fibre/yarn
diameter when accounting for the standard deviation highlighted in Table 5.10.

Table 5.9: Mean Contractile Engineering Strain vs Applied Voltage of Stiffness-Variable
Samples with 20% Pre-stretch using 100 pm and 200 pm Carbon Nanotube Fibre/Yarn

Sample Set Diameter Contractile Strain (%) [o]
(n=3) (um) 0.8V 1.0 V 1.2V 1.5 V 17V 1.9V
1 100 0.02 [0.04] 0.08 [0.10] 0.25 [0.08] 0.31 [0.06] 0.53 [0.08] 0.84 [0.03]

2 200 0.01 [0.02] 0.01 [0.02] 0.0 [0.00] 0.02 [0.03] 0.07 [0.02] 0.15 [0.02]
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Table 5.10: Mean Contractile Engineering Strain vs Applied Voltage of Twisted-Coiled
Samples with 20% Pre-stretch using 100 pm and 200 pm Carbon Nanotube Fibre/Yarn

Sample Set Diameter Contractile Strain (%) [o]
(n=3) (um) 0.8 V 1.0 Vv 12V 1.5V 1.7V 1.9V
1 100 0.00 [0.00] 0.04 [0.07] 0.10 [0.07] 0.13 [0.10] 0.29 [0.11] 0.33 [0.07]
2 200 0.04 [0.04] 0.15 [0.14] 0.17 [0.05] 0.26 [0.03] 0.30 [0.11] 0.42 [0.09]

The addition of the epoxy coating, particularly to samples using a larger fi-
bre/yarn diameter, resulted in significant resistance to movement when stimulated.
While higher voltages do reduce this resistance (see Figure 5.4(a) 200 um 1.5-1.9
V'), it is unknown whether this is the determining factor compared to the geometry
of the material itself mentioned previously. Further investigations should look into
the response of these thicker yarns/fibres at much larger voltages to see if the trend
increases, in addition to the effects of their geometry.
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Figure 5.4: Mean contractile engineering strain vs applied voltage for the fabricated (a)
stiffness-variable and (b) twisted-coiled sample sets.

5.2 Effects due to Pre-stretch Percentage

5.2.1 Fabrication Procedure and Sample Descriptions

The second parameter investigated was the amount of pre-stretch introduced into
the actuator design during the fabrication process. For this parameter, two sam-
ples were made for each of the four pre-stretch percentages, 10%, 15%, 20%, and
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25%. using the standard fabrication process outlined in Section 3.2.2. For the com-
parison twisted-coiled samples, three were fabricated using a similar process, with
pre-stretches facilitated through the Biotester. These samples’ fabrication properties
are summarized in tables below.

Table 5.11: Fabrication Properties of 100 pum Carbon Nanotube Stiffness-Variable Sam-
ples with Selected Pre-stretch

Length (cm) Pre-stretch

Sample % MD (pum) ST Ttot Te Q-em™!
Initial Final (%)
s1 2.25 1.32 8.47 103.36 1.03 36.49 23.14 0.3607
so 3.51 1.56 11.14 117.36 1.17 37.35 17.68 0.5978
s3 2.70 1.08 15.91 116.15 1.16 38.15 20.00 0.3479
S4 2.53 1.02 15.26 116.15 1.16 39.11 19.36 0.5693
S5 2.43 1.35 19.64 69.44 0.69 41.20 23.90 0.3195
s6 2.46 1.06 18.95 92.00 0.92 40.22 20.31 0.3389
s7 2.74 1.26 24.74 109.03 1.09 30.61 21.13 0.4587
s8 2.78 1.27 24.74 93.06 0.93 38.11 20.49 0.5058

Table 5.12: Fabrication Properties of 100 pm Carbon Nanotube Twisted-Coiled Samples
with Selected Stretch

Length (cm) Pre-stretch

Sample MD (pum) ST Ttot Te Q- em~!
Initial Final (%)
S9q 3.25 1.27 10.31 99.31 0.99 40.62 21.85 0.3966
S9p 3.25 1.33 15.70 99.31 0.99 40.62 21.85 0.4080
S9¢ 3.25 1.39 20.63 99.31 0.99 40.62 21.85 0.4175
594 3.25 1.45 25.41 99.31 0.99 40.62 21.85 0.4311
510a 1.92 0.75 10.31 101.56 1.02 44.39 20.89 0.4841
510b 1.92 0.78 15.70 101.56 1.02 44.39 20.89 0.4862
510c¢ 1.92 0.81 20.63 101.56 1.02 44.39 20.89 0.4992
510d 1.92 0.84 25.41 101.56 1.02 44.39 20.89 0.5070
S11a 2.72 1.05 10.55 115.10 1.15 37.84 18.00 0.5397
S11b 2.72 1.09 14.91 115.10 1.15 37.84 18.00 0.5452
S1lc 2.72 1.14 20.00 115.10 1.15 37.84 18.00 0.5500
S11d 2.72 1.19 25.45 115.10 1.15 37.84 18.00 0.5540

5.2.2 Electrical Properties

The resistance measured for the fabricated stiffness-variable actuators showed in-
consistent changes in magnitude as the stretch increased, which is misleading. As
determined in section 4.1.2, the primary driver for the resistance within a stiffness-
variable sample is the variable connection resistance between the CNT and the pa-
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perclip. Without ensuring the quality of the connection, this limitation diminishes
the ability to determine any small resistance trends between fabricated samples,
especially with such minute differences when stretch is introduced.

A better indicator of the resistance trends due to stretching was looking at the
stretched twisted-coiled samples sg, s19, and s1;. The values measured consistently
increased as the amount of stretch increased, as shown in Figure 5.5. In these three
samples, the average rate of increase was 2.82%, 1.56% and 0.88%, respectively, per
5% stretch interval. These results align with the previous trend in Section 4.1.2 where
the resistance increased as the stretch rose from 0-15%, however the magnitudes

are not statically significant and would require additional samples to validate this
observation adequately.
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Figure 5.5: Resistance vs pre-stretch percentage for samples (a) sg, (b) si0, and (c) s11.
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5.2.3 Electrothermal Response

When increasing the pre-stretch percentage, the thermal response rate within the
stiffness-variable samples marginally increased as seen in Figure 5.6, though only
significantly between 15% and 20% (#(2) = 4.4444;p = 4.7 x 1072). These increases
were exponential as a function of voltage and required a sufficient applied voltage step
of ~1.2 V to have any significant change. While this increasing shift in the responses
appeared for pre-stretches of 10-20%, the 25% samples experienced a slightly lower
response than that at 20%, it was largely insignificant with a difference within 2°C
at its peak. As a driving factor for the thermal responses, the epoxy was able to
access a greater amount of the fibre’s surface area as the space between the fibre coils
increased, explaining the increase in response as the pre-stretch percentage rose.
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Figure 5.6: Mean temperature vs applied voltage for the fabricated stiffness-variable
sample sets with 10%, 15%, 20%, and 25% pre-stretch.

The thermal responses of the twisted-coiled samples, shown in Figure 5.7, ap-
peared to increase with the pre-stretch, though the magnitude of that variation was
much less consistent and remained statistically insignificant. Additionally, their peak
values were not as affected by the pre-stretch variation, as shown by their conver-
gence to a mean peak of ~30 °C at 1.9 V, compared to the stiffness-variable samples
whose mean peaks ranged from 39.5 [0 = 7.8] to 52.9 [0 = 0.1] °C.

This difference in overall peak value and their overall range is similar to results
obtained previously when looking at the coated and non-coated designs in Section
4.1.3. Here, the twisted-coiled samples has a ~25-31°C peak range, compared to the
~25-53°C of the stiffness-variable samples.
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Figure 5.7: Electrothermal responses of twisted-coiled samples (a) sg, (b) s19, and (c)
s11 with 10%, 15%, 20% and 25% pre-stretch.

5.2.4 Electromechanical Response
5.2.4.1 Isometric Stress Testing

Increasing the pre-stretch percentages in the stiffness-variable samples resulted in
increased activation voltages highlighted in Figure 5.8. This effect was more pro-
nounced with higher pre-stretches seen in the 20% samples where the response from
1-1.7 V had a more logarithmic shape than the exponential shape in the 10% and
15% samples. The diffrentiation was evident particular around 1.5 V, with the
20% sample response reaching 13.22 MPa magnitude larger than the 10% sam-
ples ((2) = 9.1294;p = 1.2 x 107?), and 6.91 MPa larger than the 15% samples
(t(2) = 5.4906;p = 3.2 x 1072). Generally, the peak contractile stresses tended to
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increase along these lines as well, with the 20% samples reaching the highest mean
value of 28.46 [0 = 2.07] MPa, followed by 15% at 27.24 [¢ = 1.99] MPa, 10% at
20.1 [0 = 2.02] MPa and 25% at 16.01 [0 = 1.57] MPa.

Interestingly, the 25% samples showed a significant (t(2) = —6.7709;p = 2.1 X
1072) diminished peak response compared to the 20% samples owing to their loss
of tension once initially actuated. The initial stimulation of the samples reduced
the stiffness of the epoxy enough to allow the internal fibre tension to equalize at
a smaller value before cooling, as highlighted in the measured post actuation stress
relaxation across testing cycles in Figure 5.9, resulting in smaller contractions when
tested. It should also be noted the opposite behaviour affected the lower pre-strech
samples, with increasing stress relaxation for the 20%, 15%, and 10% samples sets.
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Figure 5.8: Mean contractile engineering stress vs applied voltage for the fabricated
stiffness-variable sample sets with 10%, 15%, 20%, and 25% pre-stretch.

Table 5.13: Mean Contractile Engineering Stress vs Applied Voltage of Stiffness-Variable
Samples with Selected Pre-stretch

Sample Set Pre-stretch Contractile Stress (MPa) [o]

(n=2) (%) 0.8 V 1.0 V 1.2V 1.5 V 1.7V 1.9V
1 10 4.65 [0.45] 5.16 [0.27] 6.13 [0.16] 11.42 [2.03] 15.31 [2.66] 20.10 [2.02]
2 15 5.11 [0.51] 6.16 [0.30] 8.02 [1.08] 17.73 [1.76] 23.30 [1.63] 27.24 [1.99]
3 20 4.58 [0.72] 9.93 [0.36] 18.35 [0.87] 24.64 [0.27] 27.86 [0.58] 28.46 [2.07]
4 25 5.10 [0.28] 6.30 [0.59] 7.80 [0.21] 9.62 [0.49] 11.75 [0.21] 16.01 [1.57]

The twisted-coiled samples, shown in Figure 5.10, had a distinct shift in contrac-
tile stresses as the pre-stretch increased. Compared to the stiffness-variable samples,
the max stresses measured were much larger with a peak mean of 44.34 MPa com-
pared to 28.45 MPa (t(3) = 4.1807;p = 2.5 x 1072) owing to the lack of resistance
due to the epoxy guest material. Additionally, since these samples were held at their
tested pre-stretch percentage, the loss of tension never occurred in the 25% samples,
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Figure 5.9: Mean stress relaxation after an actuation cycle at consecutive voltage intervals
during isometric test cycles for stiffness-variable sample sets with 10%, 15%, 20%, and 25%
pre-stretch.

as indicated in Figure 5.11, instead displaying an increasing stress relaxation after
each actuation cycle with increasing pre-stretch percentages.

5.2.4.2 Isotonic Strain Testing

Contractile strains for the stiffness-variable samples were also found to increase with
pre-stretch percentage and at an increasing rate with the voltage applied. Peak
values were measured in the 20% samples at 0.85 [0 = 0.04], followed by the 15%
at 0.65 [0 = 0.16]%, 25% at 0.56 [0 = 0.01] and 10% at 0.40 [0 = 0.08]%. The
largest consecutive differences were seen between 10%-15% pre-stretched samples, a
jump of ~63%. The 15% and 25% samples showed similar responses at their peak,
though they deviated when stimulated with 1.2-1.5 V. Finally, the 25% samples
performed poorly for similar reasons as those outlined in the isometric tests, resulting
in contractile strains only larger than their 10% pre-stretched counterparts by 40%,
and significantly (£(2) = —9.1706;p = 1.2 x 1072) lower than the 20% samples.
Though these increasing trends are observed and significant for larger pre-stretch
changes such as 10% to 20% (¢(2) = —7.2626;p = 1.8 x 1072), the significance of the
incremental changes could not be validated through the limited number of samples
available.
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Figure 5.10: Mean contractile engineering stress vs applied voltage of twisted-coiled
samples (a) sg, (b) s19 and (¢) s11 with 10%, 15%, 20% and 25% pre-stretch.

Table 5.14: Mean Contractile Engineering Strain vs Applied Voltage of Stiffness-Variable
Samples with Selected Pre-Stretch

Sample Set Pre-stretch Contractile Strain (%) [o]
(n=2) (%) 0.8 V 1.0V 12V 1.5V 1.7V 1.9 V
1 10 0.00 [0.00] 0.02 [0.03] 0.02 [0.03] 0.09 [0.01] 0.15 [0.03] 0.40 [0.08]
2 15 0.04 [0.01] 0.05 [0.03] 0.19 [0.01] 0.38 [0.19] 0.38 [0.04] 0.60 [0.09]
3 20 0.04 [0.05] 0.12 [0.11] 0.30 [0.01] 0.34 [0.04] 0.52 [0.11] 0.85 [0.04]
4 25 0.00 [0.00] 0.00 [0.00] 0.05 [0.06] 0.18 [0.06] 0.32 [0.13] 0.56 [0.01]

5.3 Effects due to Coating Application Interval

5.3.1 Fabrication Procedure and Sample Descriptions

As an integral part of the stiffness-variable design, determining the extent to which
the coating affects the eventual performance is essential. Thus, the third parameter
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Figure 5.11: Mean stress relaxation after an actuation cycle at consecutive voltage in-
tervals during isometric test cycles for the twisted-coiled samples (a) sg, (b) s19, and (c)
s11 with 10%, 15%, 20% and 25% pre-stretch.

evaluated was explicitly how the interval between coating applications affected the
resulting actuator. Three samples were fabricated with three coating application
intervals, the first using the 10 mun interval previously described in Table 3.2.2, and
the second and third using an application interval of 20 min and 30 min. These
intervals roughly corresponded to coating thicknesses of 60 pm, 125 um and 110
um, respectively. The additional time between applications made the epoxy more
viscous with each successive application, resulting in a thicker and more even coating
on the CNT fibre. This was evident by the reduced occurrence of epoxy globs, which
happened when the epoxy settled unevenly on the sample during the curing window.
These fabricated samples’ base properties are summarized in Tables 5.15 to 5.17.
Since this parameter depends on the epoxy coating, uncoated twisted-coiled samples
were excluded from the investigation.
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Figure 5.12: Mean contractile engineering strain vs applied voltage for the fabricated
stiffness-variable sample sets s; and sy (10%), s3 and s4 (15%), s5 and s (20%), and s7
and sg (25%)

Table 5.15: Fabrication Properties of 100 um Carbon Nanotube Stiffness-Variable Sam-
ples with a 10 min Coating Application Interval

Sample Length (em) Pre-stretch MD (um) SI Ttot Te Q-cm™ 1
Initial Final (%)
s1 2.68 1.15 15.25 99.23 0.99 34.02 18.69 0.3884
ED) 2.70 1.08 15.91 116.15 1.16 38.15 20.00 0.3479
s3 2.53 1.02 15.26 116.15 1.16 39.11 19.36 0.5693

Table 5.16: Fabrication Properties of 100 ym Carbon Nanotube Stiffness-Variable Sam-
ples with 20 min Coating Application Interval

Sample Length (em) Pre-stretch MD (um) SI Ttot Te Q-em™t
Initial Final (%)
sS4 2.50 1.04 14.69 73.64 0.74 39.65 21.23 0.3364
S5 2.43 1.08 14.84 87.04 0.87 39.94 20.18 0.3309
s 1.86 0.65 14.88 92.78 0.93 41.89 20.41 0.4070

Table 5.17: Fabrication Properties of 100 ym Carbon Nanotube Stiffness-Variable Sam-
ples with 30 min Coating Application Interval

Length (cm) _
Sample Pre S;,ret(:h MD (um) SI Ttot Te Q-em™t
Initial Final (%)
s7 3.45 1.42 15.36 106.60 1.07 37.73 20.32 0.4156
S8 2.64 1.09 16.30 99.65 1.00 39.07 21.62 0.3420

s9 3.13 1.30 15.56 109.20 1.09 36.69 20.74 0.2745
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5.3.2 Electrical Properties

The increase in application interval had no discernible effect on the resistances of
the three sample sets. The 10 min, 20 min and 30 min coating interval sample sets
reported mean resistances of 0.3682 Q - em ™!, 0.3581 Q- cem™! and 0.3440 Q - em ™!
respectively, a relatively insignificant (£(4) = —1.1493;p = 3.1 x 107!) difference
among the range of coating intervals. This relationship reaffirms the results previ-
ously observed in Section 4.1.2, where the presence of the coating did not increase
the sample’s electrical resistance due to the primary path of electron travel, the fibre,
not being interrupted by the epoxy guest material.

5.3.3 Electrothermal Response

[llustrated in Table 5.18, the 20 mun coating application interval appeared to in-
crease the sample’s thermal retention, resulting in an increased surface tempera-
ture over successive actuation cycles. These samples expressed peak response rates
of 43.4 compared to the 33.4 °C-V~! of the 10 min samples at the 1.5-1.7 V in-
terval. Additionally, while the activation voltages remained around ~1.2 V| the
samples with the 20 min coating application interval also displayed a significant,
(t(4) = 4.5227;p = 1.1 x 1072?), 10 °C increase in their peak thermal responses,
reaching 55.7 [0 = 1.5] °C as shown in Figure 5.13. Interestingly, the 30 min samples
showed a comparatively significant (¢(4) = —3.4066;p = 2.7 x 10~2) depressed re-
sponse, with a peak thermal response of 38.7 [c = 0.6] °C and a peak response rate of
20.0 °C-V ! at the 1.7-1.9 V interval. This shift could be caused by several factors,
such as the reduced absorption of the more viscous epoxy, which would reduce the
contact surface area between the CNT fibre and the epoxy, however further tests
would be required to validate this interaction.

Table 5.18: Mean Temperature-Voltage Rates of Selected Coating Application Intervals

Sample Set Interval Response Rate (*C-V 1)
(n=3) (min) 0.8-1.0 V 1.0-1.2 V 1.2.15 V 1.5-1.7 V 1719 V
1 10 3.5 9.7 20.2 33.4 25.0
2 20 2.9 13.3 35.6 43.4 40.0

3 30 6.4 8.0 8.1 18.6 20.0
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Figure 5.13: Mean temperature vs applied voltage for the fabricated stiffness-variable
samples using the 10 min, 20 min and 30 min coating application intervals.

5.3.4 Electromechanical Response
5.3.4.1 Isometric Stress Testing

The extended application intervals reduced the peak contractile engineering stress
of the actuator significantly, as illustrated in Figure 5.14. For the 20 and 30 min
samples, this was a drop of 23% (t(4) = —5.6129;p = 4.9 x 1073) to 20.63 [0 =
1.13] MPa and 54.3% (t(4) = —6.4965;p = 2.9 x 1073) to 12.27 [0 = 3.57] MPa
respectively, compared to the 26.86 MPa peak of the 10 min samples. Similarly,
stress-voltage rates shown in Table 5.20, particularly at higher voltages, dropped
from a peak of 29.90 MPa - V! seen in the 10 min samples to 23.63 and 21.2
MPa - V™" in the 20 and 30 min sample sets. This can be seen as an exaggerated
effect previously seen when comparing the differences between coated and uncoated
samples. These samples would have an increase in stiffness compared to their less
coated counterparts which acts to reduce the effective actuation when stimulated.

Table 5.19: Mean Contractile Engineering Stress vs Voltage of 100 ym Carbon Nanotube
Stiffness-Variable Samples with Selected Coating Application Intervals

Sample Set Interval Contractile Stress (MPa)
(n=3) (min) 0.8 V 1.0 V 12V 1.5 V 1.7V 1.9V
1 10 5.10 [0.36] 6.02 [0.33] 7.73 [0.92) 16.70 [2.17) 22.36 [1.98] 26.86 [1.56]
2 20 4.42 [0.45] 5.18 [0.15] 7.60 [1.08] 14.69 [1.04] 16.98 [1.59] 20.63 [1.13]
3 30 0.00 [0.00] 1.27 [1.28] 3.31 [1.29] 5.21 [2.23] 8.03 [3.85] 12.27 [3.57]

On the other hand, the stress relaxation trend was less clear, as seen in Fig-
ure 5.15. The relaxations remained below zero in all samples tested, indicating
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Figure 5.14: Mean contractile engineering stress vs applied voltage for the fabricated
stiffness-variable samples using the 10 min, 20 min and 30 min coating application inter-
vals.

Table 5.20: Mean Contractile Engineering Stress-Voltage Rates of 100 um Carbon Nan-
otube Stiffness-Variable Samples with Selected Coating Application Intervals

Sample Set Interval Response Rate (MPa 'V_l)
(n=3) (min) 0.8-1.0 V 1.0-1.2 V 1.2-15 V 1.5-17 V 1.7-1.9 V
1 10 4.60 8.55 29.90 28.30 22.50
2 20 3.80 12.10 23.63 11.45 18.25
3 30 6.35 10.20 6.33 14.10 21.20

increased tension throughout the tests. Furthermore, though this tension increased
most drastically with the lowest interval samples, the 30 min samples showed a mod-
erate though not significant (¢(4) = 1.0558;p = 3.5 x 107!) relaxation decrease of
-0.52 MPa compared to only -0.19 MPa of the 20 min samples, at the activation volt-
age of 1.2V. The decreased relaxation in 30 min samples was also partially present
in higher applied voltages, not seen in the other two sample sets.

Additionally, while the 20 min samples reached higher temperatures due to the
thermal retention of the epoxy, it appeared to have a minimal effect on their actuating
response, either due to this increased stiffness or an uneven temperature distribution
throughout the sample.

The difference in these behaviours could point to a change in the relationship at
the boundary layer of the epoxy and the underlying CNT fibre. This shift would
lean more towards a "sheathed” design with a smaller volume of the infiltration
layer thgy; described in Figure 2.6. Such a change could result in differences in the
mechanical properties and thermal distribution, reducing the contractile responses.
Further material tests would be required to confirm this hypothesis.
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Figure 5.15: Mean stress relaxation after an actuation cycle at consecutive voltage in-
tervals during isometric test cycles for the stiffness-variable samples using the 10 min, 20
min and 30 min coating application intervals.

5.3.4.2 Isotonic Strain Testing

The contractile strains also showed optimal behaviour at the 20 min interval, having
the largest peak of 0.72 [0 = 0.02]% compared to 0.54 [c = 0.11]% (t(4) = —2.623;p =
5.9 x 1072) and 0.41 [0 = 0.03]% (t(4) = —6.0399; p = 3.7 x 1073) in the 10 and 30
min sample sets. The differences within these responses occurred most significantly
around the 1.5 V applied voltage, with a slight depression seen in the 30 min samples
at 1.2 V, as outlined in Table 5.21.

Table 5.21: Mean Contractile Engineering Strain vs Voltage of 100 um Carbon Nanotube
Stiffness-Variable Samples with Selected Coating Application Intervals

Sample Set Interval Contractile Strain (%)
(n=3) (min) 0.8 V 1.0 V 1.2V 1.5 V 1.7V 1.9V
1 10 0.01 [0.01] 0.03 [0.04] 0.18 [0.06] 0.31 [0.10] 0.37 [0.04] 0.54 [0.12]
2 20 0.02 [0.01] 0.04 [0.04] 0.17 [0.06] 0.42 [0.16] 0.67 [0.19] 0.72 [0.02]
3 30 0.01 [0.05] 0.01 [0.03] 0.07 [0.08] 0.35 [0.07] 0.30 [0.13] 0.41 [0.03]

The most significant strain-voltage rates occurred at various points for these
different sample sets, as highlighted by Table 5.22. For the 10 min samples, the
peak rate of 0.75% -V ! occurred at the 1.0-1.2 V interval, where as for the 30 min,
the peak rate of 0.93 % -V ! occurred at the 1.2-1.5 V interval. The 20 min samples
showed the greatest change in their rates with 1.25 % -V ! at the 1.5-1.7 V interval.

Like the contractile stress response, the 20 min interval resulted in the best per-
formance, while the lesser and greater coating application intervals produced dimin-
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Table 5.22: Mean Contractile Engineering Strain-Voltage Rates of 100 um Carbon Nan-
otube Stiffness-Variable Samples with Selected Coating Application Intervals

Sample Set Interval Response Rate (% 'V_l)
(n=3) (min) 0.8-1.0 V 1.0-1.2 V 1.2-15 V 1.5-17 V 1.7-1.9 V
1 10 0.10 0.75 0.43 0.30 0.85
2 20 0.10 0.65 0.83 1.25 0.25
3 30 0.00 0.30 0.93 -0.25 0.55

ished strains. While the greater interval reduced the tension loss during actuation,
as seen in Figure 5.15, and provided a greater returning force as the epoxy cooled
after each stimulation cycle, the interactions within the fibre-epoxy boundary layer
seem to play a part in modulating this response. Investigating this interaction in
greater depth would provide a better understanding of these apparent differences.
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Figure 5.16: Mean contractile engineering strain vs applied voltage for the fabricated
stiffness-variable samples using the 10 min, 20 min and 30 min coating application inter-
vals.

5.4 Summary

Understanding the effects of design and operational parameters on the performance
of the stiffness-variable actuator, and to a lesser extent, the twisted-coiled actuators,
are integral to their adoption in future applications, particularly those that aim to
build off of their textile ready form-factor. In this chapter, three design parameters
were evaluated, those being the fibre diameter, the percentage of fibre pre-stretch and
coating interval time, to observe whether they enhanced or diminished the various
actuating properties such as the contractile stress and strain, as well as material
properties such as their resistance, and surface temperatures. The results of such
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an evaluation are summarized in Table 5.23 for the stiffness-variable actuator and
Table 5.24 for the twisted-coiled samples.

Due to the size of the samples and, consequently, the reduced scale of the changes
due to these varied parameters, the evaluation presented aims to provide descriptive
trends instead of precise quantitative values. While these results are repeatable and
consistent, they are particular to the outlined fabrication processes and testing pro-
cedures and thus could vary from analyses focused on different commercial products
or testing and fabrication procedures.

Table 5.23: Design and Operational Parameter Evaluation in Stiffness-Variable Actuator
Summary

Effect on Quality

- T
Parameter A Resistance Surface Contractile
Q -1 Temperature
(Q-em™7) (C) Stress (MPa) Strain (%)
. . 4 4 4 +
F‘bre(Dyf)mem T (62.4%) (22.1%) (862%) (82%)
# 100—200 (0.3281-0.1235) (54.3—42.3) (29.11—4.01) (0.84—0.15)
i ’ : t t t
Pre-stretch (%) T ub (39.5,44.0,52.9,49.5)  (20.1,27.24,28.46,16.01) (0.40,0.60,0.85,0.56)
10,15,20,25
Coating
Application T Not N + N\
Interval (45.7,55.7,38.7) (26.86,20.63,12.27) (0.54,0.72,0.41)
. 10,20,30
(min)
T T T
Voltage (V) T N/A (117.2%) (406%) (0.0-0.64)
0.8—1.9 (25.0—54.3) (5.32—26.92) : :
T No change

¥ Undetermined
* Presented stresses and strains are engineering stresses and strains.

Table 5.24: Design and Operational Parameter Evaluation in the T'wisted-Coiled Carbon
Nanotube Actuator Summary

Effect on Quality

Parameter A Resistance Surface Contractile®
Q -1 Temperature
(Q-em™7) C) Stress (MPa) Strain (%)
. : 4+ + 4
F‘bfe(Dy‘j)meter 1 (63.2%) (2.4%) (787%) Net
B 100—200 (0.4890—0.1799) (29.4—28.7) (33.46—7.14)
Pre-stretch (%) T (1 7T5‘7) (29.5,29 g 30,30.1) (25.9,31 9T34 9,44.3) N/A
10.15.20.25 75% .5,29.8,30,30. .9,31.9,34.9,44.
( r oo i
Voltage (V) T N/A 17.5%) (414%
0.8—1,9 (25.0—29.4) (6.11—31.38) (0.00—0.35)

T No change
* Presented stresses and strains are engineering stresses and strains.

8 With 15% Pre-stretch



Chapter 6

Conclusions and Future Work
Recommendations

6.1 Conclusions

This thesis aimed to provide the characterization of key actuator properties to de-
termine the viability of a commercial CNT fibre product within a stiffness-variable
electrothermal actuator design. A review of the literature was first conducted to gain
an understanding of the material properties of CN'T based structures, their transi-
tion into the commercial space and their role within the context of actuator designs,
particularity their various working mechanisms supporting actuation of each design.
This also aided in identifying fabrication and design constraints within currently re-
ported actuators. The investigation highlighted critical areas needing improvement
that have been instrumental in reducing these materials’ uptake within actuator
designs. Specifically, the high cost and complexity of the underlying material fabri-
cation, the lack of actuator fabrication standardization and the inconsistent property
reporting within the literature are the limiting factors of current CNT actuator de-
signs.

One of the more promising designs, referred to as the stiffness-variable actuator,
emphasized these shortcomings, offering an opportunity to reduce the fabrication
cost and complexity and improve its fabrication standardization. Additionally, it
would allow for an investigation of how specific fabrication parameters endemic to
its design affected the resulting actuator’s electromechanical performance, expanding
on this body of research. The most direct way to reduce these fabrication hurdles was

84
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to use a commercial product, leading to the identification of the DexMat Galvron™
CNT-HS fibre. This material had been proven to be of high quality, low relative
cost and had yet to be leveraged within an actuator design, making it ideal for this
investigation.

With the selection of an actuator design and the commercial components for
its fabrication, a custom fabrication setup was built to create repeatably consistent
actuators though the manufacturing process and support adjustable control over
the fabrication parameters of interest. Such a setup supported the manufacturing
of three samples over a 24-hour time period at a cost of ~ $2.4 USD per 3 c¢m
sample and was complemented by a selection of testing protocols to measure the
various parameters in an isolated manner. The parameters included: resistivity,
mechanical strength and stiffness, thermal response and electromechanical responses.
These testing procedures first evaluated the properties of the individual actuator
components, the CNT fibres as they underwent the various stages of the fabrication
process, and the epoxy under various operating conditions, identifying trends that
occurred throughout.

It was observed that the twisting and coiling of the plain CNT fibres reduced
their tensile strengths and conductance but increased their electromechanical re-
sponses due to greater electromagnetic interactions between coils, agreeing with pre-
vious findings in the literature. Peak thermal responses increased dramatically after
applying the epoxy coating and acted to delay the actuation until 1.2 V was ap-
plied, which corresponded to ~30°C. Furthermore, though the cooling epoxy drove
the restoring force to reset the actuator into a loaded state as designed, its presence
diminished the contractile stress and strain responses by impeding the inner coil
movements. The illustrated temperature-dependant properties of the epoxy were
subsequently isolated and found to decrease stiffness by 95% between 22 and 50 °C
and decrease its volume resistivity though this remained high enough to be negligible
for any substantial conductive effects.

The characterization of these stiffness-variable actuator components provided in-
sight into their emergent properties once incorporated into the various stiffness-
variable actuator prototypes designed with specific fabrication parameters, aiding in
the further identification of relationships that affected the performance of the result-
ing actuator. In this subsequent actuator evaluation, it was observed that using a
CNT material with a larger diameter within the actuator resulted in diminished elec-
trothermal and, consequently, electromechanical responses. The variation in these
properties differed substantially compared to the twisted-coiled actuators utilizing
these larger diameter materials. This was most apparent by their contractile strain,
which experienced no change in this format, and their contractile stress, which de-
creased by a factor of 36 times more than in the stiffness-variable counterpart.
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On the other hand, the variation of the introduced pre-stretch was shown to
be effective at increasing the electrothermal and electromechanical responses until
around 20%, after which the gains decreased. This was due to the relaxation of the
higher tension fibre as a consequence of the epoxy’s initial heating and cooling cycles
during actuation. However, such behaviour was not seen in the plain twisted-coiled
actuators, as they did not depend on the tension balance between the epoxy and
the internal CN'T fibre spring, resulting in a continuous increase in their contractile
stress in the final 25% pre-stretch evaluated. Moreover, while the pre-stretch increase
was shown to partially increase the resistance, the values remained very small and
inconclusive within the stiffness-variable actuators due to fabrication variability.

Conversely, the increase in the coating application interval time had a mixed
effect on the electrothermal response and contractile strain but not on the contractile
stress expressed by the actuator. In the case of the electrothermal responses and the
contractile strain, the 20 min interval produced the highest surface temperatures
and strains compared to both the 10 and 30 min interval actuators. Since the 20
min and 30 min interval actuators have comparable diameters with their coating,
it alludes to an underlying difference in the interaction between the epoxy and the
fibre, most likely due to the epoxy’s viscosity during the application, changing the
depth of the infiltration that occurred. The contractile stress, however, showed a
diminishing trend with increasing interval times due to the greater stiffness of the
actuators. In contrast, the resistances showed no discernible differences regardless of
interval time.

6.2 Future Work Recommendations

The primary focus of this thesis was the characterization of a commercially avail-
able CNT fibre and how its presence within a stiffness-variable actuator design, in
conjunction with various design parameters, influenced its performance. While the
scope of this work also included additional analyses such as the investigation into
the epoxy, additional performance metric analyses are necessary to obtain a more
in depth analysis of this design’s capabilities and how well it could be adapted into
larger applications such as actuating textiles.

As an electrothermally driven actuator, one of these additional metrics would
be the rate of temperature increase during actuation. This work limited thermal
measurements to fixed-time snapshots due to equipment limitations. Obtaining this
temporal information could highlight the rate change that occurs with the varying
voltage and the selected design parameters, such as the amount pre-stretch, both
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shown to affect the maximum temperatures reached during actuation. Investigating
how the actuator’s stiffness changed while active would also be beneficial and would
complement the passive analysis accomplished in this work. Such an investigation
would be difficult, particularly when selecting a strain rate, due to the quick acti-
vation time of the actuator and its inability to maintain activity for long periods to
avoid damage.

Due to the actuator’s spring design, a better understanding of the coiling diam-
eter role could provide better insights into its performance. This work did attempt
to manufacture such samples, however, coiling the loose fibre without the support of
a substrate while having it remain in that state during the coating and curing pro-
cedure remained difficult. Coil diameter increases would proportionally increase the
stiffness of the spring, resulting in greater forces and strains at lower applied voltages
as they would not require as much stiffness reduction within the epoxy to facilitate
movements. Similarly, modifications to the curing process could also present per-
formance changes through a combination of curing time and temperature, known to
result in changes to the stiffness of the cured epoxy.

Beyond additional metrics to be tested, another area keen for improvement is
the fabrication process. Though the apparatus designed and built aimed to mitigate
the variability that could occur during the actuator fabrication process, it was not
perfect. For starters, one of the greatest points of variability with the samples was a
result of the manual soldering methods required to adhere the CNT fibre to the paper
clips. In the literature, authors managed to adhere their CNT sample to silver wires,
however, attempts to repeat this method failed due to poor bonding of the solder with
the CNT fibre. The solution in this thesis, the pre-wrapping of copper wire around
the CNT fibre, provided a better bond for the solder and the paperclip but resulted
in a variable amount of resistance between these two conductive surfaces. Finding
a better method for bonding these materials could reduce this higher resistance,
resulting in more accurate readings for a sample’s resistance and, thus, the power
across the actuating portion of the sample.

In the same way, the stretching of the twisted-coiled samples was also limited to
the manual iterative loading methods to achieve the desired value. A better method
could use a screw apparatus with sub-millimetre control to stretch the sample. Such
a process could be automated by setting up an additional servo motor that could
programmatically adjust the tension while measuring the length extended accurately
through optical methods, resulting in more precise values. Lastly, the coating pro-
cedure used did not adequately address epoxy movements after the final coating
application, particularly the tendency of the epoxy to settle into globs when it was
less viscous, even though these globs were mitigated during the procedure. Changing
the procedure to use a greater application interval did result in a greater viscosity
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and a lesser tendency to glob, though not mitigated entirely. Using a surfactant to
reduce the surface tension in the epoxy could reduce this effect and result in more
evenly coated samples.

Many of these fabrication errors were amplified due to the relatively small size of
the fabricated samples. As such, future investigations should utilize larger samples,
between 5-10c¢m in their initial length which would generate actuators that are 3-
7cm long, making 1 mm errors within the stretching process or in the measured
strains less than 2%. The limiting factor for this solution is primarily the cost of the
materials, while cheaper than they have ever been, still remain expensive.

Finally, with an improved fabrication setup, and broader metric analyses, future
investigations should incorporate additional commercial products to see how they
alter the resulting actuator’s performance due to their intrinsic manufacturer prop-
erties. For the epoxy, this could be selecting various epoxies with different thermal
resistance, stiffness, viscosity conductivity or curing times, all of which could con-
tribute to different interactions with the fibrous CN'T material passively and actively
during actuation. In the case of the CN'T material, this could be mildly more dif-
ficult due to the scarcity of commercial options and the high cost of those that do
exist. Nevertheless, these expanded analyses would be instrumental in offering the
most rounded characterization of this actuator design and the cost and complexity
required to fabricate them.
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Appendix A

Fabrication Apparatus

A.1 Apparatus User Interface and Flow Diagram

(d) ()

Figure A.1: Selected screenshots of the fabrication apparatus GUI with the main screen
(a), the settings screen (b), the show status screen (c), the reset cycle screen (d), the set
twists per cycle screen (e) and the twisting screen (f).
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Figure A.2: Flow diagram of the fabrication apparatus GUIL.

A.2 Apparatus Electrical Schematic
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Figure A.3: Fabrication apparatus schematic

A.3 Apparatus Software

#include <Wire.h>
#include <LiquidCrystal_I2C .h>
#include <AccelStepper.h>

// Constants

#define STEPPER_ENABLE_PIN 4
#define STEPPER_DIRECTION_PIN 5
#define STEPPER_STEP_PIN 6

#define SELECT_-BUTTON_PIN 2
#define POTENTIOMETER-PIN A0

#define LCDROWS 2
#define LCD_.COLS 16

mﬁﬁ_
’1J’
7

Power Supply
v
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// Globals

AccelStepper stepper = AccelStepper (1, STEPPER_-STEP_PIN, STEPPER_DIRECTION_PIN );
LiquidCrystal_I2C lcd (0x27, LCD_COLS, LCDROWS);

int twistsPerCycle = 10; // Set this as a default, but can be modified through configuration
int totalSessionTwists = 0;
// Helpers
void waitForButtonLow ()
while (digitalRead (SELECT_BUTTON_PIN) == HIGH) {

delay (250);
}
}

int getMenuSelection(int numberOfOptions) {
int rawReading = analogRead (POTENTIOMETER PIN) ;
int mapped = map(rawReading, 0, 1023, 0, 9);

if (mapped > numberOfOptions — 1) {

return numberOfOptions — 1;
} else {
return mapped;
}
void updateLCDSelector(int selection , const char x options[], int numberOfOptions) {

int start;

if (selection > numberOfOptions LCDROWS) {
start = numberOfOptions — LCD_ROWS;
} else if (selection < LCDROWS) {

start = 0;
} else {
start = selection;
}
// Show options on the screen
for (int i = start, j = 0; j < LCDLROWS; j++, i++) {
char text [17];
char num|[2];
itoa (i, num, 10);
if (selection == i
snprintf(text, sizeof(text), "%s%s%s”, num, ”]-”, options[i]);
} else {
snprintf(text, sizeof(text), "%s%s%s”, num, ”--7, options[i]);
lcd .setCursor (0, j);
led.print (" ---------------~ 7
lcd .setCursor (0, j);
lcd . print (text );
}
¥
int waitForUserInput(const char * options[], int numberOfOptions) {
int selection = —1;
int newSelection;
while (digitalRead (SELECT_.BUTTON_PIN) == LOW) {
newSelection = getMenuSelection (numberOfOptions);
if (newSelection != selection) {
updateLCDSelector (newSelection, options, numberOfOptions);
selection = newSelection;
}
}
delay (500);
return selection;
}
// Menus

void setDefaultTwistCycle () {
int rawReading;

led . clear ();

lcd.setCursor (0, 0);

lcd . print (" Turn-the-pot-and”);
lcd.setCursor (0, 1);

lcd . print (" click-select -btn”);
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delay (3000);

lcd . clear ();
lcd . print (" Twists/cycle: -7 );

//Need to press button to ezit loop
while (digitalRead (SELECT_.BUTTON_PIN) == LOW) {
lcd .setCursor (0, 1);

rawReading = analogRead (POTENTIOMETER_PIN) ;
twistsPerCycle = map(rawReading, 0, 1023, 0, 50);

led . print (twistsPerCycle);

delay (250);
}

delay (1000);

// Wait until button is low once again
waitForButtonLow ();

}

void resetTotalSessionTwists () {
led.clear ();
lcd .setCursor (0, 0);
led . print (” Total-Reset!”);

totalSessionTwists = 0;

delay (2000);

void viewStats () {
lcd . clear ();
lcd .setCursor (0, 0);
lcd . print (" Total- Twists:” );
lcd . print (totalSessionTwists );

lcd .setCursor (0, 1);
lcd . print ("Ts/Cycle:”);
lcd. print (twistsPerCycle);

delay (2000);

}

void configure () {
lcd . clear ();

// Show options on the screen
const char * options[] {
”Set-cycle”,

”Reset-total” |

”View- Stats” ,

?<—-Back”

s

int selection = waitForUserIlnput(options, 4);

switch (selection) {
case O:
setDefaultTwistCycle ();
configure ();
break;
case 1:
resetTotalSessionTwists ();
configure ();
break;
case 2:
viewStats ();
configure ();
break;
case 3:
break;
}

}

void performTwistCycle () {
led . clear ();

lcd.setCursor (0, 0);

char twistCycleOption[16] = ”"T/Cycle:”;
char twistsPerCycleChar [4];
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itoa (twistsPerCycle, twistsPerCycleChar, 10);
strcat (twistCycleOption, twistsPerCycleChar);

lcd . print (twistCycleOption);

lcd .setCursor (0, 1);

char twistTotal [16] = ”Total:”;

char totalSessionTwistsChar [4];
itoa(totalSessionTwists , totalSessionTwistsChar, 10);
strcat (twistTotal , totalSessionTwistsChar);

lcd . print (twistTotal);

// Perform z many twists through the stepper motor and return to main screen

const int STEPPER.STEPS_PER-ROTATIONS = 200;
const int STEPPER_SPEED = 100;

long steps = long(twistsPerCycle) x STEPPER_-STEPS_PER_ROTATIONS;

boolean counted = false;

stepper.enableOutputs ();
stepper .move(steps);

while (stepper.distanceToGo() != 0) {
stepper.setSpeed (STEPPERSPEED ) ;
stepper.runSpeedToPosition ();

Serial . println (stepper.currentPosition ());

Serial . println (stepper.currentPosition () % STEPPER.STEPS_.PER.-ROTATIONS == 0);

if (stepper.currentPosition () % STEPPER.STEPS_.PER-ROTATIONS == 0 && !counted)

totalSessionTwists += 1;

itoa (totalSessionTwists , totalSessionTwistsChar, 10);

lcd .setCursor (6, 1);
lcd.print (totalSessionTwists );

counted = true;
} else {
counted = false;

}
}

stepper.disableOutputs ();

delay (2000);

void setup ()

}

{
Serial.begin (9600); // send and receive at 9600 baud

// Set enable pin and pin orientation
stepper.setEnablePin (STEPPER.ENABLE_PIN ) ;
stepper.setPinsInverted (false, false, true);
stepper.setMaxSpeed (5000);

// Setup LCD
led . init ();

lcd . backlight ();
lcd . clear ();

// Setup Pot
pinMode (POTENTIOMETER PIN, INPUT);

void loop () {

Serial.println(” Initialize” );

// Show options on the screen
const char * options|[] {
”Settings” ,
”Begin- Twist”
5
int selection = waitForUserInput(options, 2);
// Await input from the buttons
switch (selection) {

case O0:
configure ();

{
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break;

case 1:
performTwistCycle ();
break;

default:
break;

A.4 Electromechanical Response of Validation
Samples

Table A.1: Isometric Test Summary of Fabricated Validation Stiffness-Variable Actuator
Samples

Contractile Stress (MPa) [o]

Sample

0.8 V 1.0 V 1.2 vV 1.5 V 1.7 V 1.9V
s1 5.09 [0.00] 7.08 [0.65] 18"; [703;65] [1.95] 29.87 [0.65] 29.16 [1.28]
so 3.74 [0.27] 10.01 [0.29] 16.76 [1.09)] 22.72 [2.49] 27.54 [0.88] 25.84 [1.57]
s3 5.94 [0.90] 9.55 [0.33] 18.38 [1.14] 24.06 [0.84] 26.83 [0.66] 29.16 [0.83]

Table A.2: Isotonic Test Summary With 4 g Load of Fabricated Validation Stiffness-
Variable Actuator Samples

Contractile Strain (%) [o]

Sample

0.8 V 1.0V 1.2V 1.5 V 1.7 V 1.9V
s1 0.00 [0.00] 0.04 [0.04] 0.13 [0.03] 0.25 [0.03] 0.49 [0.05] 0.77 [0.05]
so 0.03 [0.04] 0.22 [0.08] 0.35 [0.09] 0.41 [0.14] 0.71 [0.13] 0.94 [0.07]

s3 0.02 [0.03] 0.08 [0.03] 0.22 [0.07] 0.34 [0.03] 0.52 [0.08] 0.84 [0.13]




Appendix B

DetMat Fibre Characterization

B.1 Electromechanical Response

Table B.1: Isometric Test Summary of 100 um Carbon Nanotube Pre-twisted Samples

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.00 3.72 5.67 4.76 5.22
ED) 0.00 0.00 2.80 4.20 4.30 5.87
s3 0.00 0.00 1.91 6.06 5.60 4.74
sS4 0.00 0.00 2.16 5.11 4.30 4.87

Table B.2: Isometric Test Summary of 100 um Carbon Nanotube Twisted-Coiled Samples

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 6.24 6.88 9.37 10.57 11.33 12.35
ED) 5.96 6.49 6.80 7.29 10.06 9.88
s3 3.57 4.58 5.73 6.25 8.31 10.31
sS4 4.07 5.36 7.00 7.32 10.02 14.01

Table B.3: Isometric Test Summary of 100 um Carbon Nanotube Stretched Samples

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 8.79 10.57 16.42 18.46 23.05 32.85
S92 5.09 5.73 6.37 12.26 21.34 29.79
s3 5.09 6.12 12.75 19.42 22.62 28.78
sS4 5.47 8.91 13.11 14.61 25.66 34.12
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Table B.4: Isometric Test Summary of 100 um Carbon Nanotube Coated Samples

Contractile Stress (MPa)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 5.09 5.73 7.13 14.64 20.50 26.1
S92 5.47 6.37 8.79 18.97 24.45 28.6
s3 4.75 5.95 7.26 16.48 22.14 25.8
s4 5.98 6.75 8.28 17.44 22.03 27.1

Table B.5: Mean Contractile Engineering Stress vs Voltage for Selected Fabrication
Stages of 100 um Carbon Nanotube Samples

Fabrication Contractile Stress (MPa) [o]
Stage
(n =4) 0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
Pre-twisted 0.00 [0.00] 0.00 [0.00] 2.65 [0.81] 5.26 [0.81] 4.74 [0.61] 5.18 [0.51]
Twisted-Coiled 4.96 [1.34] 5.83 [1.05] 7.22 [1.53] 7.86 [1.88] 9.93 [1.24] 11.64 [1.91]
Stretched 6.11 [1.80] 7.83 [2.31] 12.16 [4.20] 16.19 [3.34] 23.17 [1.81] 31.38 [2.51]
Coated 5.32 [0.53] 6.2 [0.45) 7.86 [0.80] 16.88 [1.81] 22.28 [1.63] 26.92 [1.28]

Table B.6: Mean Contractile Engineering Stress-Voltage Rates for Selected Fabrication
Stages of 100 um Carbon Nanotube Samples

Fabrication Stage Contractile Stress-Voltage Rate (MPa - V_l) [o]

(n=4) 0.8-1.0 V 1.0-1.2 V 1.2-15 V 1.5-1.7 V 1.7-1.9 V
Pre-twisted 0.0 13.25 8.7 2.6 2.2
Twisted-Coiled 4.35 6.95 2.13 10.35 8.55
Stretched 8.6 21.65 13.43 34.9 41.05
Coated 4.4 8.3 30.07 27.0 23.2

Table B.7: Isotonic Test Summary of 100 pm Carbon Nanotube Pre-twisted Samples

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
s1 0.00 0.00 0.00 0.00 0.00 0.00
s2 0.00 0.00 0.00 0.00 0.00 0.00
s3 0.00 0.00 0.00 0.00 0.00 0.00
s4 0.00 0.00 0.00 0.00 0.00 0.00

Table B.8: Isotonic Test Summary of 100 um Carbon Nanotube Twisted-Coiled Samples

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.00 0.10 0.16 0.26 0.33
ED) 0.00 0.00 0.07 0.13 0.24 0.38
s3 0.00 0.06 0.11 0.17 0.22 0.28
sS4 0.00 0.06 0.13 0.15 0.24 0.41
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Table B.9: Isotonic Test Summary of 100 ym Carbon Nanotube Coated Samples

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.00 0.04 0.13 0.26 0.44
S92 0.00 0.07 0.20 0.51 0.41 0.76
s3 0.00 0.03 0.18 0.24 0.36 0.54
sS4 0.00 0.05 0.18 0.36 0.41 0.81

Table B.10: Mean Contractile Engineering Strain vs Voltage for Selected Fabrication
Stages of 100 ym Carbon Nanotube Samples

Fabrication Contractile Strain (%) [o]
Stage
(n = 4) 0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
Pre-twisted 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00] 0.00 [0.00]
Twisted-Coiled 0.00 [0.00] 0.03 [0.03] 0.1 [0.02] 0.15 [0.02] 0.24 [0.02] 0.35 [0.06]
Coated 0.00 [0.00] 0.04 [0.03] 0.15 [0.07] 0.31 [0.16] 0.36 [0.07] 0.64 [0.18]

Table B.11: Mean Contractile Engineering Strain-Voltage Rates for Selected Fabrication
Stages of 100 um Carbon Nanotube Samples

Fabrication Stage

Contractile Strain-Voltage Rate (% -V 1) [o]

(n =4) 0.8-1.0 V 1.0-1.2 V 1.2-1.5 V 1.5-1.7 V 1.7-1.9 V
Pre-twisted 0.00 0.00 0.00 0.00 0.00
Twisted-Coiled 0.15 0.35 0.17 0.45 0.55
Coated 0.20 0.55 0.53 0.25 1.4
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Epoxy Characterization

C.1 Fabrication Apparatus

Figure C.1: Schematic of epoxy sample fabrication mold.

C.2 Mechanical Properties
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Figure C.2: Two successive cycles load-unload tensile test samples at a strain rate of 5
mm - s~! and initial temperature of 20 °C.
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Figure C.3: Two successive cycles of load-unload tensile tests on thin epoxy samples at
a strain rate of 8 mm - s~! and initial temperature of 20 °C.
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Figure C.4: Two successive cycles load-unload tensile test samples at a strain rate of 5
mm - s~! and initial temperature of 30 °C.
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Actuator Evaluation

D.1 Effects due to Fibre Diameter

D.1.1 Mechanical Properties

Table D.1: Monotonic to Failure Uniaxial Summary of 200 um Carbon Nanotube Pre-
twisted Samples

Tensile Strength Ultimate Strain Necking Strain Young’s Modulus Toughness

1. p
Sample (MPa) (%) (%) (GPa-m™1) (MJ-m—3)
513 1465 12.4 2.45 12.07 75.87
S14 1234.70 14.37 5.40 8.59 86.79

Table D.2: Monotonic to Failure Uniaxial of 200 ym Carbon Nanotube Twisted-Coiled
Samples

Sample Tensile Strength Ultimate Strain Necking Strain Young’s Modulus Toughnes,s
p (MPa) (%) (%) (GPa-m™1) (MJ-m™3)
515 203.24 39.29 12.22 0.52 22.44

Table D.3: Monotonic to Failure Uniaxial of 200 pm Carbon Nanotube Stiffness-Variable
Samples

Tensile Strength Ultimate Strain Necking Strain Young’s Modulus Toughness

Sample (MPa) (%) (%) (GPa-m~1) (Mg -m=%
s16 423.83 206.68 105.34 0.21 370.83
s17 626.53 107.17 33.70 0.58 222.32
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D.1.2 Electrothermal Response
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Figure D.1: Mean temperature vs applied voltage of three fabricated samples with 100
(left) and 200 (right) pm products in the (a) and (b) stiffness-variable, and the (c) and (d)
twisted-coiled designs.

D.1.3 Electromechanical Response

Table D.4: Isometric Test Summary of 100 pum Carbon Nanotube Stiffness-Variable
Samples with 20% Pre-stretch

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
s1 5.09 7.64 18.97 30.43 30.43 30.43
s9 4.07 10.19 17.74 24.45 28.27 26.99

53 5.86 9.68 18.97 24.83 27.45 29.92
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Table D.5: Isometric Test Summary of 200 um Carbon Nanotube Stiffness-Variable
Samples with 20% Pre-stretch

Contractile Stress (MPa)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
sS4 0.80 1.27 2.39 3.15 3.69 2.93
S5 1.02 1.59 2.55 3.57 4.01 3.06
S6 0.95 1.11 2.23 4.01 4.33 3.63

Table D.6: Isometric Test Summary of 100 ym Carbon Nanotube Twisted-Coiled Samples
with 20% Pre-stretch

Contractile Stress (MPa)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
s7 9.80 12.61 19.48 24.19 36.16 35.52
S8 5.93 6.79 10.22 20.08 24.10 33.87
s9 6.75 9.17 14.04 16.97 26.62 35.21
Table D.7: Isometric Test Summary of 200 ym Carbon Nanotube Twisted-Coiled Samples
with 20% Pre-stretch
Contractile Stress (MPa)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
510 1.75 2.32 4.65 5.06 5.60 6.75
511 1.27 2.32 3.26 5.59 7.61 7.70
s12 2.01 2.51 3.79 5.08 6.24 6.97

Table D.8: Isotonic Test Summary of 100 um

ples with 20% Pre-stretch

Carbon Nanotube Stiffness-Variable Sam-

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.00 0.16 0.25 0.54 0.82
s2 0.07 0.20 0.30 0.31 0.60 0.88
53 0.00 0.05 0.29 0.36 0.45 0.82

Table D.9: Isotonic Test Summary of 200 um Carbon Nanotube Stiffness-Variable Sam-

ples with 20% Pre-stretch

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
sS4 0.00 0.03 0.00 0.00 0.06 0.17
S5 0.00 0.00 0.00 0.05 0.09 0.14
s6 0.04 0.00 0.00 0.00 0.07 0.13
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Table D.10: Isotonic Test Summary of 100 um Carbon Nanotube Twisted-Coiled Samples

with 20% Pre-stretch

Contractile Strain (%)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s7 0.00 0.00 0.05 0.07 0.21 0.29
S8 0.00 0.00 0.07 0.07 0.24 0.30
s9 0.00 0.12 0.18 0.24 0.41 0.41

Table D.11: Isotonic Test Summary of 200 pm Carbon Nanotube Twisted-Coiled Samples
with 20% Pre-stretch

Contractile Strain (%)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 1.9V
510 0.00 0.17 0.22 0.28 0.42 0.52
511 0.07 0.28 0.14 0.28 0.21 0.38
s12 0.04 0.00 0.14 0.22 0.27 0.36

D.2 Effects due to Pre-stretch Percentage

D.2.1 Electromechanical Response

Table D.12: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with Selected Pre-stretch

Contractile Stress (MPa)

Sample

0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 4.97 5.35 6.24 12.86 17.19 21.52
ED) 4.33 4.97 6.02 9.99 13.43 18.67
s3 5.47 6.37 8.79 18.97 24.45 28.65
sS4 4.75 5.95 7.26 16.48 22.14 25.83
s5 5.09 9.68 18.97 24.83 27.45 29.92
s6 4.07 10.19 17.74 24.45 28.27 26.99
s7 4.90 5.88 7.95 9.97 11.90 14.90
s8 5.30 6.72 7.66 9.27 11.60 17.12
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Table D.13: Isometric Test Summary of 100 um Carbon Nanotube Twisted-Coiled Sam-
ples with Selected Pre-stretch

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
594 4.97 7.64 10.95 16.93 22.28 29.16
Sgp 8.79 10.57 16.42 18.46 23.05 32.85
S9¢ 9.80 12.61 19.48 24.19 36.16 35.52
894 9.42 14.26 21.52 35.01 40.11 45.07
510a 4.93 8.44 12.49 14.13 16.87 22.92
s10b 5.47 8.91 13.11 14.61 25.66 34.12
S10¢ 6.75 9.17 14.04 16.97 26.62 35.21
s10d 7.13 10.06 15.72 21.77 34.89 48.81
S11a 4.42 5.61 7.05 11.31 15.48 25.68
S11b 5.09 6.12 12.75 19.42 22.62 28.78
S1le 5.93 6.79 10.22 20.08 24.10 33.87
$11d 6.75 7.08 11.33 21.10 29.37 39.13

Table D.14:

Isotonic Test Summary of 100 pm Carbon Nanotube Stiffness-Variable
Samples with Selected Pre-stretch

Contractile Strain (%)

Sample

0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.04 0.04 0.10 0.17 0.34
ED) 0.00 0.00 0.00 0.08 0.13 0.45
s3 0.05 0.07 0.20 0.51 0.41 0.76
sS4 0.04 0.03 0.18 0.24 0.36 0.54
S5 0.07 0.20 0.30 0.31 0.60 0.88
s6 0.00 0.05 0.29 0.36 0.45 0.82
s7 0.00 0.00 0.05 0.14 0.23 0.55
s 0.00 0.00 0.05 0.23 0.41 0.57
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D.3 Effects due to Coating Application Interval

D.3.1 Electromechanical Response

Table D.15: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 10 min Coating Application Interval

Contractile Stress (MPa)
Sample

0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 5.09 5.73 7.13 14.64 20.50 26.10
s2 5.47 6.37 8.79 18.97 24.45 28.65
s3 4.75 5.95 7.26 16.48 22.14 25.83

Table D.16: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 20 min Coating Application Interval

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
S4 4.84 5.09 8.40 15.41 18.08 21.90
S5 3.95 5.09 8.02 15.15 17.70 20.24
s 4.46 5.35 6.37 13.50 15.15 19.74

Table D.17: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 30 min Coating Application Interval

Contractile Stress (MPa)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s7 0.00 2.55 3.06 6.11 10.25 12.24
S8 0.00 0.00 2.16 2.57 3.59 8.72
sg 0.00 1.27 4.71 6.96 10.25 15.85

Table D.18: Isotonic Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 10 min Coating Application Interval

Contractile Strain (%)

Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s1 0.00 0.00 0.14 0.25 0.36 0.53
ED) 0.05 0.07 0.20 0.51 0.41 0.76

s3 0.04 0.03 0.18 0.24 0.36 0.54
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Table D.19: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 20 min Coating Application Interval

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
sS4 0.00 0.16 0.38 0.49 0.72 1.27
S5 0.05 0.05 0.19 0.33 0.62 0.76
s6 0.05 0.00 0.25 0.39 0.57 0.73

Table D.20: Isometric Test Summary of 100 um Carbon Nanotube Stiffness-Variable
Samples with 30 min Coating Application Interval

Contractile Strain (%)
Sample
0.8 V 1.0V 1.2V 1.5V 1.7V 19V
s7 0.00 0.02 0.00 0.36 0.37 0.39
s8 0.06 0.04 0.15 0.27 0.15 0.44
sg -0.04 -0.02 0.06 0.41 0.37 0.39
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