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ABSTRACT

This thesis focuses on the mechanical investigation, design and
fabrication of stretchable conductors with applications to antennas. Specifically, a
stretchable patch antenna (SPA) whose frequency is tuned by a planar dielectric
elastomer actuator (DEA) is proposed and analysed. This mechanically
reconfigurable antenna system has a configuration resembling a pre-stretched
silicone belt embedded with conductive liquid metal, which forms the patch
antenna, and it has conductive electrodes, which form the DEA. Actuation of the
DEA varies the side length of the patch antenna, and, as a result, its resonance
frequency. Design and fabrication steps of this system are presented.
Measurement results for deformation, resonance frequency variation and

efficiency of the patch antenna are also presented.

Keywords: stretchable patch antenna; SPA; reconfigurable antenna; dielectric
elastomer actuator; DEA
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1: INTRODUCTION

Bendable and stretchable electronic devices have drawn the attention of
engineers because of their soft features and promising performance [1]. In this
work, mechanical investigations of a reconfigurable and stretchable antenna are
performed. In addition, a polymer-based actuating system to tune the strain of

the antenna is proposed and optimized.

1.1 Reconfigurable stretchable antenna

To adapt to changing environments and system requirements, antennas
need to be reconfigurable. Reconfigurable antennas are currently applied to
portable wireless devices, because they can improve signal-to-noise ratio or
reconfigure radiation parameters to redirect transmitted power for saving battery

life [2].

Incorporating actuators to reconfigure the physical structure of the
antennas allows the antennas to obtain different configurations. Because
mechanically reconfigurable antennas use advances in smart materials and very
large scale integration, they are more likely to be used in industry. Recently,
researchers have discovered light-weight, bendable, and stretchable antennas
that are fabricated by injecting liquid metal into a silicone elastomer [3]-[7]. This
new type of stretchable antenna could be a new generation of reconfigurable

antenna.



Although, cooper antennas are highly efficient, the material fatigue of
copper will not allow these antennas to be repeatedly bent. Thin foil may be used
for bending, but is not stretchable and cannot smoothly change its surface area.
However, stretchable antennas do not have such problems because they are

fabricated out of silicone elastomer injected with liquid metal.

Only a few stretchable antennas have been reported in literature; a newly
developed stretchable patch antenna (SPA) was fabricated in order to add this

area [8].

1.2 Antenna actuator

The ideal actuator should be fabricated from the same flexible and
stretchable material as the SPA in order to be used seamlessly in the same
applications. A dielectric elastomer actuator (DEA) was firstly implemented on
the SPA, which is called the SPA-DEA system. This DEA was selected because
it was also fabricated using silicone elastomer [9]-[18]. The DEA has light-weight,
low-cost, easy-to-manufacture characteristics [9]-[18]. The DEA was electrically
activated by using a voltage amplifier (EMCO Q101), and consumed a maximum

of 0.5 Watt [18].

1.3 Objectives

In order to achieve a SPA, the following objectives were defined:
Objective 1: Propose an innovative SPA-DEA configuration

Objective 2: Propose and test a manufacturing procedure to fabricate an SPA.



Objective 3: Fabricate a DEA
Objective 4: Optimize the mechanical design of the SPA-DEA configuration

Objective 5: Characterise the performance of the SPA-DEA system

1.4 Structure of this thesis

In this thesis, Chapter 2 is the literature review of the stretchable antenna
and DEA. Chapter 3 proposes configurations of the SPA-DEA system while
Chapters 4 and 5 present a detailed manufacturing process for stretchable
antennas and DEASs respectively. In addition, Chapter 5 also introduces related
basic electromechanical concepts of the planar DEA and presents our analysis
methods. Chapter 6 introduces the finite element model that was used for
optimizing the design parameters of the tunable antenna and for improving the
efficiency of the SPA-DEA system. Experimental results and a comparison with
simulations using finite element method (FEM) are shown in Chapter 6 while
chapter 7 shows our prototype system and the final chapter offers conclusions

based on this work.



2: LITERATURE REVIEW

2.1 Stretchable antennas

A stretchable, frequency-reconfigurable monopole antenna was
fabricated by injecting a liquid metal (Galinstan) into a micro-channel of a
polydimethylsiloxane (PDMS) substrate [7]. It was shown that the resonant
frequency of the liquid metal wire antenna can be tuned by stretching the
substrate, thereby altering the effective length of the antenna. Similarly, flexible
loop and cone antennas were implemented [19]. Although not designed for a
reconfigurable antenna, some frequency and pattern variation due to stretching
were reported for the loop antenna [19]. The measured mechanical strain for
these flexible antennas is limited to 40%, because their rigid feeding mechanism

will easily damage them when the strain exceeds 40% [1].

In addition, when the antenna was twisted or folded, the rigid connections
also have an adverse influence on measurements [1]. Later, a hybrid substrate
for flexible antennas was presented in order to increase the strain up to 120% by
incorporating a more elastic substrate around the rigid components while
maintaining the PDMS substrate [20]. However, the rigid feed connections are
still reported to decrease the durability of the flexible antennas [1], [19]. For our
SPA, in order to reduce the limitation of the rigid feed connection, we
alternatively used a coupled feeding mechanism [21], [22], which allowed the

patch antenna to stretch freely while the feeding system is fixed.



In addition, in previous works, the PDMS was used for the substrate of the
antenna, and it could only provide a maximum strain of 140% [23]. In our study,
we used more stretchable material, TC5005 silicone (BJB Enterprises) [24], for

our substrate. This new SPA then can realize 300% strain along one direction [8].

2.2 Dielectric Elastomer Actuator

In 1880, Roentgen investigated the first electro-active polymer (EAP). He
observed natural rubber was changed in shape when a large electrical field was
applied crossly. Today, a wide number of EAPs have been discovered, and
various materials were studied for EAPs. EAPs can be broadly categorised into
two classifications based on their actuation methods: ionic and field-activated.
The ionic polymer includes ionic polymer—metal composites (IPMC), ionic gels,
carbon nano-tubes, and conductive polymers (CPs). Field-activated polymers on
the other hand include those made from ferroelectric polymers, polymer electrets,

electrostrictive polymers, and dielectric elastomers (DES).

The actuator used for our system was a dielectric elastomer actuator
(DEA) in a silicone (TC5005) substrate. From Tablel-1, the ionic EAPs usually
have high maximum strain and low maximum stress, and, in contrast, field-
activated polymers have a relatively low strain, but the stress is higher. The DEA
in a silicone substrate is a kind of EAP that can balance these two characteristics
[9]-[18], [25]. It can be fabricated out of the same silicone, TC5005, which is used

for the SPA, which is more convenient for manufacturing.



A DEA can be considered as a DC parallel plate capacitor with two
electrodes which are attracted by an electrostatic force that causes a planar
expansion of the elastic dielectric material [9]. Therefore, selecting appropriate
materials for the electrodes and dielectrics is a key factor for improving the ratio
of converting electrical energy to mechanical energy. Because the elastic
dielectric must accommodate a large mechanical strain, a good compliant
electrode material for DEAs should have a lower stiffness than the dielectric layer
and must maintain good conductivity at large deformation. Commonly used
materials for electrodes include metallic paints, carbon grease, graphite and
carbon powder, etc [10]. Carbon grease electrodes are commonly used because
they maintain good conductivity at high strain and provide good adhesion to most
DE materials [10], [11]. Dry carbon powders also have similar benefits to those
found with carbon grease, and they are even easier to handle. However, the
materials they can be adhered to are selective. Fortunately, carbon powder has
good adhesion to TC5005 silicone. A comparison of electrode materials was

investigated by Carpi et al. in 2003 [10], [11].

To investigate the performance of a DEA, the characteristics of the
dielectric should be studied first. Presently, the most used dielectric materials are
categorized into two groups: acrylics and silicones [10], [12], [14], [18]. These
devices have also been modeled using linear assumptions as well as modeled as
non linear systems [10], [13]. For our DEA device, we used TC5005 silicone as
the base. The maximum strain of TC5005 for our application was 100%+10%

which still has linear behavior if we looked at the force-displacement diagram in



[18]. Therefore, we considered the TC5005 silicone that is used for fabricating

SPA and DEA to be a linear elastomer. In addition, because pre-strain

significantly improves the performance of DEAs [14], a finite element model was

built to discover the best pre-strain for our system.

Table 1-1: List of EAP types and their properties

Type Maximum Maximum Maximum Ref.
strain (%) pressure efficiency
(MPa) (%)
Delectric 380 7.2 60-80 [25], [26], [28]
elastomer
(acrylic)
Delectric 32 1.36 90 [25]
elastomer
(silicone)
Electrostrictive 4.3 43 ~80 [25]
polymer
Electrostatic 50 0.03 >90 [25], [27], [28]
device
Piezoelectric 0.1 4.8 - [25]
polymer
Shape memory >5 >200 <10 [25]
alloy
Conducting 10 450 <5 [25], [27]
Polymer
lonic gel >40 0.3 30 [25]
Natural muscle >40 0.35 >35 [25]



3: INTRODUCTION OF THE STRETCHABLE PATCH
ANTENNA SYSTEM USING A DIELECTRIC ELASTOMER
ACTUATOR

3.1 The configuration of the stretchable patch antenna system
using a dielectric elastomer actuator

The stretchable patch antenna system using a dielectric elastomer
actuator (SPA-DEA system) is displaced in Figure 3.1. The SPA-DEA system
works on a belt system with the belt embedded with an SPA on the upper
segment and a planar DEA on the lower segment. The DEA and SPA were
fabricated using the same silicone substrate, TC5005 (BJB, USA [24]) and were
connected by an inextensible cloth. The belt was pre-stretched using two fixed
rollers (Figure 3-1) and kept at a fixed distance apart by a rigid element (copper
clad board), which also served as a groundplane for the antenna. A plastic
spacer inserted between the SPA and the groundplane was used to maintain
constant spacing while stretching the SPA. When the DEA was actuated by
applying a voltage, it expanded laterally. The inextensible material (cloth)
transferred this displacement and caused the SPA to contract. The deformation

of the DEA is always contrary to the deformation of the SPA in this case.
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Figure 3-1: Schematic diagram of the SPA-DEA system

Figure 3-2 shows both the top and bottom views of the proposed system.
The top view (figure 3-2 a) shows the SPA bonded to the inextensible cloth. The
cloth was fully attached along two opposing edges of the SPA in order to stretch
the SPA evenly and ensure that the SPA is not twisted. The bottom view (Figure
3-2 b) shows that the DEA was prestretched and constrained vertically and only
could expand horizontally. As discussed later in Chapter 5, the un-stretchable
cloth was not fully attached along two sides of the DEA because the length of the

connection between them contributes to the efficiency of the DEA.



Stretchable patch antenna

1

(a) The top view of the syste

constrained

A

(e

Vs

&)

DEA

S S

(b) The bottom view of the system

Figure 3-2: The top and bottom views of the SPA-DEA system.

3.2 SPA and the groundplane

In order to operate near the Universal Mobile Telecommunications System
(UMTS) frequency bands [29], the side length of the patch antenna was selected

to vary between 40mm-53mm. This selection also enabled us to perform

10



measurements with the tools available in our laboratory, which are calibrated for

these bands.

For an SPA, an infinite groundplane is always ideal but, for real
applications, the groundplane had finite dimensions for real applications (Figure
3-1). Simulation performed by Dr. Mazlouman using CST™ Microwave Studio
confirmed that the finite groundplane does not have a significant effect on the
performance of the antenna, unless the stretched patch antenna sides get close
to the edges of the groundplane. If the sides of the stretched patch antenna are
too close to the edges of the ground plane, the radiation due to the groundplane
edges begins to affect the performance of the antenna. This effect was simulated
by Dr. Mazlouman for various square groundplane side dimensions by
considering a deformed patch antenna with 53 mm side length. Figure 3-3 shows
the CST™ numerical simulation results for measuring of the input port voltage
reflection coefficient, Si1, from the antenna. As shown in Figure 3-3, the
frequency of operation of the antenna starts detuning when the groundplane side

gets smaller than 70 mm. Therefore, a 70mm square groundplane was chosen.

11
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Figure 3-3: The effect of the groundplane side size on the S;; of the antenna.

3.3 The actuator

In the proposed configuration, as previously seen in Figure 3-1, the DEA is
used to control the side length of the SPA. It is desirable to design the DEA such
that its size is minimized in order to obtain an overall compact system. Note that
the effective deformations of the DEA are highly influenced by the amount of its
initial pre-stretching and the imposed boundary constraints. A finite element
model of the system was therefore developed to investigate the effect of these

parameters, which is discussed in Chapter 6.

12



3.4 Summary

In this chapter, objective 1 was accomplished. An innovative SPA-DEA
configuration was proposed which is able to adjust the frequency of the SPA. The
need to varying the side length of the SPA from 40 mm to 53 mm to tune the
antenna frequency was given. The dimensions of the groundplane for the SPA
were selected as 70 mmx70 mm. In addition, in order to ensure the system was
compact and further improve the efficiency of the antenna, the DEA needed

simulations.

13



4: MANUFACTURING THE STRETCHABLE ANTENNAS

This chapter demonstrates the micro-channel manufactured in the
TC5005 substrate as well as the SPA with and without an inner isolating layer.
By developing these three prototypes, the method of manufacturing the SPA was
developed and gradually improved. The SPA without an isolating layer has been
developed as the finial prototype, and it was embedded within the SPA-DEA

system.

4.1 Manufacturing the micro-channel in TC5005 substrate

As mentioned previously, researchers have recently fabricated stretchable
antennas or interconnections by injecting liquid alloy into an elastomer [3]-[7] that
is mostly made out of polydimethylsiloxane (PDMS). The elongations of these
antennas were only capable of reaching a maximum of 100% elongation. In our
research, a more stretchable material, silicone TC5005, was used to increase the
elongation. This silicone is comprised of three individual components: A, B, and
C [24]. Component A is a type of silicone rubber base that belongs to the
Organopolysiloxane chemical family [30]. Component B is a silicone catalyst that
also belongs to the chemical family Organopolysiloxane [31]. Components A and
B can be mixed at a weight ratio of 10:1 to form the most rigid TC5005 silicone.
Component C is a Silicone-based fluid that belongs to the PDMS family and has
short molecular chain, which is used to decrease the stiffness of the TC5005
[32]. Component C can be added to up to half the weight of A and B. Once the

14



amount of C exceeds this maximum amount, TC5005 will never cure (become a
solid elastomer). In our study, we always preferred a more stretchable silicone as
the substrate for the antenna therefore, component C was always added to the

maximum amount.

In order to learn the fabrication methods of stretchable antennas, we first
fabricated a microchannel in TC5005 substrate. Figure 4-1 below shows the top
view of the mold made from polymethylmethacrylate (PMMA). A 60-watt CO,
laser (VersaLASER® VLS3.60, 60W Laser Cartridge) cut a 70 mmx20 mm
channel with a depth of 1mm, a narrow rectangular island with dimension of 65
mmx0.5 mmx1 mm as well as a cylindrical island 1 mm in diameter were left in

the middle of the pool.

| 6.5cm

Figure 4-1: Top view of the PMMA mold

Figure 4-2 (a), (b), and (c) show a schematic of the manufacturing process
of the microchannel in TC5005 substrate which was as follows: (a) First, we
poured an uncured mixture of TC5005 into the PMMA mold and allowed it to cure
for 16 hours. (b) The cured TC5005 substrate was demolded and placed cavity
side up on a level table. Uncured TC5005 was used as a sealant by spreading it

onto both sides of the micro channel. Then a second, thin flat, TC5005 silicone
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layer was laid on top of the substrate. (c) After the sealant had cured we were left
with a 65 mmx0.5 mmx1 mm chamber. This chamber was then injected with the
liquid metal alloy Galinstan, creating a conductive microchannel in the TC5005

substrate.

TC5005

—

PMMA Mold
H

(a)

Uncured 75005

TC5005 |

(b)

TC5005
%

4\Galinstan

(c)

Figure 4-2: Manufacturing process of the microchannel in the TC5005 substrate: (a)
Uncured TC5005 in the mold; (b) Sealing the microchannel with uncured
TC5005; (c) inject Galinstan into the channel

In addition, it should be noted that the microchannel in the TC5005
substrate was self-sealing. Alongside the microchannel, a small round reservoir
was also manufactured (Figure 4-3a). When Galinstan was injected to the
microchannel, the needle was passed first through the reservoir and then on into

the channel. When the needle had reached the bottom of channel, the Galinstan
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was then injected, and the Galinstan repelled the air inside of the channel into
the round reservoir. The air remained within the reservoir, keeping the Galinstan
in the channel; therefore, we did not need to seal the sample again. The round
reservoir also helps to see when the Galinstan within the microchannel is leaking
from the sample. As shown in Figure 4-3b, once Galinstan begins to appear in
the round reservoir this indicates that the air in the round reservoir has leaked out

and the sample is no longer sealed.

_o
/I\

Galinstan Round reservoir

(a)

_O

(b)

Figure 4-3: (a) Fabricated microchannel in the TC5005 substrate; (b) A leaking
microchannel in TC5005 substrate

Figure 4-4 demonstrates that the microchannel in the TC5005 substrate

can be twisted (Figure 4-4a), folded (Figure 4-4b) and stretched (Figure 4-4c).
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(b)

Figure 4-4: The microchannel in the TC5005 substrate (a) twisted, (b) folded, and (c)
stretched

4.2 Stretchable Patch Antennas

After manufacturing the microchannel within the TC5005 substrate, our
attention was then focused on developing the SPA. The stretchable patch
antenna was made out of the TC5005 silicone substrate injected with liquid metal
made with a similar manufacturing method to the Galinstan filled microchannel.
In this section, two different types of SPA were developed, and their comparison

is presented.
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4.2.1 The stretchable patch antenna with an isolating layer inside
4.2.1.1 Manufacturing process

Similarly, to the microchannel described above, the mold for the patch
antenna, as shown in Figure 4-5, was fabricated out of PMMA using the same
laser cutter introduced in section 4.1. A 30 mmx30 mmx0.5 mm square island
was left in the middle of the PMMA. After manufacturing the mold, TC5005 was

cast within it.

a——30mm——-
50mm

Figure 4-5: PMMA Mold for the SPA substrate.

After curing, the overall dimensions of the demolded silicone sheet were
50 mmx50 mm with a 30 mmx30 mmx0.5 mm reservoir for containing the
Galinstan. To seal the silicone, uncured TC5005 was uniformly spread over a 50

mmx50 mmx1 mm flat sheet of TC5005 silicone. When the patterned layer was
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placed on top of this flat sheet, because the TC5005 was softer and more
stretchable than the PDMS, the top layer often collapsed and contacted the
bottom layer, as shown in Figure 4-6. This caused the upper and lower portions
of the two TC5005 sheets to often cure together and ruin the fabrication of the

wide but thin reservoir.

Patterned layer

v/

<—Sealant

" Flat TC5005 shest

Figure 4-6: The top elastomer layer collapsing on the bottom elastomer layer

An isolating layer was required to stop the upper collapsed layer from
bonding with the bottom layer. Because our experiments confirmed that TC5005
silicone does not bond with PE film (Figure 4-7), we used a 13.5 pum thick
Polyethylene (PE) film as an isolating layer to separate the top and bottom

layers.

Figure 4-7 shows the complete manufacturing process of the patch
antenna with an isolating layer inside. In the first step, TC5005 was cast on a
PMMA mold to create the patch antenna (Figure 4-7a). Secondly, uncured
TC5005 was poured into the mold (Figure 4-7b). After curing, the TC5005
substrate was inverted (Figure 4-7c¢). Then, a 30 mmx30 mmx12.5 um PE film

[33] was placed on the patterned TC5005 (Figure 4-7d). In the fifth step, a
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uniform sealant layer was sprayed over a 50 mmx50 mmx1 mm flat sheet of

TC5005 (Figure4-7e). Subsequently, in the sixth step, the substrate with the PE
film that was formed in the fourth step was placed on top of the flat sheet with a
sealant layer (Figure 4-7f). In the final step, after curing, a square reservoir with
an embedded PE film was inside the TC5005 substrate, and then the Galinstan

was injected into the reservoir (Figure 4-79).

(a) I—\—'—\—‘_I‘i_‘ PMMA mold
(b) |_\—|—|—|_| Casting

(c) <— TC5005 substrate
V7 PE film
(d) [T
(e) , -« Sealant layer
<—— Flat TC5005 sheet
(f) O Bonding
(g) I Injecting Galinstan

Figure 4-7: Manufacturing process of the SPA with an isolating layer inside: (a) Prepared
PMMA mold (b) TC5005 substrate cast on the mold (c) the substrate placed
inversely (d) prepared top layer (placed the PE film) (e) spread the uncured
TC5005 (f) bonded top layer and the bottom layer (g) inject the Galinstan

Using this method, we first fabricated an SPA shown in Figure 4-8. The
SPA can be folded (Figure 4-8a), twisted (Figure 4-8b), and stretched (Figure 4-

8¢)
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(a) (b)

(©)

Figure 4-8: SPA is folded, twisted, and stretched.

After successfully manufacturing the first SPA, we continued to improve
the fabrication method of the SPA. In the previous process, two TC5005
substrates were bonded by a layer of liquid sealant that was the uncured TC5005
(Figure 4-7f). However, bubbles in between the two cured layers were not
released because of the narrow gap (Figure 4-9). Although bubbles trapped
between the two substrates will not overly affect the sample, the bubbles trapped

in the space reserved for the liquid metal were not negligible. Once the sealant
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was cured, the voids caused by the air bubbles were filled with the liquid metal,

which resulted in an irregular shape of the Galinstan.

Those bubbles
affect the shape of
the reservoir area

Uncured
TC5005
that leaves
film the only gap
where the
bubbles can
get out

Cured
TC5005

Figure 4-9: Bubbles are stuck in between of the TC5005 layers

A refined manufacturing process solved the bubble problem and increased
the yield of good samples. At the same time, the fabrication steps were reduced
from seven down to four steps, and the PMMA mold was made no longer
necessary. The complete fabrication steps are shown in Figure 4-10 where, in
the first step, a flat, cured TC5005 sheet was placed on a level table (Figure 4-
10a). Secondly, a 30 mmx30 mmx12.5 ym PE film was laid on top of the TC5005
sheet (Figure 4-10b). In the third step, a layer of uncured TC5005, used as a
sealant, was poured on top of a PE film and a TC5005 sheet (Figure 4-10c). After
curing, the TC5005 substrate became a well sealed envelope (Figure 4-10d).
Lastly, the liquid metal was injected into this envelope. Bubbles are often

produced in the third step, but, because TC5005 takes 16-24 hours to fully cure
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[24], bubbles in the uncured TC5005 layer easily escape from the wide open

surface of TC5005 sheet during the curing time.

o IS Cyred

TC5005

Isolate layer

Uncured
metal

Figure 4-10: Update manufacturing process of the SPA with an isolating layer: (a) the
cured TC5005 sheet (b) PE film on top of the first layer (c) spread uncured
TC5005 (d) inject the Galinstan

4.2.1.2 Experimental measurements
The resonant frequency and radiation efficiency of this patch antenna was
measured by Dr. Mazlouman using a vector network analyzer (Agilent) and a

Satimo StarLab™

anechoic chamber. The chamber is represented in Figure 4-
11a. Figure 4-11b shows the measurement results. In Figure 4-11b, the radiation
efficiency of this antenna decreased when the patch antenna was stretched [8].
The relaxed patch antenna had 80% efficiency. When the patch antenna was

stretched to 49mm in one dimension, the radiation efficiency of this antenna was
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decreased to 75%; and when the patch antenna was stretched to 68 mm, the
radiation efficiency of this antenna was decreased to 65%. One of reasons that
caused this phenomenon might be the isolating layer (PE film) within the patch
antenna. However, because the PE film is an un-stretchable material, when the
SPA is stretched, the PE film is unable to deform with the SPA, which likely
causes discontinuities in the Galinstan thus reducing the radiation efficiency of

the SPA.

In order to improve the radiation efficiency of the SPA after stretching, we
needed to employ a fabrication method that enabled removal of the isolating

layer. The method used to achieve this is described in the next section.
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Figure 4-11: (a) Satimo StarLab™ anechoic chamber. (b) Results for the radiation
efficiency of the SPA (an isolating layer inside) for various patch side lengths

8].
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4.2.2 Removing the isolating layer from the stretchable patch antenna

An isolating layer was previously used to ensure a hollow cavity was
available for injecting Galinstan into the SPA. Antenna efficiency measurements
suggested that if the isolating layer could be removed from the SPA, the antenna
may have much better performance than the previous version that included an
isolating layer. This section demonstrated how the isolating layer is removed as

well as the efficiency of the SPA using the new manufacturing method.

4.2.2.1 Manufacturing process

In order to remove the isolating layer inside of the SPA, we implemented a
new manufacturing process. Figure 4-12 illustrates the six fabrication steps used
to manufacture the SPA. In the first step (Figure 4-12a), a thin flat sheet of cured
TC5005 silicone was placed on a levelled table. Subsequently, a 30 mmx30
mmx12.5 pm isolating PE film was placed on the top surface of the silicone
sheet. A 20 mmx3 mmx2 mm PMMA block was then positioned next to the PE
film (Figure 4-12b). In the third step, uncured TC5005 was spread over the top of
the cured TC5005 sheet, PE film, and PMMA block. The fourth step consisted of
two phases. In the first phase, the PMMA block was removed after the TC5005
top layer was cured. Removal of this small block formed an open channel (Figure
4-12d). In the second phase of this step, the PE film was removed via the
channel created by the removal of the PMMA block. The PE film was selected to

be flexible and foldable so that it could be folded into a strip and taken out from
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the channel. The fifth step consisted of sealing the channel with uncured TC5005
(Figure 4-12e) in order to form a closed reservoir. In the last step, liquid metal
(Galistan) was injected into the reservoir through a needle (Figure 4-12f). Note
that the removal of the needle did not require additional sealing. Through this last
step, a conductive liquid metal was trapped within a stretchable polymer

envelope that formed the SPA.

28



|
I v l

PE film PMMA block

b!—%‘+ll

Uncured TC5005
S ,

C |

jm—————— — Open channel

|

! |

|
d |

! I

! I

! I

e e e - - - 4

Opened channel is filled

Injected liquid metal

Figure 4-12: Manufacturing steps of the SPA: (a) placed flat sheet of cured TC5005 (b)
placed PE film and PMMA block (c) spread uncured TC5005 (d) removed the
PMMA block and PE film (top view) (e)spread again uncured TC5005 to seal
the channel (f) injected liquid metal
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4.2.2.2 Experimental Measurements

After the successfully removal of the isolating layer, this new SPA was
embedded in the SPA-DEA system latterly. Figure 4-13 depicts the radiation
efficiency of the antenna about various resonance frequencies and side lengths.
The radiation efficiency was measured using a Satimo anechoic chamber and by
Dr. Mazlouman. For all sweeping points, the radiation efficiency is always greater
than 78%. This result shows that this new version of the SPA is better than the
previous one with an isolating layer left inside since the radiation efficiency of the
SPA with the isolating layer dropped from 80% to less than 75% within the side

length range [39mm, 49mm] as shown previously in figure 4-11.
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Figure 4-13: Results for the radiation efficiency of the SPA without an isolating layer for
various patch side lengths
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4.3 Summary

This chapter described the manufacturing process of the SPAs and
summarized their experimental measurements. Therefore, the objective 2 was
completed. The SPA with an isolating layer has an antenna radiation efficiency of
~80%. When it was elongated, the radiation efficiency drops 5% every 10mm
elongation of the SPA with an isolating layer. Later on, after removing the
isolating layer inside the SPA, the SPA is keeping functioning with above 78%
efficiency after stretching. This radiation efficiency is reasonable compared to
commercial metal and dielectric antennas. Therefore, it is ready for the SPA-

DEA system.
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5: DIELECTRIC ELASTOMER ACTUATOR

5.1 Analysis of the dielectric elastomer actuator

As mentioned in Chapter 1, the dielectric elastomer actuator (DEA) is
candidate for mechanically tuning the resonant frequency of an SPA from band
to band, because not only it is light-weight, low-cost, easy-to-manufacture,
exhibits energy saving characteristics [9]-[18] and can also be fabricated from the
same silicone substrate (TC5005). In order to embed the DEA into the SPA-DEA

system and optimize the efficiency, understanding the DEA is necessary.

5.1.1 The electrostatic stress of the dielectric elastomer actuator

The DEA works like a DC parallel plate capacitor. Due to an induced
electric field, two electrodes with equal but opposite charge are attracted to each
other so that they squeeze the elastic dielectric material sandwiched between the
electrodes causing the dielectric to latterly expand. Figure 5.1 shows a schematic

drawing of the DEA.

32



+ + + + + + + +

Vv { Permitivity €= € €, } Z

Figure 5-1: The schematic diagram of the cross section of the DEA.

In order to analyze the DEA, we first needed to understand the relation

between the activating voltage and the induced electrostatic stress o¢[9], [11].

If the DEA is activated by a voltage V, the anode of the DEA will have a

charge, Q. The work of the DEA is given by
14
w= [ Qdv (5.1)
solving C = % for Q and inserting into (5.1) we obtain

w =] Cvdvy =-CV? (5.2)

We also know that ¢ ==l (5.3)

z

where & is the relative permittivity of the dielectric material, & is the
permittivity of vacuum, A is the area of the anode, and z is the thickness of the

dielectric.

If we substitute (5.3) into (5.2), we obtain

_ Er&pA 2
w=—= %4 (5.4)
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The change of stored energy is given by taking the derivative of (5.4)

Er&oA
2z2

dw = %VZdA — V2dz (5.5)

Under the assumption that the dielectric material is an incompressible

material [13] Az is considered to be a constant, and we have
dA = —-2dz
z
dA can be replaced by dz in (5.5), and we obtain
V2
dw = ETEOA(;) dz (5.6)

The stress on the DEA when it is activated is

1d
O =~ (5.7)

Substituting (5.7) into (5.6), we obtain
V2
O = _ETEOA(;) (5.8)

This equation (5.8) is used to calculate the electrostatic stress of the DEA.

5.1.2 Analytical simulations of the planar dielectric elastomer actuator

In chapter 1, we mentioned that the siliconeTC5005 as the substrate for
the DEA is considered in this work as a linear elastomer [18]. Therefore, using
Hook’s law, the general matrices to calculate the strain of the DEA are

gxx 1/E _V/E _V/E O-xx
(gyy> = <—V/E 1/E —V/E> (O-y_‘y> (59)
O-ZZ

—-v/E —v/E 1/E

82 Z
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In (5.9), the Young’s modulus E=47.5 KPa [18] and Poisson’s ratio, v=0.5.
Appendix A explains why the Poisson's ratio is equal to 0.5. 0y, Oyy, and o, are
stresses along the X, y, and z axes; &, €y, and &, are strains along the x, y, and

Z axes.

Figure 5-2 is the top view of the planar DEA. In Figure 5-2, the white
square represents the dielectric portion of the DEA, and the black square
represents the electrode. Due to the symmetric configuration of the actuator as
shown in Figure 5-2, it was sufficient to model only a quarter of the DEA. In
Figure 5-2, o is the half length of the relaxed DEA along the x axis, and yy is the
half length of the relaxed DEA along the y axis. In addition, z, is the thickness of
the DEA. Note that only the dielectric under the electrodes was simulated. The
white edges of the dielectric material without electrodes are negligible because,

they will not be compressed.

Figure 5-2: The schematic diagram of the planar DEA.
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In this analysis, because the pre-strain significantly improved the
performance of the DEAs [13], we assumed that the planar DEA was
prestretched 100% in the y direction. When the DEA was activated, the
electrostatic stress compressed the dielectric along the z-axis, and the DEA only
expanded along the x-axis because it was free of constrain in this direction. This
procedure transferred the electrical energy to mechanical work. The strain of the
DEA along the x-axis was more of a concern because, in the SPA-DEA system, it

directly correlates to the deformation of the SPA.

To calculate the displacement of the DEA along the x axis, substituting the

boundary conditions of the DEA which was described above in (5.9), we have

- 1/E —v/E —v/E 0
1 |= (—V/E 1/E —v/E) % (5.10)
2% | \—v/E —v/E 1/E ) \~ge(2)?

Zo

where stress oxx = 0, because there is no any load on this direction, and 0, = Ce.

In addition, in (5.10), the half length and the thickness of the activated
DEA (x, z) are unknown variables, as well as the stress, g,, along the y-axis. If
we assume Xo=0.04 m, y,=0.04 m and z,=0.002 m, the solutions of (5.10) for x
are around 0.0243 m, and the displacement along the x axis (Ax=|x-Xo|=0.0157

m)
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5.1.3 An alternative method to simulate the planar dielectric elastomer
actuator

Using (5.10), we could calculate the strain and stress of the DEA
analytically. However, when the structure is more complicated, as in our case, a

finite element analysis is very helpful to the simulation and optimization.

When using finite elements analysis to simulate the planar DEA, a
challenge rises because the electrostatic stress function varies with z, and it will
continue changing unless the system reaches equilibrium. Therefore, although
calculating x and z is easy using (5.10), it requires one or two days to compute
using finite element analysis software. Particularly, if we want to add optimization
of the SPA-DEA system at the same time, the simulations become very time

consuming and, therefore, impractical.

To solve this problem, we determined an algorithm to simplify the function
of the electrostatic stress. The pre-strain of the DEA has a significant effect on

the performance of the DEA because the pre-strain reduces the thickness of the
DEA and increases the electrostatic stress (o, = —ereoA(g)z). Therefore, two

states of the DEA were simulated instead of directly using equation (5.10). These
were the pre-strain state of the DEA, and the activated state. In each of these
states, the electrostatic stress was constant. Equation (5.11) below is the

equation used for the first state:

L= 1JE —v/E —v/E 0
1 |= <—V/E 1/E —v/E) Oyp (5.11)
wn | \ev/E —v/E 1/E )\ ~&a()

Zo
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In (5.11), X, is half the length of the pre-stretched DEA, z, is the thickness of the
pre-stretched DEA and oy, is the pre-stress along the y-axis. Substituting the

results into (5.12), we obtain the equation for the activated state:

%\ 1/E  —v/E —v/E °
1 | = (—V/E 1/E —v/E) aer (5.12)
Ze—Zp/ —-v/E —v/E 1/E _grgo(;)z

where X, is the final length of the DEA after activation, z. is the thickness of the
activated DEA and oy, is the stress along the y-axis after the activation. In those

variables, x¢ has the same physical definition as the x in (5.10).

Using (5.12), we then calculated x.~0.0240m and AX=|Xe-Xo|= 0.0160m.
Comparing these results to those results from (5.10) Ax=0.0157m, there is only
0.0003 m difference which is a percentage difference is 1.8%. In addition, with
the alternative method, we were able to reduce the massive computing time and
make the simulation more practical. Later, we applied this method to the analysis

of the SPA-DEA system with the finite element method.

5.2 Fabrication of the dielectric elastomer actuator

To fabricate the DEA, we prepared a flat sheet of TC5005 with 1 mm
thickness as the dielectric of the DEA. The ratio of A, B, and C components were
same as those described in Chapter 3. Then, we used a screen-printing method
to paint two electrodes on the DEA and this process is described below. Notice

that the process is a schematic description. The scale bar is not shown in
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following pictures, because the size of the DEA is changing depending on its

application.

First, we placed two thin PE sheets as masks to cover the top and bottom
of the TC5005 sheet (Figure 5-3a) and in the middle of the masks, there were
windows for painting electrodes. Secondly (the size of this window can be
adjusted depending on applications), we used a pipette to deposit the carbon
powder (Vulcan Xc-72R) on the dielectric (Figure 5-3b). Next, the carbon powder
was spread out until the exposed dielectric was fully covered (Figure 5-3c and 5-
3d). This process was repeated on the other side to prepare two electrodes on
the DEA. Finally, we used plastic clamps and screws to constrain the DEA for the
pre-stretching, and two conductive strips made from copper were extended out

for connecting to a voltage amplifier (EMCO Q101) [34] (Figure 5-3e).
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(a)The TC5005 covered by masks

(c) Spread out the carbon powder (d) Repeat the third step on the other side

(e) Constrained by plastic clamps

Figure 5-3: Fabrication steps of the DEA.
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5.3 Summary

In this chapter, we introduced an analytical analysis of the simple planar
DEA. The method can be used to decrease computing time, and it was applied to
further simulations of the SPA-DEA system. Finally, by fabricating the DEA, the

third objective was achieved.
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6: FINITE ELEMENT ANALYSIS OF THE STRETCHABLE
PATCH ANTENNA SYSTEM USING DIELECTRIC
ELASTOMER ACTUATOR

6.1 Finite element model

In the proposed configuration discussed in Chapter 3, the DEA is used to
control the side length of the SPA. It is desirable to design the DEA such that its
size is minimized to obtain an overall compact system. Note that the effective
DEA deformations are highly influenced by the amount of initial pre-stretching
and imposed boundary constraints. A finite element model of the system was,
therefore, developed to investigate the effect of these parameters. As in Chapter
5, the DEA was considered to be a linear isotropic material and this assumption

served to minimize the simulation time during the optimization process.

Due to the symmetric configuration of the actuator, only a quarter of the
DEA model was simulated, as shown in Figure 6-1. In Figure 6-1a, Xo is half the
length of the relaxed DEA along the x axis, and yy is half the length of the relaxed
DEA along the y axis; y. is defined as half the length of the interface between the
DEA and the un-stretchable material; x, and y, are the dimensions of the DEA
after mechanical pre-stretching, achieved by pre-tensioning the un-stretchable
cloth in the x direction (Figure 6-1a) and deforming the DEA in the y direction
through mechanical constraints (Figure 6-1b). Upon electrical activation, the DEA
expanded in the x direction and its new length in the x direction was defined as

Xe. The displacement caused by activation was defined as Ax=|xe-Xp|. Note that
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no displacements due to electrical activation were observed in the y direction as
the DEA was constrained along the y-axis. Figure 6-1b schematically
summarizes the different configurations assumed by the DEA and the variables

used in our analysis.

43



" e—

(@)

< AN
(3)
¥p :
(2) 1}
=
Yoo ————~— i_ 1T
1 I
: 1
i (1)
[ I
0] 1 ]
0 Xp XeXg ;
(b)

Figure 6-1: (a) Schematic diagram of the DEA; (b) Parameters used to describe the three
DEA states, namely (1) relaxed, (2) mechanically pre-stretched, and (3)
electrically activated.
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The design parameters were explored through simulations performed
using the finite element method (FEM) software COMSOL 4.1. A script written in
MATLAB was used to automatically initiate each FEM simulation and
automatically post-process the results. Figure 6-2 shows the flow chart for the
simulations. The method we applied for these simulations is the alternative

method introduced in Chapter 5 (see section 5.1.3).

ranges of design parameters of the DEA

First calculations of pre-stretch
with relaxed thickness z;

_________________________

Input the new
thickness z, after pre-
stretch

Store displacement
along x axis (x;)

‘21e1s uledys-aid YL

Store displacement
along x axis (x,)

Figure 6-2: The algorithm diagram for simulations.

J}e]ls pajennde ayl

As seen in Figure 6-2, the simulation was divided into two steps, denoted
by the dashed lined boxes. The first batch of calculations simulated the pre-strain

of the DEA, otherwise called the pre-strain state. Then, the second batch of
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calculations simulates the activated DEA, which is referred to as the activated
state. Finally, we calculated the displacement caused by activation, Ax, which
causes the deformation of the SPA. Because we only need to realize a limited
deformation range (40 mm-53 mm) to fulfill design requirements as mentioned in
section 3.2, the Ax is one of the references for optimizing the implement
efficiency. Simulations of larger or smaller displacements along the x axis are not

necessary for our SPA-DEA system.

6.2 Optimizing the dielectric elastomer actuator for the
stretchable patch antenna system

For the DEA in its relaxed state, six design parameters were identified: X
and yp, the width of the cloth, y¢, the percentage strains Sy and Sy defined as Sy =
|Xp-Xol/Xo @and Sy = |yp-Yol|/yo respectively, and the electric field, E, applied to the
DEA'’s electrodes to electrically activate the actuator. Table 5-1 summarizes the
range and step size used to investigate the workspace described by these six
parameters. All of the elements of the analyzed 3D actuation system were
modelled with 4052 tetrahedral elements. Meanwhile, 2908 2D triangular
elements were also modelled for the interactive boundary surface between DEA

and the inextensible cloth.
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Table 6-1: Range and step size of the FEM parameters

Parameter X, (m) Yo (M) Ye (M) S= Sy= E

|Xp-Xol/Xo [Yo-Yol/Yo (V/um)

Range [0.01,0.1] [0.01,0.1] [0.01,0.03] [0%,25%] [0%,106%] [0,10]

Step Size 0.01 0.01 0.005 0.8% 15% 0.2

Figure 6-3 summarizes the results obtained. The percentile displacement
Ax (obtained for E = 10V/mm) exponentially increases with pre-straining in the x
and the y directions. The highest admissible values of S, and Sy were, therefore,
selected for developing the setup of the model. Strains in the x and the y
directions (Figure 6-1b) were, respectively, limited to Sy= 25% and Sy = 100% in
order to minimize the risk of mechanical failure of the actuator and assure
reliable behavior over a large number of cycles. These two values guaranteed an
equal average stress distribution in the proximity of the constraints in the x and
the y directions. The length of the constraints in x and y, namely xo and y., was

unequal, as discussed below.
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Figure 6-3: Ax/x, of the x component pre-strain of the DEA ( E=10V/um ).

Results shown in Figure 6-3 were obtained for a fixed ratio C = y,./y, equal

to 30%, the optimal value within the geometrical constrains imposed in this
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thesis. Figure 6-4 shows the relationship between C and the percentile
displacement 4Ax, where Ax/x, increases when C decreases. We limited the lower
bound to 30% as smaller values would have complicated the fabrication of a
prototype and would have increased the stress concentration at the interface

between the DEA and un-stretchable cloth.
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Figure 6-4: Ax/x, to C (S, = 25%, S, = 100%, E = 10V/um).

In order to minimize the dimensions of the actuation system, the DEA was
designed to be the smallest dimensions that still enabled it to achieve the
maximum deformation of the antenna. In this case, the deformation of the
antenna ranged from 40 mm to 53 mm (Section 3.2), corresponding to a
displacement of 13mm (4x = 6.5 mm) and a strain of 35% in the x direction.
Figure 6-5a shows the displacement along the x-axis for different DEA sizes,
namely for different pre-stretched DEA areas A, = Xpyp. This plot was obtained for

the identified parameters Sy = 25%, Sy = 100%, C = 30%. Multiple curves,
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corresponding to different values of xo, are shown in this figure. Figure 6-5b,
which presents a close-up view, shows that for a maximum displacement of 6.5
mm, the curve obtained for Xo=4 cm provided the smallest pre-stretched area (1.7
cm?). The final size of the actuator was therefore, determined to be 8 cm x 6 cm

in its relaxed state.

Note that a pre-strain in the x direction of the actuator yields a pre-strain
on the antenna (Figure 3-1). The antenna was, therefore, designed to be 32 mm
long in its un-stretched configuration in order to be able to operate within the 40

mm-53 mm range once connected to the actuation system.
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Figure 6-5: Displacement of the x axis versus prestretched DEA Area (Ap). (a) Zoomed out
view; (b) Zoomed in view highlighting the requested maximum deformation
the DEA should provide. (Sx= 25%, S, = 100%, E = 10V/um, C = 30%).

In addition, the simulations of the DEA were not only useful to investigate
this SPA-DEA system. In fact, in order to find out the optimal design parameters
for this particular application, many sizes of the DEA have been simulated
(Figure 6-5). Therefore, in future, if another deformation of the DEA is requested,

the figure 6-5 could be a reference data.
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6.3 Comparison of the experimental results and simulations
With the design parameters determined by FEM, the DEA was electrically
activated, and deformations of the patch antenna were measured by post
processing snapshots from a measurement imaging system software, ImageJ.
Figure 6-6 shows the strain along the x axis of the patch antenna (&) for different
values of the electrical field. The average of differences between the simulation

results and the experimental data was 3%.
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Figure 6-6: Strain of the patch antenna along the x axis for different values of the imposed
electric field.

The resonant frequency and efficiency of the antenna was measured as
before by Dr. Mazlouman. The input port voltage reflection coefficient, Si;, of the

antenna (including the complete system) was measured using a Vector Network
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Analyzer (VNA). Figure 6-7 depicts the variation of the resonance frequency of

the antenna by varying the patch side length.

| 1 1 1 | 1 1 | 1
1.4 1.6 1.8 2 22 24 26 28 3
Frequency (GHz)

Figure 6-7: Variations of the measured S;; of the antenna system for various patch side
lengths that can be attained using the DEA small belt system.

6.4 Summary

FEM was used to calculate the optimal design parameters and a prototype
was fabricated and analyzed. Moreover, the experimental measurements agreed
with simulation results calculated by the same FEM within 3% difference. The
objective 4 to optimize mechanical design of the SPA-DEA configuration has
been accomplished. The size of the relaxed DEA should be 8 cm x6 cm.
Meanwhile, the experimental measurements demonstrated that the performance

of the SPA-DEA system is capable of producing the required design.
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7: THE PROTOTYPE OF THE STRETCHABLE PATCH
ANTENNA SYSTEM USING DIELECTRIC ELASTOMER
ACTUATOR

7.1 The first prototype of the stretchable patch antenna system
using dielectric elastomer actuator

A prototype, configured, as schematically represented in Figure 3-1, was
developed. The dimensions of both the patch antenna and the actuation system

were selected based on the previously presented analyses in section 6.2.

The planar DEA used in the SPA-DEA system was manufactured
following the procedure first introduced in section 5.2. As mentioned previously,
electrodes were created by embedding carbon particles on the surface of the
silicone substrate. The DEA was then electrically activated using a voltage
amplifier (EMCO Q101), which provided 0.5-Watt maximum power input [34].

The assembled prototype is shown in Figure 7-1.
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Figure 7-1: The first prototype of the SPA-DEA system

The transparent framework was fabricated from 2 mm thick PMMA, and it
was cut into shape using the 60-watt CO; laser cutter (VersaLASER® VLS3.60,
60W Laser Cartridge). PMMA was used as a supporting structure for three
reasons: first, it is good insulator from electricity. Second, PMMA is much lighter
than a cooper plate of the same volume and third, it is transparent, so it is easy
to observe working conditions on both sides without physically disturbing the

sample.

The copper groundplane was placed in the middle of the PMMA structure

and two edges of the planar PMMA structure were each attached a single wheel.

56



The belt connecting the SPA and DEA was stretched over the wheels so that the
belt could move smoothly by simply rolling the two wheels. In addition, to being
pre-stretched by the SPA, the DEA was also stretched and constrained

perpendicularly.

7.2 The compacted prototype of the stretchable patch antenna
system using dielectric elastomer actuator

Upon reviewing our design, it was determined that several components of
the prototype were not necessary. In order to make the entire SPA-DEA system
more compact and lighter, the size of the PMMA structure were reduced and the
clamps used to constrain the DEA were removed. Finally, a more compact
prototype was manufactured as shown in Figure 7-2. Although it was more
difficult to manufacture the compact prototype than the first one the final

prototype will be more easily integrated with other equipment.
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Figure 7-2: The final prototype of SPA-DEA system

7.3 Summary

The objective 5 was achieved in this chapter. Two prototypes of the SPA-
DEA system were fabricated and shown in this chapter. While the first prototype
was easier to assemble, the second prototype reduced the amount of necessary

materials and became more compact and lighter.
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8: CONCLUSION AND FUTURE WORK

8.1 Conclusion

During this study, the five objectives mentioned in Chapter 1 have been

accomplished.
Objective 1: Propose an innovative SPA-DEA configuration

In this thesis, an innovative SPA-DEA configuration was proposed as a
solution to enable wireless communication. The variation of the side length of the
SPA was determined from 40 mm to 53mm in order to switch the resonant
frequency of the SPA between bands. In addition, the size of the groundplane

was selected as 70 mm x 70 mm.

Objective 2: Propose and test a manufacturing procedure to fabricate an

SPA.

A stretchable patch antenna with an isolating layer was successfully
manufactured firstly. The SPA with an isolating layer has 80% radiation efficiency
at its relaxed state, but its radiation efficiency dropped 5% when the SPA was
extended every 10 mm. Because the isolating layer was considered as the
possible cause of this problem, a manufacturing procedure of the SPA without an
isolating layer was developed. As expected, the radiation efficiency of the SPA
without an isolating layer stayed above 78%. The SPA without an isolating layer

was used in the SPA-DEA system.
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Objective 3: Fabricate a DEA

A DEA design was selected and fabricated for actuating the SPA with the
goals of keeping the system both lightweight and flexible. Section 5.2

demonstrated the fabrication process of the DEA.

Objective 4: Optimize the mechanical design of the SPA-DEA

configuration

To minimize the size of the DEA and to obtain a compact system, the
design parameters of the DEA were simulated and optimized. The final size of

the DEA was 80 mm x 60mm.
Objective 5: Characterise the performance of the SPA-DEA system

The SPA-DEA system was tested and measured. The deformation of the
SPA agreed with the simulation results from the same FEM within 3% difference.

The final prototype is demonstrated and results are in Figure 7-2.

8.2 Future work

The rigid copper groundplane is the only rigid part of the SPA-DEA
system. To make the SPA-DEA system 100% flexible, the groundplane should
be modified and some materials with stiffness between that of PMMA and

TC5005 could be considered as a groundplane materials.
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APPENDIX A

This appendix mathematically explained the reason why the poisson ratio,

v, of TC5005 is 0.5.

Firstly, assume there is a material that has a unit volume where Xy = yp =
zo =1. If we apply a stress along the x-axis, there is a corresponding strain €. In

this case, x becomes x = g+1, y =z = 1-vg, where v is Poisson ratio.

Therefore, the final volume of this material (v;) becomes

Vi = X'y-Zz = (etl)( 1-ve)

= (e+1) (1-2ve+v3ed)

=(1-2ve+v’e’+e-2ve +v2e’)
The change in volume is given by

OV =Vi— Vg = “2vetrvieite-2vet+v2e’
Furthermore, if we consider the strain, ¢, to be small, ¢ and ¢* are close to zero
and we have
dviv =g (1-2v)

From the above equation, If assume that the volume of the TC5005 is a constant,

Poisson ratio has to be equal to 0.5.
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