ABSTRACT

DENG, YU. Flexible and Stretchable Piezoresistive Composites for Strain Sensors. (Under the
direction of Dr. Jingyan Dong).

The demand for flexible and stretchable strain sensors has been steadily increasing due to
the rapid development of emerging industries such as health monitoring, motion detection,
entertainment and robot control. The outstanding deformability and easy fabrication distinguish a
flexible and stretchable strain sensor from its counterparts and various experiments have been
done to further improve its piezoresistive performance and mechanical properties. Approaches
taken can be roughly categorized into three types: new conductive filler, new polymer matrix and
new fabrication method.

This research is devoted to exploring relations between the conductive fillers and the
polymer matrix of the piezoresistive composite (including metal material and carbon material)
and introducing a cost-efficient fabrication method for flexible and stretchable strain sensors
with high sensitivity. Piezoresistive performance results of the produced composites are analyzed
and compared with market-available commercial piezoresistive product. Our strain sensors,
including 83% Nickel-PDMS composite and 35% Graphite-PDMS composite, can achieve good
sensitivity at a low compressive strain (<10%) with a gauge factor of 10 and at a high
compressive strain (up to 28%) with a gauge factor of 100. Additionally, by simplifying the
fabrication processes, the fabrication procedures are shortened and potential application in

industries are broadened.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Flexible and stretchable piezo-resistive composite have drawn great attention in extensive
fields for its ability of transforming applied physical parameters into corresponding quantified
electrical resistance change. Compared to traditional rigid electrical sensors, its outstanding
merits of facile fabrication and deformability give this new material broad potential for
applications in many emerging industries such as health monitoring, motion detection,
entertainment [1,2] and robot control. The piezo-resistive composite is generally composed of
two components: a conductive filler and a polymer matrix. Wide range of materials have been
examined to add into the composite in order to combine their intrinsic features and widen the
application area. Rubbery materials including polydimethylsiloxane (PDMS) [3], silicone rubber
(SR) [4] and acrylonitrile butadiene rubber (NBR) [5] are commonly adopted as the supporting
polymer matrix for their excellent flexibility and elasticity. Several prior articles have researched
in this area by dispersing conductive fillers into the polymer matrix evenly to achieve the piezo-
resistive effect. Wu et al. [6] have reported piezoresistive strain sensors with both strain and
pressure sensing capabilities composed of graphite exhibiting high gauge factor and self-healing
characteristics under large deformation. Zhao et al. [7] have researched the high piezo-resistive
performance sensors based on graphite nanoplatelet—carbon nanotube
hybrids/polydimethylsilicone (GCHs/PDMS) composites, whose demonstrated ultralow
percolation threshold and high sensitivity met the demand of typical wearable sensors. Canavese
et al. [8] presented flexible and easy conformable piezo-resistive material composed of Nickel
and variable polymer bases with optimized micro-casting and hot embossing techniques and

achieved up to nine orders of electrical resistance change when subjected to a mechanical



pressure, providing suitable tactile sensing ability on robot surface. It can be observed from those
previous works that the mainstream of experimental conductive fillers of piezo-resistive material
can be categorized into two types: metal [9-11] and non-metal [12] elements. Copper and Nickel
are most commonly used metal elements in this area, and we can conclude from prior results that
Nickel has shown better performance compared to copper in various tests [13,14]. Results
indicates that Nickel composite is more sensitive than equivalent Cu composite. This
phenomenon is believed to be the consequence of different oxidization rates between two metal
elements [15]. While in non-metal element selections, carbon material includes graphite [16],
graphene [17], carbon nanotube [18] and carbon black [19] have been researched most often as
the conductive filler. Graphene and carbon nanotube were all demonstrated to be effective filler
components in previous studies with abundant sensitivity. However, their practical application
has been severely impeded by unsatisfying cost performance. Graphite, on the other hand, is a
ubiquitous inexpensive material which provides sufficient improvement in electrical conductivity
of the final composite. Nag et al. [20] presented a unique design and fabrication method for
graphite/PDMS sensors for biomedical application. The new 3-D printing technique furthermore
decreased the patterning cost while providing adequate sensing ability, increasing the chances of
utilizing this composite in future biomedical world.

In this study, we present the fabricating and measuring processes for a flexible, low cost
Nickel/Graphite-PDMS piezo-resistive composite with high sensitivity and favorable
repeatability under uniaxial compressive and tensile force. The final composite performance was
compared with current commercial piezo-resistive material in different aspects. Subsequently,
we investigated into the possibility of applying the new composite into wearable motion-

detecting sensors, demonstrating its promising potentials in commercial purpose.



1.2 Motivation and Objectives

As is discussed above, the extraordinary characteristics of piezoresistive deformable
sensors have attracted wide attention from both industries [21,22] and academics [17]. In the past
decade, many efforts have been devoted into this area and much progress have been achieved.
However, accompanied by the advancement of experiments and understanding of this new
material, limitations have also been discovered. For example, carbon-nanotube-based polymer
nanocomposites piezoresistive strain sensors gave outstanding sensitivity and wide response
range but with limited repeatability [23]. While CNT yarn sensors demonstrated excellent
stability and repeatability in response to strain change, yet very low gauge factor was reported
[24]. Although outstanding features including sensitivity, mechanical strength, stability,
economic efficiency and repeatability have been reported in quite a few studies, there is little
report on fabrication methods that can incorporate all those traits. Thus in the current application
and production phase that each specific product lay particular stress on certain characteristic.
Also, zero drifting is a commonly reported issue exists in many studies that describes an unstable
electrical resistance reading of the composite at an initial free-loading stage. These prevailing
problems, even though may not hold back the main piezoresistive performance of the products,
still prevent the broad application of the flexible and stretchable piezoresistive composites.
Consequently, our motivation of this study is to introduce a novel fabrication method for a
flexible strain sensor made from piezoresistive composite material that can achieve the best
balance between convenience, performance and economic efficiency.

In this context, this thesis describes efforts to: 1) Introduce a convenient fabrication
method to evenly mix conductive filler and polymer matrix into flexible and stretchable piezo-

resistive material. 2) Evaluate the electrical resistance response when applying external strain



and the corresponding piezo-resistive performance with various types of mechanical tests. 3).
Compare and analyze the acquired experiment data from different sets of material and conclude

with final design scheme that achieves the best overall performance.



CHAPTER 2: LITERATURE REVIEW

2.1 Conductive Filler
2.1.1 Graphite

Carbon is a ubiquitous polymorphic material. It exists in three different forms: graphite,
diamond and fullerenes. Graphite mainly differs from diamond in that its carbon bonding
consists of sp? (trigonal) hybridization instead of sp? (tetrahedral) hybridization. The different
bonding structures determine their different atomic structure, where graphite consists of carbon
layers (also known as graphene layers) and diamonds consists of a three-dimensional crystal
structure. Based on its layer-shape structure constitution, graphite demonstrates significant
anisotropic electrical/thermal conductivity: the electrical/thermal conductivity has been proven to
be excellent with-in the layers due to the in-plane metallic bonding while only being a poor
conductor at the perpendicular direction with respect to the carbon layer plane because of the
weak Vander Waals force between the layers. As a result of this distinct electric/thermal
characteristic in different direction, graphite has been widely used in electro-chemical electrodes
and electric brushes. The outstanding anisotropy and high selectivity in the stress direction is

another reason we adopt graphite as our strain sensor filler.
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Figure 2-1 Schematic diagram of graphite structure.

Within the layer structure of graphite, the atoms are aligned in a hexagonal pattern while
the layers are stacked in the AB sequence [25]. This leads to the hexagonal unit cell structure of
graphite where we can calculate the dimension of the unit cell as ¢ = 6.71 A and a = 2.46 A [26].
The structure of graphite consists of a succession of layers parallel to the basal plane of
hexagonally linked carbon atoms as shown in Fig 2.1. In this stable hexagonal lattice, the in-
plane bond (interatomic) length is 0.14 nm and the between-plane distance is 0.34 nm. Crystal
density is 2.266 g/cm® as compared with 3.53 g/cm?® for diamond. In the graphite sp?
hybridization structure, regular covalent bonds that connect contiguous carbon atoms only exist
in three out of four carbon valence electrons. The isolated electron (w electron) will resonate
between the rest valence bond structures. Thus, the chemical bonding force within-plane can
reach up to 150-170 kcal/[gram/atom] while the between-plane chemical bonding force is only
1.3-4 kcal/[gram/atom], which is about 2% of the former. The noteworthy difference between the

bonding forces is usually attributed to the result of van der Waals forces and this distinct weak



between-layer force has led to several unique characteristics of graphite: 1) the tendency of
graphitic materials to fracture along planes, 2) the formation of interstitial compounds and 3) the
lubrication and compressive properties of graphite. These special characteristics of graphite
determine its own application and limitation. In our study, the compressibility and anisotropy of
graphite are valued while its fragility can be a great disadvantage. In light of this, research and
modification in appropriately applying this material into our strain sensor application will be
further explained.

In order to achieve a stable and unified graphite source, we decided to choose
commercial graphite powder for our experimental use. Sources of commercial graphite include
both natural graphite mined from rock and synthetic graphite manufactured from other
carbonaceous materials. For commercial purposes, natural graphite is classified into the
following three categories, according to its crystallinity, grain size, and morphology: amorphous,
crystalline (flake), and crystalline (lump or chip). These commaodity classes differ in the level of
purity of the graphite, the proposed industrial use, the price, and the geologic setting in which the
graphite occurs.

The graphite powder used in this study was purchased from US Research Nanomaterials,
Inc., a high-tech enterprise focusing on research and development of nanotechnology which is
considered a stable and reliable supplier of nanomaterial. We chose 25um natural graphite
spherical powder, super fine, 99.95% in the experiment. It has the property of high-quality
natural crystalline graphite, oxidation resistance at high temperature, self-lubrication and
plasticity, as well as good electrical conductivity, electro heat property and adhesion.

Research and applications on novel graphite composite fabrication methods have recently

drawn a lot of attention. Feng et al. [27] reported a new fabrication approach for a



graphite/polypropylene (PP) composite with high thermal conductivity due to the effective
continuous thermally conductive network constructed with graphite flakes. In this work, the
thermal conductivity coefficient of the graphite/PP composites was markedly improved to 5.4
W/mK at a graphite loading of 21.2 vol %, which is attributed to the occurrence of orientations
of crystalline graphite flakes with large particles around PP resin particles and the formation of a
perfect thermally conductive network. The author used the Hashin-Shtrikman (HS) model to
explain the outstanding thermally conductive property of the graphite/PP composites. Sun et al.
[28] developed a black phosphorus nanoparticle-graphite composite by mechanochemical
reaction in a high energy mechanical milling process. This method produces phosphorus—carbon
bonds which are stable during lithium insertion/extraction. Excellent electrical connection
between phosphorus and carbon was demonstrated in this design. Motozuka et al. [29]
investigated the fabrication of copper—graphite composites with a centrifugal ball mill. The
copper particles were homogeneously milled in a graphite vessel with varied reaction time. The
produced composites were later compared with pure graphite and pure copper particles. Test
results suggests that the interfacial bonding between the copper and graphite was attributed to a
Van der Waals attraction and/or binding force due to oxygen atoms located at the interface.
Rohatgi et al. introduced a process for producing a copper alloy composite containing dispersed
graphite. The process comprises locating compacted uncoated graphite in a preheated die,
pouring molten copper alloy over the compacted graphite and infiltrating the compacted graphite
with the molten copper alloy.
2.1.2 Nickel

Nickel is a silver-white lustrous metal with excellent hardness and tenacity. The Vickers

hardness of Nickel is up to 638 MPa (material's ability to resist plastic deformation from a



standard source) and the Mohs hardness is measured to be 4.0 (qualitative ordinal

scale characterizing scratch resistance of various minerals through the ability of harder material
to scratch softer material). Large pieces of Nickel are found to have a rather low reacting rate
with air under standard conditions due to the oxide layer on the external surface, while pure
powdered Nickel demonstrates significant chemical activity by maximizing the reactive surface
area. Even though Nickel is abundantly present on our planet, pure Nickel is rarely seen in
nature; in most cases it is discovered in combination with sulfur and iron in pentlandite,

with sulfur in millerite, with arsenic in the mineral nickeline, and with arsenic and sulfur in
nickel galena[30]. The use of Nickel began long ago in human history, the first application is
believed to be traced back as far as 3500 BCE. Bronze discovered in what is now Syria has been
found to consist of at least 2 percent of Nickel [31]. The white copper mentioned in ancient
Chinese manuscripts between 1700 and 1400 BCE is also believed to refer to Nickel alloy [32].
Another unique feature of Nickel is its magnetism: it is one of only four elements that are
magnetic around room temperature. The Curie temperature of Nickel is 671 °F, which indicates

that a large piece of Nickel will lose its magnetism above it.

Figure 2-2 Schematic diagram of nickel structure.
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The basic structure of Nickel is a face-centered cube with lattice parameter of 0.352 nm
and an atomic radius of 0.124 nm. The three-dimensional schematic diagram of Nickel is shown
in Figure 2.2. The face-centered crystal structure is stable enough to resist pressure up to 70 GPa.
The ideal compressive strength of Nickel crystal is high up to 34 GPa. However, this limit can
hardly be achieved by real bulk material due to the formation and movement of dislocations and
is most seen in Nickel nanoparticles. The electrical and thermal conductivity of Nickel are also
outstanding: 90.9 W/(m-K) and 69.3 n{2-m respectively at room temperature. The unique
physical characteristics of Nickel described above drive the growing attention it has received in
modern industrial researches. Johnson et al. [13] presented a novel nickel nanostrand-silicone
composite material at an optimized filler concentration demonstrates a dramatic piezoresistive
effect with a negative gauge factor. A quantum tunneling percolation model was also established
to accurately predict the mechanical and thermal trends of this material. Chen et al. [33] reported
a new electrodeposited nickel/carbon nanotubes composite fabrication method. By co-depositing
carbon nanotubes suspended in an electrolyte with growing nickel during electrodeposition, a
saturation concentration for dispersing carbon nanotubes and relationship between carbon
nanotube co-deposition and carbon nanotube concentration were discovered and examined.
Kuang et al. [34] demonstrate that by electrodeposition in a nickel sulfamate solution with
graphene oxide (GO) sheets in suspension, with appropriate graphene content, the thermal
conductivity of the composite can exceed 15 percent of that in pure nickel electrodeposits.
Significant improvement was also demonstrated in the hardness measured by nanoindentation.
Tench et al. [35] developed a new electrodeposited nickel-copper multilayer composite. The
tensile strength of electrodeposited layered composites of the nominal overall composition 90

percent Ni-10 percent Cu is shown to increase sharply to the 1300 MPa range as the thickness of
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the Cu layers is decreased below 0.4 dm. This tensile strength value is almost a factor of three
greater than that measured for Ni itself, and more than a factor of two greater than the handbook
value for Monel 400.
2.2 Polymer Matrix
2.2.1 Polydimethylsiloxane (PDMS)

Polydimethylsiloxane (PDMS) (chemical formula as CHz [Si(CHz3) 20],Si(CHs3) 3, where
n is the number of repeating monomer [SiO(CH?3) 2 ] units [36]) also known as
dimethylpolysiloxane or dimethicone, is the most commonly used material in polymer
in siloxane (“silicone”) elastomers. The chemical structure of polydimethylsiloxane is shown in
Figure 2.3. This elastomeric polymer has ideal properties such as nontoxicity, incombustibility,
biocompatibility, elasticity, transparency, and durability. Additionally, flexibility of the polymer
backbone in PDMS exposes its methyl group at numerous interfaces, which are low interacting
substitute, thereby creating minimum level of interaction at their surface. PDMS has found
extensive usage in numerous existing or potential applications. It is a widely used stamp resin in
the procedure of soft lithography, making it one of the most common materials used for flow
delivery in microfluidics [37] and creation of lab-on-chip devices [38]. By controlling the degree
of cross-linking PDMS can be made exceptionally soft and its dimensions can adapt to
mechanical changes in its surrounding environment in a resilient way for use in flexible medical
devices and tissue engineering [39]. The stretchability of PDMS-based devices makes it a crucial
component of various promising electronics including wearable devices and real-time health
monitors [40]. It has also gained more and more attention in smart window applications as the

so-called suspended particle devices due to its excellent optical clearance. Application of
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Polydimethylsiloxane also includes contact lenses [41], water-repellent coatings [42], cosmetics

[43], lubricants [44], and many others.

HsC HaC, CHs
H:Cn % 7 _aCH
-] Si S
/ \O/l \IO/
HsC L HC ], CHs

Figure 2-3 Schematic diagram of PDMS chemical structure.

Many studies have examined the performance of Polydimethylsiloxane on piezoresistive
composite and the relevant applications. Niu et al. [45] reported a strain and pressure sensitive
flexible piezoresistive sensors based on nanocomposites of graphene nanoplatelets (GNPs) and
Polydimethylsiloxane (PDMS) elastomer. The strain detective sensors show positive
piezoresistive characteristics under diverse levels of static strain up to 20% due to the flexibility
and stretchability of PDMS elastomer. Since the GNPs/PDMS piezoresistive sensors can not
only respond to subtle bending but also distinguish them accurately for detecting the finger
motions, the GNPs/PDMS nanocomposite is a good candidate for artificial skin and
wearable sensor applications. Stassi et al. [11] presented a novel fabrication method for a low
cost and highly mechanically flexible 8x8 pressure matrix sensor with dedicated electronics
using an innovative metal-Polydimethylsiloxane composite material. Under the action of a

compressive stress the material exhibits a strong piezoresistive effect varying its electrical
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resistance by several orders of magnitude. The sensor was tested with a customized electronic
circuit after an exhaustive characterization of the functional properties of the material. Lu et al.
demonstrated the characterization of piezoresistivity of Conductive Polydimethylsiloxane
(CPDMYS) and the corresponding fabricating process for a parylene-coated, CPDMS Micro
Fingerprint Sensor (MFS) with mushroom-shaped electrodes. With a gauge factor of about 7.4
and the piezoresistive sensitivity about 3x10° Pa in the tensile test setup. Due to its excellent
physical and chemical properties, we decided to use Polydimethylsiloxane as our main polymer
matrix material.

2.3 Piezoresistive Composites

The piezoresistive effect is a change in the electrical resistivity of a semiconductor or
metal when mechanical strain is applied. This was first discovered by William Thomson (Lord
Kelvin), who observed the resistance change in copper-iron alloy when external strain was
applied [46]. After that, pure metal or metal alloy became the main material of choice for the
piezoresistive circuits which was applied in strain gauge and thermo-resistors until 1954 when
Smith, a researcher in the renowned Bell Laboratories at that time, discovered the large
piezoresistive effect in silicon and germanium [47]. Since then, piezoresistive sensors became a
commonly seeing circuit on the commercial market and prevail in both academic and industrial
applications.

In conducting and semi-conducting materials, changes in inter-atomic spacing resulting
from strain affect the bandgaps, making it easier (or harder depending on the material and strain)
for electrons to be raised into the conduction band. This results in a change in resistivity of the
material. Within a certain range of strain this relationship is linear, so that the piezoresistive

coefficient p, is constant and can be expressed as:
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(9p)

_p
Ps = €9)

where dp is the change in resistivity, p the original resistivity and € the strain.

The resistance change in piezoresistive composites is mostly attributed to the geometry
change of the material resulting from the applied external stress. To calculate the exact change,
we assume a prismatic bar of uniform rectangular cross-section. Then we can calculate the

resistance of the conductor using the formula below which is derived from the Ohm’s Law:

=" )

where p is the original resistance, L the conductor length and A the cross-section area of the

current flow [48]. The conceptual diagram of this process is shown in Figure 2.4.

. n ﬂ =

L

Figure 2-4 lllustration of piezoresistivity due to geometry change.

Differentiating (2) we obtain:

P L pA
dR—AdL+Adp+L2dA €))

Dividing the (3) by resistance R yields,
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dR dL dp dA
R-1tpta )

The dL—L term in the equation above indicates the fractional change of the length, %” represents the
fractional change in resistivity of the conductor resulting from applied force along the
longitudinal direction and %A part represents fractional change in area. Then we can get the

relative change in length or the axial strain as:

AL

€axial = T (5)
and lateral strain as:
AW AH
€lateral = W = 7 (6)
Now we try to express the Poisson ratio with the terms above:
&
p=— lateral (7)
Eaxial
Then we can express the relative resistance change as a function of the strain and resistivity:
AR Ap
F = (1 + 217)£axial + 7 (8)

From the equation above we observe that the relative resistance change consists of two

. A .
parts: (1 + 2v)eq,iq; @S geometric component and 7” as electronic component. In metal

materials, the geometric component is usually the predominant source of piezoresistive behavior

due to deformation, while in semiconducting materials, fractional change in resistivity, %p, plays

a more significant role in the overall resistance change.
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The Gauge Factor (K) of a piezoresistive material is defined as the fractional change in

resistance (A?R) per unit strain, . It is expressed as [48]:

AR Ap
K=—L_=@+2v)+-2L )
Eaxial Eaxial

In metal materials, since the change induced by electronic resistivity is negligible, we can

reduce the Gauge Factor to:

AR

R

axial

~1+42v (10)

Kmetar =

For those metal materials, the Poisson’s ratio generally ranges from 0.3 to 0.4, and Gauge
Factor is around 2. When semiconductor materials are subjected to an external strain, symmetry
of the crystal lattice is degenerated and as a result the carrier mobility and resistance change [49].
Electrical sensitivity in the atomic state and generation of high resistance difference determines
that semiconductors are very suitable materials for piezoresistive sensors. Generally,
semiconductors show relatively high Gauge Factors (around two orders of magnitude more than
metals). Since the geometrical component (v = 0.28) of the Gauge Factor is not as high as the

electronic component, it can be neglected and Gauge Factor can be written as:

AR Ap
R P

Ksemiconductors = < 0 l = € il (11)
axia axia

Among various conducting composites, the underlying mechanism of piezoresistivity can
be different. For some composites, instead of the geometry change due to the applied external

mechanical pressure, the change in conducting network structure could have more significance in
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the overall piezoresistivity behavior. The network structure change could result from a

combination of change in inter-particle separation, and reorientation of filler particles [50].

AR Ap
R
Gauge Factor omposites = ——— = P (12)
Eaxial Eaxial

For composites, many external factors including mechanical, thermal or even
environment can lead to change in the electrical resistance. In most cases, the main factor is the
change of the internal composite structure such as the between-filler distance, number of the
contact points and contact points density. With any of those above-mentioned factors applying to
the composites, changes inside the structure including breakdown of the filler junctions or
reformation of the conducting network by rotation/alignment/translation could take place [51]. If,
as a response to external stimuli, the components of the composite filler separate from each
other, the resistance will increase which is normally referred to as positive piezoresistance. On
the other hand, if the between-filler distance was reduced by the stimuli, resistance will decrease
producing as negative piezoresistance. The final dominant mechanism of the composite depends
on various factors such as polymer type, filler type, concentration, geometry, filler orientation-
dispersion, amplitude, direction and type of external factor, measurement configuration [52].

Piezoresistive composites have found application and commercialization in many areas
from civil engineering to textiles as self-monitoring sensory materials because of their ability to
reflect the magnitude of external factors in terms of change in resistance [53]. Piezoresistive
composites are commonly used as the core material in different sensors including pressure
sensors, strain sensors, tactile sensors and temperature sensors. Yan et al. [54] reported a highly
stretchable graphene—nanocellulose composite nano-paper fabricated for strain-sensor

applications. Three-dimensional macroporous nano-paper from crumpled graphene and
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nanocellulose is embedded in elastomer matrix to achieve stretchability up to 100%. The
stretchable graphene nano-paper is demonstrated for efficient human-motion detection
applications. Luo et al. [55] presented a wearable sensor patch system that integrates flexible
piezoresistive sensor (FPS) and epidermal electrocardiogram (ECG) sensors for cuffless BP
measurement. This noninvasive and real-time cuffless blood pressure (BP) measurement realizes
the idea of unobtrusive and continuous BP monitoring which is essential for diagnosis and
prevention of cardiovascular diseases associated with hypertension. As compared to the current
optical-based cuffless BP measurement devices, the sensing patch requires much lower power
consumption (3 nW) and is capable of detecting subtle physiological signal variations, thus
providing a promising solution for low-power, real-time, and home-based BP monitoring. Liu et
al. [56] described the development of MEMS force sensors constructed using paper-based
piezoresistive conductive material. The device is inexpensive, simple to fabricate, lightweight,
and disposable. The final force sensor can achieve a measurement range of 15 g and a resolution
of 0.39 g. The input/output piezoresistivity characterization with respect to folded/unfolded beam

of the sensor is shown in Figure 2.5.
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Figure 2-5 Piezoresistivity characterization of introduced MEMS force sensor.
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CHAPTER 3: EXPERIMENT

The objective of this study is to develop a cost-efficient and high-performance uniaxial
strain sensor based on Graphite/Nickel PDMS piezoresistive composites. In order to achieve our
primary goal, the raw material in our experiment should meet the requirements of ubiquity and
the fabricating technique required in processing should be inexpensive and easy-to-use. We
dedicated efforts to improve the traditional processing method to be both time-effective and cost-
effective by saving laboring and materials, thus optimizing the overall manufacturing output.
According to relevant literature, a non-negligible issue that would severely interfere with the
product quality is the uneven dispersion of the conductive filler. In order to tackle this problem,
we added both mechanical stir and ultrasonic agitation (especially important in Nickel-PDMS
composite since the metal powder aggregates due to its magnetism) into the mixing procedure.
Air bubbles formed during the mixing procedure in composite samples are also commonly
mentioned in many studies. Those bubbles will later cause small empty spherical cavities in
composite samples and obstruct the piezoresistive performance by breaking up the conductive
pathways. In our study, this is solved by placing the well mixed sample in vacuum pump until all
the bubbles have been extracted, which usually takes around one hour depending on the material
type and concentration. In addition, surface quality of the composite is crucial in the final
performance since it determines the fit level between the sensor and the tested object. With
respect to that issue, we spincoated the composite samples before the heat treatment to achieve
the best surface quality with appropriate thickness. The overall experimental procedure can be
broken down into four subsections: mixing, pretreatment, heat treatment and assembly. By

comparing different methods and procedures, we have greatly simplified the manufacturing
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process and reduced the difficulty in operation, paving the way for potential commercial
applications and mass production.
3.1 Materials and Sample Preparation
3.1.1 Graphite-PDMS Composites

Graphite powder used in experiment was directly purchased from US Research
Nanomaterials, Inc as Natural Graphite Spherical Powder, Super Fine, 99.95%. Two different
sizes of graphite powder, 25 um and 300um respectively, were selected in order to examine the
influence of powder radius on composite performance. The result of this comparison will be
discussed along with other factors in the result section later. According to the recent research, the
wet mixing method, which means the mixture obtained when water is added to filler in advance,
will improve the dispersion of conductive fillers in PDMS. Thus we mixed the graphite powder
with PDMS base at first place, and dispersed the filler evenly with mechanical stir at the speed of
75 rpm. Multiple graphite concentrations were selected to observe the effect on piezoresistivity,
aiming to ease the experiment we used weight ratio to represent the concentration. Weight ratios
of graphite powder ranging from 35% to 83.3% were tested separately. Then the PDMS cure (the
weight ration of PDMS base: PDMS cure was 10:1) was added to the solution and ultrasonically
agitated for 10 minutes. The vibrated solution was further mechanical stirred until homogeneous
to ensure the graphite powder was evenly dispersed in PDMS. The solution was later transferred
onto clean glass slides and degassed in a vacuum pump until all bubbles were extracted.
Subsequently, the glass slides were heated at 200 °C for 20 hours then cooled to room
temperature. The resulting graphite-PDMS composite sample was then cut into square shape
sheets with side length of 8 mm and mounted on copper band by conducting resin for further

tests. Details of fabricated graphite-PDMS are shown in table 3-1. It’s worth mentioning that
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with limited knowledge of the effect of each fabrication parameter on experiment results that we

acquired at the beginning of experiment, this details table does not reflect a comprehensive

design of experiment but a exploratory experiment that aims to collect preliminary data for

further optimization. This also applies to details table of other composite fabricated in this

research.

Table 3-1 Graphite-PDMS composites fabricated in experiment with controlled variables

Graphite- Graphite Graphite Spincoat Sample
PDMS Sample Powder Concentration(%)  Settings(RPM*s)  Thickness(inch)
Size(um)

GS1 3 35 1200 x 60 0.006
GS2 3 40 1200 x 45 0.004
GS3 25 40 1200 x 45 0.009
GS4 25 40 1200 x 60 0.006
GS5 25 40 800 x 45 0.009
GS6 25 40 800 x 60 0.008

3.1.2 Nickel-PDMS Composites

The nickel powder used in the experiment was also purchased from US Research

Nanomaterials, Inc as Nickel Ni Powder. 99.5% with 10 um diameter. Similar to graphite-PDMS

composite, the nickel powder was first mixed with PDMS base but instead of mechanical stir we

used ultrasonic agitation for 10 minutes. Due to the unique magnetism of Nickel powder,

mechanical stir will cause powder to aggregate around the rotor instead of dispersing in solution



23

with negative effect in our experiment. Then the solution was mixed with PDMS cure and further
ultrasonic agitated for 10 minutes to form a homogeneous solution. At this step, we want to
mention that, in literature we saw some efforts to improve the nickel dispersion in PDMS by
adding acetone as a wetting agent. However, in our experiment the result shows poor
enhancement in the final piezoresisitivity so we omitted this process to simplify the
manufacturing procedure. The solution was degassed for one hour later and heated at 100 ~C for
20 h then cooled down to room temperature. The weight ratios of nickel we adopted in
experiment range from 50% to 85.7% according to past studies. The composites were also cut

into 8 mm x 8 mm sheet and mounted on copper band for further tests.

Table 3-2 Nickel-PDMS fabricated in experiment with controlled variables

Nickel-PDMS Nickel Spincoat Sample
Sample Concentration(%) Settings(RPMxs)  Thickness(inch)
NS1 50 600 x 45 0.006
NS2 83.3 600 x 30 0.025
NS3 83.3 600 x 45 0.017
NS4 83.3 600 x 60 0.012

3.2 Characterization and Instrumentation
3.2.1 Mechanical Test

The stretch properties of samples in our study were tested with a customized equipment
produced in the Automation Laboratory of North Carolina State University by measuring the

real-time resistance of samples giving a specified extension and fixed time interval. The stretch
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machine consists of a purchased lead screw and customized aluminum frame, as shown in Figure
3.1. A rotary knob was used to control the movement of the lead screw and four bolts were
designed to fasten the specimens onto the machine. Samples were cut into a dimension of 40mm
x 10mm and mounted with copper bands on both sides which were curved into a loop with the
conductive side facing samples in order to eliminate the influence of different surfaces. The
longer sides of the sample were oriented in parallel direction with the lead screw and have both
ends of sample aligned with the edges of the fixture jaw. Stretch test starts with original length of
40 mm and no visible wrinkles or folds were observed on the surface. Samples were stretched
0.625% of their original length (0.25 mm) each time and after holding the stretch for 3 minutes
the electrical resistance data was recorded three times at 30 seconds intervals. The electrical
resistance of sample at each step is calculated as the average value of the three observations and
upper/lower deviation were used to represent the stability of data. After reaching the peak length
where fracture was about to happen, we shortened the samples to its original length using same
methods and recorded the electrical resistance data. Then the samples were removed from the
stretch machine and let stand for 30 minutes to relax the sample and the test was repeated two

more times to observe the influence of cyclic stretch.

Figure 3-1 Uniaxial tensile tests with DI'Y stretch machine.
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3.2.2 Resistance Test

As a key parameter in piezoresistivity assessment, electrical resistance of the sample
under external pressure was tested with multiple methods including impedance meter, multimeter
and data acquisition card. The produced graphite/nickel-PDMS composite along with purchased
commercial piezoresisitive sheet were first cut into pieces with a dimension of 8mm x 8mm
square sheet and then connected to copper band with a width of 6 mm by conductive gel in order
to reduce the electrical resistance at the connecting points. Specimens were carefully placed at
the center of the copper band to avoid the possibility of contact between copper bands on two
surfaces when external force was applied and the corresponding interference of test result.
Copper wires were then connected to the edge of the copper bands with conductive gel to avoid
deformation or twist of sample when clamped by the multimeter clip. In compression test, the
prepared samples were placed in a DI'Y compression test machine shown in Figure 3.2(a) below.
The main body of the compression machine is a lead screw bought from market (AJS100-0.5K
from Newport Inc.) with pitch of 0.254 mm (100 TPI). Then the lead screw was fixed to an
aluminum outer frame with clearance of 0.5 inch in sample space. A protractor was mounted on
the top surface of the compression machine fixed by glue to measure the rotation angle of the
lead screw knob. The rotation angle was recorded and later converted into the axial feed distance
of spindle or deformation of the sample. The prepared sample was placed at the center point of
the bottom surface which is concentric to the lead screw at the beginning of each experiment.
The sample did not contact with lead screw directly since stress concentration is inevitable when
the sample has a larger dimension than the lead screw tip, hence a thin plastic sheet with a
dimension of 10mm x 10mm was placed between the tip and sample to ensure an even spread of

stress. Additionally, at the beginning of each test, the tip was lowered onto the sample surface
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until the contact was firm and secured. Then when the readings of resistance on multimeter or
impedance meter were stable, we began applying pressure onto the sample incrementally. This is
essential because during the process of adding pressure onto sample, the resistance can fluctuate
significantly due to the loose contact between tip and sample and this will take a toll on our
experimental data. When using currently-limiting method, a constant voltage power supply(DC
Regulated Power Supply 72-6628 from Tenma Inc.) that outputs 5V voltage was used as the
main power source and a fixed resistance of 5.1 kQ was set in the circuit along with the sample,
the voltage of the sample was recorded and later converted to the resistance value. Then we used
the multimeter to measure the resistance of the sample directly when compression force is
applied, results showed little difference between those two methods so we decided to adopt the
multimeter as the measurement directly. Impedance meter was also used in the experiment, but

the interference of inductance and reactance suggests it is not the best choice.

Figure 3-2 (a) DIY uniaxial compressive test machine (b) Circuit diagram of current-limiting
method (c) Current-limiting method used to measure piezoresistivity.
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CHAPTER 4: Results and Discussion

4.1 Piezoresistivity Property Under Tensile Tests
4.1.1 Monotonic Quasi-static Tensile Test

To understand the piezoresistivity of the composites, we first conducted tensile tests on
both produced composite and purchased commercial pieoresistive sheet to explore the potential
influence of mechanical deformation on the piezoresistivity performance. With samples cut to
dimensions of 40mm x 10mm and fixed on the DIY stretch machine, electrical resistance data
was measured when tensile strain was applied at a constant interval of 0.625%. However, due to
the uneven tensile properties of samples, the yield strength and fracture strength differ. Hence the
effective stretch range of each sample differ widely. For example, all the Graphite-PDMS sample
we made have minimal elasticity, so fracture took place at very early stage of tensile tests and
little meaningful data was collected. While for Nickel-PDMS composites, 83% weight ratio
sample, regardless of their thickness, showed a rather obvious linear trend of resistance change
when tensile strain was first applied. And the data adopted was sample NS2, 83% Nickel-PDMS
composite with 0.025-inch thickness that was spin coated at 600 RPM for 30 seconds. When it
comes to purchased commercial piezoresistive sheet, the elasticity was satisfactory, fracture took
place at around 12% which is higher than that of our Nickel-PDMS composite that fracture at
round 9% strain, yet the electrical resistance response to the strain change was less obvious than
that of the produced samples. In the Figure 4.1 below, we recorded the mechanical tensile strain
data(AL/Lo, AL — stretched sample length minus original sample length, Lo — original sample
length) vs. normalized resistance change (AR/Ro, AR — the averaged real-time resistance minus
original resistance, Ro — original resistance before straining) along with the fitted linear trend of

each data group.
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Figure 4-1 Tensile strain tests result comparison between Nickel-PDMS and commercial
piezoresistive sheet.

It can be observed from Figure 4.1 that the resistance response for both tested samples
were rather linear at the first trial. The fitted line for 83% Nickel-PDMS composite has a
response functional equation as

yn = 0.9393427 + 12.158934x (13)

where yy is the normalized electrical resistance AR/Ro of 83% Nickel-PDMS composite, X is the
tensile strain AL/Lo.
For purchased commercial piezoresistive sheet, the fitted functional equation is

Ye = 0.9942359 + 4.43149x (14)

where y. is the normalized electrical resistance AR/Ro of purchased commercial piezoresistive
sheet.

Both fits presented above have R-square value that exceed 0.95 which means the fitted
models accounted for more than 95% of the variation of the actual data and confirmed their

credibility. With an almost tripled coefficient, our produced 83% Nickel-PDMS composite is
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theoretically more responsive to tensile strain change on electrical resistance compared to
commercial piezoresisitive sheet. On one hand, this phenomenon implies that potential tensile
strain may have influence on the piezoresistivity performance of the produced composites. While
on the other hand, it also suggested the possible application of this composite to tensile strain
sensors. However, that idea need to be further examined with fatigue tests since as we mentioned
before, the plastic strain is non-negligible on both materials which will often leads to irreversible
shape deformation of the sample and inevitable disturbance to the piezoresistivity response.
4.1.2 Cyclic Uniaxial Tensile Test

In order to investigate the mechanical property of our piezoresistive composite and the
potential application of tensile strain sensors, the electrical resistance change of the sample was
measured repetitively and compared to that of the market-available commercial piezoresistive
sheet (Pressure-Sensitive Conductive Sheet (Velostat/Lingstat) from Adafruit Industries). All the
samples were cut into 40mm x 10mm pieces and placed on DIY stretch machine for cyclic
tensile test. In preliminary tests, we found the tensile properties for either produced
piezoresistive sample or purchased piezoresistive sheet were not ideal: they both reach to the
yield strength and fracture strength with rather low external load. None of those samples can
withstand up to 12% strain and plastic strain is estimated to take place above 5% strain. For our
sample which was the 83% of Nickel-PDMS piezoresistive composite, this phenomenon was
attributed to the high concentration of metal powder and low percentages of PDMS component.
In sample preparation, a distinct tendency is that with the growing concentration of conductive
filler, metal powder or carbon material, the produced samples show less elasticity and more
likelihood of fracture. Thus at a high concentration of 83% weight ratio of nickel powder, the

unsatisfactory tensile properties can be understood.
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As mentioned above, low yield strength and fracture strength of samples determined that
in repetitive tensile test, plastic strain of tested objective is inevitable and the initial absolute
value drift of single sample’s electrical resistance is foreseeable. To minimize the impact of this
phenomenon on experiment result interpretation, we used relative electrical resistance change
(AR/Ro) in result analysis. Six repetitions of tensile test on our 83% Nickel-PDMS piezoresistive
composite and purchased piezoresistive sheet along with the typical mechanical tensile strain
(AL/Lo, AL — stretched sample length minus original sample length, Lo — original sample length)
vs. normalized resistance change (AR/Ro, AR — the averaged real-time resistance minus original
resistance, Ro — original resistance before straining) as a function of tensile strain are plotted

below in Figure 4.2.
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Figure 4-2 83% Nickel-PDMS composite resistance change with tensile strain.
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Figure 4-3 Purchased sheet resistance change with tensile strain.

In Figure 4.2, an obvious trend is that within the first 2.5% strain change, the electrical
resistance of 83% Nickel-PDMS composite remain rather stable: the average normalized
resistance of the six repetition only rise from 1 to 1.099 which is less than 1%. While the strain
change ranges from 2.5% to 7.5%, the averaged resistance surged from 1.099 to 1.61 which is
about 46.5%. This is considered to be the result of plastic strain of sample where in the latter
several tests, the rectangle sample has been through essential deformation along the tensile
direction and even after one hour rest of tests interval, the initial size of sample in each test
beginning differs and the composite can no longer be effectively stretched along the length
direction and compressed along the width direction to decrease the cross-sectional area and

increase the length. Or as Chen et al. [57] suggested in their work, for the inner conductive
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particles to rearrange and form new conducting networks. However, it can be seen from the plot

that, even for the latter 5% of strain change, the normalized resistance difference between each

test is still non-negligible and no obvious variation trend with test sequence can be found. The

only recognizable pattern in the plot is that, before the fracture took place, the overall electrical

resistance grows as the tensile strain increase.
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In tensile tests the commercial piezoresistive sheet cyclic tensile tests showed, higher
fracture strain compared to the produced composite and a more disorderly pattern of strain-
resistance response were observed. When testing commercial piezoresistive sheet, up to 10%
strain change can be repetitively done without fracture taking place. For the first 2.5% strain
change, a similar pattern to that of the produced composite was found, for this range of strain
change, the averaged resistance of three test rise from 1 to 1.004 which is negligible, this is also
attributed to the plastic strain of the sample due to the repetitive tests. However, for the rest of
the tests, large resistance change was recorded without a uniform pattern: for the first test, the
commercial sheet showed similar response to the produced sample while for the latter two tests,
the pattern was completely different. This is considered to be due to the fact that when searching
for appropriate commercial piezoresistive sheet, uniaxial compressive strain sensor was set as the
primary goal. Thus as was described on the website, this piezoresistive sheet was specially

designed for uniaxial compressive sensitive.

@Applied pressure
@Apphed pressure

Figure 4-4 A schematic model for the change of conductive structure in the composites under
pressing: the conductive fillers disperse randomly in the composite.

Generally speaking, the tensile properties of both produced composite and purchased

piezoresistive sheet were not satisfactory. This test warned us that in uniaxial compressive
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experiments and applications, we should avoid stretching the sheet in the longitudinal direction
to minimize the impact of this property on piezoresistivity performance.
4.2 Piezoresistivity Property Under Compressive Tests
4.2.1 Monotonic Quasi-static Compressive Test

Since the primary application of our piezoresistive material design is compressive strain
sensor, a large proportion of our effort was devoted into compressive strain tests. All the
composite materials produced in the experiment were prepared and tested with multiple methods
to evaluate their electrical resistance responses to changing external compressive stress and
strain. However, not all of them demonstrated the desired response result due to different
underlying issues. According to previous studies, piezoresistivity response of different materials
can be attributed to three primary categories: a) the intrinsic piezoresistivity of material due to its
physical/chemical structure change in respond to external strain, b) variation of contacting inter-
particles electrical resistance, ¢) tunneling resistance change between neighboring particles due
to inter-distance change caused by cracking or relative motions. Hence, even though different
materials show similar piezoresistivity performance or non-piezoresistivity performance, it is
still necessary to discuss them separately. For example, as our experiment shows, piezoresistivity
of carbon composites decreases with increased carbon material concentration while that of nickel
composites increase with nickel concentration. We consider the decreased piezoresistivity in
carbon composites to be the result of increased viscosity of mixed solution when we were about
to stir them evenly. Due to the limited mixing approaches including ultrasonic oscillation,
magnetic rotor stirring and manually stirring, when concentration of carbon materials exceeds a
threshold (as experiment indicates the threshold is weight ratio around 45%) the mixture of

Graphite-PDMS cannot be effectively mixed evenly and the clusters lead to countless tiny gaps
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between conductive pathways, and hence to poor piezoresistivity of the composites. While in
Nickel-PDMS materials, the piezoresistivity increases with the growth of metal powder
concentration because with much higher density compared to graphite, the nickel powder takes
up only a small proportion of volume in the composites, thus low percentages of nickel will
leave long distance between each nickel particle and require extremely high strain to reveal its
piezoresistivity. Hence in our result analysis, only selected sample test results that provided
proper performance will be discussed.

Graphite-PDMS composites were first studied using the data from 35% and 40%
Graphite-PDMS composite which were both spincoated with 1200 RPM for 60 seconds and
thickness of 0.006 inch. The data was obtained by placing the samples which were cut into 8mm
square pieces onto the DI'Y compression test machine and applying compressive strain by
driving the lead screw with certain angle intervals. The test results that consists of normalized
electrical resistance (AR/Ro, AR — the averaged real-time resistance minus original resistance, Ro
— original resistance before straining) response to strain change (AH/Ho, AH — original sample

height minus compressed sample height, Lo — original sample height) are shown in Figure 4.5(a).
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Figure 4-5 (a) Uniaxial compressive strain test result (b) Uniaxial compressive test result with
logarithmic response

The strain change represented in x-axis ranges from 0% to 28% since beyond 28% the
electrical resistance of both samples remains relatively stable level regardless of strain change. It
can be observed from the plot that both samples showed similar trend when compressive strain
increase. For the first 10% strain change, they both experienced rapid resistances drop while 40%
Graphite-PDMS composite drops more rapidly than 35% (40% Graphite-PDMS composite
resistance drops 23.5% faster than that of 35% in the first 10% strain change). After this period
of decrease, the resistance remains at a low level compared to the original electrical resistance.
Considering the initial resistances of both 35% and 40% Graphite-PDMS composites reach up to
10® Q which increased the difficulty for us to interpret the resistance change after the
plummeting stage, we added a logarithmic plot using the same data as Figure 4.5(b). From this
log plot we can observe that even after the first 10% strain change, the resistances of both
materials are still decreasing. For 40% Graphite-PDMS composite, the electrical resistance
dropped about 2 orders of magnitude within the 28% strain change while for 35% composite, the

drop was up to 6 orders which is rather impressive. As is mentioned before, this phenomenon
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was attributed to proper conductive filler concentration in mixture that evenly spread the graphite
powder into the composite, allowing the formed viscoelastic conductive matrix to better respond
to external compressive strain compared with other composites.

Another point needs to be mentioned is that, for the first 10% strain change, both
materials showed excellent linear response in electrical resistance. For 35% Graphite-PDMS, the
fitted linear function is

Vasy, = 0.0206016 — 12.144272x (15)

where yss0, is the normalized electrical resistance AR/Ro of 35% Graphite-PDMS composite, X
is the compressive strain AH/Ho.
For 40% Graphite-PDMS, the fitted linear function is

Yaoy, = —0.027579 — 6.5349852x (16)

where y,00, is the normalized electrical resistance AR/Ro of 40% Graphite-PDMS composite.

The R-square value for both fit reaches up to 98.5%, demonstrating the strong linearity in
piezoresistivity response of the Graphite-PDMS composites. This important finding suggests a
promising potential of this kind of material for use as a moderate compressive strain sensor with
both high sensitivity and accuracy.

The electrical resistance response of Nickel-PDMS composite and purchased commercial
piezoresistive sheet was studied together since they share similar piezoresistivity response
pattern. Nickel-PDMS samples selected including 83% Nickel-PDMS composites NS2, NS3 and
NS4. Samples were cut into 8mm x 8mm square pieces and fixed on DI'Y compression machine,
response data was recorded by multimeter connected to the copper band on edges of samples and

shown below in Figure 4.6.
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Figure 4-6 Uniaxial compressive strain tests result comparison between Nickel-PDMS and

commercial sheet.

Figure 4.6 indicates that Nickel-PDMS composite with different thickness had similar

piezoresistivity response patterns. Sheer decrease of electrical resistance was observed in every

sample at the first 10% compressive strain change. However, for those three samples, NS4 shows

best sensitivity to compressive strain compared to others. The electrical resistance of NS4

dropped to almost 10% of its initial resistance under only 3% of strain change. Compared with

commercial piezoresistive sheet, whose electrical resistance dropped only 75% with up to 25%

strain change, our produced 83% Nickel-PDMS composite obviously has better piezoresistive

sensitivity. However, the commercial sheet sees its resistance drop in a larger range; from the

plot we can observe that the response was steady declining after 10% strain change where the

Nickel-PDMS has reached a stable zone and barely responds to the external stress anymore.

Hence in general, our Nickel-PDMS composite shows excellent sensitivity to strain change over

a limited response range.
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4.2.2 Cyclic Uniaxial Compressive Test

Having examined the piezoresistive characterization of the produced composites, we still
need to conduct cyclic uniaxial compressive tests to check whether repetitive usage of the
composites will take a toll on or even cause permanent damage to its piezoresistivity
performance. 83% Nickel-PDMS sample and commercial piezoresistive sheet were prepared and
tested in the same manner discussed in previous section. The cyclic uniaxial compressive test
was conducted by repeating the monotonic quasi-static compressive test for three cycles with
unloading process. A single test cycle was repeated every 240 seconds with 10% compressive
strain applied to the sample in each cycle. Figure 4.7 and Figure 4.8 shows the piezoresistive
responses of the Nickel-PDMS composite and commercial sheet under cyclic loading and

unloading processes.

Figure 4-7 Constant strain cyclic compressive test: normalized electrical resistance changes of
83% Nickel-PDMS versus time in response to three cycle loading — unloading of 10% strain.
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Figure 4-8 Constant strain cyclic compressive test: normalized electrical resistance changes of
commercial sheet versus time in response to three cycle loading — unloading of 10% strain.

The normalized resistance changes in Figure 4.7 and Figure 4.8 indicate stable
piezoresistivity performance for both samples. No abrupt resistance drift was detected in
experiment within several circles which suggests that our piezoresistive samples obtained
satisfactory repeatability when working under proper range of strains. However, the plots also
shows that in repetitive usage, the initial resistance which was measured in the static situation
may not always maintain the peak resistance value: in Graphite-PDMS experiment, the peak
value in repetition is 43.9% higher than static initial resistance while in commercial sheet test,
the peak resistance value is 27.7% lower than static initial resistance. This phenomenon is
attributed to the difference between static measurement before tests and dynamic measurement in
experiment. However, this issue would not affect its application of compressive strain sensor
since during cyclic tests, the peak resistance and variation tendency in work are rather stable. Yet
further adjustment and analyzing of this situation is still needed to minimize the potential noise.

The cyclic compressive strain response demonstrated in this experiment proved the

Nickel-PDMS piezoresistive composite produced in our experiment can meet the needs of many
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promising application. For example, modern industrial robot arms need to decide the proper grip
power when clamping or grasping objects, this kind of mild to moderate compressive strain
detection tasks meet the advantages and disadvantages of this material right to the point.
Considering the swift change of resistance at very early stage of applied strain, we also
conducted tests of the piezoresistivity responses of Nickel-PDMS composites on minor external
pressure to check if more accurate and sensitive compressive strain sensor is applicable. This
minor stress tests is conducted based on 83% Nickel-PDMS composites that was cut into
rectangle sheet with a dimension of 90mm x 77mm. Composite sheet was sandwiched between
two aluminum sheets whose sizes slightly exceed that of the composite to ensure the weight was
spread evenly on the composite. Five 45-gram weights were then placed on the center of the
rectangle sheet one after another with interval of 30 seconds. Five cycles of tests were completed

and the response data was collected as shown in Figure 4.9 below.
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Figure 4-9 Piezoresistivity response of Nickel-PDMS under minor-pressure compressive strain
cyclic test.
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The pressure of one single weight was calculated as:

P_mxg_0.045kgx9.8;n—2 o p 4
T4 000603mz @

where m is the weight, g the gravity constant and A the area of composite sheet.

Hence, we can calculate the maximum pressure over the composite was 320 Pa. With this
amount of pressure, the electrical resistance of Nickel-PDMS composite dropped almost 80%
with a repeatable accuracy especially after the first cycle. This extraordinary capability of this
composite to capture minor stress as low as hundreds of pascals inspire us to explore areas where
sensors with high sensitivity and accuracy are expected including human health monitoring and

movement detection.
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CHAPTER 5: Conclusion and Future Work

5.1 Research Conclusions

Effective and inexpensive fabrication method of flexible and stretchable piezo-resistive
composite was studied and improved, the experiment results of each sample was listed below in
Table 5.1. Compared to improvement in composite thickness, even spreading of conductive filler
shows more significance in product performance. Conductive fillers including graphite and
nickel were used with polydimethylsiloxane polymer matrix at an appropriate concentration,
experiment result suggests that 35% Graphite-PDMS composite and 83% Nickel-PDMS
composite exhibit the best piezoresistive performance and mechanical properties. Electrical
resistance data obtained from experiment demonstrated excellent piezoresistivity performance
under tensile and compressive strains, with minor compressive strain (<10%) our composite
showed gauge factor of 10 and over 2 orders of resistance change were observed at moderate
strain change (around 28%). Cyclic tests were conducted to further assess the repeatability of the
composites, finding that the produced composites exhibit better repeatability and sensitivity in
cyclic uniaxial compressive tests than tensile tests due to limited elasticity. However, the
composites show different piezoresistive characterization in static and cyclic situations which
may require further attention. Compared with market-available commercial piezoresistive sheet,
our produced material usually has higher sensitivity but with narrower effective range (0 to
28%). Our composite also showed distinct piezoresistive response to external pressure as low as
hundreds of Pascals with great repeatability. The overall performance of both Graphite-PDMS
and Nickel-PDMS composites indicate vast prospect of application in minor-to-moderate strain

sensor that demand high sensitivity and repeatability. With the development of advanced
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manufacturing technology, this new piezoresistive composites can be of great use in human-

health monitoring and industrial robot arm designs.

Table 5-1 Summarizes the piezoresistive response to tensile/compressive strain of each sample
fabricated in experiment

Powder Spincoat | Sample
Concentration Tensile Test Compressive
Sample | Size Settings | Thickness
(%) Results Test Results
(um) (RPM*s) (inch)
Demonstrated
1200 x 6 orders of
GS1 3 35 0.006
60 gauge factor at
0.28 strain
Demonstrated
1200 x Showed poor 1 order of
GS2 3 40 0.004
45 elasticity at gauge factor at
tensile strain 0.28 strain
and no Showed 50%
1200 x meaningful of resistance
GS3 25 40 0.009
45 results change at 0.28
strain change
Demonstrated
1200 x 2 orders of
GS4 25 40 0.006
60 gauge factor at

0.28 strain




Table 5-1 (Continued)
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Showed poor

Showed
GS5 25 40 800 x 45 0.009 elasticity at
unstable
tensile strain
piezoresistive
and no
response
GS6 25 40 800 x 60 0.008 meaningful
under strain
results
Showed no piezoresistive
NS1 10 50 600 x 45 0.006
response to strain change
Showed Showed
NS2 10 83.3 600 x 30 0.025
similar similar and
patterns of obvious
piezoresistivity | piezoresistive
NS3 10 83.3 600 x 45 0.017
and good response to
consistency at external
early stage of | compressive
NS4 10 83.3 600 x 60 0.012

tensile strain

strain

5.2 Recommendation for Future Work

e More effective methods of mixing should be introduced to the fabrication process due to

its large influence on final performance. Currently limited by the mixing capacity, certain

concentrations of conductive filler cannot be fully tested due to uneven spreading and
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tiny gap between conductive particles. However, composites with better piezoresistivity
performance could be requiring such conditions.

The effect of fabrication parameters should be further considered for design of
experiment and their respective influence on piezoresistive responses. Experiments in this
research is based on the fact that very limited knowledge of the influence of each
parameter in composite fabrication, including conductive filler concentration and
spincoat settings, were understood when the experiments began. Hence, the exploratory
experiment performed in this study does not incorporate a comprehensive analysis of
each parameter and the respective influence on the experimental results. With the
preliminary results obtained from this study, we should focus on specific comparisons
and optimizations in the future experiment design and analyses of the achieved
experimental data with corresponding statistic studies.

Composites fabricated in this research failed to demonstrate excellent elasticity with
varying experiment parameters. However, in further applications of certain industrial
area, including wearable device and human health monitoring, this might be an important
requirement and takes up a large percentage of final assessment and decision. Future
studies should focus on improvement of composite elasticity with new materials or
fabricating methods to address this issue.

Influence of environment should be studied. Environmental parameters including
temperature and humidity could affect piezoresistivity performance and
flexibility/stretchability according to previous research. However, those were not
considered in this study by far since our experiments were all conducted under stable

laboratory conditions with constant temperature and humidity parameters. Yet in
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commercial applications, different usage scenarios are expected and we should not ignore
the influence of this aspect.

Piezoresistivity difference in static situation and cyclic process should be further
investigated. Even though the performance remains stable after entering the cycles,
discrepancy was observed when cyclic tests first start and this issue is surprisingly
common in our various tests. Adjustment to composite structures or working parameter
predictions should be done to better foresee the piezoresistive pattern and avoid excessive
strain.

Fatigue test with large repetition number should be done to examine whether life span of
composites take a toll on product performance. Due to experimental limitations, large
number of repetitions were not fulfilled. Other studies indicate that repetitions up to 1000
or 10000 times may cause wear and heat issues which will severely damage the

piezoresistive performance and expected life span of sensors.
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Appendix A

As a supplement of the thesis, some results obtained from initial trial experiments that are not
significant enough (the experimental results that failed to exhibit stable and consistent patterns or
meaningful responses) to present and discuss in main body are displayed here. With the help of

such data, further experiment can be conducted with better precision.
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Figure Al Uniaxial compressive strain test result of 40% weight ratio Graphite-PDMS

composite with 800 rpm * 45 s spincoating.

The uniaxial compressive strain test result of sample GS5 is shown above as Figure Al. As the
figure suggests, the result fluctuates heavily (from -40% to 20%) throughout the compressive
strain range and fails to demonstrate clear response patterns. Besides from the averaged value

shown in the figure, the actual data recorded in the experiment also fluctuates in a large range
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and causes a large variance for the averaged value. Hence we believe that the result obtained in
this experiment should be omitted in main body and more experiments are needed in future

studies to observe the reasons of this unstable result and respective solutions to that.
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R/R0

Compressive strain(AH/H0)

Figure A2 Uniaxial compressive strain test result of 40% weight ratio Graphite-PDMS

composite with 800 rpm * 60 s spincoating test data 1.

The reason for us to omit the uniaxial compressive strain test result 1 of sample GS6 is similar to

that of GS5 which was discussed above.
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Figure A3 Uniaxial compressive strain test result of 40% weight ratio Graphite-PDMS

composite with 800 rpm * 60 s spincoating test data 2.

The second set of uniaxial compressive strain test result of sample GS6 is shown above as Figure
A3. Because of the unstable result we obtained from the first test, we conducted a second GS6
compressive strain test to figure out whether this was a test error. From the figure above we can
find that the piezoresistive response pattern of GS6 in this test does show gradually declining
trend which is similar to results from other Graphite-PDMS samples. However, the actual data
recorded from experiments still showed a large variance. Hence consider the contradicted results
we obtained from two sets of experiment, we decided to omit the uniaxial compressive strain

result of sample GS6 until further tests are conducted and clear conclusion was made.
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Figure A4 Uniaxial compressive strain test result of 40% weight ratio Graphite-PDMS

composite with 1200 rpm * 45 s spincoating.

Figure A4 shows the uniaxial compressive strain test result of sample GS2. As the result shows,
sample GS2 demonstrates a generally declining trend in electrical resistance as external
compressive strain increases. However, compared to other Graphite-PDMS samples, the
piezoresistive responses to moderate compressive strain (around 25% strain change) is lower.
GS2 demonstrates only 80% of resistance change at 20% compressive strain and from 20% to
45% strain change the resistance remains stable (less than 10% resistance change). Hence, we
consider the sensitivity to compressive strain of sample GS2 is lower than other graphite-PDMS

samples and left the result of it out of results discussion part.



