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Abstract 

Taissa Rose Michel 
FUNCTIONAL POROUS POLYDIMETHYLSILOXANE AS PIEZORESISTIVE AND 

PIEZOELECTRIC MATERIALS 
2018-2019 

Wei Xue, Ph.D. 
Master of Science in Mechanical Engineering 

 

 

In this paper, polydimethylsiloxane (PDMS), carbon nanotubes (CNTs), and zinc 

oxide (ZnO) were combined to create functionalized piezoresistive and piezoelectric 

sensors for pressure sensing and energy harvesting. Samples were foamed to show that 

the increased deformability of the foam sensors makes them suitable for a range of 

applications including dexterous robotics, tactile sensing, energy harvesting, and 

biosensing. Uniform dispersion of CNTs was achieved with chloroform as the solvent. 

Samples were foamed using chemical blowing and scaffolding but granulated sugar at 

70% porosity resulted in foamed samples with the most consistent mechanical properties. 

Samples underwent tensile and compressive testing for their mechanical properties. 

These test’s results showed that introducing pores did not significantly degrade sensor 

performance. Porous devices are more ductile and use less materials than their bulk 

counterparts. Piezoresistive sensors with 3.5% CNTs yielded the highest sensitivity with 

a Young’s modulus of 0.42 MPa. To further functionalize the devices, ZnO is mixed into 

the samples to produce piezoelectric devices. Dipole alignment is done in an attempt to 

increase the output power of piezoelectric devices. This resulted in a 5× increase in 

performance of the devices and further research needs to be conducted. Overall, porous 

PDMS functions for both piezoelectric and piezoresistive device applications.    
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Chapter 1  

Introduction 

1.1. Sensors 

In today’s modern technological world, sensors have a variety of functions and 

applications. The pursuit of knowledge has led to a profusion of developments for sensor 

technology over the last decade and even spanning into earlier years [1]. Sensors can be 

used to measure and quantify metrics about the physical world around them; tactile data, 

velocity, acceleration, water pressure, volumetric flow rates, altitude, electrical output, 

and many other attributes can be quantified using sensors that have been and are being 

developed in research labs around to globe.  

Often, sensors rely on microelectromechanical systems (MEMS) in order to 

gather data on the world around them. This development stems mostly from the advances 

in semiconductor technologies beginning in the 1970’s and continuing onward. From 

this, devices such as inkjet printers, metal-oxide-semiconductors (MOS) sensors, and 

other increasingly accurate accelerometers have been developed. These devices have 

been produced for the commercial market in the years after they were invented [2]. 

Consequentially, wearable electronics for application in biosensing and energy harvesting 

have been developed using some similar technologies [3]. However, these devices are 

limited both in their performance and in the lifetime of their power source, a hurdle that 

researchers must work through. With the aid of nanocomposites and nanomaterials, such 

a device could be fabricated [4]. 

Nanocomposite devices can be functionalized to perform any number of sensing 

tasks. A very common and well researched application is tactile sensing. Many MEMS 

tactile sensors, though, are limited in that their brittleness restricts both overall flexibility 
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and long-term performance. The degree to which a device can stretch and/or flex is very 

important for tactile sensors for robotic hands or manipulators. These applications require 

a high degree of flexibility, elasticity, and durability due to the motions frequently 

experienced by these types of devices. Therefore, the device being too stiff is detrimental 

to the sensor’s productivity [2]. In Figure 1-1 a tactile sensor is determining how to hold 

a small object, the sensors must be flexible in order for the hand to grasp the ball [5].  

 
Figure 1-1 Example of a robotic hand tactile sensor-array gripping a small object, the 

flexibility is necessary for the device to grasp the ball [5]. 

1.2. Tactile Sensors 

Tactile sensors have a variety of applications including pressure and force 

sensing, dexterous robotics, and surface topography evaluation [6-10]. The fast-
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developing world of biocompatible sensing coupled with robotics has led to a need for 

tactile sensors to be increasingly sensitive, accurate, and most importantly, inexpensively 

mass-producible. Current technology is limited in the sense that many sensors are made 

with rigid materials that cannot remain inside or connected to the body for long despite 

being made of non-toxic materials [6]. As a response, researchers have produced flexible 

tactile sensors using a variety of methods. Some have been focusing on the biomedical 

applications of tactile sensors such as artificial skin and biomedical sensing [11] while 

others can monitor heart rate, body weight measurements, and gastrointestinal health [6]. 

Artificial skins are designed to be flexible, soft, and elastically deformable [12]. 

Even in human tactile sensing, children and adults with limited tactile feedback are 

unable to maintain a steady grip or preform manipulation tasks with their hands [9].The 

purpose of these skins is to provide a human-like skin membrane to complement the 

artificial muscles and nervous systems being produced and used by biomimetic robotics.  

Just like for humans, dexterous robotics and sensors need tactile data in order to 

gather information about the world around them. The use of flexible polymers enables the 

dexterity these tactile sensors find so necessary. These devices often have electrical 

properties that change when they are deformed. This phenomenon, the changing of 

electrical properties, can either be caused by the crystallin structure of the material 

deforming (piezoelectricity) or the friction between particles causing electricity 

(triboelectricity) [13].  

Semi-flexible circuits can be produced utilizing these properties via circuit 

printing and spray electronics in order to maintain flexibility and elasticity [14]. 

However, these are not always the most efficient sensors for mass-production. They are 
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often expensive and fragile. Instead, to achieve this cost-effectiveness, easily scalable 

sensors are designed using relatively inexpensive materials, reusable molds, and scalable 

fabrication techniques.  

Research groups such as J. Lee et al. [10] and P.J. Sousa et al. [6] have created 

flexible tactile sensors using polydimethylsiloxane (PDMS) and multiwalled carbon 

nanotubes (CNTs). For the purpose of this research, sensitivity is determined by the ratio 

between the device’s input signal and the measured output property in question, (voltage, 

current, temperature, etc). This is discussed more in Section 4.3.  

To achieve this scalability, in one case, a skin-like sensors was created using 

PDMS, nickel powder, and silver nanowires (AuNW) [15]. In this research, the sensing 

layer is sandwiched between the two non-conducting PDMS layers and the piezoresistive 

layers are laid down orthogonally. In Figure 1-2, as pressure is applied to the sample, its 

electrical resistance decreases. Additionally, the flexibility of these sensors is displayed 

as the sensor is bent over the curve of a computer mouse.  
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Figure 1-2 Silver/PDMS flexible skin-like sensors (top) response as pressure is 
applied, (bottom) being flexed around a computer mouse [15]. 

1.3. Nanocomposites 

Nanomaterials and device fabrication can be broken down into two main 

categories. In the first, nanomaterials are added together in order to produce larger 

products, a process known as the bottom up approach. Many smaller parts are added 

together to make a bulk sample or composite. This can be compared to building a 

sandcastle. The grains of sand are added together to build that castle. The contrary 

approach is known as top down, where a larger amount of a material is broken down into 

nano-sized components. This is similar to a wave coming in and eroding away the castle, 

leaving only a smaller mound behind. 
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 Either way, the nanomaterial must be hosted by a substance that holds the 

material together. This is done through the use of a matrix. Polymers are a common 

matrix and can be imbedded with other materials, a process known as functionalization, 

or adding a filler material to a host in order to change the host material’s properties.  

An example of a nanocomposite can be seen in Figure 1-3 where the gray matrix 

serves as a host for the white-colored fillers suspended in it. Different fillers can be used 

to alter the application of the nanomaterial. For example, metal nanowires or 

nanopowders (depicted in the figure) are often used to help conduct electricity through 

otherwise non-conductive matrices. CNTs, especially the metallic CNTs, are a common 

filler component to create conductive nanocomposites. Other functional materials such as 

Zinc Oxide (ZnO) and barium titanite (BaTiO3) can also be added into the host polymer 

to enable piezoelectricity for the nanocomposite. 

 
Figure 1-3 A schematic of the nanocomposite material where grey represents the host 

polymer matrix and white spots are the nanomaterial filler. At least one material 
must be in the nanoscale in order for a material to be classified as a 
nanocomposite. 

 

<100nm
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1.3.1. Polymer – PDMS.  Polymers are often used as the matrix in nanocomposites 

because they have a range of baseline electrical, mechanical, and thermal properties. 

Although the selection of a particular polymer for the nanocomposite depends on the 

application, most polymers offer similar attractive features such as low cost, high 

flexibility, and ease of scalability during the manufacturing process. Polymers tend to be 

more ductile than their ceramic and metallic counterparts, making them advantageous for 

applications where those stiffer materials would be unsuitable [16]. Furthermore, 

polymers of different chemical constructs also have different electrical and thermal 

properties. For example,  poly(vinyl alcohol) (PVA) and poly(methyl methacrylate) 

(PMMA) are both polymers used in graphene based sensors for their electrical 

conductivity [17], however they have different Young’s moduli and electrical 

conductivities.  

A common polymer used in sensor technology is PDMS. PDMS is a thermoset, 

long-chain polymer renowned for its chemical stability, ease of fabrication, and most 

notably, its ductility [18]. PDMS is also hydrophobic, an interesting property that makes 

it usable for filtrations and oil-water separation [19, 20], though that application is not 

investigated in this paper. The chemical formula for PDMS is (C2H6OSi)n and its 

chemical structure can be seen in Figure 1-4 [21]. Since it is also biocompatible and 

relatively inexpensive, PDMS is a promising option for bioimplants and large-scalable 

sensors.  
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Figure 1-4 Chemical structure for PDMS. Elements present: hydrogen, oxygen, 

carbon, and silicon [21]. 

PDMS is so easy to work with because there are so many fabrication techniques 

that can be utilized to produce functional devices and sensors. PDMS can be spin coated 

[22], electro-spun [23], screen printed [24], or cast in bulk [25] to create different 

devices. PDMS can have different mechanical properties for sensitivities at different 

pressures [26].  

Considering all this, PDMS was the chosen polymer for our experiments. A more 

detailed explanation for the curing parameters and fabrication methods will be covered 

later in this thesis and are dependent of the applications of the devices. However, as 

PDMS is insulating, a conductive filler must be added to enable the conductivity of the 

final composite. This technique is called the conductive polymer approach and is often 

used for these types of applications [11].  

Several suitable fillers have been identified by various papers. These include, but 

certainly are not limited to, nickel, nickel-copper alloys, and CNTs [6, 27-30]. PDMS-

CNT based tactile sensors are suitable for both biomedical and tactile sensing 

applications [31, 32]. In the cases where conductivity is required, a conductive filler must 

be added into the host polymer in order to generate a functional nanocomposite [33, 34]. 
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1.3.2. Carbon nanotubes.CNTs were first discovered in 1991 and have since been 

explored for their impressive electrical, mechanical, and thermal properties. Sensors 

made from CNTs have a vast scope of applications including biosensors, drug delivery, 

nanowires, superconductors, and many others [35]. CNTs can be stretched to nearly five 

times their original length completely plastically [36]. This is so important because it 

means that CNTs can be used a structural reinforcement inside other matrices. This is 

caused by the shape of CNTs, which is essentially just a sheet of graphene rolled up into 

a single-layered, nano-scaled rod.  

A single-layer CNT is known as a single-walled carbon nanotube (SW-CNT). If 

there are two concentric layers in the structure, the CNT is known as a double-walled 

carbon nanotube. Finally, the most common type of carbon nanotube is one with several 

layers of graphene, known as a multiwalled CNTs (MW-CNT) [37]. An example of each 

can be seen in Figure 1-5 [35]. This tubular type of structure means that the outer layers 

of the nanotube are strong and durable, while maintaining a hollow (and therefore light-

weight) core [38]. They can also be doped with other metals for functionalization, but 

more commonly, they are mixed into a matrix as part of a nanocomposite.  
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Figure 1-5 Various types of CNTs: single-walled CNT (left), double-walled CNT 

(middle), and multiwalled CNT (right) [35]. 

CNTs also have a chirality, and their electrical properties depend on the direction 

or “handedness” of the enantiomers [1, 39, 40]. Depending on the orientation, the CNTs 

can be either metallic or semiconducting. About 66% of all CNTs are semiconducting, 

while only 33% are metallic. This is caused by the differing band gaps in the two 

enantiomers. Different orientations of the carbon atoms can cause the CNT to have a 

“zigzag” structure, an “armchair” structure, or a generic “chiral” structure, as illustrated 

in Figure 1-6 [41]. A weigh boat filled with 95% pure multi-wall CNTs is pictured in 

Figure 1-7.  
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Figure 1-6 Chirality in CNTs: (a) armchair shape, (b) zigzag shape, and (c) chiral 

shape [41]. 

 
Figure 1-7 MW-CNTs in weigh boat, 95% purity, 10-20 nm dia. 10-30 ㎛ length. 
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Furthermore, CNTs are piezoresistive [42], meaning that their resistance changes 

as the material is deformed. This allows the sensors to have a measurable sensitivity 

which detects not only if there is pressure being applied, but also how much pressure is 

being applied. Combined with their extreme plasticity, CNTs are a great candidate for 

sensors that will be repeatedly deformed.  

Because nanomaterials, especially CNTs, are small and tend to get tangled among 

themselves, CNTs often need to be dispersed using an agent. This can eliminate 

agglomerations as the material is added to the matrix [43]. The processes that can be used 

for dispersion are discussed more thoroughly in later chapters. 

1.3.3. Zinc oxide.Another filler that is often added to PDMS is ZnO. ZnO comes in 

various shapes and sizes including nanorods of various lengths and nanoparticles of 

various sizes [44]. ZnO is a popular choice for researchers for its bio-safe and 

antibacterial properties [45]. Furthermore, it has piezoelectric properties, meaning that it 

produces electricity when deformed. ZnO can be added to different materials in various 

concentrations in order to increase the piezoelectric output [46].  

ZnO nanowires or nanoparticles can be used for actuators, sensors, and energy 

harvesting devices. This can be achieved through different fabrication methods including 

spin coating to generate thin films and casting to produce larger bulk samples [47]. ZnO 

can be purchased from VWR as nanoparticles with varying sizes, ranging from 20 nm to 

200 nm. For the purpose of this research, 20nm, 99.5% purity ZnO was purchased and 

used in experiments. An image of the ZnO nanoparticles used in these experiments can 

be seen in Figure 1-8.  
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Figure 1-8 ZnO, 29 nm, 99.5% purity in weigh boat. 

1.4. Forming Nanocomposites 

In order to avoid agglomerations and uneven distribution of CNTs in the PDMS, 

CNTs need to be suspended in a dispersion agent or dissolved into a solvent prior to 

mixing with PDMS. Several agents are studied with varying degrees of success. Some are 

very suitable to suspend CNTs while others are less so. Examples of dispersion agents 

that have been studied are toluene, tetrahydrofuran (THF), chloroform, and 

dimethylformamide (DMF) [48]. 

While DMF had the best dispersion for CNTs, it caused a reaction with PDMS, 

making it unsuitable for a CNT dispersion in PDMS. Toluene was found to have the best 

dispersion for the PDMS but had poor solubility of CNTs. This makes it also unsuitable 

for dispersion [48]. Ultimately, it was discovered that the chloroform suspended the 

CNTs in a stable solution that mixed well without augmenting the PDMS. Other possible 

agents were isopropyl alcohol (IPA) and ethanol.  
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1.5. Porous Nanocomposites 

Porous structures are found throughout nature and living organisms and serve a 

variety of purposes [20]. Scientists and researchers often look to nature for inspiration 

and optimization. This influence has led to interesting adaptations of some of nature’s 

most efficient porous solutions. Progress in stretchable, porous, and/or biocompatible 

materials has led to an increasing interest in their applications for nanocomposites. More 

specifically, tactile sensors, energy harvesters, and other piezoresistive/piezoelectric 

nanocomposite-based devices have been created using biologically inert materials [20, 

42, 49]. Devices with porous structures have been gaining interest for their decreased 

cost, improved deformability, and comparable sensitivity. These porous nanocomposites 

have applications in biomimetics, filtration, tactile sensing, and energy harvesting [19].   

These porous structures could be used in functionalized materials, creating 

nanocomposites. The purpose of foaming the sample is to allow for greater deflection in 

the sample during compression. This will hopefully lead to more sensitive samples that 

can detect pressures at a finer resolution than those of solid or thin-film samples [26, 50, 

51]. Additionally, foam samples require less materials than bulk samples, effectively 

reducing the cost of raw materials during fabrication. These porous devices have reliable 

performance despite repetitive loading and unloading of the samples, making them prime 

candidates for robotic applications [52].  

In addition to adding different nanomaterials to PDMS and altering its curing 

parameters, another way to tune its mechanical properties is through the use of adding 

and altering a porous structure. By controlling the density of the pores in PDMS, the 

Young’s modulus can be changed. The modified materials can be stiffer or more ductile 
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according to their applications. Porous samples are more flexible and deform easier, 

making them more suitable for ergonomics than solid PDMS. 

Pores can be formed using a variety of techniques with each producing a different 

type of structure. Most structures can be broken down into two categories, opened pore 

structures or closed pore structures [20]. Open pore structures have interconnected pores 

inside the material. Gasses and liquids are permitted to permeate the entire structure 

through these interconnections, known as throats. An example of an open pore structure 

is a kitchen sponge. Materials with this open structure are generally softer and more 

deformable than their closed pore counterparts.  

Closed pore structures, on the other hand, have pores that do not interconnect. 

Instead, the gas or liquid that is filling those pores is trapped in the cells. This leads to 

stiffer materials that do not deform as much. An example of such a material is PVC 

piping, which has a closed pore structure. The result of this type of structure is a light-

weight but rigid material.  
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Figure 1-9 Open pore structure (left), more flexible with interconnected pores with 

throats between cells [53]; closed pore structure (right), no connection between 
pores, more rigid then open pores [54]. 

Depending on what kind of material properties are desired, either structure can be 

used. Chemical blowing is often done to produce closed pores, but the pore size is often 

hard to predict and rarely consistent [55, 56]. Chemical blowing is process in which a 

blowing agent produces a cellular structure, usually with the aid of a chemical reaction or 

increased temperature. The material hardens, sometimes condensing, and causes the 

material to constrict again [57]. Bubble nucleation, or cell formation  is often controlled 

by the viscosity and thickness of the thermoplastic material [58]. When the material sets, 

the re-condensing chemical blowing agent does not shrink the pores. However, the 

inevitable inconsistency is undesirable since unpredictable stress concentrations result 

from unpredictable pore structures. 

Instead, to produce interconnected pores of a consistent, predicable size leeching 

or scaffolding is a common method [20, 59]. In this process, a sacrificial scaffold 

material is mixed into the nanocomposite and removed later on. For its non-toxicity, cost-

effectiveness, and predictable particle size, sugar was the sacrificial ingredient for many 
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experiments [19, 52, 53]. In order to vary the pore size, different types of sugar were 

used. Brown sugar (largest pore size), granulated sugar, and ultrafine sugar (smallest pore 

size) were mixed into the nanocomposite and dissolved out after curing. This process is 

detailed in section 2.3 as a part of the fabrication process. 

Piezoelectricity and piezoresistivity are both explored in this paper, so 

understanding the difference is paramount. Piezoresistivity is where the compression of a 

material causes nanofillers (such as CNTs) to connect and therefore reduces the 

resistance of the material during compression. Piezoelectricity, on the other hand, is a 

voltage generated by a piezoelectric material such ZnO when the material is deformed. 

Figure 1-10 shows the difference between the piezoelectric and piezoresistive effects to 

make things clearer.  

 
Figure 1-10 Piezoresistivity vs. piezoelectricity. Piezoresistive material is deformed 

and the resistance is decreased, piezoelectric device is deformed, and a voltage is 
created. 

 

R

Piezoresistivity

Piezoelectricity
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1.6. Piezoresistivity.  

Piezoresistivity is a phenomenon where the electrical resistance of a material 

changes depending on how much pressure is being applied to the device [31]. CNTs are 

often chosen as a piezoresistive material because they are easy to work with and 

relatively inexpensive. Devices made from CNTs and PDMS are often chosen for tactile 

and pressure sensing since the change in resistance is predictable [31, 60].  

In order to gather data over a larger area, it is often helpful to arrange several 

sensors in arrays or matrices. This was done in one instance where researchers were 

gathering information about water pressure and marine movements [60]. Many of the 

large-scale piezoresistive sensors that have been developed sacrifice location accuracy in 

favor of larger area sensors. For example, Adafruit sells a piezoresistive sheet 11” by 11” 

that can detect when pressure is applied anywhere on the sheet but not precisely where 

[61]. More developed technologies are being created labs but are not yet commercially 

available due to scalability issues[62]. Regardless, several types of piezoresistive sensors 

have predicable changes, which is what makes them so applicable for sensors.  

The combination of CNTs and PDMS do not generate any electricity. For this, a 

piezoelectric material must be used. ZnO is often added a matrix to harness its 

piezoelectric properties [63, 64]. 

1.7. Piezoelectricity.  

The growing interest for alternative portable power has forced interest towards 

piezoelectric energy harvesters. Such devices can generate electricity based on the 

ambient movements around them; using the right materials, the applications are 

enormous. This variety has made piezoelectric energy harvesters and sensors an 
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appealing option for researchers [65]. For example, piezoelectric sensors are capable of 

wirelessly transmitting data about structural health in bridges and other large-scale civil 

projects [66].  

On a smaller scale, piezoelectric devices made from biologically inert materials 

can be implanted in the body and used to power many different apparatus [67]. Many 

current bio-implantable devices have batteries that need to be changed every few years 

[67], Since battery replacement means surgery for people with implant, this is a 

distasteful option due to the risks associated with surgery. Piezoelectric harvesters, 

however, avoid this unnecessary risk because they generate electricity for themselves as 

opposed to relying on an external charge, eliminating the need for surgeries to replace 

batteries. 

In such cases, the bio-implantable device must be made of biologically inert 

materials. ZnO is a known piezoelectric material, meaning it is capable of generating 

electricity when deformed. It can be used as an energy harvesting device or as a 

piezoelectric sensor when embedded into a PDMS-CNT nanocomposite. Devices using 

ZnO and CNTs were capable of achieving up to 7.5 V output during testing [63]. 

Furthermore, ZnO can also be used in biosensing application, is was done in Georgetown 

University [44]  

When a device produces electrical response through piezoelectricity, it does so 

along its dipole. In order to maximize the voltage output of piezoelectric devices, these 

dipoles can be aligned. This forces all of the electrical outputs of the particles in one 

direction, a process known as poling [47, 68, 69]. Samples that have undergone the 
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poling process have proven to produce more electrical output than those that have not, 

meaning it was a natural first step for researchers to study [47, 67].  

Dipole alignment is achieved when an electrical field is forced through a 

piezoelectric device. This forces all the dipoles of the piezoelectric material, in this case 

ZnO, to align in the same direction, as shown in Figure 1-11. With the aid of heat and a 

long poling period, eventually the dipoles of the sample will align.  

 
Figure 1-11 Dipole alignment occurs under a strong electric field. Piezoelectric 

materials produce voltage (in the direction on the arrows) when deformed. 
Randomly arranged particles subject to a high voltage and temperature re-align 
themselves to generate this electricity in a uniform direction when deformed after 
dipole alignment. 

Dipole alignment can be achieved using two parallel capacitor plates placed near 

each other. One plate is supplied with an electrical voltage and the other connected to 

ground, creating a potential between the two plates. The strength of this field is 

determined by the equation: 

Electric FieldRandom Orientation
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𝐸 = #
$
       [1] 

where E is the electric field strength, V is the voltage supplied (V), and d is the 

distance (m) between the two plates. Several research groups use this process to improve 

the output voltage of their samples. The parameters that they used to pole their devices 

are marked in Table 1-1. 

 

Table 1-1 Proposed dipole alignment parameters 

Author 
Poling 

Voltage 
(kV) 

Temp. 
(C) 

Time 
(hrs.) 

Cited 
Initial 
Output 
(ppV) 

Cited 
Poled 

Voltage 
(ppV) 

Initial 
Current 
Output 

(pp) 
(mA) 

Poled Current (pp) 
(nA) 

Park, et 
al. [70] 

0.5 140 12 0.3 14 - -  

1 140 12 0.3 16 - -  

2 140 12 0.3 20 - -  

Park, et 
al. [22] ~1.5 150 20 0.4 5 12 100 100kV/c

m 

Jeong 
et. al. 
[71] 

0.5 150 - <1 5 <1 7000  

1 150 - <1 7 <1 8000  

2 150 - <1 12 <1 1200  

Yang et 
al. [13] 0.675 20 12 - 6 - - 4.5 

kV/cm 
 

1.8. Objectives 

In this research the effects of porosity, pore structure, and nanocomposite 

concentrations are studied to determine an optimal configuration for sensing applications. 

Our research has explored the effects of adding various nanoparticles to PDMS and 

quantified the performance of the resulting nanocomposites. These devices have been 

successfully used as pressure sensors and energy harvesters. Porous structure variation 

for piezoresistive and piezoelectric materials is studied. Here, varying the porosity, pore 
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shape, and the density of CNTs is explored for use in pressure sensing and energy 

harvesting. While devices have been fabricated using sugar scaffolds, currently the 

investigation of porous structures on piezoresistive/electric devices is limited and largely 

unprecedented. The goal is to begin a study on these variations. The mechanical and 

electric properties of several foamed structures are tested in order to assess their 

performance as sensors. 

The objectives of this research include; 

1) Create a well-dispersed nanomaterial with PDMS, CNTs, and ZnO. 

2) Test mechanical properties of various porous structure. Determine which 

structure has most consistent mechanical properties. 

3) Produce pressure sensing CNT-PDMS-based porous nanocomposites devices.  

4) Develop piezoelectric energy harvesters using ZnO in nanocomposite. 

1.9. General Layout of Thesis  

In Chapter 2 of this thesis, various fabrication techniques are explored. The 

quality of two techniques are compared to each other using scanning electron microscopy 

(SEM) inspection. Using the methods developed here, samples were fabricated for an 

investigation of the effects of different porous structures including various scaffolds 

(three different sugars, citric acid, and sodium bicarbonate) at various densities in 

Chapter 3. In Chapter 4, these devices are functionalized using CNTs to produce pressure 

sensors. Piezoresistive pressure sensors were fabricated using different concentrations of 

CNTs. Further, devices were fabricated using different porosities. In Chapter 5, a 

combination of CNTs and ZnO nanofillers used to fabricate piezoelectric energy 

harvesting devices. Both thin-film and bulk samples are fabricated. Several sugar 
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scaffolds are explored and the effects of these scaffolds on the devices’ mechanical 

properties are tested. Devices undergo dipole alignment in order to amplify their 

electrical output. Finally, the paper is concluded, and future works are discussed in 

Chapter 6.  
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Chapter 2  

Fabrication of Nanocomposites  

2.1. Foamed Nanocomposites 

Wearable electronics, tactile sensors, and energy harvesters have seen great 

improvements as “foamed” or porous structures [9, 51, 63]. Foamed structures are 

believed to produce more flexible samples while also cutting costs on materials. In this 

chapter, various ways to foam or make pores in PDMS are explored including chemical 

blowing and scaffolding. Both methods provide their own benefits and shortcomings but 

scaffolding clearly presents itself as a more suitable method for the proposed 

applications.  

Samples were studied both as tactile sensors and as energy harvesters by adding 

fillers to the PDMS. This effectively changes the function and therefore application of the 

porous nanocomposite. As described above, CNTs have a piezoresistive property that 

makes them great candidates for tactile pressure sensors. Additionally, ZnO, a 

piezoelectric material, generates a voltage when the samples are deformed. Provided the 

earlier stated biocompatibility and polar structure, ZnO is a prime candidate for 

nanocomposites for piezoelectric energy harvesters and sensors.  

At the University of Adelaide (Australia) one research team used store-bought 

sugar cubes as a leeching scaffold for non-functionalized PDMS. In this study, the 

oleophilic/hydrophobic PDMS can actually adsorb oil from water in an oil spill [19]. 

Another group uses a dissolvable sugar scaffold to aid in formation of a nanofibrous 

tissue using PLLA [53]. Many other studies are conducting using this direct templating 

technique [20]. These studies serve as the basis for our sugar scaffolding. Using similar 

techniques to what was described in these papers, various types of sugar were studied at 
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various densities in order to adjust the mechanical properties of the functionalized PDMS 

devices. 

For this study, porous nanocomposite sensors and energy harvesters are studied to 

understand the effect of porosity on the sensors’ functionality. Samples were 

mechanically deformed to assess their moduli of elasticity and their electrical properties 

under loading. Further, samples were inspected using scanning electron microscopy 

(SEM) to ensure good dispersion of nanocomposites throughout the PDMS matrix.  

2.2. Distribution of Nanomaterials 

In this section, two dispersion agents were studied along with a control group of 

samples made without a dispersion agent. Three types of samples were fabricated in total. 

Isopropyl alcohol (IPA) and chloroform were studied as two possible solvents for the 

CNTs based on what was reported in  [48]. Hand mixing nanocomposites directly into the 

polymer was also studied as a slightly different process. In the section below, the 

methods are described for each, detailing how the CNTs were mixed into the PDMS and 

the results of the dispersion are shown using SEM inspection.  

Materials were purchased from vendors; the specifications of those materials can 

be seen in Table 2-1. The amount of each material is not mentioned in this section 

because depending on the test being conducted, different amounts were used. Instead, 

these recipes can be found in their respective chapters. 
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Table 2-1 Material specifications for devices in this thesis 
Material Purity Dimension Vendor 

MW-CNTs 95% 10-20 nm dia 
10-30 ㎛ 

Nanostructured and 
Amorphous Materials 

ZnO 99.5% 20 nm Nanostructured and 
Amorphous Materials 

PDMS N/A N/A Dow Corning 
Chloroform 99.99% N/A VWR 

Isopropyl Alcohol 99.9% N/A VWR 
Ultrafine Sugar Food grade N/A Store bought 

Granulated Sugar Food grade N/A Store bought 
Brown Sugar Food grade N/A Store bought 
Citric Acid  N/A N/A Thomas Scientific 

Sodium Bicarbonate N/A N/A Thomas Scientific  
 

2.2.1. Mechanical Mixing.For this set of experiments, a somewhat homogeneous 

nanocomposite was fabricated by mechanical mixing. While this was ultimately 

determined to be not as uniform as originally believed, many papers describe mixing by 

hand with a spatula or mixing with a magnetic stir bar as suitable methods for preparing 

devices, so it is used as a baseline for fabrication techniques [32, 72, 73].  

In order to ensure the samples had minimal agglomerates, materials are added in a 

specific order, at a gradual pace. If the material is being made into a piezoelectric device, 

first, ZnO and CNTs are weighed and mixed until all visible clumps and aggregates were 

gone. This is done with a metal spatula and takes around 5-10 minutes depending on the 

humidity and static electricity levels in the room. These materials can be seen in Figure 2-

1. If the sample is to be piezoresistive, only CNTs are weighed out and the portions 

where ZnO is mentioned in the instructions can be ignored.  

The proper amount of scaffolding material, or leaching agent, is measured out but 

not added to the ZnO-CNTs mixture. Instead it is kept off to the side. The PDMS and the 

curing agent are weighed out at a 10:1 ratio, and the curing agent is poured into the 
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PDMS. The two are stirred by hand for at least three minutes. The ZnO and CNTs 

mixture is gradually added to the room temperature PDMS-curing agent mixture, until 

the entire sample is mixed completely (~5 minutes). Since samples are designed to be 

porous, de-bubbling of the mixture in a vacuum chamber is not necessary for this process. 

Figure 2-2 depicts the process for making hand-mixed samples.  

 
Figure 2-1 ZnO and CNT nanopowders before (left) and after mixing (middle); 

PDMS before de-bubbling (right). 

 



www.manaraa.com

 

 28 

 
Figure 2-2 Process flow for hand mixing piezoelectric devices. CNTs and ZnO are 

weighed and mixed together. CNT-ZnO is added to PDMS, mixed well, then 
curing agent is mixed in. 

2.2.2. Dispersion method.Because mechanical mixing is not the most reliable method 

for avoiding agglomerations, a dispersion method was tested as well. In this method, two 

different dispersion agents were explored, and one was decided upon. A schematic of 

how the devices are fabricated can be seen in Figure 2-3.  

During these experiments, many of the steps are similar to what is described 

earlier for mechanical mixing with a few key differences. Firstly, the CNTs and the ZnO 

are kept separate after they are weighed out instead of being mixed together. CNTs are 

added to a watertight tube with the dispersion agent (either isopropyl alcohol or 

chloroform) and sonicated in a tub for 30 minutes. Then, PDMS is weighed into a petri 

dish (without the curing agent) and placed on a hot plate with a stir bar set to 120°C. The 

stir bar is not turned on yet. This heats up the PDMS to make it less viscous and easier to 

mix. Once the PDMS is warmed up, the stir bar can be set to a speed of 60 rpm.  

ZnO

ZnO, CNTs,
& PDMS 

Curing Agent

CNTs 
& ZnO

CNTs 
& ZnO 
mixed 
by
hand

Mix
ZnO, 
CNTs, & 
PDMS 

CNTs

Mix
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Next, when the CNTs have been completely suspended, the CNT/solvent is added 

to the PDMS. It is important to avoid splashing, lest the actual CNTs concentration will 

be less than what is measured out. The dispersion agent may need to be boiled out in 

bursts before more CNTs/dispersion agent can be added if the petri dish gets full before 

all of the CNTs are added to the dish. Add the ZnO to the petri dish next while there is 

still dispersion agent in the dish to ensure the ZnO achieves a good dispersion into the 

PDMS. Figure 2-4 shows the CNTs in the chloroform with the PDMS in the petri dish. 

The mixture is then continuously stirred until all of the solvent has been evaporated. This 

results in leaving a well-mixed composite of PDMS, CNTs, and ZnO. The mixture must 

be brought down to room temperature after all the dispersion agent has evaporated. 

Finally, the curing agent can be added to the sample and stirred for at least five minutes 

to ensure a uniform mixture. 
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Figure 2-3 Dispersion method for mixing nanocomposites. CNTs are added to 

dispersion agent (DA) and sonicated at room temperature for 30 min. Suspension 
is mixed into PDMS on a hot plate (120°C) and stirred at ~60 rpm. If applicable, 
ZnO is added to the mixture. Dispersion agent eventually will evaporate 
completely, and composite is allowed to cool to room temperature. Curing agent 
can then be added and mixed well into the mixture. 

 
Figure 2-4 CNTs in chloroform being mixed with PDMS on hot plate. Chloroform is 

evaporating out of the PDMS/CNT composite. 
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2.2.3. Dispersion agents.In this set of experiments, two different dispersion agents were 

used based on previous reports [6, 24]. Isopropyl alcohol (other names: IPA, rubbing 

alcohol, isopropanol) and chloroform, an organic solvent, were studied [49]. There is no 

exact amount of dispersion agent that needs to be used, however, enough should be used 

to completely submerge the CNTs with ample extra dispersion agent. After sonication, 

there should be no agglomerations of the CNTs in the dispersion agent. If there are, more 

dispersion agent is needed. 

IPA was tested first because it is inexpensive and was readily available in the lab. 

It proved to suspend the CNTs well and not react with the PDMS negatively. However, 

CNTs did not remain suspended for long: separation was apparent after about an hour but 

the mixture could still be used; however, after a week, the separation of the CNTs from 

the dispersion was so severe that re-sonication would be necessary (Figure 2-5).  

Alternatively, chloroform suspended the CNTs well and also did not react with 

the PDMS. Additionally, the solution is more stable, with a shelf life of over 1 week with 

adequate suspension of CNTs. A drawback, however, was that in order to use 

chloroform, experiments must be carried out under a fume hood with extreme care. While 

this is not a terribly uncommon or cumbersome task, it did require that all the materials 

be move to and from the lab with a fume hood in order to conduct experiments.  
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Figure 2-5 Stability of CNTs in IPA and chloroform. Right after sonication, both 

agents appear to have successfully suspended the CNTs. After 1 hour, separation 
becomes apparent, and by one week after sonication, suspension has settled.  

2.3. Sample Fabrication – Sugar Scaffolding 

In order to fabricate porous devices, the scaffolding material is added to the 

composite after the curing agent is added but before the samples cured. PDMS needs both 

the curing agent and heat to cure fully, so as long as the composite is kept at room 

temperature, there is sufficient for the scaffolding agent to be added into the 

PDMS/curing agent mixture. The scaffolding material must be mixed entirely into the 

PDMS. As pouring it all at once leads to non-homogeneous samples, the scaffolding 

agent is added to PDMS in small bursts to ensure the homogeneity. This is especially 

important for samples with higher pore densities where the amount of scaffolding 

material is significantly higher than the PDMS nanocomposite. The entire mixture is 

poured into molds of an appropriate size, as depicted in Figure 2-6. Depending on the 

tests, molds were either 1” × ¼” × ¼”, or ½” × ½” × ¼”. Finally, the sample is cured on a 

hot plate at 90°C for four hours. 

Three types of sugar including ultrafine sugar, granulated sugar, and brown sugar 

were studied. Several different pore densities were studied in order to gain insight into 
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the mechanical properties of the porous samples. Samples were made with as low as 40% 

scaffolding agent, however samples made with less than 60% scaffolding agent showed 

clear settlement of the scaffolding material, making visible layers in the samples. For this 

reason, only 60%, 70%, and 80% sugar scaffolds were tested for this project.  

 
Figure 2-6 Molds used for sample fabrication (left, mold for tensile tests, 1” × ¼” 

×¼”: right, mold for electrical resistance testing, ½” × ½” × ¼”. 

Once the sample was fully cured, the scaffolding material must be removed from 

the host matrix for these test-sized samples. In the case of sugar scaffolds, a boiling or 

warm water bath was used to dissolve the sugar. Figure 2-7 is a visual representation of 

how the sugar is removed from the host matrix, turning a solid sample into a foamed 

structure.  
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Figure 2-7 Scaffolding process for producing porous structures. (a) Sample with 

sugar embedded. (b) Warm water begins to remove sugar. (c) After several hours, 
sugar is dissolved from sample. (d) Sample is removed from water, leaving 
foamed PDMS nanocomposite. 

After all the sugar was removed and samples were thoroughly dried (could take 

12-48 hours), various tests could be done on the samples. Samples were evaluated using 

SEM, tensile testing, and electrical output testing. Each of these tests provides useful 

information on the functionalized materials, the porous structures, or the resulting 

piezoelectric or piezoresistive devices. Samples made from these methods had consistent 

structures, densities, and good distribution of nanomaterials.  

2.4. Sample Fabrication – Thermal Decomposition 

To complete a thorough investigation of porous structures, a set of experiments 

was conducted centering around different materials that could form pores. Anhydrous 
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citric acid and sodium bicarbonate were studied as two possible foaming agents instead 

of sugar [38, 51, 71, 74]. These materials replaced the sugar in the fabrication process.  

An interesting difference between the sugar and these other materials was that 

neither citric acid nor sodium bicarbonate was dissolved in water like the sugar samples. 

Instead, citric acid was thermally decomposed on a hot plate in a fume hood at 150°C. 

This was done overnight until a soft foam was left behind. Sometimes rinsing the sponge 

afterwards and allowing it to dry could wash off any residue from the citric acid. Figure 

2-8 is a visual representation of how the citric acid is thermally decomposed from the 

PDMS matrix. Sodium bicarbonate was dissolved in acidic acid at room temperature, 

overnight in most cases. This is done similarly to the way that sugar was removed, just 

with acidic acid instead of water.  To speed things along, a magnetic stir bar could be 

placed in the beaker to keep fresh acidic acid moving across the sample’s surface. As 

with the citric acid samples, these too were rinsed in water to remove any residual 

reactant on the sponge.  
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Figure 2-8 Thermal decomposition of citric acid to create foamed samples. Sample 

made with anhydrous citric acid is placed on a hot plate at 150°C thermally 
decomposes. It expands into a gas, if the gas gets trapped it forms a closed pore 
structure, or an open structure if gas is able to escape. The result is a foam sample. 

Similar to the sugar scaffold, samples made with insufficient sodium bicarbonate 

or citric acid experienced separation, (see Figure 2-9). However, unlike the sugar, these 

materials showed separation at different pore densities. Citric acid showed separation at 

60%, but not 70%, while sodium bicarbonate showed separation at all levels except the 

highest, 80%. This is likely caused by the differing densities of these materials producing 

Separation as the PDMS is curing. 

HOT PLATE

Sample with CA 
Scaffolding 

CA thermally decomposing on 
hot plate

Porous structure after thermal 
decomposition
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Figure 2-9 Citric acid and sodium bicarbonate-based foam samples without 

functionalization. Citric acid samples could be burned during decomposition, both 
scaffolds experiences separation at all but the highest pore concentrations. 

2.5. SEM Inspection 

In order to determine the effectiveness of the dispersion agents, SEM images were 

taken of samples made with both mechanical mixing and dispersion methods. In Figure 

2-10, a sample made with mechanical mixing is shown. ZnO from the mechanical mixing 

method is clearly not dispersed uniformly throughout the sample. These are shown as 

white spots on the host matrix. This figure shows that the hand mixing method does not 

disperse the ZnO or the CNTS well in the matrix. It is worth noting that the ridges were 

likely caused by the cutting tool when the sample was being prepared for imaging.  
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Figure 2-10  SEM image of PDMS with ZnO and CNTs hand mixed in. Aggregations 

appear as white bundles against a grayer matrix. This is a nonporous sample. 

Using the solvent dispersion method, samples had a significantly better 

distribution. Specifically pictured here is a sample made using chloroform as a dispersion 

agent. Samples had little to no agglomerations of ZnO or CNTs. This is seen in Figure 2-

11, where there are little or no “white spots” filling the nanocomposite. Instead, the 

overall material has a darker coloration due to a good dispersion of CNTs throughout the 

PDMS. Any agglomerations of ZnO are fairly small, so a reasonably good distribution 

has been successfully produced.   
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Figure 2-11 ZnO-CNT-PDMS sample produced using dispersion method. Small 

agglomerations can be seen, but they are not nearly as prominent as they were in 
the mechanical mixing method. 

Additionally, during this scan, the elemental makeup of the sample was analyzed. 

It was determined using energy X-ray dispersive spectroscopy (EDS). In this image 

(Figure 2-12), the different elements are highlighted by different colors. Silicon (Si), 

oxygen (O), and carbon (C) are all elements found in the PDMS polymer, so it is not 

surprising to find these throughout the material. However, in purple, the zinc, an element 

not found in PDMS is dispersed throughout the sample with minimal aggregation of 

nanofillers compared to the hand mixed samples. This means that a uniform dispersion 

was achieved via this dispersion method.   
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Figure 2-12 EDS Image of Elemental Dispersion. Sample fabricated with chloroform 

dispersion using 1% CNT, 12% ZnO, nonporous, thin film sample. Brighter 
colors indicate the presence of the element. 

Figure 2-13 shows an SEM image of a 3% CNT sample. This image shows the 

structure of a typical granulated sugar sample made of 70% sugar. The sample was 

fabricated for tactile sensing, so it was made without ZnO. Therefore, white 

agglomerations do not appear in this image. However, that there are no clear aggregates 

of CNTs suggests a uniform dispersion of the CNTs. The shapes of the original sugar 

crystals are clearly seen in this image, with the throats shown in the back of several pores. 
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Figure 2-13 SEM Image of 3% CNTs, 0% ZnO, and 70% granulated sugar porosity in 

PDMS matrix. Fabricated using the dispersion method. 

Figure 2-14 are images of the devices fabricated using three types of sugar that were 

used as scaffolding agents in the fabrication process. For ease of comparison, each image 

is taken of a 70% porous device.  Ultrafine is shown in Figure 2-14, having the smallest 

pores that are the most compact. Next, a granulated sugar sample is imaged. The pores in 

this structure were more spaced out, though the throats are more obvious. Finally, a 

brown sugar sample is shown, displaying the amorphous structure of the molasses-filled 

sugar. 
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Figure 2-14 Samples made with 10% ZnO, 1% CNT, and 70% sugar; ultrafine, 

tessellating structure (left), granulated, clear throats (center), brown, amorphous 
(right). Mechanical mixing method. 

2.6. Discussion of Fabrication Methods 

In this section various fabrication techniques were explored in order to find the 

optimal method. Samples were prepared using three different types of sugar, citric acid, 

and sodium bicarbonate. Sugar samples had good distribution of pores for densities 

between 60-80% porosity. Sodium bicarbonate and citric acid both settled prior the 

PDMS fulling curing, causing a separation layer in the device. The results of these 

fabrication methods are summarized in Table 2-2. It is clear that sugar scaffolding is the 

most successful method for fabricating a porous structure. 

Using different amounts of both citric acid and sodium bicarbonate together and 

partially polymerizing the PDMS, a roughly porous structure could be achieved. The two 

chemicals would react in the acidic acid bath while the PDMS finished the 

polymerization process. 

This process was difficult to control on a hot plate with a petri dish, though, and 

samples were never functionalized mostly because they never got past an initial 

experimental stage. This is mostly caused by how quickly the PDMS sets during this 

process. Consistency of the process is difficult to achieve. If the PDMS was partially 

cured, the materials were effectively just another scaffold material, or worse, they 



www.manaraa.com

 

 43 

produced inconsistent pore sizes on the macro scale. If they reacted before the PDMS 

was ready to cure, there was no reaction occurring during the crucial curing phase and 

therefore no porous PDMS was produced. 

Due to its unpredictable porous structure, chemical blowing was not considered as 

a viable option for producing either piezoresistive or piezoelectric sensors. Samples never 

even achieved a functional state where tests could be conducted. However, samples 

produced using the scaffolding method were widely successful, though sugar clearly 

presented itself as a superior scaffolding agent.  

 

Table 2-2 Effectiveness of scaffolding and chemical blowing agents  

Scaffolding Agent Successful 
Porosities 

Removal 
Method Overall Success 

Ultrafine Sugar 60-80% Dissolved in 
warm water Successful 

Granulated Sugar 60-80% Dissolved in 
warm water Successful 

Brown Sugar 60-80% Dissolved in 
warm water 

Successful 
 

Sodium Bicarbonate 80% Dissolved in 
acidic acid Limited success 

Citric Acid N/A Thermally 
decomposed Unsuccessful 

 
 

Furthermore, various techniques were studied in order to achieve a good 

distribution of nanomaterials in the PDMS matrix. The results of the mechanical mixing 

method and the dispersion method are compared in Table 2-3. The chloroform dispersion 

method had the best dispersion and stability; however, it used the most complicated 

process. Nevertheless, chloroform dispersion was used moving forward for its superior 

distribution and stability during fabrication. This stability is sought after because often 
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several samples were fabricated concurrently. Sonication of CNTs and chloroform was 

done for all the samples that were being produced that day, but only one petri dish can be 

stirred on the hot plate at a time. This caused the pre-prepared vials of CNT-chloroform 

to sit for several hours while other samples are being fabricated. Depending on how many 

samples are being made that day, it could be several hours before the last vial of 

chloroform/CNTs is added to the PDMS for dispersion. This stability ensured that 

devices fabricated later in the had the same uniform dispersion as the devices fabricated 

later in the day. 

 

Table 2-3 Effectiveness of dispersion agents 
Method Ease of Use Stability Overall Distribution 

Mechanical Mixing Very simple, no fume 
hood required N/A Poor 

IPA Dispersion Fairly simple, requires 
fume hood Poor Good 

Chloroform Dispersion More complex, requires 
fume hood and training Good Good 

 
 

Ultimately, the most reliable samples were fabricated using the sugar as a 

scaffolding agent and chloroform to disperse the nanomaterials. Further development of 

devices uses these parameters unless otherwise discussed.  
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Chapter 3  

Mechanical Assessment of Nanocomposite Foams 

3.1. Experimental 

When pores are introduced to the structure of these nanocomposites, the material 

becomes softer, more flexible, and easier to deform. This is easiest to show by comparing 

the Young’s modulus of the materials [51]. Lower moduli indicate softer, more ductile 

materials. When studying a material, this is important to understand its mechanical 

properties, especially when the material is being investigated for ergonomic applications. 

Therefore, in this paper, the Young’s modulus was determined using tensile testing.  

3.1.1. Tensile Testing.Tensile testing was accomplished using a SHIMPO tabletop 

MTS and the accompanying FGV-50XY force gauge. Prepared samples (Section 3.1.2) 

were clamped to the device and slowly stretched apart until they failed.  

Despite the fact that these devices are used in compression, the Young’s modulus 

of the material was calculated using tension. Since only the linear region of stress-strain 

curve is used for calculating Young’s modulus, it does not matter whether the material is 

under compression or tension. This was done due to testing apparatus limitations. When 

enough force was applied with the SHIMPO, the machine would physically move during 

testing, causing a “blip” in the data. This can be seen in Figure 3-1 at around (0.04, 24).  



www.manaraa.com

 

 46 

 
Figure 3-1 “Blip” in data during compression testing caused by machine physically 

moving under load. 
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3.1.2. Sample PreparationFor tensile testing, samples were clamped into the SHIMPO 

MTS. However, samples could not be compressed by the clamps during testing otherwise 

the results would be skewed; the test would reflect mechanical properties around the 

deformations and stress concentrations. Instead, the ends of the sample where wrapped in 

duct tape in such a way that they were not being compressed. A two-part Loctite® plastic 

bonder was used to ensure a good bond between the sample and the tape. When the 

sample is put under tensile load and eventually torn, only samples that tore between the 

pieces of tape (and not under it) were considered. This is because if a sample tore under 

the tape, the testing would show the strength of the bonder/tape adherence, not the 

strength of the sample itself. Samples prior to test preparation are seen on the left of 

Figure 3-2. On the right of Figure 3-2, three samples are shown. A sample prior to 

testing, a sample that tore properly, and a sample that is inadmissible are pictured here.  

  
Figure 3-2 Left image, Samples prior to test preparation. Right image, from left to 

right, sample prepared for testing, sample that tore properly during testing, and a 
sample that did not tare properly. 
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3.1.3. Testing.Samples were mounted to the MTS and slowly pulled apart until they 

tore. Samples were in a completely relaxed state prior to testing, meaning the sample was 

not being compressed or pulled in any direction. The force gauge records the force data 

and the test stand records the displacement. These data are given to the computer for 

further processing. The computer is able to calculate the stress-strain curves for the 

sample based on the data provided here. This test set-up can be seen in Figure 3-3.  

 
Figure 3-3 SHIMPO tabletop MTS set up. Sample under no load, prior to testing, is 

placed into testing set up. Duct tape wrapped around the ends provides a gripping 
point for the clamps that does not deform the sample. 

3.2. Mechanical Testing Results 

Stress-strain curves provide useful information about the Young’s modulus and 

ultimate strength of a material. Several types of samples were fabricated using different 

iterations of the recipe. Three types of sugar, granulated, brown, and ultrafine, were 

fabricated using 60, 70, and 80% sugar for each type. The goal is to determine which type 

of sample will produce the most consistent Young’s modulus. 
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3.2.1. Sugar Scaffolding Study. For Figure 3-4, 70% porous samples were made using 

the three types of sugar; granulated (G), ultrafine (UF), and brown (B). While several 

samples were tested in order to determine mechanical properties, a typical sample is 

plotted here to show the individual performance of each sample type. Young’s modulus 

was calculated using the average engineering stress divided by the average engineering 

strain for the mostly linear region.  

One of each sample is plotted to show the typical results from testing the three types 

of sugar. The results are plotted showing granulated sugar having the highest ultimate 

strength at 0.11 MPa and a Young’s modulus of 0.089 MPa. Brown sugar had the lowest 

ultimate strength (0.056 MPa) and Young’s modulus (0.027 MPa). Oddly, even though 

ultrafine sugar yielded the most tessellating structure of the sugars, it did not have a 

higher ultimate strength at 0.085 MPa or a Young’s modulus of 0.048 MPa than the 

granulated sugar.  
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Figure 3-4 70% Porous samples with different scaffolding sugars. Ultrafine has the 

highest Young’s modulus, brown sugar had the lowest, and granulated sugar had 
the mid-range. 

To show the consistent behavior of the samples, three of each sample were tested 

and the average Young’s modulus was plotted. Again, the brown sugar had the lowest 

average Young’s modulus at 0.44 MPa and ultrafine had the highest at 0.54 MPa. Finally, 

the granulated sugar had a midrange Young’s modulus at 0.50 MPa. There is an overlap 

in the standard deviation for the samples, meaning that there is not real statistical 

significance to the structure. However, the granulated sugar had the smallest deviation 

between samples which is considered important because consistent sample stiffnesses are 

desirable. The predictability of a device’s mechanical properties is necessary for 

piezoresistive and piezoelectric devices, whose electrical response is directly related to 

the mechanical deformation in later experiments. The results of these tests are seen in 

Figure 3-5.  
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Figure 3-5 Average Young’s modulus of 3 samples made with different types of 

sugar. Standard error bars for each sample type are included. Fabricated using 
mechanical mixing for simplicity. 

 

3.2.2. Mechanical Properties of Varying Porosities.Once the optimal sugar scaffold 

was determined, researchers studied the effects of varying the density of the foam. This is 

achieved by varying different amounts of sugar scaffolding during the fabrication 

process. Devices fabricated with more sugar have higher porosities, meaning that they are 

actually less dense (more cells means more air space and less nanomaterial). Therefore, 

higher pore densities require less nanocomposite.  

As is seen in Table 3-1, 60% porous samples use the most nanomaterials and 

PDMS and the least amount of sugar. Contrarily, the 80% porous sample uses the least 
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nanomaterials and the most amount of sugar. Because nanomaterials are more expensive 

than sugar, the more porous the samples are cheaper. 

 

Table 3-1 Materials needed in fabrication of samples. Higher pore densities use more 
sugar but less nanomaterials and PDMS 

Porosity SOLID 60% 70% 80% 

Total Materials (g) 40 40 40 40 

CNTs (g) 1 0.4 0.3 0.2 

ZnO (g) 4 1.6 1.2 0.8 

PDMS (g) 31.82 12.73 9.54 6.36 

Curing Agent (g) 3.18 1.27 0.95 0.64 

Sugar (g) 0 24 28 32 
 

Despite using less materials and being more ductile, the samples ultimate strength 

and Young’s Modulus is lowered by the decreased amount of materials. Once the sugar 

scaffold has been eliminated, the porous structure is left with air filling the pores. 

Additionally, denser pore distribution means that each pore’s stress concentrations interact 

frequently with one another. Interacting pore stress factors cause samples to be even more 

fragile while additional pores cause the wall thickness to decrease dramatically (see Figure 

2-10). 

As seen in Figure 3-6, samples made without pores had a Young’s Modulus of 

1.67 MPa, this was by far the highest. Samples made with 60% sugar had a Young’s 

modulus of about 0.65 MPa. Samples made of 70% sugar, 0.42 MPa, and finally 80% 

with a Young’s modulus of 0.13 MPa. Samples were also made with porosities below 

60%, however, the scaffolding agent settled prior to curing and caused a layer of 
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separation. Therefore, while samples were fabricated for porosities between 10-50%, they 

were not functionalized or tested.  

 
Figure 3-6 Young’s modulus of porous samples, granulated sugar, chloroform 

dispersion. Standard error for each type sample. 

 

3.2.3. Effects of Functionalization.To prove that CNTs actually behaved as a structural 

reinforcer for PDMS and not simply a fibrous mesh suspension, samples were made both 

with and without CNTs and their Young’s moduli compared. Samples with CNTs were 

prepared using 3.5% CNTs and the dispersion method described earlier. In Figure 3-7, 

samples with and without CNTs are compared.  

Samples fabricated with CNTs were stiffer than those made without, however the 

overlap in standard deviation means that the difference is not statistically significant. 
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Samples with CNTs had an average Young’s modulus of 1.67 MPa while the sample 

made without CNTs averaged an average modulus of elasticity of 1.47 MPa.  

 

 
Figure 3-7 Average Young’s modulus of solid samples both with and without CNTs 

(chloroform dispersion). Standard error for each type of sample. 
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were the densest at 0.899 g/cm3. On the other hand, the 80% porous samples were 0.217 

g/cm3 which is the lightest. Figure 3-8 displays these data.    

 
Figure 3-8  Density of Samples vs wt%. Standard error for each sample type, 

chloroform dispersion. 

 

3.3. Discussion of Results 

After experimenting with different the sugars, granulated sugar was deemed the 

best sugar scaffold. It had the most predicable Young’s modulus and the easiest 

fabrication. This was due in part to the larger pores of granulated sugar and throats 

interconnecting (compared to the ultrafine samples that required hours, sometimes days 

to completely dissolve sugar due to the lack of good throats between ultrafine sugar 

pores). On the other hand, brown sugar is made of up to 10% molasses and the rest just 

0.889 0.7302 0.468 0.217
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 (solid) 60 70 80

D
en

si
ty

 (g
/c

m
^3

)

Sample Type (wt%)



www.manaraa.com

 

 56 

white granulated sugar. By adding molasses to the granulated sugar, it takes the brown 

sugar days to dissolve even in warm water bath and a stir bar. The water needed to be 

changed the most frequently, every 4-6 hours for 3-4 days. However, the granulated sugar 

samples could be left overnight in a warm water bath (90°C) and all the sugar would be 

dissolved by morning in a single water bath. 

The granulated sugar also had the most consistent mechanical properties. The 

deviation sample-to-sample was smallest when compared to the other porosities. As it 

was stated before, samples need to be mechanically predictable for sensor application. 

Therefore, the 70% porosity samples with the most predicable mechanical properties 

were considered optimal.  

Using the information from these studies, devices fabricated using granulated 

sugar at 70% porosity were the easiest to fabricate. Therefore, the team proceeded in 

making granulated sugar samples at this porosity. The results of these tests prove that the 

tuning the mechanical properties of PDMS nanocomposites is a viable option. Devices 

were fabricated and tested using the three types of sugar. Samples made with more sugar 

were ultimately softer and more ductile than the samples made without sugar. By 

changing the sugar that is used, the density at which it is used, and adding nanomaterials, 

mechanical properties like the ductility of the sample can be changed. Furthermore, the 

addition of a nanomaterial filler effects the mechanical properties of the matrix. 

Therefore, devices were made and fabricated both with and without CNTs. Ultimately, it 

was determined that CNTs behave as a structural reinforcer for PDMS, making the 

material stiffer during tensile testing. 
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Different densities of pores were also studied in this experiment. Samples made 

with 0, 60%, 70%, and 80% scaffolding material were fabricated. Again, the devices with 

the most consistent results were considered the most successful. This turned out to be the 

granulated sugar 70% porous device.  
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Chapter 4  

Pressure Sensitivity of CNT-functionalized PDMS 

4.1. Flexible and Porous Pressure Sensors 

In this paper, pressure sensors were produced using PDMS and CNTs. By 

manipulating the concentration of both pores and CNTs in the samples, a correlation can 

be drawn between these properties and the piezoresistivity of the sample. Each variation 

of the tactile sensors behaved as expected within a certain range of pressures. These 

promising results show usefulness in pressure sensing.  

4.2. Preparation of Tactile Sensors 

For this set of experiments, samples were prepared as tactile sensors relying on 

piezoresistivity. During this study, the amount (%) of CNTs are to make the samples was 

varied from 1% to 5% CNTs at 0.5% intervals (0.5%, 1.0%, 1.5%, etc.). For these 

experiments, the dispersion method is used to make sure that CNTs are well distributed 

throughout the sensors. The dispersion agent chosen was chloroform since it yielded the 

most stable solution of CNTs during the fabrication process, as was discussed in Section 

2.2.2. 

Using these methods, devices were fabricated using the materials outlined in 

Table 4-1. This recipe will make about six ½” × ½” × ¼” pressure sensors with 70% 

sugar. 
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Table 4-1 Materials needed to fabricate 70% porous devices with different 
concentrations of CNTs, produces ~6 pressure sensors.  

Required 
Materials  0.5% 1% 1.5% 2% 2.5% 3% 3.5% 4% 4.5% 5% 

CNTs, 0.4 mg/mL 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 
PDMS, 0.13 g/mL 135.32 67.32 44.65 33.32 26.52 21.99 18.75 16.32 14.43 12.92 

Curing Agent 13.53 6.73 4.47 3.33 2.65 2.20 1.87 1.63 1.44 1.29 
Sugar 348.91 174.37 116.20 87.11 69.65 58.02 49.71 43.47 38.63 34.75 
 

4.3. Electrical Resistance Testing  

In order to better understand how these sensors behave under load, samples were 

mechanically compressed while their electrical properties were being evaluated and 

recorded. Samples were compressed as seen in Figure 4-1 and Figure 4-2.  

Data were collected using the SHIMPO MTS again, however, instead of tensile 

testing, here, samples were compressed with the device while their electrical response 

was tracked. The blip mentioned earlier does not affect the outcome of these tests 

because Young’s modulus was not calculated. Since the compression test uses known 

force outputs, the blip is irrelevant. 

The electrodes were connected to the top and bottom of the sensor, making a 

sandwich-like test setup. Samples were placed on top of a copper electrode with another 

copper electrode on top. This allowed full contact with both the top and bottom of the 

pressure sensor fully and therefore accurate readings from the source meter as the 

pressure sensor is deformed. Each electrode was connected to the multimeter, forcing a 

known voltage (20 V) through the sample. The set-up is shown as a schematic in Figure 

4-1 and in a photograph in Figure 4-2. 
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Sensitivity is determined by each sample’s electrical response to mechanical 

compression. Once contact between the compression surface and the pressure sensor is 

made, the current is measured and compared to the pressure being applied. In order to 

ensure that a solid contact is made between the sample and the compression surface, 

measurements are started at 2 N of force. Then, at 2 N increments, the pressure is 

increased until the current readings plateau and applying additional pressure no longer 

changes the electrical properties of the sample.  

The devices had very high resistances, so the best way to determine the resistance 

was to track the change in current of the sample as it is deformed by the SHIMPO 

tabletop tester. Using Ohm’s law (V=IR), a resistance for every sample at each step could 

be calculated. Current values were recorded at 2, 4, 6 etc. up to 20 newtons and converted 

to resistance. 

 
Figure 4-1 New testing set up with electrode on top and bottom of the sample, force 

is applied and distributed equally over the sample. 
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Figure 4-2 Sandwich structure for testing tactile sensors. Copper tabs allow alligator 

clips a better place to grip. Copper plate required sanding between tests to 
maintain a clean surface. 

4.4. Results of Electrical Resistance Testing 

In order to quantify the sample’s sensitivity, the change in resistance was 

compared to the initial resistance (at 2 N of pressure). This gives a ΔR/R graph (change 

in resistance divided by the resistance), also known as the sensitivity of the sample. 

Samples of various pore densities were studied in this experiment in order to determine if 

the porous structure of the tactile sensors would affect the samples ability to perform as a 

sensor. It is clear that the sensitivity drops as the porosity is increased, however, the drop 

is not very significant, and the samples are still sensitive enough to detect pressures up to 

16 N, though some were able to detect pressure accurately to 20 N.  

To quantify the data collected, the average resistance at each time step was taken. 

About 1 minute at each time step was collected, but only about 30s of data was used for 

to calculate the average at each time step. This average is divided by the average initial 

resistance. Equation 2 shows how this is achieved.  
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Figure 4-3 is an example of the typical resistances as pressure is applied. 

Represented here is a 4% CNT sample’s resistance is traced as the sample is put under 

load in 2 N increments (shown by the “jumps”). These jumps indicate where the machine 

was moving, the average was taken after the force was steady to make sure that data was 

accurate. In order to show the change in pressure, how much pressure being applied at the 

time that the resistance is measured.  

 
Figure 4-3 Typical resistance values while sample is under load. As pressure 

increases, resistance decreases. 
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Using the information produced by these graphs, the average resistance was 

compared to the initial resistance (at 2 N) and the change in resistance was plotted against 

the force. In Figure 4-4 the results of comparing different CNT concentrations is 

displayed. 2%, 3%, 4%, and 5% CNT concentrations were compared for performance.  

For these set of experiments, multiple samples of each type were measured, and their 

values averaged together to produce data like in Figure 4-4. 3-5 samples of each iteration 

of the experiment were used for testing. From these tests, researchers were able to 

conclude that the 5% CNT samples were the least sensitive while the 3% CNT samples 

had the highest sensitivity.  

This is due to the connectivity between the CNTs as the sample are compressed. 

When the concentration is higher, too much electricity flows through the CNTs when the 

sample is compressed, limiting the sensitivity. In the same manner, not having enough 

CNTs would not allow electricity to flow, making the lower CNT concentration samples 

too insulating to be sensitive. This was the case with the 1% samples which could not 

produce meaningful data on the pressure. For this reason, they are not represented in the 

figure. However, the 2%, 3% and 4% samples all showed sensitivity for pressures up to 

12 N.  
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Figure 4-4 CNT Concentration Study. Devices made with higher CNT concentrations 

(5%) and lower CNT concentrations (1%) Mid-range CNT concentrations 
displayed sensitivity between 2-12 N. 

After determining that there is a relationship between sensitivity and CNT 

concentration, the sensitivity at a specific pressure is compared for each iteration of the 

device. Samples were made using 1.0% CNTs, 1.5% CNTs, 2.0%, etc. up to 5% CNTs 

concentration. The results can be seen in Figure 4-5 where the average resistance at 6 N 

is plotted for each concentration of CNTs. The lower CNT concentration samples (below 

3%) had significantly higher resistances than those above 3.5% CNT. This “drop off” in 

the resistance (marked by the dotted line) marks a dramatic shift in the electrical 
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conductance of the PDMS/CNT sensors. At around 3% CNTs and lower, the CNTs are 

too dispersed to connect with each other when the sample is compressed. Alternatively, 

the samples with 5% CNTs had strong contact between the CNTs even when no pressure 

was applied, so they did not change resistance as much when the sample is compressed. 

The 3.5-4.5% CNT devices all had similar sensitivities. Since a goal of this project is to 

minimize material usage and costs, the 3.5% CNT sample using the least amount of 

materials is ideal.  

 
Figure 4-5 Average Resistance at 6 N for different CNT concentration samples. 

Samples made with less than 3% CNTs had very high resistances, samples made 
with 3.5-4.5% CNTs were considerably more conductive. Samples made with 5% 
CNTs had significantly lower resistances but were not very sensitive. A steep 
decrease in resistances between 3-3.5% CNT shows a critical mass for 
conductance. 
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4.5. Effects of Porosity on Sensitivity 

After determining that 3.5% CNT concentration was optimal, the effects of varying 

the porosity could be explored more fully. Adding CNTs makes PDMS sensitive but they 

also stiffens the PDMS. Samples were fabricated 60% porous samples, 70% porous 

samples, 80% porous samples, and as non-porous bulk samples. Based on previous 

research, the granulated sugar would provide the most consistent results, therefore 

sensors were fabricated using the granulated sugar. Similar to the CNT concentration 

study, samples were placed on the SHIMPO machine and compressed. The current was 

recorded and using ohm’s law, and again, the resistance was calculated.  

The results of this study are shown in Figure 4-6, where the average change in 

resistance is plotted against the initial resistance. Again, 3-5 samples were tested, and the 

average resistance of each sample was quantified.  

In this test, the solid samples showed the highest change in resistance, making them 

the most sensitive. The 60%, 70%, and 80% porous samples were progressively less 

sensitive the more porous they were, which signifies that by using a porous structure does 

sacrifice the sensitivity of a device to a degree. However, the difference is minimal, and 

the sensors were still able to detect pressures up to 16 N. 
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Figure 4-6 Average resistance of various porosity samples as pressure is applied. 

More porous devices were less sensitive, with 80% porosity showing irregular 
changes in resistance. 

These results are promising because adding pores to the structure of the sensors 

does not dramatically affect their sensitivity. The porous structure makes the sensor more 

ductile and easier to deform than the solid sensors. Additionally, the use of sugar as a 

scaffold means that less nanomaterials needed to produce samples (compared to the solid 

samples). This makes the porous sensors less expensive than their solid counterparts.  

Similar to how the CNT concentration study was done, the effects of adding pores 

was studied to compare sensitivity at a specific pressure. The average change in 

resistance at 10 N was compared for the four sample types; solid, 60%, 70%, and 80%. 

As the porosity increases, the average change in resistance decreases for each pressure 

step. The 80% porous sample had the lowest change in resistance compared to the 60% 
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and 70% sensors. 70% was less sensitive than 60%, and the solid samples had the largest 

change in resistance at 10 N. This can be seen in Figure 4-7. 

In these experiments, 80% porous samples experienced an average of 51% 

decrease in resistance at 10 N. The 70% porous sample experienced a 57% decrease in 

resistivity. At 6 N, the 60% porous sample experienced a 68% decrease in resistivity. 

Finally, the solid samples had the greatest change in resistance at 79% decrease. Because 

earlier studies showed that pore densities under 60% had separation during the curing 

process, lower pore densities were not studied for this set of experiments. The results of 

this test show that solid samples had were the most sensitive, however, the porous 

samples were not significantly less sensitive. Porous structures are still a viable option 

moving forward for tactile sensors.  

 
Figure 4-7 Average change in resistance at 10 N for different porosity samples. More 

porous samples were less sensitive 
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4.6. Discussion of CNT and Pore Concentration Study 

Using the data gathered in this set of tests, the optimal CNT concentration is 

determined. Samples starting with as low as 1% CNTs were tested and up to 

concentrations as high as 5% were tested to quantify their sensitivity. At either end of the 

spectrum, sample performance is limited and unreliable, however, the mid-range 

concentrations were optimal for tactile sensing.  

1% samples had the highest resistance because they are the most insulating (they 

have the least amount of CNTs). The small amount of CNTs leaves a large distance 

between CNTs in the composite. Even when the sample is compressed, the CNTs are not 

in close enough proximity for good electrical conductivity. This makes the change in 

resistance smaller, meaning samples are not very sensitive. 5% CNT samples experienced 

the opposite: they were so conductive because the CNTs already have good contact prior 

to compression. This makes the resistance very low. As the sensor is compressed, the 

amount of connected CNTs does not change much, so the device not only very stiff but 

also not very sensitive.  

The midrange concentrations of CNTs were sensitive enough to pick up a wider 

range of pressure. The 3.5% samples had a larger change in resistance than the lower 

CNT concentrations. This makes the 3.5% CNT sensors more sensitive than the <3.0%.  

Different pore densities were investigated in order to determine if there was a 

significant effect on the device’s functionality with a porous structure. 0, 60, 70, and 80% 

porous sensors were studied. A porous structure does slightly degrade the devices 

sensitivity; however, sensors were still capable of detecting pressures accurately.  
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The results of the CNT concentration results compare to the results found in 

several studies [1, 51, 59]. More than 10% CNT is almost never used, though 

concentrations usually are between 1-5%. On the other hand, [51] reported more 

sensitivity from their more porous samples. These devices were tested under both small 

and large strains, while the investigation of this thesis focuses on compressive loads for 

pressure sensors.  
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Chapter 5  

Energy Harvesters and Piezoelectric Nanocomposite Devices  

5.1. Development of Piezoelectric Nanocomposite  

In this chapter, ZnO and CNTs form the nanocomposite and functionalize the 

PDMS to a piezoelectric device. Piezoelectric devices made of ZnO, CNTs, and PDMS 

have been fabricated as thin films and bulk porous samples. The thin films were 

fabricated using a spin coating technique while the bulk porous samples were prepared 

using the same methods described in earlier sections. It is believed that a bulk sample 

would produce higher energy outputs than a thin film due to the increased distance that 

the material is able to deform. However, PDMS blocks are much stiffer than the thin 

films. To combat this, a porous structure is utilized to make samples more deformable. 

Porous structures, as discussed earlier, make the material softer and more pliable. This 

makes them more durable and flexible. Sensors made with porous structures are lighter 

and more flexible. Additionally, the porous structure reduces the physical number of 

nanomaterials needed to produce samples compared to solid bulk. This effectively 

reduces the costs associated with nanomaterials by making samples with up to 80% 

sugar.  

5.2. Fabrication of Thin Film Piezoelectric Device 

In this paper, both porous and thin film piezoelectric sensors and energy 

harvesters were fabricated. Samples were created using both a thin film technique and the 

scaffolding technique. For a thorough investigation, the three different types of sugar are 

used at various pore densities for optimal power output. These were compared to the thin 

film samples.  
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A few research papers have made piezoelectric devices using ZnO and CNTs [13, 

63, 64, 71]. In this set of experiments, thin film devices are fabricated using a common 

lab practice, spin coating. Many of these papers utilized mechanical mixing techniques, 

however we know that a better dispersion occurs when dispersion techniques are used. 

Therefore, for this project, thin film samples were produced using chloroform dispersion.   

In order to mix in the ZnO, it was mixed into the PDMS after the 

CNT/chloroform solution is added, but before all of the chloroform has evaporated out. 

Once all of the dissolvent is boiled out of the PDMS, the heat is turned off, but the stir 

bar is still used to keep stirring the nanocomposite (~60rpm). This keeps the ZnO and 

CNTs from settling as the PDMS cools off. The curing agent is added to the (cooled to 

room temperature) PDMS and mixed well by hand. The nanocomposite is then de-

bubbled in a vacuum (center, Figure 5-1).  

To achieve thin film piezoelectric devices, the uncured nanocomposite is spun 

onto a 2” × 3” glass slide at 500 rpm for 60 s and then speed is increased up to 1500 rpm 

for another 30 subsequent seconds. A second layer is applied and spun at the same 

parameters. After the second layer is spun, the device is cured on a hot plate for 

approximately 4 hours at 90°C. The resultant film can then be peeled off the slide, 

leaving a thin film around 0.1778 mm thick. Figure 5-2 shows the fabrication process of 

this type of sample. 
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Figure 5-1 Thin film sample in various stages of preparation. Left, CNTs, PDMS, 

ZnO and chloroform. Middle, CNTs, ZnO, and PDMS in de-bubbler. Right, thin 
film being cured. 

 
Figure 5-2 Fabrication flow of thin film samples. CNTs are ultrasonicated in 

chloroform for 30 minutes at room temp. CNT/chloroform suspension added to 
PDMS on hot plate. ZnO is mixed into composite. Composite is stirred with a 
magnetic stir bar until all the chloroform has evaporated. Composite is allowed to 
cool to room temp. Curing agent is mixed in and entire solution is degassed (~30 
minutes). Nanocomposite is poured over a glass slide and spun at 500 rpm for 60 
seconds and then 1500 rpm for an additional thirty seconds. Two coats are 
applied, and sample is finally cured on a hot plate at 90°C for 4 hours.  
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5.3. Fabrication of Porous Piezoelectric Devices  

Fabricating large, porous samples was the base for further research because these 

thin film devices are delicate, hard to peal, and not easily mass producible. Instead, a 

porous structure is proposed for scalability and ease of fabrication.  

Devices for this process were made using the mechanical mixing techniques from 

above. Originally thin film devices were not studied, and neither were the dispersion 

techniques. The devices were produced using the same simple methods described in [63]. 

However, instead of spin coating, samples were produced in bulk using the molds 

pictures earlier. Table 5-1 shows the amount of each ingredient that went into producing 

the piezoelectric foam devices. This table shows how the more porous sensors required 

less PDMS, less ZnO, and less CNTs than the solid devices.  

These foamed devices were made using the sugar scaffolding method described in 

earlier chapters. These pore structures are made from granulated sugar for the ease of 

fabrication and optimal mechanical properties, a decision based on the extensive research 

mentioned up to this point.  
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Table 5-1 Materials used in fabrication of porous samples. 
Porosity SOLID 60% 70% 80% 

CNT Concentration 2.5% 2.5% 2.5% 2.5% 

Total Materials (g) 40 40 40 40 

CNTs (g) 1 0.4 0.3 0.2 

ZnO (g) 4 1.6 1.2 0.8 

PDMS (g) 31.82 12.73 9.54 6.36 

Curing Agent (g) 3.18 1.27 0.95 0.64 

Chloroform (mL) 85 85 85 85 

Sugar (g) 0 24 28 32 
 

5.4. Dipole Alignment of Thin Film and Porous Devices 

In order to optimize the electrical output of devices, a strong electrical current is 

supplied to the device so that it can undergo dipole alignment. 
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5.4.1. Dipole Alignment Setup.The parameters that were chosen for dipole alignment 

on thin-film samples were 1.7 kV at 150°C for 12 hrs. The voltage was calculated using 

the thickness of the thin-film samples after they were peeled off the glass slide. The 

sample was then sandwiched between the copper plates with pure-nonfunctional PDMS 

cast over top as a dielectric layer, seen on the right of Figure 5-3. For foam samples that 

underwent dipole alignment, the middle photograph of the same figure shows the thicker 

rubber dielectric layer that was inserted between the copper plates (no pure-PDMS was 

cast on the copper for these samples). These samples were also poled at 150°C for 12 hrs 

similar to what was done in [22, 70, 71]. However, foam samples were significantly 

thicker than the thin film samples. As a result, the poling voltages that were tested were 

6, 8, and 12 kV.  

 
Figure 5-3 Parallel Capacitor Plate Set-up (CAD drawing, left; foamed sample set up, 

middle; thin film set-up, right). 
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5.4.2. Safety enclosure for dipole alignment. During the poling process, high voltages 

were used to align the dipoles of piezoelectric particles. Because this research is done in a 

public university in a lab frequented by non-lab personnel, a safety enclosure was created 

to keep high-voltage contained during the 12-48 hr. process of dipole alignment. This 

was done using a safety enclosure fabricated of insulating materials. The enclosure was 

large enough to cover the entire hot plate during poling. A simple box made of G-11 

garolite with acrylic windows served this purpose. 

 Figure 5-4 shows the device being used over the hot plate. This basic design kept 

unknowing passers-by from accidently electrocuting themselves. The lead wires for the 

power supply go into two holes drilled into the either side of the box. The hot wire and 

the ground wire each connect via alligator clips to one of two copper capacitor plates.  

  
Figure 5-4 Device under poling conditions. Here, a porous sample is being poled at 

150°C.  

5.5. Electrical and Mechanical Testing of Samples 

In order to determine the functionality of these devices, samples were repeatedly 

deformed while their electrical properties were evaluated. To achieve this, testing 
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apparatus were utilized. An amplifier magnifies the impulse data from a waveform 

generator. This is used to activate a shaker, which in turn moves the test stage up and 

down, effectively deforming the sample during testing. During this time, two electrodes 

connected to a data acquisition unit (DAQ) to collect electrical data and transmit it to the 

computer. Electrodes were placed on both the thin film and foam samples using adhesive 

copper tape. Due to the pores and lack of good contact, electrical tape was wrapped 

around the samples to make sure the electrodes stayed in place. Samples were repeatedly 

compressed, and their voltage recorded. This test set up is picture in Figure 5-5. 

 
Figure 5-5 Electrical testing system for foamed samples. 

The voltage from the device was forced through an electrical circuit. This circuit had 

a known resistance and the voltage across the resistor was collected. Then, using Ohm’s 

law, the current is calculated.  
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Voltages were read and recorded at two locations, one at the device itself and one 

across a resistor. Voltage readings were gathered from the sample to get the direct 

voltage produced and across the resistor the voltage drop is measured to calculate the 

current output of the device.  Figure 5-6 shows this electrical circuit and indicates where 

the measurements were taken during both testing set ups. 

At first, several resistors were tested in order to determine which would provide the 

most consistent reading for electrical testing. Since the resistance of the sample changes 

as the sensor is deformed, large external resistors must be chosen to counter the changing 

sensor’s piezoresistivity. Resistors at 1kΩ, 10kΩ, 100kΩ, and 1MΩ were chosen and 

ultimately, the largest size resistors, the 1MΩ resistors were used for testing.  
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Figure 5-6 Piezoelectric testing system, red circle indicate were measurements were 

taken during either test. For test 1 the voltage drop across the resistor during 
compression can be used to calculate current. In test 2, the voltage output of the 
device is directly measured.  

5.6. Thin film samples.  

In Figure 5-7, an aligned thin film sample is compared to a sample that was not 

poled.  The increased voltage output from the samples at 2 Hz is almost five times that of 

the unpoled samples, proving that dipole alignment could be achieved on thin film 

samples. The devices that underwent dipole alignment had a voltage output of 0.04V 

peak to peak (Vpp). The devices that did not undergo dipole alignment however only had 

a voltage output of 0.006 Vpp.  
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Figure 5-7 Voltage output of piezoelectric devices; left, 1.2 seconds, right, ~4 

seconds). 

Next, the sample’s ability to produce a current was assessed. This is done by 

measuring the voltage across the resistor, as seen in Figure 5-6, where the DAQ recorded 

the voltage drop over a known resistor to calculate current. The results of these tests are 

seen in Figure 5-8. Here, the current output of the poled sample is 1.8× that of the 

unpoled sample. This clearly indicates successful alignment of dipoles and an increase 

the piezoelectric output of thin film devices. These results compare to what was achieved 

by other research groups like Yang et al. [13] where  
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Figure 5-8 Current output of samples (6 second on left, 1.5 seconds on right). 

5.7. Bulk samples.  

When comparing the effects of dipole alignment on bulk samples, the increase in 

voltage output was not as successful as the thin film samples. All three different sugar 

samples, regardless of poling parameters, did not show the same significant increase in 

voltage output as poled vs. unpoled samples.  

Some sugar/porosity configurations produced higher voltages, but not 

consistently. An example of a good voltage increase can be seen in Figure 5-9. As stated 

though, these results were inconsistent and is directly the cause for the research teams to 
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peak voltage increases that were achievable with the bulk samples were with ultrafine, 

60% sugar devices which produced 1.5× more voltage. 

 
Figure 5-9 Ultrafine sugar, 60% porosity, poled vs. unpoled 

This decrease in poling effectiveness is likely due to the thickness of the bulk 

samples during the dipole alignment process. The high voltages necessary to bridge the 

10-12mm thick samples would cause dielectric breakdown in the nanocomposite. 

Therefore, voltages could not be set as high as what literature called for. To counter this, 

longer dipole alignment periods were tried. Samples were left for 12, 24, 48, and even 

once 72 hours to see if longer times would aid in alignment. All failed to provide the 10× 

increase in power output that was promised from the reading [18, 63]. Some however, did 

generate up to 1.8× the voltage output, although there was no change to current.   

For these reasons, foamed energy harvesters were only a semi-successful 
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devices that were fabricated in literature and when the thin film samples were poled at 

significantly lower voltages, the process was successful.  Devices had 5× the voltage 

output when poled. However, the bulk samples did not have the same success. Without a 

significant increase in current, the devices simply do not generate enough power to be 

used as energy harvesters. However, they still have applications as sensors.   
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Chapter 6  

Conclusions and Future Works 

6.1. Summary 

In this paper, PDMS is functionalized with CNTs and ZnO to form 

nanocomposites in different applications. In order to produce well-dispersed 

nanocomposites, samples were produced using mechanical mixing and dispersion agents. 

Using SEM inspection, samples were imaged to determine the effectiveness of these 

mixing methods. The chloroform dispersion achieved more uniform dispersion than 

mechanical mixing. Because of this, chloroform dispersion was used for fabrication of 

most devices.  

Next, porous samples were fabricated using different techniques. Ultimately, 

scaffolding with sugars was decided upon as the best method for producing porous 

devices. The sodium bicarbonate and the citric acid were both too dense and would sink 

to the bottom of the device before the device could cure, causing non-uniform pore 

distribution. While the layer of non-porous PDMS could be removed, this would alter the 

porosity of the sample. For this reason, the sugar samples that did not experience this 

separation layer (60%+ porosity) were the only ones considered for functionalization.  

Porous structures were explored in order to determine which would have the 

optimal mechanical properties. The optimal configurations was the granulated sugar, 70% 

porosity. These samples had the most reliable mechanical properties during testing, 

making them dependable as sensors and possibly energy harvesters. This consistency is 

paramount to the predictability of a device’s sensitivity; too much deviation in the 

Young’s modulus of the devices would lead to varying sensitives between samples or the 

same type and therefore inconsistent data device to device.  
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Pressure sensing devices made with CNTs and PDMS were fabricated using a 

granulated sugar scaffold. Devices were fabricated using 70% scaffolding material and 

various amounts of CNTs to determine which would have the best sensitivity. The 3.5% 

CNT devices achieved this by having the lowest amount of CNTs a high conductivity 

during deformation. To be sure, samples were also fabricated using 0% (solid), 60%, 

70% and 80% scaffolding material to see if porous structures effect sensitivity. As it 

were, the there is a slight reduction in the porous samples sensitivity, but they are still 

comparable. This means that despite this slight decrease in sensitivity, the cost reduction 

of materials by foaming devices is completely validated. Furthermore, the added ductility 

makes these devices applicable in situations where ergonomics or various stiffnesses 

could be beneficial. For example, in the bottom of a shoe for portable power or as 

subflooring in high-traffic areas to power lights.  

Dipole alignment was a semi-successful endeavor. Researchers and laboratory 

experiments proved that with proper dispersion of nanomaterials and poling parameters, 

the piezoelectric effect of the devices could be amplified in the thin film devices. 

However, the bulk samples could not achieve the same increase due to their thickness.  

6.2. Future Works 

There are several aspects of this project that, given time, would have been 

worthwhile to investigate. These projects would have provided useful information that 

would further develop the results.  

1.) During the compression of tactile sensors, the source meter and the SHIMPO 

machine could not communicate. Therefore, the pressure that was applied 

could not be recorded as the device was compressed. It was left to researchers 
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to look back on the source meter data and figure out what pressure was 

applied where. Therefore, samples had to be compressed at known intervals 

and pressures were superimposed over the change in resistance. Given time, a 

way to record both the actual pressure and the resistance at the same time 

would be beneficial for dynamic testing of pressure sensors in real-time. Real-

time data would allow researchers to put the device under a cyclic load and 

study attributes like how quickly the sample responds, if there is any 

hysteresis, or if the rate at which pressure is applied affects the sensitivity.  

2.) During the compression of tactile sensors, measurements began at 2 N to 

ensure a good connection between the foamed sample and the electrode. 

These devices had their most dramatic change in resistance between 2 and 4 

N. Since the change in resistance between step increments keeps decreasing as 

more pressure is applied, it can comfortably be assumed that the samples 

would be even more sensitive in the 0-2 N range. However, starting at 0 N 

would mean that the electrode is not making contact with the foam sample, 

creating an open circuit with infinite resistance. The exponential decrease in 

resistance as the circuit is closed made it impossible to plot data for 

sensitivities in both 0 N and the 2-16 N range at the same time. Therefore, 

starting at a smaller pressure, perhaps 0.1 N, and using smaller increments, 

would ensure full contact with the sensor while also providing most of the 

data from the highly sensitive 0-2 N range.  

3.) Given more time, the piezoelectric devices could be turned into energy 

harvesters. Unfortunately, due to time constraints, a further investigation of 
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foam piezoelectric dipole alignment was impossible. Given the time to 

explore dipole alignment further, more dependable piezoelectric devices could 

be produced. One thing that could possibly help is adding another dielectric 

layer to the poling device. When the bulk samples underwent dipole 

alignment, the foam and solid samples made direct contact with the copper 

plates, unlike with the thin film samples where a pure, non-conductive layer 

on PDMS was cast over the entire plate. This dielectric layer in the thin-film 

dipole alignment kept the system from shorting and causing dielectric 

breakdown. When the voltage was turned up on the bulk samples, this 

dielectric breakdown caused materials in the sample to carbonize and no 

longer function. Another suggestion is to try thinner bulk samples since 

thinner foam would require less voltage and possibly not cause dielectric 

breakdown. Data provided from these changes would further develop this 

project. If dipole alignment could consistently produce enough voltage for 

energy harvesting, the piezoelectric device could be used for more than just 

sensing. 

4.) During the assessment of the devices, the voltage at the piezoelectric device 

could not be measured at the same time as the voltage drop across the resistor. 

Instead, researchers had to assume that the voltage produced at either location 

was unchanged while measurements were taken at the other location. In the 

future, researchers should try to create a system that can measure and record 

both sets of data simultaneously. By collecting data from both places at the 

same time, testing time would be cut in half. Further, if the DAQ could collect 
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both sets of data at the same time, researchers wouldn’t need to assume the 

voltage remains unchanged during the two-part test.  

5.) Currently, the nanocomposites function as non-implantable pressure sensors 

using either piezoresistivity or piezoelectricity. If developed fully, 

piezoresistive sensors could be used in dexterous robotics for tactile sensing. 

This would be accomplished by arranging multiple sensors into an array or 

into a humanoid arrangement like the one in Figure 1-1.  

6.) The piezoelectric devices, once more developed could be used in energy 

harvesting applications. For example, harvesters on the bottom of shoes could 

charge a battery for portable power. Or, if the devices were scaled up, they 

could be used as subflooring in buildings. Foot traffic would cause 

deformations in the material and generate electricity. This would be especially 

useful in crowded places with heavy foot traffic like airports, stadiums, and 

malls. Long term, if these devices are developed fully, they could be used as 

bio-implantable energy harvesters and sensors for monitoring health and 

supplying power to implantable devices.  
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