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ABSTRACT

In this work, flexible carbonaceous nanocomposites are fabricated via microwave irradiation,
direct ink writing (DIW), and a porogen mixing method to develop multifunctional devices. A
thermoset elastomer (silicone rubber), carbon nanotubes (CNTSs), and carbon black (CB) are the
primary materials used for samples in this work. The effects of microwave-curing in comparison
to traditional thermal-curing of polydimethylsiloxane (PDMS) containing dispersed CNTs are
explored. Microwave-curing proves to enhance the electrical conductivity of the lowest conductive
loading of nanocomposites by almost 150 % due to CNT dispersion and alignment improvements.
In addition, the rapid curing procedure reduces the curing time by at least 96 %, lowers the
modulus, and unaffected the compressive piezoresistive sensitivity of the material. Ecoflex
silicone rubber is used to develop skin-attachable sensors for human motion detection. A DIW
method known as embedded 3D printing (e-3DP) is employed to fabricate these sensors and tailor
the sensitivity. Nanocomposite PDMS sponges are fabricated by mixing the prepolymer with sugar
or salt porogen. The sponge sensors demonstrate useful piezoresistive behavior and embedded
nanofiller for safe skin-attachable human motion detection. A nanocomposite PDMS sponge
material is also investigated as a reusable sorbent material for oil/water separation. The oleophilic,
hydrophobic, durability, and Joule heating properties of the sorbent sponge material are optimized
for use in a cutting-edge sorbent-based oil skimmer (SOS) that is developed for continuous
removal of oil spills. The SOS is a floating vessel containing a funnel-shaped sponge for
continuous and efficient gravity-driven extraction of oil from the water surface. The SOS is used
to extract fish tank-scale simulated oil spills. This work explores the rapid microwave-based
fabrication of carbonaceous elastomeric nanocomposites and develops strain sensing devices for

human motion monitoring and oil sorbents for the efficient removal of oil spills from water.
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CHAPTER 1: INTRODUCTION

1.1 Nanocomposite Development

Nanocomposite development typically includes incorporating nanomaterials into a matrix of
standard material to impart improved properties or multifunctionality such as semiconductivity. In
this work, polymer matrix nanocomposites were explored with a focus on carbonaceous
elastomeric nanocomposites consisting of a thermoset elastomer matrix (i.e., silicone rubber) and
carbon nanotubes (CNTSs) or carbon black (CB) as the nanofiller. Various fabrication methods
were used and developed in this work to decrease the fabrication time, enhance the dispersion
and/or alignment of the nanofiller for improved properties, and control the geometry of the
nanocomposites for innovative applications. The nanofiller played a vital role in both the
functionality of the fabricated samples and the rapid fabrication methods. In this section, a relevant

background of nanocomposites is provided.

1.1.1 Conductive Nanocomposites

Electrically conductive nanoparticles have been widely used in recent years as fillers in polymers
to create conductive nanocomposites with versatile behavior for a wide variety of applications.
Commonly used conductive nanoparticles including silver nanowires [1], gold nanowires [2],
graphene [3], CB [4], carbon nanofibers [5-7], and CNTs [8-10] are typically either dispersed
within a polymer matrix or attached to a substrate to fabricate nanocomposites with a wide variety
of functions. Of these electrically conductive nanoparticles, CNTs have received widespread

attention for their impressive properties. Many different polymers have been used as matrix
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materials with dispersed CNTs to fabricate nanocomposites with improved mechanical [11],
thermal [12], and electrical properties [13, 14]. Notably, CNTs have been utilized for many sensing
applications including strain sensors [8], pressure sensors [15], gas sensors [16], and temperature
sensors [17]. When CNTSs are dispersed within a polymer matrix, the quality of dispersion and
alignment have a substantial impact on the properties that they endow, including the sensing
performance of the nanocomposites. Thus, substantial attention has been placed on improving the
dispersion or controlling the alignment of these high aspect ratio nanoparticles to enhance the

material properties or the functionality of the fabricated nanocomposite.

1.1.2 CNT Alignment

Due to the high-aspect-ratio of CNTs and their propensity to be dominated by van der Waals forces
to form agglomerates, extensive consideration must be placed on achieving successful dispersion
and controlling the relative alignment of the nanofiller. Different methods such as shear mixing,
solvent-based ultrasonication, and chemical functionalization have been used to produce high-
quality CNT dispersion in polymeric matrices [18]. In-situ alignment techniques include methods
to achieve CNT alignment during the growing process, while ex-situ alignment techniques are
implemented during the integration process of the CNTs [19]. Ex-situ alignment techniques
include the use of electric fields [20, 21], magnetic fields [22], surface forces [23], acoustic waves
[24], mechanical stretching [25, 26], and extrusion-based methods such as three-dimensional (3D)
printing [27]. These techniques have proved useful to improve the CNT alignment in a chosen
direction, often significantly enhancing the key material properties of the nanocomposite in the

aligned direction of the heterogeneous microstructures [28].



1.1.3 Microwave-curing CNT Nanocomposites

Microwave-curing has emerged in recent years as an efficient method to cure composite laminates
[29-31], thermoset resins [32], and has been proven beneficial in curing CNT doped epoxies with
significantly reduced curing times and energy consumptions [33]. Due to their high microwave
absorption performance, carbonaceous nanoparticles can be easily heated via microwave
irradiation [34]. When exposed to microwave energy, CNTs experience significant heating effects
that, when dispersed well within an uncured thermoset matrix, transfer localized heat to the matrix
material inducing rapid polymerization of the nanocomposite. The mechanisms involved with
microwave-induced heating of CNTs are not fully understood; however, the current explanation
includes the CNTSs transferring electromagnetic energy to mechanical vibrations and impurities in

the nanoparticles producing Joule heating when subject to microwave irradiation [35, 36].

Notably, Chang et al. reported that microwave-curing of CNT-based epoxies resulted in alignment
in some direction, shown by observing the significant difference in CNT pullout on two vertical
fractures of their microwave-cured nanocomposites, compared to no differences seen in their
thermally-cured samples [37]. In addition to CNT alignment induced by microwave irradiation,
rapid polymerization via microwave-curing decreased the settlement effect of the CNTs improving
the resulting dispersion within the cured nanocomposite. Both dispersion and CNT alignment play
a vital role in the key material properties of nanocomposites. Therefore, it is essential to examine
the effects of microwave-curing these materials. Several efforts have focused on improving the
conductivity of one-dimensional carbon nanoparticle-enhanced nanocomposites including adding
secondary conductive nanofillers such as CB [38], melt annealing of carbon nanofiber-based
thermoplastic nanocomposites [39], and investigating the impact of CNT waviness [40], aspect

ratio [41, 42], and agglomerate content [41, 43] on electrical conductivity. Also, many studies have



investigated rapid microwave-curing CNT-based epoxy nanocomposites and investigated the
effects on the mechanical properties of the fully cured samples [33, 37, 44-47]. While these studies
have proven useful, not enough work has been done to explore the influence of rapid microwave-
curing of nanocomposites containing dispersed CNTs on the materials’ electrical conductivities

and the impact on mechanical and piezoresistive properties of flexible nanocomposites.

1.1.4 Embedded 3D Printing

Recently, Muth et al. developed a well-known manufacturing process known as embedded 3D
printing (e-3DP) where a conductive carbon grease was printed via direct ink writing (DIW) into
an Ecoflex resin bath with modified rheology to fabricate highly stretchable piezoresistive strain
sensors [48]. Robocasting, or DIW, is an extrusion-based additive manufacturing technique where
a paste-like material is extruded from a reservoir through a nozzle. Due to shear forces applied in
the nozzle during DIW, high aspect ratio nanoparticles may be aligned along the printing direction,
resulting in tailorable microstructures in 3D printed nanocomposites for enhanced sensor
performance [49]. Although Muth et al. reported a relatively high sensitivity, the liquid sensing
element produced sensors less than ideal for repeated long-term use as the sample must be
punctured to be used as a piezoresistive sensor. With this method, the sensing element would not
be suitable for long-term sensing use. Therefore, it was necessary to investigate the e-3DP method

to fabricate fully cured nanocomposite sensors in this work.

1.1.5 Nanocomposite Sponges

Introducing porosity in flexible nanocomposites has received considerable attention due to having
many facile fabrication methods, the ability to enhance compressibility and sensitivity of the
sensors, and increasing the usability for several applications [50, 51]. Sponges have been

fabricated from several different materials to develop highly compressible nanocomposite sensors
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and oil sorbents for oil/water separation. Often, the multifunctionality or enhanced performance of
the flexible sponges was introduced through the dispersion of nanoparticles within a flexible
matrix or attaching nanoparticles to the pore walls. Some of the most common nanocomposite
sponge fabrication techniques include dip-coating a neat polymer sponge in a suspension of
dispersed conductive nanoparticles [52-54], using a sugar templating method where a sugar cube
is infiltrated with resin and used as a sacrificial porogen [5, 53, 55, 56], and mixing salt or sugar
porogen with the nanocomposite prepolymer before curing [57, 58]. In this work, nanocomposite
PDMS sponges were fabricated via mixing a nanocomposite prepolymer with a porogen.
Nanofiller was embedded in the sponge matrix to avoid nanoparticle detachment that may degrade
the long-term performance of the nanocomposite, endanger the user of the human motion detecting

sensor, or contaminate the environment or extracted oil during oil spill cleanup applications.

1.2 Flexible Nanocomposite Devices

Nanocomposites are often investigated for their multifunctionality as their unique properties allow
the material to perform many different applications. Smart materials, also called responsive or
intelligent materials, are materials that have properties that change in response to external stimuli.
Carbonaceous nanocomposites typically exhibit semiconductive behavior that can be easily
measured, recorded, and utilized for multifunctionality. Flexible semiconductive materials have
often been utilized as smart materials including piezoresistive sensing behavior such that the
measured resistance of the material changes due to applied stress or strain. Semiconductivity also
allows the materials to be heated with an applied electrical current known as resistive heating
(Joule heating) that can be utilized for various applications including oil spill absorption. Herein,
an appropriate background of flexible carbonaceous nanocomposite devices is discussed.
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1.2.1 Piezoresistive Sensors

Flexible electrically conductive nanocomposite sensors have recently received wide interest in
several fields including biomechanics [59], biomedical and prosthetic devices [60-63], soft
robotics [64, 65], electromagnetic shielding [66], structural health monitoring [67, 68], and
wearable sensors and electronics [8, 49, 69]. Wearable nanocomposite sensors typically have a
significantly increased stretchability and sensing range often beyond 100 % strain, while
traditional metal strain gauges are only able to measure up to 5 % strain [70]. Three sensing
mechanisms are typically demonstrated by flexible sensors including capacitive [71], piezoelectric
[72], and piezoresistive effects [73]. Piezoresistivity is more commonly implemented when
developing these sensors due to facile signal collection and fabrication [74, 75]. Piezoresistivity
sensitivity is measured as the change in resistance of the semiconductive material due to an applied
deformation. Highly flexible piezoresistive compression or pressure sensors typically decrease
resistance during applied compressive strain due to a decrease in contact resistance made with the
electrode, geometric changes of the sensor increasing current flow through the semiconductor, and
conductive nanoparticles moving closer together to form new conductive networks. Flexible
piezoresistive tensile strain sensors typically increase resistance when stretched in tension due to
geometric changes of the semiconductive material and the conductive nanofiller moving further
apart. Piezoresistive sensors often require the use of electrically conductive nanoparticles that are
well-dispersed or aligned within a polymer matrix to form a conductive network that can deform
under applied loads and change the electrical resistance of the nanocomposite. Piezoresistive
sensors have been used for broad applications including pressure sensor arrays [6, 75, 76], large
human motion detecting devices [8, 77], and highly sensitive voice recognition and pulse

measurement sensors [78].



Novel manufacturing methods have been developed in recent years to fabricate and tailor the
properties of these nanocomposite sensors to obtain enhanced electrical conductivity, sensitivity,
and compressibility. For example, the conductivity of CNT-based nanocomposites has been
enhanced through CNT alignment techniques [28, 79, 80], the addition of secondary conductive
filler materials [38, 81], and efforts to determine the effects of various CNT structures and
dispersion states on the electrical properties of nanocomposites [13, 40, 82]. Additionally, several
studies have increased the sensitivity of these sensors through advanced manufacturing techniques
to initiate cracks [83, 84], wrinkle conductive microstructures [85], overlap CNT structures [86],
and implement SiO> microparticles to break apart conductive networks [87]. Increasing the
compressibility of these sensors has been accomplished by different methods to initiate porosity
in the nanocomposite including utilizing commercially available sponge materials [88, 89] and a
commonly used sugar templating fabrication process [5, 90]. While these manufacturing
techniques have proven to be successful in improving the conductivity, sensitivity, and
compressibility of piezoresistive sensors, the manufacturing methods are usually time-consuming,
high-cost, and difficult to scale. Therefore, there remains much work to be done to develop
manufacturing methods to enhance the performance of these semiconductive nanocomposites
while keeping the fabrication process simple, fast, low-cost, and scalable. In this work,
piezoresistive sensors fabricated via microwave-curing, e-3DP, and a simple sponge
manufacturing technique were developed to investigate the potential benefits of these rapid

fabrication methods.

1.2.2 Skin-attachable Sensors
Wearable sensors and smart devices have been developed for various applications including

guantification of biochemical profiles of athletes, rehabilitation of elderly patients,



electromechanical detection of small physiological body movements such as blood flow, and
human motion monitoring [91-94]. Wearable strain sensors have been developed to produce
signals dependent on the tensile or compressive strain applied to the sensor [95-101]. One of the
key challenges in wearable sensors is the ability to combine the desired sensing functionality with
a satisfactory degree of integration with the body. Human motion sensors are often attached to the
skin which requires the devices to be safe, flexible, and conform well to the body to avoid slippage
and ensure functionality [65, 100, 102-104]. Silicone rubbers such as PDMS and Ecoflex are often
used as either a polymer matrix or substrate material for these highly flexible devices [65, 83, 102-
107]. Notably, the commonly used Sylgard 184 PDMS has a high Young’s modulus between 0.4
MPa — 3.5 MPa [108] which prevents comfortable and reliable adhesion with skin [65]. In contrast,
Ecoflex has a low elastic modulus typically between 100 kPa — 125 kPa [65, 109, 110], which is
more appropriate for skin-attachable strain sensing applications. Recently, multiple skin-
attachable and ultrastretchable strain sensors have been developed by dispersing conductive
nanoparticles in an Ecoflex matrix and coating Ecoflex substrates with conductive surfaces such
as gold nanosheets or graphite thin films [83, 103, 111, 112]. These sensors utilized the highly
stretchable nature of Ecoflex and their selected conductive material to produce nanocomposites
capable of detecting strain applied to the material through either piezoresistive or capacitive effects
[113]. While these studies demonstrated manufacturing methods to fabricate durable sensors with
impressive stretchability, the strain sensors usually suffered from low sensitivity and little to no
ability to control the microstructure during manufacturing. Notably, several studies have used
models and experimental results to prove that CNT alignment in the strain sensing direction
enhanced piezoresistive sensitivity [114-116]. The e-3DP method was used in this work to

fabricate skin-attachable piezoresistive sensors with beneficial CNT alignment.



1.2.3 Piezoresistive Sponges Sensors

Sponges made of PDMS have received significant attention for their biocompatibility and wide
functionality including triboelectric generators [117], oil/water separation [118], and
piezoresistive sensors [119]. Piezoresistive PDMS sponges have been widely developed for
applications including detecting speaking, breathing, and large human motions [119]. Often these
sensors were applied to the skin of a user which required the sensor to be safe for the individual to
have in close contact despite being functionalized by nanoparticles like CNTSs that are believed to
be detrimental to human health [120]. Piezoresistive sponges with nanoparticles on the walls of
the sensor have a high likelihood of nanoparticle detachment under dynamic loading which could
prove to be dangerous for the user and likely detrimental to the durability of the sensor [53]. In
contrast, when nanoparticles are embedded within the PDMS matrix, there is a significantly lower
likelihood of nanoparticle detachment from the sensor during use, thus the sensor can be safely

applied on the skin of a user for several sensing applications.

Many studies that involved manufacturing PDMS sponges mentioned removing sacrificial
porogen like salt or sugar was a difficult and time-consuming process. Several researchers in the
field do not report the required time to remove the porogen, while some mention soaking their
samples in warm water or a solvent for many hours or days. Much work is needed to be done to
develop simple and low-cost fabrication methods to reduce time requirements to manufacture
flexible highly porous nanocomposites. To solve these problems, researchers can look to
implement fabrication techniques that utilize the functionality of the nanomaterials to rapidly
fabricate or enhance the nanocomposite. In this work, nanocomposite PDMS sponges were rapidly

fabricated via mixing the prepolymer with porogen before curing and utilizing a novel microwave-



based porogen removal method. The sponges were investigated for both their piezoresistive

functionality for human motion detection and sorbent properties for oil spill cleanup applications.

1.2.4 Oil Spills and Sorbents

Due to the massive amount of exploration, storage, and transportation of oils and organic solvents,
accidental spills in bodies of water remain a global challenge. While the yearly number of oil spills
has reduced significantly in recent years [121], the technologies used to clean up oil spills have
not significantly improved. Chemical dispersants and in-situ burning methods have been widely
used to manage oil spills, however, these methods have contributed to additional environmental
problems and increased health risks for the workers involved [122, 123]. Mechanical methods used
for removing oil spills from the water include booms to corral the oil, skimmers to extract the
congregated oil slicks, and sorbent materials to soak up thin oil sheens. To extract oil from water,
traditional oil skimmers require energy input to rotate a typically oleophilic media (belts, discs,
drums, tubes, etc.) through the oil layer to transfer the oil to a collection chamber where it can be
extracted with a pump. This energy-consuming oil/water separation mechanism makes traditional
oil skimmers difficult to deploy, scale up, and are highly inefficient for extracting thin oil layers
from water [124]. Sorbent materials in sheet form are often deployed by hand to absorb and
separate thin oil sheens from water. Most sorbents used in the industry today are single-use and
account for significant solid waste that often far outweighs the liquid waste of the oil spill itself,
with ratios as high as 400:1 [125]. This problem has made reusable and high sorption capacity

sorbent materials a prominent field of research today.

Several researchers in the field have focused on modifying the surface of highly porous substrates
to improve the hydrophobic and oleophilic properties of sorbent materials [126]. Desired

characteristics of state-of-the-art oil/water separation materials include lightweight with high oil
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sorption capacities, super-hydrophobicity, durability, reusability, low-cost, and facile fabrication
[127]. Advanced sorbent materials have also been developed to include unique functionalities
including resistance to ultrahigh temperatures for in-situ oil burn-off from the sorbent [128],
magnetism to facilitate sorbent recovery via magnets [129, 130], and stimuli-responses such as
Joule heating and photothermal effect for viscous oil absorption [131-133]. Joule heating a
semiconductive sorbent material is arguably the most applicable and versatile of these advanced
sorbent features to heat and lower the viscosity of nearby oils to facilitate rapid absorption of
highly viscous pollutants. However, little work has been done to scale up these state-of-the-art

sorbent materials by utilizing low-cost materials and facile fabrication methods.

The most promising sorbent-based technologies to reduce the amount of manual labor required
and solid waste produced from oil spill cleanup includes oil collecting vessels and oil extraction
devices [127]. The goal of these devices is to utilize the properties of the sorbent materials to
collect the oil in a container or continuously extract the oil. The simplest of these devices includes
placing a tube into the center of a sorbent, such as an oleophilic and hydrophobic sponge, and
pumping to continuously extract the oil through the sorbent [134-136]. However, the oil extraction
rate is extremely slow using this technique and often results in some water extracted through the
sponge [137]. Vessel-type oil collectors utilize a sorbent material and gravity (or an external force)
to fill an oil collection chamber or vessel [138-141]. A few studies have demonstrated the ability
to remove oil collected in these sorbent-based devices with a pump for brief small-scale
demonstrations [142-144]. However, to the best of the author’s knowledge, no previous study has
developed a fully reusable floating vessel-type device with continuous oil extraction capabilities.
In this work, a novel device consisting of a funnel-shaped sponge with Joule heating sorption

functionality in a floating vessel was developed and tested as a gravity-driven oil skimmer.
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1.3 Scope of Work

The primary focus of this work was to explore the rapid fabrication of flexible carbonaceous
nanocomposite devices for large strain sensing and oil spill cleanup applications. The material
makeup of the fabricated samples and devices in this work remained consistent throughout
including silicone rubber and dispersed carbonaceous nanoparticles. The rapid microwave-curing
of PDMS containing dispersed CNTs was deeply investigated. Skin-attachable nanocomposite
sensors for human motion monitoring were explored. Lastly, a novel gravity-driven oil skimmer
consisting of a reusable funnel-shaped sponge and a floating vessel was developed to continuously
extract oil from the water surface. This work has significance in the fields of elastomeric
nanocomposites, rapid curing thermoset resins, additive manufacturing, highly flexible sensors,

and oil spill cleanup technologies.

1.4 Objectives

The three main research objectives of this work are as follows:
I.  Investigate the effects of rapid microwave-curing thermoset elastomer nanocomposites
containing dispersed CNTs compared to traditional thermal-curing.
Il.  Fabricate and test highly flexible skin-attachable piezoresistive sensors that are safe for
users and perform well for human motion detection.
1. Develop a novel funnel-shaped floating vessel oil skimmer with Joule heating sorption

functionality for highly efficient oil spill cleanup applications.
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CHAPTER 2: MICROWAVE-CURING NANOCOMPOSITES

2.1 Introduction

2.1.1 Motivation

The microwave-curing studies in this work were initiated after reading literature that CNTs
superheat under microwave irradiation and have been dispersed in epoxy resins to reduce the time
required to harden the resin via microwave-curing. However, no previous study had investigated
microwave-curing a thermoset elastomer nanocomposite ink containing dispersed CNTs. Rapid
curing may be useful for thermoset DIW 3D printing, thus investigating the rapid microwave-
curing of a CNT-based silicone rubber nanocomposite aligned with my interests in additive
manufacturing. Additionally, our lab observed that thermosets containing low-loadings of CNTs
required extremely long curing times in the oven. Microwave-curing was thought to potentially be
a solution to this problem and could help increase the rate of production in the future mass
manufacturing of these materials. Therefore, studying the microwave-curing of CNT-based
elastomeric nanocomposites was determined to be a valuable pursuit. The work in this chapter has

resulted in two journal publications on microwave-curing PDMS nanocomposites [145, 146].

2.1.2 Background

In this study, the microwave-curing effects on the electrical, mechanical, and piezoresistive
properties of PDMS nanocomposites containing dispersed multi-walled CNTs were investigated.
Cylindrical nanocomposites were fabricated using both microwave-curing and thermal-curing

methods. During the microwave-curing procedure, temperature measurements were taken between
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each pulse of the microwave to investigate the rate of temperature increase. Their mechanical,
electrical, and piezoresistive properties were compared. The quality of CNT dispersion within the
nanocomposites was investigated with a scanning electron microscope (SEM). Cyclic compressive
tests were conducted to determine the effects of the curing process on the materials’ compressive
moduli. The piezoresistive sensing responses of the nanocomposites cured with each curing
method were compared by testing the samples under cyclic loads up to 20 % compressive strain.
Next, the lowest conductive CNT loading was selected to investigate the potential for microwave-
curing parameters to further enhance the electrical conductivity of the nanocomposites. After the
optimal microwave parameters were established for curing the lowest loading conductive material,
a final conductivity comparison was made with the thermal-curing method again to quantify the
improvement of electrical conductivity made from the microwave-curing optimization process.
The piezoresistive behaviors of the 1 wt% microwave-cured sensors were fully characterized
through a series of cyclic tests with various strain rates, long-term sensing durability tests, and
viscoelastic creep tests. Lastly, the developed nanocomposite sensors were demonstrated as

wearable sensor arrays for human motion detection.

2.2 Experimental Methods

2.2.1 Materials

All materials were used as received from the suppliers unless otherwise stated. The tetrahydrofuran
(THF) used for the solvent-based nanoparticle dispersion method was purchased from Sigma-
Aldrich. The Sylgard 184 PDMS kit is a two-part PDMS including the base elastomer (part A) and
curing agent (part B) which was purchased from Dow Corning. The multi-walled CNTs were
purchased from Sigma-Aldrich and had a diameter between 50 — 90 nm and aspect ratios > 100.
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2.2.2 Nanoparticle Dispersion

To sufficiently disperse the conductive nanoparticles throughout the elastomeric matrix, a solvent-
based ultrasonication method was used. First, a predetermined amount of CNTs were mixed in 30
mL of THF with a magnetic stir bar at 350 rpm for 5 min to wet the nanoparticles. Then the
CNT/THF mixture was sonicated with a 750-watt probe tip sonicator for 10 min to break apart the
CNT agglomerates. Concurrently, a predetermined amount of the PDMS part A and 20 mL of THF
were mixed with a magnetic stir bar at 350 rpm for 3 min to fully dissolve the base elastomer and
lower the viscosity to allow for successful nanoparticle dispersion. Next, the CNT/THF mixture
was added to the PDMS/THF solution and mixed with a stir bar at 350 rpm for 5 min. This mixture
was sonicated for 30 min to successfully disperse the CNTs within the PDMS part A. Then the
PDMS/CNT/THF mixture was mixed with a magnetic stir bar at 350 rpm on a 70 °C hot plate to
evaporate most of the THF. Once the stir bar was no longer able to rotate due to the decreased
amount of THF and high viscosity of the nanocomposite resin, the stir bar was removed, and the
mixture was placed in a vacuum oven at 70 °C overnight to completely remove residual THF. Each
batch of material prepared resulted in 15 g of PDMS/CNT resin including only the PDMS part A

and dispersed CNTSs.

2.2.3 Nanocomposite Sample Fabrication

The cylindrical microwave-cured PDMS/CNT (m-PDMS/CNT) and thermally-cured PDMS/CNT
(t-PDMS/CNT) samples were fabricated using the method described in the schematic shown in
Figure 2.1. To compare the compressive moduli, electrical conductivities, and piezoresistive
sensitivities of nanocomposites fabricated with the microwave-curing method and thermal-curing
of the PDMS/CNT nanocomposites, five batches of material with CNT loadings between 0.5 wt%

- 2.5 wt% were prepared. Each batch of material was used to fabricate four t-PDMS/CNT and four

15



m-PDMS/CNT samples. After the CNTs were dispersed in the PDMS base elastomer using the
solvent-based dispersion method described above, the PDMS/CNT was removed from the oven
and allowed to cool to room temperature before adding the PDMS part B to the nanocomposite at
a 1:10 curing agent to base polymer ratio. The curing agent was thoroughly hand-mixed into the
nanocomposite resin for 5 min and then degassed in a vacuum chamber for 1 h to remove air
bubbles. Then the nanocomposite prepolymer was loaded into a 3 mL syringe either through the
open tip of the syringe with the plunger for lower viscosity resins, or the plunger was removed,

and the higher viscosity resins were loaded in the larger back opening of the syringe.

To fabricate m-PDMS/CNT, a cylindrical glass mold (diameter = 11 mm, height = 9 mm) was
filled with the PDMS/CNT prepolymer using the syringe, then the top surface was smoothed with
a straight edge. The uncured nanocomposite resin in the glass mold was placed in the center of an
unmodified 2.2 cubic feet General Electric 1200-watt microwave (inverter type) and rapidly cured
via microwave irradiation. The microwave was run at 20 % power and pulsed on for a variable
amount of time depending on the CNT loading and pulsed off for 10 s to take temperature readings
with a Fluke Ti25 Thermal Imager. The number of pulse cycles and on time per cycle to fabricate
the m-PDMS/CNT samples for 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt% loadings of the
nanocomposite were 4 pulses of 120 s, 3 pulses of 30 s, 3 pulses of 25 s, 3 pulses of 20 s, and 4
pulses of 15 s, respectively (Table 2.1). Many of the samples experienced a small amount of
deformation above the top surface of the mold due to thermal shock. Therefore, the expanded top
surface of each microwave-cured sample was removed with a razor blade to create a flat surface
to facilitate material property characterization tests and expose the embedded CNTs for SEM

imaging.
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Table 2.1: Microwave-curing parameters used for various loadings of PDMS/CNT.

CNT (wt%) | Microwave power (%) | Number of pulses | Time on (S) Time off ()
0.5 20 4 120 10
1 20 3 30 10
1.5 20 3 25 10
2 20 3 20 10
2.5 20 4 15 10

To compare microwave-curing and thermal-curing of the nanocomposites, an aluminum mold was
manufactured with a CNC milling machine to approximately the same size and shape as the glass
mold used for microwave-curing. During the mold loading procedure, one loaded syringe was used
to fill one glass mold and one aluminum mold with PDMS/CNT prepolymer, alternating the order
to ensure a fair comparison. The aluminum mold containing all four samples was placed in a 150
°C oven right before beginning to fabricate the m-PDMS/CNT samples one at a time. The oven
curing times for the t-PDMS/CNT samples with 0.5 wt%, 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt%

CNT loadings were 30 min, 1 h, 3 h, 5 h, and 7 h respectively.
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Figure 2.1: Schematic illustration of the sample fabrication method for m-PDMS/CNT and t-
PDMS/CNT.

2.2.4 Porosity Measurements and SEM Imaging

Microwave-cured nanocomposites containing CNT concentrations of 1 wt% and 2.5 wt% were
imaged via SEM. A Zeiss Neon EsB SEM was used to study CNT dispersion and pores that
remained in the nanocomposites. The topography of the bottom surface of 1 wt% m-PDMS/CNT

and 1 wt% t-PDMS/CNT were imaged to characterize the surface impact of the glass and
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aluminum molds. All the samples were sputter-coated before SEM imaging with about 5 nm of
AuPd to reduce potential charging effects and aid in imaging. The volume of each sample was
determined by measuring the diameter and height of each cylindrical sample with a caliper and
micrometer. The mass of each sample was measured with a digital scale then the porosity of each

sample was calculated with these measurements.

2.2.5 Key Properties Comparison of Curing Methods

The resistance of each sample was first measured using an Instron 3345 single column mechanical
testing machine and an Agilent 34401a multimeter. Each sample was placed in between two copper
plates soldered to wires connected to the multimeter, and a 2 N load was applied in compression
to ensure complete contact with the nanocomposite sample. The resistance was averaged over 1
min after the measurement had adequately stabilized. Next, a layer of silver epoxy and the copper
tape was applied to each flat surface of the nanocomposite samples and allowed to harden. The
resistance of the sample excluding the contact resistance between two copper plates was measured
by clamping both extended ends of the copper tape to the multimeter and waiting for the resistance
measurement to stabilize before averaging over 1 min. The reported contact resistance was the first
measured resistance between the copper plates subtracted by the second measured resistance using
the attached silver epoxy and copper tape. The conductivity of each sample was calculated from

the resistance measured with the silver epoxy and copper tape.

The compressive moduli of the nanocomposites manufactured by the two curing methods were
tested under compressive loads up to a maximum strain of 10 % for 20 cycles. Next, the
piezoresistive sensing responses of both microwave-cured and thermally-cured nanocomposites
with 1 wt% CNTs were tested under cyclic compressive loads on the Instron machine.

Nanocomposite samples were tested for 20 cycles with a crosshead speed of 2 mm/min at each
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maximum strain of 3 %, 5 %, 10 %, 15 %, and 20 % to evaluate their sensitivity by calculating the
gauge factor at certain applied strains. Electrical resistance variation was continuously recorded

during all the cyclic tests.

2.2.6 Microwave-Curing Optimization for Conductivity Enhancement

To investigate the optimal microwave settings for producing the highest conductivity m-
PDMS/CNT samples with a 1 wt% CNT loading, two studies were performed varying the number
of pulse cycles and the power of the microwave used to cure the samples. For each study, one
batch of 1 wt% PDMS/CNT resin was prepared, as this was the lowest conductive loading of

material found during the initial curing method comparison.

The pulse study was performed using a constant microwave power of 50 % and 10 s off was
allowed between each pulse on to take temperature measurements. After filling three glass molds
with uncured PDMS/CNT prepolymer, the m-PDMS/CNT samples were cured for 8 pulses of 5 s,
3 pulses of 10 s, and 1 pulse (one-step) of 20 s. This process was repeated four times producing a

total of 12 samples with about 15 min between the fabrication of each set of samples.

The power study was completed using one-step microwave irradiation at microwave powers of 20
%, 50 %, and 80 %. Again, 12 total samples were prepared including one sample per power level
in each set of samples and about 15 min between the fabrication of each set. Each sample from
both the pulse study and power study was tested for their conductivity using silver epoxy and

copper tape applied to both flat ends of the cylindrical nanocomposites.

To determine the maximum increase of conductivity using the optimal microwave-curing settings
for the lowest conductive loading of PDMS/CNT, one batch of 1 wt% PDMS/CNT was prepared.

The optimal microwave power and pulse settings (one-step at 50 % power) were used to cure four
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samples of m-PDMS/CNT while simultaneously curing four t-PDMS/CNT samples in the oven at
150 °C for 1 h. During the loading procedure into the molds, one loaded syringe was used to fill
one glass mold and one aluminum mold alternating the order for each set of samples. The
conductivity of each prepared sample was measured using the two-probe method with silver epoxy

and copper tape electrodes applied on both flat ends of the nanocomposites.

2.2.7 Characterization of Piezoresistive Sensor Properties

Detailed characterization on the piezoresistive sensing function of the microwave-cured
nanocomposites with 1 wt% CNTs was performed through additional cyclic tests. These tests
included investigating various strain rates, long-term durability tests up to 800 cycles, and
viscoelastic creep tests to fully characterize the performance of the developed sensors under
various load conditions. First, the nanocomposite sensors were compressed for 20 cycles of 10 %
maximum strain and various strain rates including 5 %/min, 10 %/min, 25 %/min, 50 %/min, 100
%/min, and 200 %/min. Next, the piezoresistive sensors were tested up to 800 cycles of 10 %
maximum strain to evaluate its sensing durability and examine any relative electrical resistance
drift that could impede long-term usage. In addition, the nanocomposite sensor was held at a 10 %
compressive strain for 2 h to observe its creep behavior. The electrical resistance of each sample

was continuously recorded during all the above-mentioned piezoresistive tests.

2.2.8 Demonstration as Wearable Sensors

The microwave-cured nanocomposite sensors were tested for wearable sensor applications. New
sensors were manufactured and both top and bottom surfaces of the sensors were sputter-coated
with AuPd to ensure good contact with the electrodes made from copper tape. The microwave-
cured nanocomposites with 1 wt% CNTs were attached to socks and gloves to test the sensor’s

viability for detecting pressures during common human movements. The electrical resistance was
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recorded throughout each test with the Agilent multimeter mentioned above. A pressure sensor
array was placed on the heel and sesamoid bone of the right foot by gluing one end of the copper
tape attached to the sensors to a sock. The first test was performed on the sesamoid sensor by
standing for 15 min continuously to compare the resistance drift from creep with the simulated
creep test using the Instron machine. Next, both the heel and sesamoid sensors were tested under
three human motions including sitting and standing, swaying/leaning left to right, and swaying
front to back. Lastly, the sensors were attached to the fingertips of a latex glove to demonstrate the

ability to detect the grabbing and squeezing motions of a human hand.

2.3 Results and Discussion

2.3.1 Microstructure of Fabricated Nanocomposites

Successful dispersion of CNTs within the PDMS elastomer was imperative to endow the best and
most consistent mechanical, electrical, and piezoresistive properties to the nanocomposites.
Mechanical properties can vary widely, and electrical properties can have an order of magnitude
difference between well-dispersed and poorly-dispersed CNTs within a polymeric matrix [147].

Therefore, it was imperative to evaluate the quality of CNT dispersion within the PDMS matrix.

SEM images were used to qualify the CNT dispersion and remaining porosity within the
nanocomposite sensors. The nanocomposite with the highest CNT loading was first studied to
prove the high-quality dispersion because high CNT concentrations tend to result in poor
dispersion and potentially agglomerates. Two representative SEM images identifying the CNT
dispersion are shown in Figure 2.2(a) and Figure 2.2(b). The SEM images indicate high-quality

CNT dispersion, and no agglomerates were observed during imaging.
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Although degassing was performed during the manufacturing process, it was observed that resins
with high CNT loadings did not fully release embedded air bubbles due to the increased viscosity
endowed by CNTs on the prepolymer. Additional porosity may have been introduced while
transferring the uncured nanocomposites into the molds before curing. Therefore, it was necessary
to characterize the pores in nanocomposites with the lowest CNT loading of 1 wt% and the highest
CNT loading of 2.5 wt%. A representative image of a small pore seen in the nanocomposites with
1 wt% CNT loadings is shown in Figure 2.2(c). Large pores within the nanocomposites with 2.5
wt% CNT are shown in Figure 2.2(d). Since large pores in the nanocomposite sensors can be
significantly detrimental to consistent piezoresistive and mechanical performance, the
nanocomposites with 1 wt% CNT were selected for piezoresistive characterization and wearable

sensor applications.

4

(c) g 2 . 4
Figure 2.2: SEM images of (a, b) CNT dispersion within m-PDMS/CNT with 2.5 wt% CNT
loading, (c) a small pore found within the nanocomposite with 1 wt% CNT loading, and (d)

larger pores found in the nanocomposite with 2.5 wt% CNT loading.
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2.3.2 Comparison of Electrical Properties

The percolation curves for both m-PDMS/CNT and t-PDMS/CNT were compared to investigate
the hypothesis that rapid microwave-curing may reduce the CNT settlement effect and therefore
result in higher electrical conductivity. The settlement effect within CNT doped polymers was a
result of gravity and van der Waals forces attracting the nanoparticles together reforming
agglomerates and reducing the overall quality of dispersion. It was observed that this effect
decreased the overall conductivity of the nanocomposites due to fewer opportunities for
conductive networks to form. A schematic of this nanoparticle settlement effect for low and high

loadings of CNTs is shown in Figure 2.3.

Low CNT Loading High CNT Loading
Microwave Oven Microwave Oven
~ 2 min. 1-3hr <2 min. 5-7hr.
m-PDMS/CNT t-PDMS/CNT m-PDMS/CNT t-PDMS/CNT

Figure 2.3: Schematic of enhanced dispersion in m-PDMS/CNT due to reducing CNT settlement
effect apparent in t-PDMS/CNT for low and high CNT loadings.

Additionally, there have been reports that the microwave-curing of CNT doped epoxies likely
leads to the alignment of these high aspect ratio nanoparticles in some direction [148]. The

alignment of CNTs within the matrix material may provide a second mechanism to increase the
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overall conductivity of the microwave-cured nanocomposites. Therefore, it was essential to
investigate the conductivity improvements that could be obtained through microwave-curing the
same batch of PDMS/CNT resin at different CNT loadings between 0.5 wt% and 2.5 wt%.
Furthermore, it was important to measure the temperature of each sample during the microwave-
curing process to aid future researchers in the microwave-curing of PDMS/CNT or materials with
similar CNT content. The temperatures between pulses of each loading of prepared m-PDMS/CNT

and the percolation curves for both m-PDMS/CNT and t-PDMS/CNT are shown in Figure 2.4,
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Figure 2.4: (a) Average temperature measurements between pulses of m-PDMS/CNT for each
CNT loading prepared and (b) conductivity averages for each loading of m-PDMS/CNT and t-
PDMS/CNT.

The maximum measurable temperature was included in Figure 2.4(a) as this was the maximum
measurable temperature of the thermal imager, and during the last step of curing 1.5 wt% m-
PDMS/CNT, the temperature reached slightly above this threshold. Progressively shorter pulsing
times of 20 % microwave power were chosen for higher loading material to prevent the thermal

shock expansion of the material from ripping the samples apart, which was observed if the
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temperature rose too quickly. Increments of 5 s were chosen to make the pulsing cycles simple to
consistently achieve manually pulsing the microwave at the correct time. The nonconductive 0.5
wt% PDMS/CNT required a significantly longer curing time of 4 pulses of 120 s showing the
significant impact semiconductivity has on the microwave coupling and rapid heating of the
material. Although 2.5 wt% m-PDMS/CNT had the highest conductivity due to having the highest
loading of materials tested, the rate of temperature change was the slowest of the conductive resins

due to the relatively short time of 15 s used for each microwave pulse.

The percolation curves for both m-PDMS/CNT and t-PDMS/CNT shown in Figure 2.4(b)
indicated that for each conductive loading, the microwave-cured samples had a higher conductivity
than the thermally-cured samples. The average percentage increase of conductivity for m-
PDMS/CNT over t-PDMS/CNT for loadings 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt% were 44.8 %,
118 %, 11.7 %, and 1.8 % respectively. At higher loadings, 2 wt% and 2.5 wt%, the conductive
networks were more saturated, thus the CNT settlement effect on the decrease of conductivity was
less impactful, illustrated by the schematic shown in Figure 2.3. Additionally, any microwave-
induced CNT alignment effects that generated an increase in conductivity were also likely less
impactful in nanocomposites with higher loadings of CNTs. Surprisingly, the increase of
conductivity due to microwave-curing in this study was significantly more dramatic for the 1.5
wt% PDMS/CNT. This indicated that at this CNT loading in the middle of the percolation curve
there were a larger number of conductive networks that were either newly formed or beneficially
aligned due to the microwave-curing procedure. It may be important to note that the trend of the
relative rate of temperature increase for each loading during microwave-curing matched the trend

of the percentage increase of conductivity from their thermally-cured counterparts. These findings
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and observations proved useful in future studies in this work to optimize the microwave settings

to produce the lowest loading samples at the highest conductivity.

Another notable finding in this study was the difference in the contact resistance of these
conductive elastomeric nanocomposites. Contact resistance is a commonly unreported issue with
these materials that is usually overcome in the field with the use of silver paste, or in our case,
silver epoxy and copper tape. Results of the measured contact resistance of the m-PDMS/CNT and
t-PDMS/CNT samples are shown in Figure 2.5, along with SEM images of the surfaces of the

samples that were in contact with their respective molds during fabrication.

-3 Oven-cured
-~ Microwave-cured
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(a) 1041 15 2 25
Loading (%)
Figure 2.5: (a) Contact resistance of m-PDMS/CNT and t-PDMS/CNT for each conductive
loading, (b) SEM image of m-PDMS/CNT surface cured in contact with glass mold, and (¢c) SEM
image of t-PDMS/CNT cured in contact with aluminum mold.

The general trend in Figure 2.5(a) shows that m-PDMS/CNT samples had a lower average contact
resistance than t-PDMS/CNT, likely due to surface effects of the molds and potentially CNT

settlement. The error bars are large due to a relatively inconsistent method used to cut the top
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expanded surface of the samples by hand with a razor blade. However, the average contact
resistances for 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt% m-PDMS/CNT were 84.9 %, 28.4 %, 2.8 %,
and 39.8 % less respectively than the average contact resistance of t-PDMS/CNT. This can most
likely be explained by the surface effects on the samples introduced by the glass and aluminum
molds. The SEM image displayed in Figure 2.5(b) shows the smooth surface of 1 wt% m-
PDMS/CNT advantageous for smooth consistent contact with the copper plate electrodes. In
contrast, Figure 2.5(c) shows an SEM image of the spiral-shaped uneven surface of 1 wt% t-
PDMS/CNT because of the toolpath of the CNC milling machine used to create the aluminum
mold. These differences in surface topography of m-PDMS/CNT and t-PDMS/CNT may have led

to the differences in average contact resistance when loaded between the two electrodes.

2.3.3 Characterization of Porosity and Stiffness

Any trace amount of solvent or air bubbles left in the nanocomposite prepolymer can expand
dramatically during the microwave-curing procedure and cause embedded pores in the fully cured
nanocomposite sensors. Although researchers have shown that well-distributed pores within
conductive nanocomposites can improve the piezoresistive sensitivity, the mechanical properties
of the cured materials can be reduced [5, 149]. In this paper, the porosity of cured nanocomposites
was calculated using the density method. The volume of each sample was determined by
measuring each cylindrical sensor with a caliper and micrometer to find the diameter and height
of each nanocomposite sensor. The density of each sensor was calculated with these measurements

and the resulting porosity was determined with Equation (2.1)

Porosity = (1 — ‘;—m) x 100% (2.1)
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where pm is the calculated density of the manufactured nanocomposite and ps is the calculated
density of the completely solid nanocomposite. The average porosities of the microwave-cured

and thermally-cured nanocomposites are shown in Figure 2.6(a).

The curing process can also affect the mechanical properties of polymers. Microwave irradiation
of CNT-based nanocomposites has proven to provide potentially improved or often similar
mechanical properties in comparison to the thermally-cured counterparts [150]. To the best of the
authors’ knowledge, the effects of microwave irradiation on the mechanical properties of CNT-
based elastomeric nanocomposites have not been well-reported in the literature. Therefore, it was
still necessary to compare the average compressive modulus of the microwave-cured and
thermally-cured nanocomposites in this paper. The compressive modulus of each sample was taken
as the slope of the linear section of the stress-strain curve during the compressive mechanical tests.
The results of the average compressive moduli of the nanocomposite sensors at each CNT loading

are shown in Figure 2.6(b).
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Figure 2.6. Comparison of 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt% loadings of m-PDMS/CNT and
t-PDMS/CNT including the (a) average porosity and (b) the average compressive moduli of the
Sensors.
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The porosity significantly affected the mechanical properties of the elastomeric nanocomposites.
During compression, pores collapsed, and the void space was filled due to deformations within the
material. Thus, the porosity increased the compressibility of the sensors which resulted in a lower
compressive modulus than the completely solid material. Increased CNT content would typically
result in a higher modulus of elastomeric nanocomposites, however, the comparison of the average
porosities between each loading explained any discrepancies with this trend as the increased
porosity reduced the stiffness more significantly than the reinforcing nanofiller increased the
stiffness. Since the porosities between the microwave-cured and thermally-cured nanocomposites
of the same CNT loadings were comparable, it is reasonable to consider the differences in moduli

between the two curing methods for each CNT loading.

The most notable discovery from this study was the substantially higher compressive modulus
measured from the thermally-cured nanocomposites over the microwave-cured ones. The average
decreases of compressive modulus for the microwave-cured nanocomposites in comparison to the
thermally-cured nanocomposites with CNT loadings of 1 wt%, 1.5 wt%, 2 wt%, and 2.5 wt% were
18.7 %, 31.9 %, 35.2 %, and 39.6 %, respectively. This may be attributed to rapid microwave-
curing likely leading to lower crosslinking density in the cured thermoset sample compared to
thermally-cured due to a significant reduction in the curing time. Notably, it was observed that
microwave-curing led to the hardening of the thermoset elastomer in the internal core before fully
hardening the outer surfaces of the material during the quick curing time of 2 min or less. In
contrast, thermal-curing in an aluminum mold required substantially more time (1 h - 7 h) to cure
fully. During curing in an oven, heat propagated from the outside inward until the material reached
near the oven temperature and slowly cured. Interestingly, nanocomposites with higher CNT

loadings required significantly more time in the oven to cure. However, higher CNT loadings
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required less time to microwave-cure due to CNTs producing substantial heat under microwave
irradiation. The differences in the curing mechanisms, the total curing time, and potentially the
differences in the degree of cure likely influenced the elastic moduli of the cured nanocomposites.
Therefore, the microwave-curing method produced nanocomposites with relatively low
compressive modulus due to the matrix material experiencing higher temperatures for a

significantly shorter time than the nanocomposites cured in an oven.

2.3.4 Comparison of Piezoresistive Capabilities

Microwave-curing PDMS/CNT offered a significant time savings of at least 96 % in the curing
process of cylindrical piezoresistive sensors in comparison to traditional thermal-curing. These
tremendous time savings would lead to dramatic cost savings during the mass manufacturing of
these nanocomposites. It was necessary to compare the piezoresistive response of the microwave-
cured and thermally-cured nanocomposites to determine if microwave-curing could adequately
replace traditional thermal-curing of these nanocomposite sensors. The nanocomposites with 1
wt% CNT loading were selected for piezoresistive comparison. The microwave-cured and
thermally-cured nanocomposites with 1 wt% CNTs had the two lowest average porosities that
were also the most comparable between curing methods than any other CNT loading tested.
Therefore, piezoresistive sensors with 1 wt% CNTs were chosen for the compression sensing
comparison. Typically, the dispersion quality and alignment of CNTs within nanocomposites
affect the piezoresistive response and the sensitivity of these sensors. The results of the
piezoresistive sensing comparison for varying strains between 3 % and 20 % for the microwave-
cured and thermally-cured nanocomposites with 1 wt% CNTs are shown in Figure 2.7. The relative

change in resistance is calculated using Equation (2.2)
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2R () = R=Ro % 100% (2.2)

Ro Ry
where AR is the change in resistance, R is the immediate resistance, and Ro is the initial resistance.
The relative resistance change can be used to determine the sensitivity of the sensor or gauge factor

using Equation (2.3) where Ag is the applied strain.

_ R-Rp _ AR
Gauge Factor = o (oes) — T (2.3)
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Figure 2.7: (a) Schematic of the piezoresistive test setup to measure the resistance change of the
sensor during compressive loading, (b) average gauge factors of m-PDMS/CNT and t-
PDMS/CNT with 1 wt% CNTs through 3 %, 5 %, 10 %, 15 %, and 20 % strains, representative
plots of the relative resistance change for each applied strain on (c) t-PDMS/CNT and (d) m-
PDMS/CNT with a1 wt% CNT loading.
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The microwave-cured nanocomposites demonstrated equivalent piezoresistive sensitivity in
comparison to the thermally-cured samples. The results displayed in Figure 2.7(b) show
remarkably similar average gauge factors between the two curing methods for sensors with 1 wt%
CNT loading. The average gauge factors for 3 %, 5 %, 10 %, 15 %, and 20 % strain for the
microwave-cured nanocomposites with 1 wt% CNTs were 14.0, 10.6, 6.6, 5.0, and 4.0,
respectively; and the thermally-cured sensors had average gauge factors of 14.6, 10.6, 6.7, 4.9, and
3.8 for the same strain range. Both sensors exhibited negative piezoresistive behavior, thus the
relative resistance decreased during the initial compression due to CNTs generally being brought
closer together forming more conductive networks, geometric changes of the samples, and likely
changes in contact resistance with the copper electrodes during compression. This relative
resistance change was followed by some amount of hysteresis that proved to be minimal and
relatively inconsistent at maximum compression. Overall, these studies proved that microwave-
curing the CNT-based nanocomposites produced piezoresistive sensors with similar piezoresistive
sensitivity compared to thermal-curing. These findings, in conjunction with the significantly
reduced curing times, exhibited the potential for microwave-curing to replace traditional thermal-

curing when manufacturing elastomeric CNT-based piezoresistive sensors.

2.3.5 Optimization of Microwave Parameters for Enhanced Conductivity

To isolate the microwave-curing parameters and explore their impact on the conductivity of m-
PDMS/CNT, the lowest conductive loading of material (1 wt%) was chosen for further
microwave-curing investigation. The first investigation performed was the pulse study to examine
whether pulsing the microwave on and off had an impact on the conductivity of the fabricated
nanocomposites. Each sample was cured in 2 min or less to effectively negate settlement effects

and isolate the microwave-induced CNT alignment effects to observe their impact on the
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conductivity of the samples. The temperature and conductivity results for the pulse study varying

the number of 50 % power microwave pulses to cure 1 wt% PDMS/CNT are shown in Figure 2.8.
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Figure 2.8: Pulse study - (a) Average temperature measurements between pulses of 50 %
microwave power used to cure 1 wt% PDMS/CNT and (b) conductivity of each set of samples for
the varying number of pulses used to fabricate m-PDMS/CNT.

As expected, the temperatures of the samples during microwave-curing rose quicker for the
samples cured with fewer pulses of longer periods of continuous microwave irradiation exposure.
In this study, one-step microwave-curing of PDMS/CNT nanocomposites produced the highest
average conductivity followed by 3 pulses and lastly 8 pulses as shown in Figure 2.8(b). The faster
increase in temperature during the microwave-curing process corresponded with the higher
average conductivity of the samples. The increased overall time of the microwave pulsed off
during the curing process allowed polymerization to continue during this time due to substantial
heat remaining within the resin. The resin partially cured while not being exposed to microwave
irradiation and likely increased the viscosity of the matrix resin which in turn resisted the alignment

mechanism advantageous for enhanced conductivity when exposed to microwaves again.
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Therefore, the CNT alignment effects induced by microwave exposure were highest for one-step
microwave-curing resulting in the highest average conductivity. Notably, the conductivity of each
fabricated sample shown in Figure 2.8(b) exhibited the influence of 15 min of settlement effect
within the PDMS/CNT prepolymer that occurred between the fabrication of each set of samples.
This settlement effect between various sets of samples explained the large error bars seen for the
average conductivities, however, the trend for each set of samples was consistent which indicated
the significance of one-step microwave-curing to fabricate the highest conductivity

nanocomposite.

The power study was performed using one-step microwave irradiation to isolate the microwave
power setting of the unmodified commercial microwave as a parameter that could impact the
conductivity of m-PDMS/CNT. While the CNT alignment effects generated by microwave
irradiation have not been well understood, it is important to investigate all possibilities that may
impact this alignment. In this work, the potential CNT alignment was measured as the conductivity
of the fabricated nanocomposites. Therefore, the impact of 20 %, 50 %, and 80 % microwave
power during one-step microwave-curing of 1 wt% PDMS/CNT prepolymer was investigated and

the results are shown in Figure 2.9.
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Figure 2.9: Power study - (a) average temperature measurements after microwave-curing
nanocomposites with 1 wt% CNT for one-step at variable microwave powers and (b) the
conductivities of each sample cured with varying microwave powers used to fabricate m-
PDMS/CNT.

Notably, an inverter microwave was used in this study that supplies constant microwave power
throughout even at lower powers, where a non-inverter microwave would not. At 20 % microwave
power, the temperature of 1 wt% PDMS/CNT increased significantly slower than 50 % and 80 %
power. The 20 % microwave power may have simply not been sufficiently powerful enough to
induce the CNT alignment effect, which could explain why 20 % microwave power cured samples
resulted in the lowest electrical conductivity on average. Surprisingly, m-PDMS/CNT cured at 80
% power had a slightly lower average conductivity than the samples cured at 50 % power. This
could be due to an enhanced rate of heating and polymerization slowing the CNT alignment
process through thixotropic effects or rapid curing locking the orientation of the CNTs in place
before fully aligning. On the contrary, polymerization may have not fully propagated through the
sample by the time the temperature had built up to above 300 °C, where the microwave exposure
was stopped to prevent the samples from ripping apart due to intense thermal shock. Thus, the
sample may have finished curing after microwave exposure ceased and the 5 s shorter time exposed
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to microwave irradiation as a resin would result in less CNT alignment and a slightly lower average
conductivity. However, the average conductivity of m-PDMS/CNT cured at 50 % power and 80
% were reasonably close, so they both may have reached near maximum conductivity
enhancement for microwave-curing 1 wt% PDMS/CNT. Regardless, one-step microwave
irradiation at 50 % power was found to be the optimal parameters to fabricate 1 wt% m-

PDMS/CNT with the highest conductivity.

2.3.6 Optimized Microwave-curing Conductivity Improvement

After optimizing the microwave-curing parameters to obtain the highest conductivity of 1 wt% m-
PDMS/CNT, it was imperative to compare the optimal microwave-cured samples with thermally-
cured samples to quantify the improvements made through the optimization process. For the final
comparison, one-step 50 % power microwave irradiation was used to fabricate 1 wt% m-
PDMS/CNT while simultaneously fabricating 1 wt% t-PDMS/CNT in an oven at 150 °C. These
optimized microwave settings were believed to improve the alignment of CNTs within the
nanocomposite further increasing the conductivity of the nanocomposite as shown in Figure
2.10(a). The conductivity of each sample produced from both curing methods and the results of
the temperatures that the PDMS/CNT encountered from microwave-curing are shown in Figure

2.10(b) and Figure 2.10(c), respectively.
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Figure 2.10: Optimized comparison - (a) Schematic showing improved CNT dispersion and
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each set of samples for optimal m-PDMS/CNT and t-PDMS/CNT, and (c) average temperature
measurements after microwave-curing 1 wt% PDMS/CNT for one-step at 50 % power.
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The microwave temperature results in this study shown in Figure 2.10(c) matched the temperature
results shown in Figure 2.8(a) and Figure 2.9(a) for the same microwave parameters and the same
1 wt% CNT loading in the cured nanocomposites. These results confirmed that the relatively
consistent microwave-curing temperatures were produced between batches of 1 wt% m-
PDMS/CNT. The average conductivities of the optimal m-PDMS/CNT and t-PDMS/CNT were
4.54 S/cm and 1.87 S/cm, respectively, indicating a 142.8 % improvement of conductivity for the
microwave-cured nanocomposites using the optimized microwave parameters. This was a huge
improvement from the initial 44.8 % conductivity enhancement demonstrated in the first
comparison using 20 % microwave power and 3 pulses of 30 s. The findings in this study
demonstrated the impact of optimizing commercial microwave settings to achieve the largest

conductivity enhancements for CNT-based nanocomposites fabricated via microwave-curing.
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2.3.7 Piezoresistive Sensing Characterization

After finding that the microwave-cured nanocomposites with 1 wt% CNTs were the best

performing piezoresistive sensors (Figure A.1, Appendix A), it was critical to fully characterize

the piezoresistive behavior of the sensor. The first piezoresistive test to characterize the sensor was

a strain rate test. A constant maximum strain of 10 % was applied on the nanocomposite while

varying the strain rate (5 %/min, 10 %/min, 25 %/min, 50 %/min, 100 %/min, 200 %/min) to

determine if the piezoresistive response of the sensor was dependent on strain rate. Additionally,

a durability test was performed on the sensor where 800 compressive loading cycles of 10 %

maximum strain were applied to determine if the sensor had significant resistance drift, which is

commonly reported in piezoresistive sensors. The results of these two tests are shown in Figure

2.11.
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Figure 2.11: Representative plots of the relative resistance change of 1 wt% m-PDMS/CNT
sample up to 10 % maximum compressive strain (a) at various strain rates and (b) for 800
cycles.
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The sensor showed little to almost no dependency on strain rate, as the relative resistance change,
shown in Figure 2.11(a), did not fluctuate significantly. The largest percentage difference of the
average relative resistance change between strain rates was about 8.6 % which indicated a
consistent piezoresistive response relatively independent of the rate at which deformation was
applied. Notably, the plot in Figure 2.11(a) shows relatively large discrepancies of the maximum
and minimum resistance measurements for higher strain rates. This can be explained by the small
sampling frequency of 3 Hz used for the test. The durability test, shown in Figure 2.11(b), indicated
some small drift of the relative resistance change that is unsurprising for the nature of the
nanocomposite material. During constant cyclic loading, the elastomeric matrix material likely
warmed up due to intermolecular friction as energy was applied to the material which may have
influenced the resistance drift displayed. During the first 200 cycles, the average relative resistance
changes of the representative cycles in Figure 2.11(b) increased by about 6 %. By the end of the
test, the average relative resistance change had progressively decreased by about 10 %. This drift

was moderately noticeable and important to consider during the long-term use of the sensor.

The creep behavior of the piezoresistive sensor was characterized as it is an important
characteristic to consider for applications where the sensor is held at a constant strain. The results
of the simulated creep test are shown in Figure 2.12. During the creep test, the rate of decrease of
the recorded relative stress within the material correlated well to the rate of decrease of the relative
resistance change in the sensor. This result suggested that the reorganization of the conductive
networks during the experiment may be dependent on the creep behavior of the matrix material.
This creep behavior could be explained by the viscoelastic material settling into the newly
established boundary conditions until equilibrium within the material was reached. In the

simulated test, the relative resistance of the sensor dropped by about 25 % in only about 15 min
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where the measurement remained relatively stable. The rate of decrease of the relative stress in the
sample had decreased significantly after 30 min, however, the relative stress continued to decrease
slightly until the end of the 2 h test. These results were not surprising considering the nature of the
nanocomposite material and were important to quantify in a simulated test to compare with the

piezoresistive creep behavior apparent in an application.
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Figure 2.12: Stress and piezoresistive creep behavior of 1 wt% m-PDMS/CNT loaded to 10 %
compressive strain and held for 2 h.

2.3.8 Wearable Sensor Applications

Potential applications for this flexible piezoresistive sensor include soft robotics, prosthetics, and
human motion detection. In this study, human motion detection was explored as possible
applications for these piezoresistive sensors, whereby the sensors were attached to a sock and
glove. For the first application demonstrated, two sensor locations were chosen on the sock to align
with the user’s heel and sesamoid bone on their right foot as shown in Figure 2.14(a). First, the

simulated creep test was compared to an application that would apply a relatively constant strain
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to the sensor. In this study, the sensor was attached to the sesamoid bone of the foot and the user
remained standing for 15 min to compare the piezoresistive creep response with the simulated test.
The results of the comparison of the simulated creep test with the relevant application are shown
in Figure 2.13. The relative change in resistance due to creep aligned very well for the simulated
test in comparison to the sesamoid sensor in the standing application. This result confirmed that
the resistance decreases during creep conditions in an application matched closely with the creep

behavior demonstrated in the simulated test.

i === Gimulation: Instron Test - 10% Strain
- - Application: Sesamoid Sensor - Standing |

-5

Time (min.)
Figure 2.13: Comparison of simulation and application of the piezoresistive creep behavior of a
1 wt% m-PDMS/CNT sample.

For the first human motion detection study, both sensors were attached to the sock and put on the
right foot of the user, as shown in Figure 2.14(b). Only one sensor location on the right foot was
tested at a time while the user went through three motion cycles which included sitting and
standing, swaying left to right, and swaying front to back, as shown in Figure 2.14(c). The relative
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resistance changes of the sensors during these tests are shown in Figure 2.14(d) — Figure 2.14(f).
Notably, the sesamoid sensor experienced less resistance change than the heel sensor due to the
stiffness of the flesh likely being lower at that location. This application demonstrated the sensor’s
ability to detect human body motion and offers the potential to use as a sensor array on both feet
to detect more complex motions including the movement of a user’s center of gravity, walking,

running, jumping, etc.
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Figure 2.14: Foot sensors - (a) Sensor locations for the 1 wt% m-PDMS/CNT samples on the
ball of the foot (sesamoid bone) and the heel, (b) picture of the experimental setup, (c) schematic
illustrating the experimental procedures, and relative resistance changes of both sensors during

(d) sitting and standing, (e) swaying left to right, and (f) swaying front to back.

Four sensor locations were chosen on the tips of each finger, excluding the thumb, to detect the
cyclic grabbing and squeezing of an object, as shown in Figure 2.15(a). One sensor was tested at
a time while the user grabbed and squeezed a glass bottle repeatedly, as shown in Figure 2.15(b).
The results of the relative resistance change during the tests for each finger are shown in Figure
2.15(c) — Figure 2.15(f). The sensors detected small differences between the various forces applied
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from each finger, which indicated a potential for the piezoresistive sensors to be used as sensory

feedback sensors on prosthetic devices.
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Figure 2.15: Fingertip sensors - (a) Sensor locations for the 1 wt% m-PDMS/CNT samples on
the fingertips of the pointer, middle, ring, and pinkie fingers, (b) a picture of the experimental
setup, and the relative resistance change of the sensor when placed on the (c) pointer finger, (d)
middle finger, (e) ring finger, and (f) pinkie finger.
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2.4 Conclusions

In this chapter, CNT-based PDMS nanocomposites were prepared via microwave-curing and
traditional thermal-curing in an oven for electrical, mechanical, and piezoresistive comparison.
Microwave-curing was found to enhance the electrical conductivity due to faster curing times,
improved dispersion, and potentially beneficial CNT alignment. The moduli of microwave-cured
nanocomposites were found to be significantly lower than thermally-cured counterparts and the
piezoresistive sensitivity in compression was unaffected by the curing method. Therefore,
microwave-curing was determined to have the potential to replace thermal-curing of CNT doped

elastomeric piezoresistive sensors, with the advantages of significantly reducing the curing time
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to as little as 15 s and enhancing the compressibility. The piezoresistive sensors fabricated in this
study were highly sensitive and detected a minimum of 3 % strain. The piezoresistive response of
the microwave-cured nanocomposites with 1 wt% CNTs under various compressive strains,
different strain rates, 800 cycles of loading, and viscoelastic creep conditions were characterized.
Two applications detecting common human movements were demonstrated by attaching the
sensors to the foot and fingertips of a user. The microwave-curing parameters, including the
number of pulses and microwave power, were optimized to produce the highest conductivity
samples of the lowest conductive CNT loading of 1 wt%. The optimal microwave settings to
enhance the electrical conductivity were found to be one-step exposure at 50 % microwave power.
Experimental results demonstrated that microwave-curing nanocomposites with 1 wt% CNT
loading were able to increase the overall electrical conductivity of the nanocomposite by 142.8 %
over thermally-cured samples due to reducing the settlement effect of the nanoparticles and likely
improving CNT alignment. Overall, the microwave-curing technique of these nanocomposite
sensors led to tremendous time-savings during curing, no change in piezoresistive sensing
performance, significantly enhanced conductivity, and reduced compressive modulus. Therefore,
microwave-curing should be considered as a viable manufacturing technique in the field of

carbonaceous nanocomposite piezoresistive sensors.
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CHAPTER 3: EMBEDDED 3D PRINTING STRAIN SENSORS

3.1 Introduction

3.1.1 Motivation

While investigating the compressive piezoresistive behavior and sensing applications of bulk
PDMS/CNT nanocomposites in the previous study, tensile strain sensing for large human motion
applications piqued my interest. One can imagine the impact strain sensing wearables will have on
the way we communicate with our electronic devices. One premier example includes the potential
application of strain sensors on a full-body suit or clothing articles to monitor the angles of each
joint to effectively duplicate the user’s movements into the digital world/virtual reality. To
measure these body angles most accurately, sensors may be attached to the skin of the user,
however, safety is of paramount importance when dealing with nanocomposites. Therefore, to
avoid the potential of nanoparticle detachment and potentially harming the user, the e-3DP
technique was used in this study to fabricate and tailor strain sensors for human motion detection.

The studies in this chapter have been published in Composites Part B: Engineering [151].

3.1.2 Background

In this study, an Ecoflex/CNT nanocomposite ink was developed for the e-3DP of a highly flexible
skin-attachable strain sensor. The objective of the study was to optimize the fabrication parameters,
including the loading of CNTSs, the curing temperature, and the DIW nozzle size to produce the
most sensitive strain sensor. The most sensitive embedded sensor fabricated in this study was fully

characterized to investigate its functionality as a piezoresistive skin-attachable sensor. The sensor
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was attached to several human joints to demonstrate the ability of the wearable sensor to detect
normal bending movements. Lastly, the freeform design and fabrication capabilities of the e-3DP
process were demonstrated. This study provides a relevant guideline for improving the sensitivity

of a CNT-based nanocomposite strain sensor fabricated by the e-3DP process.

3.2 Experimental Methods

3.2.1 Materials

Ecoflex 00-30, Slo-Jo Platinum Silicone Cure Retarder, Silicone Thinner, and Thivex were
purchased from Smooth-On. Multi-walled CNTs with an average diameter between 50 — 90 nm
with aspect ratios > 100 were purchased from Sigma-Aldrich. Isopropanol alcohol (99 %) was
obtained from Sigma-Aldrich. Unless otherwise noted, all materials were used as received and as

the manufacturer recommended.

3.2.2 Nanocomposite Ink Preparation

Nanocomposite resin containing various loadings of multi-walled CNTs was mixed and dispersed
via a probe tip sonication method (Figure A.2, Appendix A). Multi-walled CNTs were mixed in
40 mL of isopropanol with a magnetic stir bar at 500 rpm for 5 min. The suspension was
ultrasonicated with a Sonics Vibra-Cell VCX 750-watt ultrasonic homogenizer with a CV33 probe
for 10 min at a 28 % amplitude, pulsing on for 5 s and off for 2 s. The Ecoflex 00-30 Part A was
added to 20 mL of isopropanol and mixed at 500 rpm for 5 min. Next, the CNT suspension was
added to the Ecoflex and alcohol solution and mixed at 500 rpm for 2 min. The mixture was
sonicated for 30 min, then mixed at 500 rpm overnight on an 85 °C hot plate. The resulting

nanocomposite resin was placed in a vacuum oven at 85 °C overnight. The nanocomposite resin
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was mixed with Ecoflex Part B and loaded into a syringe and mixed for 20 min and defoamed for

15 min in a planetary centrifugal mixer (Thinky AR100).

3.2.3 Nanocomposite Conductivity
Cylindrical nanocomposites were cured at 90 °C in an aluminum mold (diameter = 11 mm; height
= 9 mm). The resistance was measured with a Hioki RM3545-02 Resistance Meter using the two-

probe method to determine the average conductivity at each CNT loading.

3.2.4 Embedded Printing Process

A commercial 3D printer was modified to function as a pneumatic DIW printing system with a
pressure regulator maintaining constant extrusion pressure during printing. The e-3DP method
developed by Muth et al. was used for the embedded printing procedure [48]. The method requires
the bath resin to be the same material, but with two layers of modified rheology resin as shown in
the schematic illustration in Figure 3.1(a). The bottom layer (reservoir) must be a high viscosity
resin to support the higher density ink, and the top layer (filler) a low viscosity resin to fill the
wake behind the needle as it moves through the reservoir that often leads to inaccurate deposition.
The reservoir was prepared by mixing the Ecoflex 1 Part A: 1 Part B (containing 2 wt% Slo-Jo)
with 0.5 wt% Thivex and degassed in a vacuum chamber to remove trapped air. The filler fluid
was prepared by mixing 1 Part A: 1 Part B (2 wt% Slo-Jo) with 10 wt% Silicone Thinner and then
degassed. The filler fluid layer was 1 mm thick on top of the 3 mm thick reservoir layer. The nozzle
was 1.5 mm from the base of the Petri dish during printing at a constant speed of 1 mm/s. A
constant needle diameter of 0.41 mm was used to print 1.5 wt%, 2 wt%, and 2.5 wt% Ecoflex/CNT
at extrusion pressures of 172 kPa, 241 kPa, and 310 kPa, respectively. The embedded sensors were
fully cured at 90 °C for 1 h, 3 h, and 9 h respectively. Additional 1.5 wt% printed samples were

prepared by curing at various temperatures including room temperature, 90 °C, and 150 °C for 24
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h, 1 h, and 0.5 h, respectively. Ink with 1.5 wt% CNTs was printed with various nozzle diameters
including 0.2 mm, 0.25 mm, 0.33 mm, 0.41 mm, and 0.61 mm at constant extrusion pressures of
414 kPa, 345 kPa, 207 kPa, 172 kPa, and 138 kPa, respectively and the resulting extrusion cross-

sections are shown in Figure 3.1(d). Each metal needle tip nozzle was 12.7 mm long.

3.2.5 Sensor Preparation and Sensitivity Comparison

Each sensor was cut out of the cured bath, stretched to 120 % strain, and silver epoxy and copper
tape were applied to the exposed DIW printed electrodes to establish a reliable electrical contact
(Figure A.3, Appendix A). An Instron 3345 single column mechanical testing machine was used
with a 100 N load-cell in conjunction with a Hioki RM3545-02 Resistance Meter to measure the
resistance of the sensors during each experiment. Samples with CNT loadings of 1.5 wt%, 2 wt%,
and 2.5 wt% were loaded and unloaded with a quasi-static strain rate of 0.5 %/s up to 100 %
maximum strain. Each fabricated sensor was dynamically loaded at a constant strain rate of 50

%/min for 15 cycles of 10 %, 25 %, 50 %, and 100 % strain.

3.2.6 Sensor Characterization

The most sensitive 1.5 wt% sensor printed with the 0.41 mm nozzle and cured at 150 °C was
loaded for 15 cycles of 10 %, 25 %, and 50 % maximum applied strain at varying strain rates
including 10 %/min, 50 %/min, 100 %/min, 250 %/min, 500 %/min, and 1000 %/min. The sensor
was loaded stepwise at a constant strain rate of 100 %/min up to maximum strains of 10 %, 25 %,
and 50 % including pauses for 6 s, 15 s, and 30 s respectively at maximum and minimum strains.
The sensor was also stretched stepwise at a strain rate of 0.5 %/s, pausing for 10 s at each 10 %
strain increment, up to 50 % maximum strain. A 400-cycle test was applied to the sensor at a

constant 100 %/min strain rate up to 50 % maximum strain.
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Figure 3.1: Pictures and schematic illustrations of the (a) e-3DP process including the
Ecoflex/CNT ink, filler, and reservoir, (b) sensor fabrication process, (c) experimental setup
used for strain sensing tests, and (d) cross-sectional images of the embedded sensor path
fabricated with various nozzle diameters.

3.3 Results and Discussion

3.3.1 Electrical Properties
The percolation curve of the Ecoflex/CNT nanocomposite material is shown in Figure 3.2(a), in

addition to the resistance of the sensors fabricated with loadings 1.5 wt%, 2 wt%, and 2.5 wt%. As
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expected, the conductivity of the nanocomposite material increased significantly as the loading of
CNTs increased. The percolation threshold of Ecoflex/CNT was found to be 0.6 wt%. The
resistance of the fabricated sensors increased by almost 700 % as the loading of CNTs decreased
from 2.5 wt% to 1.5 wt% as expected. Due to the sensor design containing a thin 90 mm-long
nanocomposite wire, the lowest loading capable of producing conductive strain sensors was found
to be 1.5 wt%. As often reported in the literature, nanocomposite strain sensors with lower loadings
of CNTs closer to the percolation threshold typically demonstrated better piezoresistive sensitivity
[43, 152, 153]. The relative change in the number of conductive networks when strain is applied
is generally larger when fewer initial conductive networks are present due to the dominance of

tunneling resistance at lower conductive loadings.

3.3.2 Piezoresistive Sensitivity Optimization

To optimize the manufacturing parameters to produce the most sensitive nanocomposite sensor,
dynamic piezoresistive strain sensing tests were performed. To compare the sensing functions of
the fabricated embedded sensors, the resistance of the sensor was measured throughout each test,

and the relative resistance change was calculated using Equation (3.1).

R- R,
Ro

AR—‘S(%) = x 100% (3.1)

First, the sensors were loaded quasi-statically to characterize the baseline piezoresistive
functionality of the sensors and to compare the sensing functions of the sensors containing varying
loadings of CNTs. The quasi-static sensing test results are shown in Figure 3.2(b), displaying a

nonlinear response of relative resistance change when stretched to 100 % tensile strain. The sensors

o1



containing nanofiller loadings closer to the percolation threshold demonstrated a greater relative
change in resistance due to applied tensile strain. To quantify the sensitivity of the piezoresistive

sensors, the gauge factor was calculated using Equation (3.2).

R-Ry _ AR
RO '(8—80) RO - Ag

Gauge Factor = (3.2)

The gauge factor was determined at each applied strain, and the averages of the gauge factors were
used to determine the overall sensitivity of the sensors fabricated with the specified parameters.
During the manufacturing optimization process, sensors were fabricated with different CNT
loadings, curing temperatures, and nozzle diameters. The average gauge factors in a wide strain
range of embedded sensors with 1.5 wt%, 2 wt%, and 2.5 wt% CNT loadings are shown in Figure
3.2(c). The 1.5 wt% embedded strain sensors demonstrated the highest sensitivity with gauge
factors of 2.4, 1.9, 1.2, and 0.8 for tensile strains 10 %, 25 %, 50 %, and 100 % respectively.
Representative sensing signals of the sensors under dynamic loading at each strain applied are
shown in Figure 3.2(d). Due to the nature of the elastomeric matrix material, hysteresis was
apparent during unloading and the initial reloading at each repeated cycle and became more
pronounced with lower concentrations of CNTs. The hysteresis may be explained by a bi-
dimensional motion of the CNT conductive networks driven by a competition between percolating

network formation and breakdown due to the Poisson effect of the elastomeric matrix [154].

Next, the curing temperature was investigated as a likely parameter that could affect the
functionality of the sensor. The average gauge factors of 1.5 wt% embedded sensors cured at room

temperature, 90 °C, and 150 °C are shown in Figure 3.2(e). Higher curing temperatures resulted
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in moderately improved sensitivity due to reduced curing times likely limiting the amount of
nanofiller subject to settlement effect. The settlement effect is a time-dependent agglomeration of
the dispersed CNTs due to gravity and Van der Waals forces interacting with the nanoparticles
while the nanocomposite is in resin form. Several reports have modeled or visually shown CNT
re-agglomeration effects and discussed their influence on the electrical and piezoresistive
performance of nanocomposites [43, 155, 156]. In Chapter 2, we demonstrated a significant
reduction of electrical conductivity in CNT-based nanocomposites due to just 15 min of settlement
effect [145]. Due to the expected influence of the settlement effect, as well as the potential for
CNTs to bleed into the Ecoflex reservoir, the embedded strain sensors fabricated with the fastest
curing method demonstrated the highest average gauge factor as shown in Figure 3.2(e). Therefore,
150 °C was chosen as the optimal curing temperature to produce the highest sensitivity strain

sensors and was used to examine the effect of nozzle size on the sensing performance.

The extrusion-induced CNT alignment method has been implemented to produce nanoparticle
alignment in the printing direction due to shear forces and flow-induced alignment mechanisms
[27]. Lewicki et al. proved that carbon fibers within a polymeric matrix were highly aligned in the
printing direction during the DIW 3D printing method, and the degree of the alignment could be
altered by nozzle diameter, filler loading, and feed rate [27, 157]. Due to the no-slip velocity
condition at the needle wall, the viscous Ecoflex/CNT resin mixture had significantly reduced flow
velocities along the walls compared to the flow at the center of the nozzle. Therefore, the higher
shear rates near the wall would likely produce shear-induced alignment of the CNTs along the
flow direction. In addition to these shear rates, the CNTs would be subjected to varying shear stress

(7) along the radial direction as expressed in Equation (3.3)
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T= (3.3)

where p is the dynamic viscosity of the fluid flow, u is the fluid flow velocity in the direction of
the nozzle wall, and y is the distance away from the nozzle wall. The shear stress levels may be
sufficiently high such that larger CNT clusters may break into smaller ones and a higher degree of

alignment may be achieved during extrusion.

The relative alignment of conductive nanoparticles can have a substantial effect on the electrical
conductivity and piezoresistive performance of CNT-based nanocomposites due to the high aspect
ratio of the nanotubes. Previous studies have used varying DIW nozzle diameters, or other methods
of controlling CNT alignment in nanocomposites, to improve the piezoresistive sensitivity in the
alignment direction of CNT-based strain sensors [49, 114]. In addition, analytical models have
been developed to describe the increased piezoresistive sensitivity of CNT nanocomposites
containing quality dispersion, loadings closer to the percolation threshold, and partial nanoparticle
alignment in the direction of applied strain [115, 116]. Therefore, the nozzle size needed to be
optimized in this study as well to produce embedded CNT-based strain sensors with the highest
sensitivity. The average gauge factors in a wide strain range for varying nozzle diameters are
shown in Figure 3.2(f). The nozzle with an inner diameter of 0.41 mm proved to contribute the
most beneficial partial CNT alignment for piezoresistive strain sensing, producing an average
gauge factor of 1.8. Therefore, the manufacturing optimization studies determined that the optimal
fabrication parameters to produce the highest sensitivity sensors were a 1.5 wt% CNT loading, 150

°C curing temperature, and a nozzle diameter of 0.41 mm.
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Figure 3.2: (a) The electrical percolation curve for Ecoflex/CNT and the average sensor
resistances at various loadings, (b) representative quasi-static sensing of the nanocomposite
sensors, (¢) CNT loading influence on gauge factor and (d) representative signal responses

through a wide strain range, (e) gauge factors of 1.5 wt% sensors cured at room temperature, 90
°C, and 150 °C, and (f) gauge factors of 1.5 wt% sensors printed with various needle diameters.
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3.3.3 Sensor Characterization

The most sensitive embedded sensor manufactured in this study was fully characterized as an
ultrastretchable strain sensor with a wide sensing range. The maximum stretchability of the sensor
was found to be greater than 500 % strain (Figure A.4, Appendix A). To fully characterize the
piezoresistive behavior of the nanocomposite, the sensor was dynamically stretched at varying
maximum strains and strain rates. Representative signal responses, as well as the calculated gauge
factors for each strain and strain rate tested, are shown in Figure 3.3(a). The sensor showed little
to no change in the sensing function between strain rates of 50 %/min and 500 %/min. However,
a slight progressive decrease in the gauge factor was apparent as the strain rate increased between
these two rates with an average gauge factor of 3.4 at 50 %/min to an average gauge factor of 3.1
at 500 %/min. In contrast, the lowest strain rate of 10 %/min demonstrated the lowest average
gauge factor of 2.7. At a strain rate of 1000 %/min, the sensor did not produce an identifiable
sensing response at 10 % strain and revealed an increase of noise within the sensing function which

is likely due to the limited sampling frequency of the multimeter.

Stepwise sensing tests were performed on the embedded sensor to establish the apparent sensing
function when held at different strains. Two tests were performed to display the sensing behavior
of the sensor when held at maximum and minimum strains during cyclic loading, and incremental
strains during one cycle. The results of these two tests are shown in Figure 3.3(b) and Figure 3.3(c),
respectively. The relative resistance change of the sensor during loading and unloading was very
consistent with the applied strain. As expected with these materials, the resistance steadily
decreased during the periods of being held at a constant strain. However, during the incremental
pauses within the unloading cycle, the sensing response shown in Figure 3.3(c) revealed some

hysteresis such that the relative resistance change increased slightly during the beginning of each
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unloading increment. With this exception, the embedded strain sensor consistently produced a
recognizable signal output during stepwise sensing tests, which would likely translate during

relevant applications of the sensor.

A durability test of 400 cycles of dynamic loading up to 50 % maximum strain was performed to
demonstrate the robustness of the nanocomposite sensor, characterize the resistance drift, and
investigate any changes in the signal response during long-term use. The results of the
piezoresistive durability test are shown in Figure 3.3(d). The sensor demonstrated excellent
piezoresistive durability with an impressively stable relative resistance change during each cycle.
As demonstrated by many piezoresistive strain sensors, the first cycle exhibited a larger relative
change in resistance, and the overall resistance of the sensor progressively decreased throughout

the long-term dynamic sensing test [158-161].

Lastly, the stress-strain curves during loading and unloading at varying strains of 10 %, 25 %, 50
%, and 100 % are shown in Figure 3.3(e) in addition to the average elastic modulus of the sensor.
The stress-strain curves showed elastic behavior remained notably consistent when different
maximum strain levels were applied. In addition, the average elastic modulus of the sensor was
83.4 kPa which is significantly lower than the modulus apparent in the human epidermis (i.e.,
approximately 200 * 50 kPa for the forearm dermis and 250 + 75 kPa for the palm dermis) [162].
Therefore, the ultrastretchable sensor was soft enough to be appropriately applied to the human
skin to detect strains expected during normal human movements. Overall, the optimized embedded
Ecoflex/CNT sensor demonstrated improved gauge factors over previously reported Ecoflex/CNT
nanocomposite sensors due to beneficial alignment imparted by the e-3DP process optimization,

in addition to a very low elastic modulus applicable for skin-attachable sensors [103, 109, 163].
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Figure 3.3: Optimized 1.5 wt% embedded sensor characterization - (a) gauge factors and
representative sensor response for varying strain rates at 10 %, 25 %, and 50 % strain. Stepwise
sensing holding at (b) maximum and minimum applied strains and (c) 10 % incremental strains

during loading and unloading. (d) Durability sensing test for 400 cycles of 50 % strain at 100
%/min. (e) Stress-strain curves and average Young'’s modulus of the skin-attachable sensor.

3.3.4 Applications
The embedded nanocomposite sensor offered high stretchability, good sensitivity in a wide strain

range, stable sensing response, and a low elastic modulus compatible with the human skin. In
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addition, the nanocomposite sensing element embedded in a neat polymer offered a significant
reduction in health risks associated with the use of these nanoparticles [120, 164]. The embedded
strain sensor was attached to the skin of a user to detect normal human motions. The sensor was
mounted to the elbow, finger, wrist, and ankle to demonstrate the versatility of the skin-attachable
strain sensor. Large dynamic elbow bending motions were detected as a large strain was applied
to the sensor and the resulting signal is shown in Figure 3.4(a). Alternatively, small strains were
detected during dynamic finger bending shown in Figure 3.4(b), thus demonstrating a wide
applicable sensing range and variety of dynamic human motions detectable by the sensor. In
addition, stepwise sensing was detected on both the wrist and the ankle during wrist bending and
calf raises with pauses at both the unstretched and maximum stretched positions. The signal
responses of the sensor for the stepwise sensing applications are shown in Figure 3.4(c) and Figure
3.4(d). These results confirm that the developed embedded skin-attachable sensors can be
integrated on many joints on the body to detect large and small bending and extension motions

during normal human actions.
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Figure 3.4: Skin-attachable sensor applications demonstrating sensor response during dynamic

cyclic bending of the (a) elbow and (b) pointer finger, and during stepwise sensing when

attached to the (c) wrist and (d) ankle.
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3.3.5 Embedded Printing Capability

To demonstrate the complex printing capabilities of the e-3DP process, two printing techniques
were explored. The first included printing a University of Oklahoma logo and an intricate
triangular-shaped illusion within a 2 mm-deep bath to prove the potential to fabricate embedded
2D complex designs shown in Figure 3.5(a) and Figure 3.5(b). This capability could prove useful
for future design and manufacturing of embedded thin elastomer circuits and sensors. In addition,
a 15 mm tall embedded vertical coil was printed within the Ecoflex bath. The free-standing design
of the coil shown in Figure 3.5(c) was supported by the reservoir material during the printing
process shown in Figure 3.5(d) allowing the deposited nanocomposite resin to maintain its location
after deposition. The fully cured embedded nanocomposite coil is shown in Figure 3.5(¢). This
printing capability demonstrated the potential for freeform 3D design and fabrication of embedded

nanocomposites using the e-3DP method.

61



(© (d) (e
Figure 3.5: Pictures of embedded printing of a 2D (a) University of Oklahoma logo and (b)
triangular-shaped illusion. Printing of an embedded coil including the (c) design, (d) the e-3DP
process, and (e) the fully cured embedded nanocomposite coil.

3.4 Conclusions

Ultrastretchable strain sensors were fabricated via the e-3DP process to develop a fully cured
sensor with a wide strain range, good sensitivity, high durability, and low modulus for use as a
skin-attachable human motion detecting device. Nanocomposites composed of Ecoflex and well-
dispersed CNTs were mixed at different CNT loadings to investigate the optimal nanoparticle
concentration that would result in the highest sensitivity of the sensor. In addition, fabrication

parameters such as curing temperature and nozzle size were optimized to produce the highest
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average gauge factor in a wide sensing range. The optimal sensor consisting of 1.5 wt%
Ecoflex/CNT nanocomposite printed with a 0.41 mm inner diameter nozzle and cured at 150 °C
was fully characterized as a highly flexible strain sensor that can repeatedly detect up to 100 %
strain. Piezoresistive characterization tests performed on the most sensitive fabricated sensor
revealed little variance of the signal response between strain rates of 50 %/min — 500 %/min, good
stepwise sensing functionality, high durability, and a low Young’s modulus suitable for use on the
human skin. These characteristics of the ultrastretchable strain sensor proved to be beneficial for
the detection of a large variety of human body movements accurately when attached to the skin of
a user. Additionally, complex designs were printed to demonstrate the unique fabrication

capabilities of the e-3DP manufacturing process.
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CHAPTER 4: FLEXIBLE PIEZORESISTIVE SPONGE SENSORS

4.1 Introduction

4.1.1 Motivation

During the studies focused on microwave-curing PDMS/CNT, two observations were made that
inspired the study in this chapter. The first was that the bulk sensors were not easily compressible,
and therefore were not very well suited for comfortable human motion detection. The second was
that the elastomeric nanocomposite expanded due to thermal shock when exposed to microwave
irradiation. Therefore, highly compressible sponge nanocomposite sensors were desired, and to
stay in line with the previous study, the nanoparticles were embedded in the polymer to reduce the
potential for nanoparticle detachment since the sensor would be used on a human body.
Additionally, the observed expansion of the nanocomposite polymer under microwave irradiation
could be used to increase the rate of porogen removal, a time-consuming step that has been
reported as a notable struggle in the field of PDMS sponge fabrication. In this way, the following
study aligns with the focus of this work including rapid microwave-based nanocomposite
fabrication and flexible strain sensing for human motion detection. The studies in this chapter have

been published in Nanomaterials [165].

4.1.2 Background
In this study, PDMS sponges containing dispersed CNTs were developed for human motion
detection applications. A novel microwave irradiation method was used to rapidly remove the

sugar porogen of a fully cured heterogeneous mixture of sugar and PDMS containing embedded
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CNTs. During the microwave-assisted porogen removal, the fully cured CNT-based
nanocomposite absorbed significant heat and likely expanded the sponge walls to allow water to
easily flow through the continuous open-cell pores and dissolve the sugar rapidly. The electrical,
piezoresistive, and mechanical properties of the sensors were tailored by adjusting the CNT
loading and sugar porogen amount. An SEM was utilized to image the microstructure, the quality
of nanofiller dispersion, and to confirm the CNTs were embedded within the polymer. The sensor
properties were fully characterized, and various sensing applications were demonstrated including

implementation on a 3D printed prosthetic hand and skin-attachable human motion detection.

4.2 Experimental Methods

4.2.1 Materials

The multi-walled CNTs with an average diameter between 50 — 90 nm and aspect ratios > 100
were purchased from Sigma-Aldrich. The THF was obtained from Sigma-Aldrich. The Sylgard
184 PDMS kit was purchased from Dow Corning. Sugar was purchased from Walmart. Unless

otherwise noted, all materials were used as received and as the manufacturer recommended.

4.2.2 Nanocomposite Sponge Fabrication

The nanocomposite sponge sensors were fabricated with a solvent-based sonication method to
disperse the CNTs well within the PDMS matrix. The fabrication method used in this study can be
seen in Figure 4.1. First CNTs were measured and mixed in 50 mL of THF with a magnetic stir
bar. The CNT suspension was then ultrasonicated with a probe tip sonicator for 10 min, pulsing
on for 5 s and off for 2 s. During the sonication process, PDMS Part A was measured and mixed

in THF with a magnetic stir bar. After sonication, the dispersed CNT suspension was poured into
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the PDMS/THF solution, mixed with a magnetic stir bar for 2 min, and sonicated for 30 min. Next,
the mixture was placed on a 75 °C hot plate and mixed until the magnetic stir bar stopped spinning
due to THF evaporation. Then, to fully evaporate the THF from the nanocomposite resin, the
material was held under vacuum at 75 °C overnight. Next, the curing agent was added ata 1:1 ratio
(Part A: Part B) and mixed by hand to create the nanocomposite prepolymer (PDMS/CNT). A
predetermined amount of sugar porogen was added to PDMS/CNT and mixed by hand. The
moldable nanocomposite mixture was cured in an oven at 110 °C and a razor blade was used to
cut out cube-shaped sensors of roughly 10X10X10 mm. Nanocomposite sponges were prepared at
a constant sugar porogen amount of 70 wt% with a varying CNT loading including 1.5 wt%
(CNT1.5P70), 2 wt% (CNT2P70), 2.5 wt% (CNT2.5P70), and 3 wt% (CNT3P70). Additionally,
sponges were fabricated at a constant CNT loading of 3 wt% and varying sugar porogen amounts
including 75 wt% (CNT3P75), 80 wt% (CNT3P80), and 85 wt% (CNT3P85). Designations for the

sponge materials fabricated in this study are also shown in Table A.1.
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(11)

Figure 4.1: Schematic of the fabrication method used to manufacture the highly porous
nanocomposite sponge sensors.

4.2.3 Rapid Porogen Removal

To rapidly remove the sugar porogen from the cured nanocomposite, a novel microwave
irradiation leaching process was used. Each sample was placed in a glass bottle with 100 mL of
distilled water and heated under microwave irradiation for several pulses, replacing the water after
each pulse. A General Electric 1200-watt unmodified commercial microwave oven was used for
the porogen removal process. The CNT1.5P70, CNT2P70, CNT2.5P70, and CNT3P70
nanocomposite sponges were pulsed 5 times in the microwave for 60 s, 55 s, 50 s, and 45 s,
respectively. The CNT3P75, CNT3P80, and CNT3P85 sponges were pulsed 5 times in the
microwave for 43 s, 40 s, and 37 s, respectively. After complete removal of the sugar porogen, the

samples were dried in a vacuum oven overnight. To quantify the rate of porogen removal, fully
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cured 3 wt% nanocomposite samples containing 70 wt% sugar, were weighed between each

microwave pulse after drying the samples completely.

4.2.4 SEM

Before imaging with a Zeiss Neon EsB SEM, each sample was sputter-coated with approximately
10 nm of AuPd to diminish charging artifacts. The pores of each sample containing a constant
CNT loading (3 wt%) and various loadings of sugar porogen (70 wt%, 75 wt%, 80 wt%, and 85
wt%) were imaged to compare the microstructure of the sponges. In addition, CNTs were imaged
on the cut surface of the sponge to confirm a high-quality nanoparticle dispersion was achieved
within the elastomeric matrix, and an uncut surface was imaged to show the quality of CNT

embedding in the matrix.

4.2.5 Piezoresistive Sensor Characterization

To investigate and compare the performance of each sensor fabricated in this study, dynamic
compression tests were performed on an Instron 3345 single column mechanical testing machine
with a 100 N load cell. The piezoresistive sensors were placed in between two copper plates that
were electrically connected to a Hioki RM3545-02 Resistance Meter to measure the resistance of
the semiconductive sensor throughout each dynamic compression test. Using this experimental
setup, the sensors were cyclically compressed for 10 cycles at each maximum strain including 2
%, 3 %, 5 %, 10 %, 25 %, and 50 % at a constant strain rate of 2 %/s. The mechanical properties
including the stress-strain curves and compressive moduli were determined from the first cycle of
50 % maximum strain. The piezoresistive functionality including the durability and strain rate
dependence of the CNT3P70 and CNT3P85 were compared. The durability test included 360

cycles of 50 % maximum compressive strain at a constant strain rate of 50 %/min. The varying
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strain rate test included 10 cycles at each strain rate (20 %/min, 100 %/min, 250 %/min, 500

%/min, and 1000 %/min) for each compressive strain (5 %, 10 %, 25 %, and 50 %) applied.

4.2.6 Flexible Sensor Applications

The piezoresistive sensors were attached to the fingertips of a 3D printed prosthetic hand with
PDMS sleeves and copper tape electrodes. The sensors demonstrated a change in resistance due to
the pressure-induced on the fingertips of the prosthetic while cyclically grabbing an object.
Additionally, the sensors were taped on the chest, inside of the elbow, and behind the knee of a
user. The user compared basic human motions including breathing slow versus fast, walking versus
running, and elbow bending versus a throwing motion to demonstrate the ability of the sensor to

detect human motions.

4.3 Results and Discussion

4.3.1 Rapid Porogen Removal

Porosity controllability is an important capability for piezoresistive sponge fabrication that most
methods lack. Porosity has a major impact on the mechanical and piezoresistive properties of these
porous sensors. Porous sensor manufacturing methods should have the ability to control the
porosity of the sensors as the compressibility of the sponge sensors may greatly influence the
appropriate applications, pressure sensitivity, and viscoelastic behavior. The fabrication method
developed in this study allows the manufacturer to significantly vary the porosity and compressive
modulus of the sensors by varying the sugar porogen amount between 70 wt% - 85 wt%. The
varying porosity measurements of the fabricated sensors and the percentage of sugar porogen

removed for each microwave pulse are shown in Figure 4.2.
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Figure 4.2: (a) Sugar porogen removed after each microwave pulse of CNT3P70 sponges and
(b) the varying porosities of CNT3P70, CNT3P75, CNT3P80, and CNT3P85 sponges.

The quantification of sugar porogen removal during the microwave-based leaching process shown
in Figure 4.2(a) revealed the sugar porogen was 100 % removed after the fifth pulse. Additionally,
the experiment showed that 80 % of the total sugar porogen was removed from the third microwave
pulse. This may likely be explained by the fully cured sugar infiltrated nanocomposite being unable
to expand under microwave irradiation in the first two pulses due to the sugar template constricting
the elastomer. However, before the third pulse, almost 20 % of the sugar porogen had been
removed which allowed the sponges to expand and open the pores of the sample, leading to
significant porogen dissolution due to microwave-induced thermal expansion. The last two pulses
removed residual sugar that remained on the pore walls of the sponge. The fabrication technique
demonstrated the ability to remove sugar porogen amounts of 70 wt%, 75 wt%, 80 wt%, and 85

wt% which produced nanocomposite sponges with porosities of 77 %, 83 %, 86 %, and 90 %

respectively as shown in Figure 4.2(b).
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Many studies have used a variety of materials as a porogen to create PDMS sponges and several
mentioned the difficulty and time-consuming process typically required to remove the porogen.
Table 4.1 shows the time required to remove the porogen in this study versus other studies that
reported this time. Nanoparticles in parenthesis were attached to the surface of a neat PDMS
sponge (after porogen removal) while nanofiller listed after a slash were dispersed within the
PDMS matrix (before porogen removal). This is noteworthy as typically the stiffness of an
elastomer is increased with nanofiller making porogen removal more difficult. However, this study
used the embedded CNTSs to aid in the porogen removal process, resulting in a process that required
less than 5 min to complete. This impressive time efficiency demonstrated the potential for this

method to be valuable for the mass production of these nanocomposite sponges.

Table 4.1: Comparison of time required to remove the porogen via microwave-assisted
dissolution with different porogen removal methods used to fabricate PDMS sponges.

Material Porogen Removal Method Time | Reference

PDMS/CNT sugar underwater microwave | <5 min | this work
irradiation

PDMS/CNT sugar boiling water & |>24h [129]
sonication

PDMS/CNT salt immersed in heated | 72 h [58]
water

PDMS/SrTiO3 salt stirring in water 4 h [117]
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PDMS polycaprolactone sonication in acetone | 1h [118]

PDMS salt dissolution in water 12 - 24 h | [166]

PDMS polystyrene spheres | dissolved in acetone 24 h [167]

PDMS sugar dissolution in water 24 h [168-170]

PDMS citric acid | dissolved in ethanol 6h [171]

monohydrate

PDMS (graphene) nickel 15 wit% HCL | 12 h [172]
immersion

PDMS (graphene) sugar sonication in water 2h [56]

PDMS (graphene) salt dissolution in heated | 72 h [173]
water

PDMS (nanodiamond) | sugar dissolution in water 3h [174]

PDMS (CNTSs) sugar sonication in hot water | 1 h [119]

4.3.2 Sponge Structure

The goal of developing these flexible nanocomposite sensors was to make a device that was highly
porous for high compressibility and safe for use on the human body. Several studies in the field
have used a simple dip-coating method to attach nanoparticles to the surface of foam or sponges

to functionalize the material [52-54]. However, many of these studies ignored the high likelihood
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of nanoparticle detachment from these materials. Detachment of CNTs from a sponge during use
as a skin-attachable human motion detection device may introduce serious health risks to the users
[120, 175]. In this study, CNTs were dispersed well within the PDMS matrix to significantly
reduce the risk of nanoparticle detachment. Therefore, the piezoresistive behavior of the sensors
may largely be attributed to the collapsing of semiconductive pores within the samples during
compression as illustrated in Figure 4.3. Additional likely piezoresistive mechanisms in the
compression sensors include surface effects including the contact between the elastomeric
nanocomposite and copper electrodes and a reduction in average tunneling distance as conductive

nanofiller are brought closer together within the matrix.
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(c) Compressive Strain

Figure 4.3: (a) Picture of the various porosity sponges with CNT loadings of 3 wt%, (b)
microscopic images of the microstructure of the varying porosity sponges, and (c) a schematic
illustrating the collapsed pore piezoresistive mechanism in the sponge sensors.

To visually investigate the structure of the sponges including the varying porosity, quality of CNT
dispersion within the matrix, and determine if CNTs were successfully embedded into the polymer,
SEM images were taken. First, the microstructures of the varying porosity sponges were imaged
and the results for CNT3P70, CNT3P75, CNT3P80, and CNT3P85 are shown in Figure 4.4. As
expected, a higher porosity sponge displayed a greater number of pores visible in the

microstructure. These pores were a pathway for water to travel during the porogen removal
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process, which explains why removing the sugar was easier and required shorter microwave pulse
times for samples with a higher amount of sugar porogen. Next, the nanostructure of a sponge was
imaged, and the results are shown in Figure 4.5. A surface that was cut with a razor blade was
imaged to determine the quality of CNT dispersion within the matrix. No noticeable agglomerates
were seen during imaging and the images shown in Figure 4.5(a) and Figure 4.5(b) demonstrated
a uniform distribution of CNTs within the PDMS matrix. Images of the uncut surface of the sponge
shown in Figure 4.5(c) and Figure 4.5(d) confirmed the successful embedding of the CNTs within

the polymer matrix.
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Figure 4.4: SEM images of the microstructure of various porosity sponges with 3 wt% CNT
loadings and (a) 70 wt%, (b) 75 wt%, (c) 80 wt%, and (d) 85 wt% sugar porogen.
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Figure 4.5: SEM images of the nanostructure of a nanocomposite sponge including (a, b) a cut
surface of sponge exposing the ends of dispersed embedded CNTs and (c, d) an uncut surface of
a sponge demonstrating successful embedding of the nanofiller within the polymer matrix.

4.3.3 Piezoresistive Sensor Characterization

The fabrication technique implemented in this study gives us the ability to fabricate piezoresistive
sponges with varying porosity and varying CNT loading. Therefore, it was necessary to
characterize and compare the piezoresistive sensitivity of the sensors fabricated with various

formulations to determine the differences in behavior and benefits of certain sponge materials. The
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sensitivity in a wide strain range of every fabricated sensor was compared by determining the
gauge factor at each applied strain. The gauge factor was calculated using Equation (4.1).
R-Ry AR

Gauge Factor = R o—es — R e (4.2)

In this study, the preloaded strain was kept constant while the sensors were cyclically loaded at
varying maximum compressive strains between 1 % - 50 %. The piezoresistive signals and the
mechanical properties of each sensor were determined by these compression tests. The results of
the comparison of CNT1.5P70, CNT2P70, CNT2.5P70, and CNT3P70 sponges are shown in

Figure 4.6.
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Figure 4.6: (a) Sensitivity comparison of CNT1.5P70, CNT2P70, CNT2.5P70, and CNT3P70
sponges, (b) representative relative resistance change signals of a CNT3P70 sponge, (c) stress-
strain curves of sensors in compression, and (d) the average resistances of the sensors.

Although similar piezoresistive sensitivity was observed in each sensor, the sponges containing 3
wt% CNT loading demonstrated the highest average sensitivity with a gauge factor of 4.8 as shown
in Figure 4.6(a). Additionally, the CNT3P70 sensors displayed the best minimum compressive
strain detection of 2 % and the representative signals are shown in Figure 4.6(b). The mechanical
properties were not significantly affected by the varied loading of CNTs with a relatively
consistent compressive modulus of 160 + 29 kPa between all the sensors. No significant trend was
found for the compressive modulus or porosity of each sensor likely due to significant variances

in viscosity between the nanocomposite resins [50], varying sugar particle sizes, and potential
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inadequacies in the hand-mixing process resulting in varied porosities in the samples (Figure A.5,
Appendix A). Representative stress-strain curves for the sponges fabricated with varied CNT
loadings and consistent sugar porogen loading of 70 wt% are shown in Figure 4.6(c). The electrical
properties displayed in Figure 4.6(d) demonstrated the significant impact of the nanofiller loading
on the resistance of the sensors with an order of magnitude difference between CNT loadings 1.5
wt% and 3 wt%. The highest CNT loading (3 wt%) displayed the highest number of conductive
networks, and therefore the lowest resistance, which proved to be beneficial for reliable contact
with the copper electrodes. Due to demonstrating the highest piezoresistive sensitivity and the
highest electrical conductivity, 3 wt% CNT loading was chosen to fabricate sensors with various

sugar porogen amounts.

Sugar porogen amounts were varied to demonstrate the wide range of mechanical behavior of the
sponges capable of being manufactured with this method. Additionally, the piezoresistive
sensitivities of the sponges with various porosities were compared to determine the highest

performing sensor. The results of this study are shown in Figure 4.7.
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Figure 4.7: (a) Piezoresistive sensitivity comparison of sponges fabricated with various sugar
porogen amounts and 3 wt% CNT loading, (b) representative relative resistance change signals
of each sensor due to pressure applied during a 50 % strain cycle, (c) stress-strain curves of
sensors up to 50 % compression, and (d) the compressive moduli of the sensors.

The lowest porosity compression sensor displayed the highest average gauge factor between the
strain range 5 % - 50 % as shown in Figure 4.7(a) likely due to the pores within the more porous
sponges not collapsing fully within this strain range. However, the most porous sensors fabricated
with 85 wt% porogen were more sensitive to applied pressure as shown in Figure 4.7(b). This was
due to the significantly lower compressive stiffness of the more porous sponges as the average
compressive moduli of sensors fabricated with 70 wt%, 75 wt%, 80 wt%, and 85 wt% displayed
in Figure 4.7(d) were 164 kPa, 132 kPa, 59 kPa, and 18 kPa, respectively. The stress-strain curves

shown in Figure 4.7(c) denoted typical viscoelastic behavior where the area between the loading
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(solid line) and unloading (dashed line) curves is the energy absorbed by the material and the area
below the unloading curve is the energy returned. Clearly, the lower porosity sponges displayed
greater energy absorbed and energy returned than the higher porosity sponges. This proves the key
capability of the developed manufacturing method to fabricate piezoresistive sponges with
controllable mechanical behaviors offering the potential for the sensors to be used in a wide variety
of applications. Further comparison of the piezoresistive function for the highest porosity sponge
(CNT3P85) and the lowest porosity sponge (CNT3P70) was explored to determine the differences

in piezoresistive behavior for sponges with widely different porosities.

To determine the usability of these sensors, long-term durability and strain rate dependence tests
were performed, in addition to stepwise sensing and viscoelastic creep relaxation tests that are
shown in Figure A.6 (Appendix A) and Figure A.7 (Appendix A), respectively. The results of the
durability piezoresistive compression tests are shown in Figure 4.8(a) and Figure 4.8(b). Both
sensors demonstrated some inconsistencies in the relative resistance change over 12 h of cyclic
compressive loading, however, the least porous sponge demonstrated the more stable
piezoresistive behavior. Additionally, the CB3P70 sponge displayed more consistent
piezoresistive sensitivity than the CB3P85 sponge for significantly varying strain rates as shown
in Figure 4.8(c) and Figure 4.8(d). This result may be explained by the significantly larger energy
absorbed and energy returned in the least porous sponge compared to the most porous sponge as
shown in the stress-strain curves in Figure 4.7(c). Due to the differences in the viscoelastic
responses of the material, the CNT3P70 sponge displayed more consistent piezoresistive
sensitivity regardless of strain rate, except for very small strains at 1000 %/min strain rate. In
contrast, the CNT3P85 sponge displayed more noticeable decreases in piezoresistive sensitivity as

the strain rate increased. Overall, these additional piezoresistive tests showed that CNT3P70
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sponges displayed the most dependable piezoresistive behavior, therefore, the material formulation

was considered optimal and was used for sensor application demonstrations.
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Figure 4.8: Durability piezoresistive compressive strain sensing tests for 12 h of cyclic loading
for (a) CNT3P70 and (b) CNT3P85 nanocomposite sponges. Effects of strain rate on the
piezoresistive sensitivity of (¢) CNT3P70 and (d) CNT3P85 sponges.

4.3.4 Flexible Sensor Applications
It is imperative to consider the health implications when developing any nanocomposite sensor
that will be attached to or used by a person as CNTs and other nanoparticles may be detrimental
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to the health of humans. Many studies have fabricated highly sensitive piezoresistive sponges that
have nanoparticles attached to the pore walls of a neat PDMS sponge. This common sensor
manufacturing technique, when implemented for human motion detection, ignores the high
likelihood that nanoparticles become detached from the surface of the elastomer due to repeated
cycles and could be harmful to the health of the user and therefore not appropriate for commercial
human motion detection products. This study embedded the nanoparticles within the polymeric
matrix to significantly reduce the likelihood of nanoparticle detachment during use. This advantage
made the sensors in this study more applicable for skin-attachable sensors and prosthetic sensors
for dynamic and stepwise motion detection. Piezoresistive signals of the sensors during the

applications demonstrated are shown in Figure 4.9.
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Figure 4.9: Demonstration of applications of sponge sensors including (a, b) fingertip pressure
detection on a prosthetic hand cyclically grabbing an object, and skin-attachable human motion
detection on the (c) chest, (d) inside of the elbow, and (e) backside of the knee.

The piezoresistive responses of the sponges attached to each finger of the prosthetic hand, seen in
the pictures in Figure 4.9(a), are shown in Figure 4.9(b) where the minimum relative resistance
measurements denoted grabbing an object and the maximum occurring after releasing the object.
The sponges demonstrated consistent negative piezoresistive behavior during the stepwise sensing
application. Next, the sponges were attached to the skin of a user on the chest, on the crease of the
elbow, and behind the knee to detect normal human motions. An individual’s breathing was
measured before and after light exercise while the sensor was attached to the chest as shown in

Figure 4.9(c). The sensor attached to the elbow as seen in Figure 4.9(d) was able to produce
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distinctly different signals for different motions including a dynamic bending motion and a cyclic
throwing motion. With the sensor attached behind the knee as seen in Figure 4.9(e), the sensor
detected both running and walking motions. These demonstrations proved the potential for these
nanocomposite sponge sensors to be used in a variety of motion-detecting applications. Lastly, a
University of Oklahoma logo sponge, a gradient porosity sponge, and a triangular pyramid-shaped
sponge were fabricated showing the diversity of sponge geometries able to be fabricated with the

method used in this study (Figure A.8, Appendix A).

4.4 Conclusions

Piezoresistive sponges with tailorable electrical and mechanical properties were manufactured
with a fabrication process that utilized a novel microwave-assisted rapid porogen removal method
that significantly reduced the manufacturing time. The resistance and stiffness of the sponges were
able to be varied by an order of magnitude by fabricating with various CNT loadings and sugar
porogen amounts. The optimal CNT loading for the sensor was found to be 3 wt% to produce
sponges with the highest conductivity and compressive piezoresistive sensitivity. The least porous
sensor (CNT3P70) demonstrated the highest gauge factor (between 5 % - 50 % strain) of all the
sponge sensors tested in this study. The highly sensitive lowest porosity sensor demonstrated
higher piezoresistive consistency for a long-term cyclic durability test and a strain rate dependency
test compared to the most porous sensor. The best sensor formulation was determined to be
CNT3P70 and was demonstrated to be applicable as a skin-attachable sensor for dynamic human

motion detection and stepwise sensing detection on a prosthetic hand.
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CHAPTER 5: THE SORBENT-BASED OIL SKIMMER

5.1 Introduction

5.1.1 Motivation

It is well known that PDMS sponges display oil attracting (oleophilic) and water-repelling
(hydrophobic) properties suitable for oil/water separation applications. During the previous study,
it was observed that the nanocomposite prepolymer and porogen mixture behaved like sticky wet
sand or could be explained as having a clay-like consistency. This unique consistency allowed the
prepolymer mixture to be easily molded into various 3D shapes before curing. This moldability
introduced the possibility to fabricate an oil sorbent in novel and advantageous shapes. The first
idea was to make a sorbent with exceedingly high mass sorption capacity such that most of the
sponge would be hollow by covering a large porogen with the prepolymer and porogen mixture
before curing and removing the porogen. However, due to the buoyancy of the sponge on water,
only a small portion of the hollow sponge was filled with oil when deployed in a simulated oil
spill. Through these preliminary experiments, the sorbent-based oil skimmer (SOS) was designed
by striving to better take advantage of the gravity-driven oil/water separation mechanism observed.
The key to achieving this design was the ability to fabricate unique geometries of oil sorbent
sponges with the prepolymer and porogen mixture. The nanofiller selected in this study was CB
instead of CNTs for the low-cost and facile dispersion benefits. Notably, the semiconductive
samples were able to be microwave-cured showing the potential to rapidly fabricate the sorbent in

the SOS. Additionally, oil spill cleanup has always interested me for the potential positive impact
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innovations in this field may have on our environment. There have not been enough noteworthy
solutions to the oil spill cleanup problem. To this day, alarming amounts of solid waste from single-
use sorbents are produced during oil spill cleanup scenarios. Reusable sorbent-based devices like
the SOS may provide a solution to this crisis and may help progress our oil spill cleanup

capabilities.

5.1.2 Background

In this study, for the first time, a floating vessel-type oil collector capable of continuous oil
extraction from the water surface was developed. The novel SOS was created and tested to
demonstrate continuous oil extraction from water, facile deployment, and high reusability. The
gravity-driven oil/water separation mechanism of the novel oil skimmer required no energy input.
The material properties of the nanocomposite sponges with varying porosities and CB loadings
(Table A.2, Appendix A) were investigated including Joule heating, durability, hydrophobicity,
and oleophilic properties. The reusability of the SOS was tested, various sponge funnel sheet
designs were explored, and the ability of the SOS to extract different types of oil from fish tank-

scale oil spill simulations was demonstrated.

5.2 Experimental Methods

5.2.1 Materials

Sylgard 184 PDMS was obtained from Dow Corning. Salt, gasoline, and diesel fuel were acquired
from Walmart. Motor oil (30W-50) and polylactic acid (PLA) filament was purchased from
Amazon. The EPON 862 epoxy, CB, Epikure 9553 curing agent, ethanol, THF, chloroform,

acetone, silicone oil, and pump oil were bought from Sigma-Aldrich.
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5.2.2 Sponge Fabrication

First, PDMS Part A and Part B (10:1) were mixed with CB via centrifugal mixing to create a
nanocomposite prepolymer (PDMS/CB). The PDMS/CB was hand-mixed with salt to create a
homogenous mixture (PCS). The PCS with various salt and CB loadings (Table A.2, Appendix A)
was molded with 3D printed templates (Figure A.9, Appendix A) into small (1x1x1 cm) and large
(5x5x5 cm) cubes. The samples were cured, submerged in water to remove the salt porogen,

cleaned with ethanol, and dried.

5.2.3 Characterization

A light microscope was used to image waterdrop contact angle tests and Joule heating motor oil
absorption experiments by depositing a droplet (~10 pL) onto a sponge. A Zeiss Neon EsB SEM
was used to image the surface of the various sponges. Sponge cubes were placed in various oils
and organic solvents and measured and weighed before and after absorption. The mass sorption

capacity (C) was calculated following Equation (5.1)

_ (M-m)
- m

C (5.1)

where M is the weight of the sponge after oil absorption and m is the dry weight of the sponge.

The swelling ratio (S) was calculated with Equation (5.2)

(5.2)

<<

where V is the volume of the sponge after oil sorption and v is the volume of the dry sponge. All

mechanical compression tests were performed on an Instron 3345 single column mechanical
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testing machine. A Brookfield DV-I1+ Viscometer was used to measure the viscosity of the motor
oil at various temperatures. Silver epoxy and copper tape were applied on sponges as electrodes
for Joule heating experiments measured with a Fluke 54 Il Digital Thermometer and to measure
the resistances of the small sponges with a Hioki RM3545-02 Resistance Meter (Figure A.10,

Appendix A).

5.2.4 SOS Construction

The SOS prototype vessel was 3D printed in PLA and coated with several layers of epoxy. High-
density polyethylene (HDPE) lid extensions were bolted onto the vessel. The sponge funnel was
fabricated using 3D printed templates. First, a 1 cm thick circular sheet was formed by pressing
the uncured PCS into a 3D printed template and the vent hole was cut out of the center of the sheet.
A large extended cone-shaped salt porogen was fabricated by mixing salt with water, molding, and
microwaving to harden (Figure A.11, Appendix A). The porogen was placed on the PCS sheet
over the top of a large hole in the center and covered with PCS leaving a small 5 cm diameter hole
at the tip of the large cone-shaped porogen. The sponge funnel was cured and placed in water to
remove the salt porogen, cleaned with ethanol, and dried. To assemble the SOS, the sponge funnel
was placed into the vessel and the lid and vent component was placed on top with the vent through
the vent hole on the sponge funnel. The top HDPE sheet was placed on top of the lid and tied to
the HDPE sheets bolted onto the vessel on both ends. Rope handles were added to facilitate SOS

deployment and oil tubing was connected underneath the vessel.

5.2.5 SOS Testing
The SOS prototype with a CB15P9 sponge funnel was deployed in several 30 mm thick simulated
oil spills to measure the oil extraction rate at each oil layer thickness. The sponge funnel designs

tested (sheet thicknesses = 1 cm): (i) small-diameter circular sponge sheet (diameter = 21 cm), (ii)
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large-diameter circular sponge sheet (diameter = 31 cm), and (iii) large-diameter flower-shaped
sponge sheet (diameter = 31 cm; 60 pedals). The reusability of a sponge funnel with a small sponge
sheet was determined by repeating simulated gasoline spill extraction tests with relevant sponge
funnel reuse conditions. Lastly, the SOS with the large-diameter sponge sheet was tested in a diesel

fuel and crude oil simulated oil spill.

5.3 Results and Discussion

5.3.1 SOS Inspiration, Design, and Functionality

The continuous oil extraction capabilities of the SOS were enabled by three key features: (i) the
sponge funnel geometry, (ii) the oil sorbent material properties, and (iii) the vessel. The SOS
design was conceptualized after preliminary experiments focused on scaling up PDMS sponges
that have been limited to small-scale experiments largely due to the fabrication methods widely
used including the sugar cube templating method, first shown by Choi et al. [176]. In this study,
PCS was used to fabricate sorbent sponges that allowed for facile molding of several complex
geometries. The PCS was used to encase a large spherical salt porogen to create a hollow sponge
or shell structure (Figure A.12, Appendix A). During deployment of the spherical sponge shell in
a small-scale simulated oil spill, the inner core of the shell structure below the oil layer filled with
oil due to gravity (Figure A.13, Appendix A). Next, a pump was connected underneath the
spherical sponge shell to extract the oil from the hollow sorbent (Figure A.14, Appendix A). While
this approach was novel, the sponge shell collapsed during extraction, demonstrated a slow
absorption rate due to a small surface area of sorbent in contact with the thin oil layer, and struggled
to maintain vertical alignment. To solve these issues, the sponge funnel was designed and
fabricated to include a hollow funnel-shaped sponge shell connected to a large sponge sheet with
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a vent hole for high surface area contact with the oil layer (Figure A.15, Appendix A). A vessel
was incorporated with the sponge funnel to maintain vertical alignment and encase the separated
oil. This design enabled rapid oil extraction with a peristaltic pump connected to the vessel

underneath the sponge funnel.

The SOS prototype design used in this study included only counterweights, however, a ballast tank
may be implemented to control the buoyancy of the device (Figure A.16, Appendix A). The SOS
prototype design, shown in Figure 5.1(a), utilized lid extensions due to the limited build volume
of the 3D printer used to fabricate the vessel and to account for the expansion of the sponge funnel
during oil absorption. The lid was tied down securely as seen in Figure 5.1(b) to create a leakproof
seal between the oil sorbent and vessel. No water could leak into the vessel with a sufficiently
hydrophobic sponge funnel during oil extraction tests shown in Figure 5.1(c). The gravity-driven
oil/water separation mechanism of the novel oil skimmer illustrated in Figure 5.1(d) required no
energy input. This design may allow for an array of SOS devices connected to one peristaltic pump

for highly energy-efficient and rapid extraction of large-scale oil spills as seen in Figure 5.1(e).
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Figure 5.1: (a) The SOS design, pictures of (b) the fully constructed SOS prototype and (c) the
SOS continuously extracting gasoline from the water surface, (d) a schematic of gravity-driven
oil extraction functionality of the SOS, and (e) a conceptual image of an SOS array connected to
one peristaltic pump.

5.3.2 Development and Characterization of Sorbent Material

The PCS mixture was used to fabricate sponge cubes consisting of CB dispersed within a PDMS
matrix for material characterization. Several studies in the field attached nanoparticles to the
surface of highly porous sponges to impart superhydrophobic or multifunctional properties like

magnetism [177-179]. However, van der Waals forces between nanofillers and PDMS are
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relatively weak [180], and dip-coating and other nanoparticle attachment methods were deemed
difficult to implement on the large-scale sponge funnel, therefore it was not explored in this study.
Nanoparticle detachment and wash out would lead to a decrease in sorbent material properties over
time [181], and would contaminate the aquatic environment and extracted oil. Therefore, the
nanofiller was dispersed within the polymer matrix to minimize the potential for nanoparticle
detachment in this study. The desired traits for a sorbent material used in the SOS: (i) facile
fabrication of large-scale funnel-shaped geometries, (ii) rapid oil absorption (oleophilic), (iii) high
water contact angle (hydrophobic), (iv) durability and reusability, and (v) Joule heating capabilities
for highly viscous oil absorption. The PCS mixture with various salt porogen:PDMS/CB
prepolymer ratios and CB loadings were used to fabricate small and large sponge cubes for detailed
material characterization to determine the optimal nanocomposite sorbent formulation for use in
the SOS. First, the porosities of each sponge cube fabricated in this study were measured and the
results can be seen in Figure 5.2(a) and Figure 5.2(b). As expected, a larger amount of salt porogen
in the PCS mixture increased the porosity of the sponge fabricated from 76.7+0.4 % for CB15P4
up to 89.3+0.3 % for CB15P9. Sponges with varying CB loadings did not have a significant
difference in the porosity. However, SEM images are shown in Figure 5.2(d) — Figure 5.2(k) and
revealed that varying CB loadings did have a noticeable effect on the microstructure of the

nanocomposite sponges.
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Figure 5.2: Porosities of sponges fabricated with varying (a) salt porogen:PDMS/CB
prepolymer ratios and (b) CB loadings. (c) Pictures of the small sponge cubes fabricated for
sorbent material characterization (top: CB15P4, CB15P6, and CB15P9; bottom: CB5P9,
CB10P9, CB15P9, CB20P9, and CB25P9). SEM images of (d) pores in a CB5P9 sponge and the
microstructures of () CB15P4, (f) CB15P6, (g) CB15P9, (h) CB5P9, (i) CB10P9, (j) CB20P9,
and (k) CB25P9 sponges.

Next, the oleophilic properties and reusability of the fabricated sponges were characterized. The
small CB15P9 sponge cubes were deployed in various oils and organic solvents at room
temperature and allowed to fully sorb as seen in Figure 5.3(a). The mass sorption capacities of the
sorbent material are shown in Figure 5.3(b), demonstrating the capability of absorbing a wide

range of oils and organic solvents. Notably, Figure 5.3(b) shows both uncompressed sorption
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capacities and compressed sorption capacities which designate if the sponge was mechanically
compressed while submerged to expel air bubbles that can become trapped during sorption. The
trapped air may affect the oil flow rate through the sponge and consequently the extraction rate of
the SOS. The mass sorption capacities and swelling ratios of the varying porosity small sponges
deployed in gasoline are shown in Figure 5.3(c) and Figure 5.3(d), respectively. The mass sorption
capacities were greater for higher porosity sponges which agreed with similar studies in the field
[182-184]. The absorption rates of the varying porosity large sponge cubes were compared by
incrementally measuring the mass sorption capacities during 15 min of gasoline absorption and
the results are displayed in Figure 5.3(e). The results showed that higher porosity sponges absorbed
oil considerably more rapidly than lower porosity sponges. The highest porosity sponge (CB15P9)
was found to fully sorb with gasoline in under 1 min, while the lowest porosity sponge (CB15P4)
required over 12 min to fully sorb. Therefore, PCS with the highest ratio (9:1) of salt
porogen:PDMS/CB prepolymer was selected to fabricate sponges with varying CB loadings for

the durability and reusability investigation.

A critical application of the SOS would be to replace single-use sorbent materials that are widely
used in the oil spill cleanup industry that results in massive solid waste. To reduce or eliminate
this waste, the sorbent material used in the SOS must be highly reusable. Herein, the durability
and reusability of the nanocomposite sponges used in this study were investigated for 10 cycles of
gasoline absorption, cleaning in ethanol, and drying in a vacuum oven. The average dry masses of
the sponges before gasoline sorption, mass sorption capacities, and swelling ratios for sponges

with various CB loadings between 5 — 25 wt% are shown in Figure 5.3(f) — Figure 5.3(h).
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Figure 5.3: (a) Pictures of uncompressed gasoline sorption test before and after deploying a
small CB15P9 sponge (mass sorption capacity = 13.6; swelling ratio = 3.3). (b) Mass sorption
capacities of CB15P9 small sponges of various oils and organic solvents. (c) Mass sorption
capacities, (d) swelling ratios, and (e) absorption rate comparison of varying porosity sponges.
Durability study of the most porous sponges with varying CB loadings including 10 cycles of (f)
masses of dried sponges, (g) mass sorption capacities, (h) swelling ratios.

A significant loss of mass was observed in CB5P9 sponges due to the lack of mechanical
reinforcement in the polymer leading to significant damage, and the first cycle of CB25P9 sponges
possibly due to nanoparticle detachment from inadequate mixing of the high CB loading in the

polymer matrix. After several cycles, noticeable damage was observed within the CB5P9,
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CB10P9, and CB25P9 sponges, while the CB15P9 and CB20P9 sponges remained entirely intact.
Mechanical compression tests before and after 10 cycles of gasoline absorption and SEM images

confirmed the apparent damage or lack of damage to the sponges (Figure A.17, Appendix A).

The hydrophobic properties of the sponges were investigated via the water contact angle test. The
water contact angles comparison for the varying porosity sponges, varying CB loading sponges,
and Joule heating voltages applied to a small CB20P9 sponge are shown in Figure 5.4 and
representative images are displayed in Figure A.18 (Appendix A). Higher porosity sponges
demonstrated higher hydrophobicity with larger water contact angles which agreed with multiple
studies in the field [182, 185]. In contrast, CB loading did not influence the hydrophobic properties
of the materials, which did not align with similar studies in the field that coat the surface of PDMS
sponges with carbonaceous nanoparticles [186, 187]. This finding and the SEM images of the
nanostructure of the sponge surface (Figure A.19, Appendix A) both confirmed that the CB is
embedded within the polymer matrix. Lastly, the water contact angles for a CB20P9 sponge with
various Joule heating voltages applied were confirmed to not affect the hydrophobicity of the
sponge. Therefore, Joule heating may be implemented on the sponge without compromising the

vital hydrophobic behavior of the sorbent.
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Figure 5.4: Water contact angles for (a) varying porosity sponges, (b) varying CB loading
sponges, and (c) various Joule heating voltages applied to small CB20P9 sponges.

5.3.3 Sponge Joule Heating for Viscous Oil Absorption

Highly viscous oil spills are exceedingly difficult to remove from water with sorbent materials as
sorbents typically require a low viscosity fluid to readily absorb through the microstructure of the
material. Many researchers have recently investigated the heating capabilities of nanocomposite
sorbent materials via simulated sunlight (photothermal effect) [188] and Joule heating [189] to
increase the local temperature and reduce the viscosity to rapidly absorb the nearby oil. The
measured viscosities of the most viscous oil obtained, motor oil, are exhibited in Figure 5.5(a) to
confirm the expected decrease in viscosity as the oil temperature increased. Joule heating

functionality was enabled when a sufficient CB loading was dispersed within the polymer matrix.

The semiconductive behaviors of the nanocomposite sponges with varying CB loadings used in
this study were characterized by measuring the resistances of the small sponges and the results can
be seen in Figure 5.5(b). The sponges with CB loadings between 5 wt% - 15 wt% did not
demonstrate Joule heating functionality for the voltages investigated. Also, CB25P9 sponges
proved difficult to scale up due to the inadequate hand-mixing process of the highly viscous

nanocomposite prepolymer with the salt porogen (Figure A.20, Appendix A). Therefore, CB20P9
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sponges were selected as the ideal nanocomposite sorbent material formulation to explore Joule

heating capabilities.

The mass sorption capacities of the small CB20P9 sponges for motor oil at various temperatures
are shown in Figure 5.5(c) to verify the sorbent absorbed the oil more readily at higher
temperatures. The pictures shown in Figure 5.5(d) summarize a microscopy experiment that was
conducted with no voltage applied and 30 V applied to a small CB20P9 sponge to compare the
time required for the full absorption of a motor oil droplet. The experiment proved that Joule
heating offered over an order of magnitude improvement in the time required to absorb the viscous
motor oil droplet if the sponge was Joule heated to temperatures near 100 °C (Figure A.20,
Appendix A). A large CB20P9 sponge seen in the picture in Figure 5.5(e) was Joule heated with
various voltages to investigate the heating rate of larger sorbents. Higher voltages resulted in faster
heating rates and higher maximum sorbent temperatures that reached 38 °C, 71 °C, 98 °C, 117 °C,
and 127 °C for 12V, 24 V, 36 V, 48 V, and 60 V, respectively. The longevity of the Joule heating
functionality was investigated for reusability by Joule heating the sponge for 50 cycles shown in
Figure 5.5(f), and endurance by continuously heating the sponge for 12 h, as seen in Figure 5.5(g).
The maximum and minimum temperatures over 50 cycles remained consistent at 111+2 °C and
22.1+0.5 °C respectively which demonstrated the essential reusability of the Joule heating
functionality. Additionally, the endurance experiment proved the sorbent can maintain a steady
temperature of 11243.2 °C over 12 h of constant Joule heating. These experiments proved the
ability of the nanocomposite sorbent material used in the SOS to be Joule heated for consistent
and reliable rapid absorption of viscous oils. While Joule heating the sponge funnel in the SOS
was not within the scope of this study, this sorbent heating functionality may be utilized on the

SOS for continuous extraction of highly viscous oils from water.
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Figure 5.5: (a) Motor oil change in viscosity due to change in oil temperature. (b) Resistances of
small sponges with varying CB loadings (CB5P9, CB10P9, CB15P9, CB20P9, and CB25P9). (c)
Mass sorption capacities of small CB20P9 sponges due to motor oil temperature change. (d)
Microscopy images demonstrating a CB20P9 sponge rapidly absorbing viscous motor oil due to
Joule heating. (e) Joule heating temperatures of a large CB20P9 sponge at various applied
voltages. Joule heating durability study including (f) 50 cycles of maximum and minimum

temperatures and (g) 12 h of continuous 30 V applied to a small CB20P9 sponge.

5.3.4 Oil Spill Cleanup Demonstrations

After characterizing the oleophilic, hydrophobic, durability, reusability, and Joule heating

properties of the nanocomposite sponge, it was necessary to test the viability of the material to
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absorb oil spilled in water. First, a sheet of nanocomposite sponge was deployed in a small-scale
simulated gasoline spill in water and the experiment is displayed as time-based pictures in Figure
5.6. The sponge rapidly expanded and absorbed the small oil spill in seconds and was easily
removed. This experiment demonstrated the oil/water separation capabilities of the sponge
material. Many studies in this field demonstrated similar small-scale oil/water separation
capabilities of their sorbent material [190-193]. However, very few explore solutions to scale up
this technology beyond this experiment, a step that is vital to real-world oil spill cleanup

applications.

1) Dry Sponge |

9) Fully Sorbed Sponge

—

O

Figure 5.6: Time-based pictures demonstrating the oil/water separation capability of a CB15P9
sponge.
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Pictures demonstrating the sponge funnel functionality are shown in Figure 5.7 to visualize the
gravity-driven oil/water separation mechanism. A transparent vessel was submerged in a simulated
gasoline spill in water such that the oil layer height was near the level of the top rim of the clear
vessel. The sponge funnel, SOS lid and vent component, and a small weight were deployed on the
clear vessel. The sponge funnel rapidly expanded while absorbing gasoline, and in about 5 min the
sponge funnel was sorbed and began releasing gasoline from the hollow core of the sponge into
the clear vessel in a steady and constant stream (Figure A.21, Appendix A). This process continued
for about 30 min until the entire oil spill was separated from the water surface into the vessel.
Notably, the oil layer was just below the brim of the vessel to begin the experiment. Therefore, the
sorbent material demonstrated the ability to pull the gasoline through the microstructure of the
sponge and above the brim of the vessel via capillary action, owing to the impressive oleophilic
properties of the sponge material. This visually proved the oil/water separation mechanism of the
sponge funnel deployed in a vertically aligned vessel, demonstrating the feasibility of the SOS

design.
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Figure 5.7: Time-based pictures of a sponge funnel demonstrating gravity-driven oil/water
separation to absorb oil from the water surface and fill a vessel.

Lastly, Figure 5.8(a) depicts the fully assembled floating SOS system deployed in simulated oil
spills of 3 gallons of gasoline to determine the extraction rate at various oil layer thicknesses. The
SOS was easily deployed via rope handles into the oil spill, the peristaltic pump connected
underneath the floating vessel was turned on, and continuous oil extraction began within 5 min. In
under 90 min, the SOS had extracted the 30 mm thick oil spill from the water. Notably, no water
was observed in the extracted oil. This observation indicated that the SOS likely demonstrated an
oil recovery efficiency (volume ratio of oil removed to the total fluid removed) near 100 %. This
apparent water-free oil extraction capability is remarkable and unique to the SOS as a vast majority
of traditional oil skimmers report a significantly lower recovery efficiency [194]. The following
experiments were aimed at testing the extraction rate of the SOS at different sponge funnel reuse

conditions, various designs of the sponge funnel, and for various types of oil spilled on water.
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The SOS containing the small diameter sheet sponge funnel was tested at various reuse conditions
and the extraction rates and efficiencies at each oil layer thickness are shown in Figure 5.8(b).
Each test demonstrated the maximum extraction rate at the thickest oil layer (30 mm) likely due
to gravity increasing the rate of absorption on the top surface of the sponge sheet submerged in the
thick oil layer. As the oil layer became thinner during extraction, the SOS progressively decreased
in oil extraction rate and efficiency, as this is a common issue faced by oil skimmers [124]. This
was likely attributable to the reduction of gravitational influence and sponge surface area in contact
with the thin oil layer. The first test and the thoroughly cleaned and dried sponge funnel
demonstrated the highest efficiency and extraction rate throughout the tests which demonstrated
the reusability of the entire SOS system. When the sponge funnel had not been adequately cleaned
with ethanol and dried completely, the extraction efficiency decreased noticeably. For each reuse
condition investigated, the sponge funnel had undergone previous expansion of the polymer such
that significant air pockets formed within the microstructure of the sponge when removed from
the oil spill and exposed to the atmosphere. The three mechanisms that formed these air pockets
in the sponge funnel: (i) evaporation, (ii) gravity-driven oil separation from the sponge funnel, or
(iii) compression and paper towel absorption. The mass sorption capacities of the large CB15P9
sponges were measured at each of the reuse conditions tested. The results showed that the general
trend of the mass sorption capacities matched the extraction rate trend for the various sponge reuse
conditions (Figure A.22, Appendix A). Therefore, when more air pockets were trapped within the
sponge funnel (lower mass sorption capacity) there was a significant loss in flow rate through the

microstructure of the sponge that reduced the SOS extraction rate.

The purpose of the sponge sheet in the sponge funnel design was to introduce a sorbent with a high

surface area in contact with the spilled oil for rapid extraction. To explore the potential of
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increasing the surface area of the sponge sheet to increase the extraction rate, a sponge funnel with
a larger diameter, and one with a flower-shaped design were fabricated and tested. The results in
Figure 5.8(c) show that the larger the surface area of the circular sponge sheet demonstrated a
faster extraction rate than the smaller circular sponge sheet sponge funnel. Surprisingly, the flower-
shaped design displayed the slowest oil extraction rate despite having the largest total surface area
in contact with the oil layer. This was likely due to a significant reduction in gravitational influence
as the flower-shaped sponge sheet floated on the oil layer more readily and the top surface area in
contact with the oil was reduced with this design. However, the flower-shaped sponge funnel
retained its extraction efficiency for very thin oil layers compared to the circular sheets likely due
to increased surface area in contact with the thin oil sheens. Lastly, the results of the large-diameter
circular sponge funnel tested in higher viscosity diesel fuel and crude oil simulated spills are
displayed in Figure 5.8(d). While the SOS was able to continuously extract the higher viscosity
oils, the extraction rate was significantly reduced showing the potential to improve the SOS design

by incorporating sorbent Joule heating.
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Figure 5.8: (a) Time-based pictures of the SOS continuous extraction of oil from water, (b) the
SOS extraction rate for gasoline at various layer thicknesses for various sorbent reuse
conditions and (c) for varying sponge funnel designs, and (d) the SOS extraction rate of diesel
fuel and crude oil at various oil layer thicknesses.

5.4 Conclusions

In conclusion, a novel energy-efficient oil skimmer was developed and tested. For the first time, a
highly reusable, floating vessel-type oil collecting device was constructed with continuous oil
extraction capabilities. The parameters of the facile sorbent fabrication method including the
amount of porogen and CB loadings were investigated to determine the ideal nanocomposite
sponge formulations. The desired characteristics of the sponge included a rapid oil absorption rate,

sufficient hydrophobicity, durability for reuse, and Joule heating for viscous oil absorption. The
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ideal sponge types for use in the SOS were determined to be CB15P9 for low viscosity oil spills,
and CB20P9 to incorporate Joule heating functionality for viscous oil absorption. The SOS device
demonstrated great reusability, a high oil extraction rate, and the ability to extract multiple types
of oils. The SOS is a promising new oil spill cleanup technology that may help solve the problem
of massive amounts of solid waste produced by single-use sorbents during oil spill cleanup, in

addition to other applicable large-scale oil skimming applications.
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

6.1.1 Microwave-curing CNT Nanocomposites

The most noteworthy benefit of microwave-curing PDMS/CNT nanocomposites is the ability to
reduce the curing time by at least 96 %. Notably, as CNT loading increases, the time required to
thermally-cure the material in an oven increases drastically. With the microwave-curing method,
the curing time decreases noticeably as CNT loading increases, with conductivity being the most
relevant consideration for the rate of microwave heating and curing. This finding may prove highly
advantageous to future researchers and engineers in the field to consider microwave-curing as a
viable rapid fabrication technique. This work found that microwave-curing CNT-based
nanocomposite elastomers increased the electrical conductivity, lowered the compressive
modulus, and unaffected the compressive piezoresistive sensitivity of the material. Improved
nanofiller dispersion and likely CNT alignment in the microwave-cured nanocomposites likely

explained the drastic increase in electrical conductivity.

6.1.2 Flexible Sensors for Human Motion Detection

In this work, highly versatile piezoresistive sensors were developed for skin-attachable human
motion detection applications. While the bulk PDMS/CNT cylinders displayed sensing behavior
and could be used for human motion detection, the high stiffness of the material was not ideal for
functionality or comfortability for this application. The low modulus Ecoflex sensors demonstrated

high conformability with the user’s skin and extremely high tensile stretchability for a highly
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versatile large human motion monitoring. As expected in tension, the lowest conductive CNT
loading (1.5 wt%) displayed higher piezoresistive sensitivity or gauge factor. Additionally, higher
curing temperatures and a nozzle inner diameter of 0.41 mm displayed the highest gauge factor
likely due to improved CNT dispersion and alignment in the cured nanocomposite sensing
element. The piezoresistive sponge compression sensors developed and investigated in this work
were easy to manufacture and displayed high usability for detecting different human motions. The
simple fabrication method used allowed the manufacturer to control the electrical and mechanical
properties of the sponges. The CNTs were well embedded within the PDMS matrix to avoid
nanoparticle detachment to keep the user safe during use. A novel rapid microwave-based porogen
removal method was used to efficiently remove the porogen from the sponge samples. The least
porous and most conductive (CNT3P70) sponges demonstrated the highest compressive
piezoresistive sensitivity, most reliable contact with the electrodes, and had the most consistent
piezoresistive behavior. Overall, the flexible sensors developed in this work were safely skin-

attachable and highly versatile for human motion detection applications.

6.1.3 Developing the SOS

The sorbent material used in the SOS prototype consisted of a PDMS sponge with embedded CB.
The formulation of the nanocomposite sponge was heavily studied to optimize the durability, rate
of oil absorption, hydrophobicity, and Joule heating functionality. The CB15P9 sponge material
was ideal for low-cost testing of the SOS prototype and was used to fabricate the sponge funnels
in this work. However, the CB20P9 sponge material performed comparably to CB15P9, except it
contained a sufficiently high CB loading for effectively Joule heating the sorbent for rapid viscous
oil absorption that was explored and demonstrated in the small-scale. The SOS prototype

demonstrated a high maximum rate of gasoline extraction of 200 mL/min. The oil/water separation
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mechanism demonstrated in the SOS was entirely gravity-driven. Therefore, no energy input was
required for oil/water separation, unlike most traditional oil skimmers. The SOS was highly
reusable and demonstrated the potential to help solve the issue of massive solid waste produced

by single-use sorbents used widely for oil spill cleanup.

6.2 Future Work

6.2.1 Microwave-curing Effects and Applications

Further examination of the microwave-curing effects on the degree of cure and tensile properties
should be explored to expand upon the studies reported in this work. It is expected that the
crosslinking density is lower in rapidly microwave-cured thermoset resins compared to thermally-
cured counterparts. This would explain the lower compressive modulus found in this work and the
likely lower tensile modulus expected through future investigations. Additional experiments to
better understand the likely CNT alignment effect caused by microwave-curing may also be
explored via coating CNTs with fluorescent nanoparticles like quantum dots to image the
transparent polymer matrix nanocomposite via confocal microscopy. Another method may be to
microwave-cure a very thin film of PDMS/CNT prepolymer for light microscopy imaging. More
work needs to be done to investigate the material property impact of microwave-curing CNT-based
nanocomposites to fully understand the benefits and downsides of using this rapid manufacturing
method. One important application of microwave-curing is the potential to incorporate the
technique with DIW of thermoset materials to rapidly cure the thermoset materials and enable true

large-scale 3D printing of thermoset parts.
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6.2.2 Improvements in Flexible Sensor Designs

The biggest limitation of the skin-attachable flexible sensors developed was the electrodes. Silver
epoxy and copper tape or wires were used in this work and have been widely used in the field to
collect piezoresistive data from flexible sensors. However, additional work is required to improve
the durability and consistency of electrical contact between the conductive metal electrodes with
the semiconductive polymer nanocomposite. The e-3DP approach could be utilized to embed a
silver nanocomposite thermoset paste into the polymer and attach a wire to the silver electrode for
reliable contact with the sensing material. To improve the sensing element design, a cured Ecoflex
substrate containing embedded silver electrodes may be stretched to a high strain such as 100 %
(up to 500 %) as illustrated in Figure 6.1(a). While the substrate is held in tension, parallel lines of
a high CNT loading elastomeric nanocomposite ink may be printed perpendicular to the strain axis
and between and on the two silver electrodes with a small, predetermined space between each line.
If the CNT loading is sufficiently high for the filamentary extrusion to maintain a highly cylindrical
shape, the fully cured sample when released to 0 % strain would have highly overlapped
nanocomposite lines connecting the two embedded silver electrodes (low resistance). The
simplified piezoresistive strain sensing mechanism is shown in Figure 6.1 and the top view of the
full sensor design is displayed in Figure 6.2. Overall, this novel fabrication method may be used
to fabricate skin-attachable strain sensors with greatly improved sensitivity, significant
improvements in reliable connection of the electrodes, and the ability to tailor the detectable strain
range. Modeling the fabrication process should be utilized to customize the manufacturing
parameters to accurately design and 3D print sensors with very high sensitivity in a strain range

determined by the desired application for the human motion detection sensor.
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Figure 6.1: Simplified schematic illustration of the cross-sectional view of the proposed sensor
(a) after printing on the stretched substrate, (b) at rest, and (c) strained to its assumed (not
calculated/simulated) maximum detectable strain.
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Figure 6.2: Schematic illustration of the top view of the proposed sensor (a) after printing on the
stretched substrate, (b) at rest, and (c) strained to its assumed (not calculated/simulated)
maximum detectable strain.

6.2.3 SOS Embodiments and Applications
The SOS may demonstrate improved functionality or oil extraction rate depending on the design.
Several different geometries of the sponge funnel may include altering the shape of the sponge
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sheet, sponge shell, or vessel. For example, a crescent or horseshoe-shaped sponge sheet could be
used to enable collecting a thin sheen of spilled oil by corralling the oil as the SOS moves across
the water surface like an oil boom. Notably, the flower-shaped sponge sheet investigated in this
work maintained a higher extraction efficiency for thin oil sheens due to a higher surface area of
sponge remaining in contact with the oil, while the flat cylindrical sheets demonstrated an overall
faster extraction rate due to the larger top surface of the sponge benefiting from gravity-driven oil
absorption. These two designs could be used in conjunction such that the top surface area is larger,
and the in-plane surface area is also high to rapidly extract oil and maintain a higher extraction
efficiency for thin oil layers. Additionally, the SOS system design requires considerable
improvements to be applicable for commercial use. One such improvement may include the
incorporation of strategically placed water sensors and a snorkel connected to the ballast tank and
a low-pressure blower to utilize a control loop to create a self-balancing SOS. This self-balancing
or standalone flotation capability may also be achieved by incorporating the SOS design with a
Weir-type oil skimmer that uses three surrounding ballast tanks to maintain the desired semi-
submerged state of the device. The addition of an oil collection chamber, controllable propulsion,
and drone ship functionality offers the potential for the SOS to be entirely standalone and sweep
through the spilled oil slicks. Overall, considerable R&D will be required to fully unlock this

innovation as we have only begun to skim the surface of what the SOS may be capable of.

115



APPENDIX A: SUPPORTING INFORMATION
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Figure A.1: Piezoresistive sensing comparison of varying CNT loadings of m-PDMS/CNT.

Figure A.2: Schematic of solvent-based probe tip sonication method used to disperse CNTs in
Ecoflex Part A to prepare the nanocomposite ink.
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Figure A.3: Pictures of (a) uncured Ecoflex resin bath containing six embedded printed
nanocomposite sensors, (b) fully cured sensors after being cut lengthwise along the
nanocomposite electrodes, (c) prepared embedded nanocomposite sensor with silver epoxy and
copper tape electrodes, and (d) embedded sensor extended to 120 % strain to tighten copper tape
around the sample.

(c)
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Figure A.4: Embedded sensor fracture test: (a) Stress-strain curve and a picture of the
embedded sensor unstretched. (b) Force-displacement curve and a picture of the sensor
stretched to over 500 % strain before failure.

Table A.1: Designation of CNT Nanocomposite Sponge Materials Investigated

Sponge Material Designation Sugar Porogen Amount (wt%) | CNT Loading (wt%)
CNT1.5P70 70 15
CNT2P70 70 2
CNT2.5P70 70 2.5
CNT3P70 70 3
CNT3P75 75 3
CNT3P80 80 3
CNT3P85 85 3
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Figure A.5: Comparison of the (a) compressive modulus and (b) the measured porosities of the
CNT1.5P70, CNT2P70, CNT2.5P70, and CNT3P70 sponges.
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Figure A.6: Piezoresistive stepwise sensing comparison of (a) the lowest porosity sponge
(CNT3P70) and (b) the highest porosity sponge (CNT3P85) for 5 %, 10 %, and 25 %
compressive strains.
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Figure A.7: Viscoelastic creep comparison of the piezoresistive and stress response for (a) the
lowest porosity sponge (CNT3P70) and (b) the highest porosity sponge (CNT3P85) held at 50 %
compressive strain for 1 h.
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Figure A.8: Pictures of fabricated nanocomposite sponges including (a) the University of
Oklahoma logo, (b) a sample with gradient porosity, and (c) a triangular pyramid.
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Table A.2: Designation of CB Nanocomposite Sponge Materials Investigated

Sponge Material Designation

Salt Porogen:PDMS/CB Prepolymer

CB Loading (wt%)

CB15P4 4:1 15
CB15P6 5.7:1 15
CB15P9 91 15
CB5P9 91 5
CB10P9 91 10
CB20P9 91 20
CB25P9 91 25
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Figure A.9: Pictures of the PCS templating fabrication methods used (a) to fabricate sponge
cubes, (b) a circular sponge sheet, and (c, d) the flower-shaped sponge funnel with 60 pedals.
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Figure A.10: Pictures of the (a) small cube sponges and tools and materials used to attach
electrodes and (b) the multimeter measuring the resistance of a small cube sponge.
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Figure A.11: Pictures of the large salt porogen fabrication method including (a) molding the
cylindrical base and (b) the cone top, (c) stacking the cone onto the cylindrical base, and (d)
hardening the extended cone-shaped porogen in a commercial microwave.
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Figure A.12: Picture of the preliminary investigation of spherical shell-structured PDMS sponge
sorbents including the (a, b) the fabrication method of covering the salt ball with PCS, (c, d) a
fabricated hollow spherical sponge, and e) the scalability of the salt ball porogen.
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Encased Oil

Figure A.13: Picture of the preliminary spherical hollow shell sponge oil absorption in water
experiment including (a) deployment, (b) oil absorption and separation from water, (c)
extraction of the encased oil inside the shell sponge, and (d) depositing extracted oil into a
separate container.
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Figure A.14: Pictures of (a) fabricated spherical shell sponge with attached connector for oil
extraction, (b) deployment of the hollow sponge device in a simulated oil spill, (c) pumping to
remove oil, and (d) proof of oil extraction from water.
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Figure A.15: (a) The design of the nanocomposite sponge funnel, (b) the steps to fabricate the
sponge funnel, and (c) pictures of a fabricated sponge funnel.
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Figure A.16: (a) Design of the first SOS prototype and (b) the labeled cross-section including a
ballast tank to control the buoyancy. Pictures of the fabricated SOS prototype with a ballast tank
(c) before and (d) after deployment in a simulated oil spill.
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Figure A.17: (a) Pictures of the least porous sponge (top) and the most porous sponge (bottom)
under compression from a 120 g book. (b) Pictures of a small cube sponge uncompressed (left)
and compressed to 80 % compressive strain. (c) Stress-strain curves of the varying porosity
sponges. (d-h) Stress-strain curves of varying CB loading sponges before and after 10 cycles of
gasoline sorption and SEM images of the sponge microstructure after 10 cycles. (i)
Representative stress-strain curves of 500 cycles of CB15P9 submerged in gasoline.
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Figure A.18: (a) Schematic showing the water contact angle of a droplet on a substrate.
Representative light microscopy images of a water droplet deposited on the (b-d) varying
porosity sponges, (e-h) varying CB loading sponges, and (i-1) varying Joule heating voltages
applied to a CB20P9 sponge.

Figure A.19: (a b) High magnification SEM images of the surface of a CB15P9 sponge that
shows the CB embedded within the PDMS matrix.
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Figure A.20: (a) Picture of the Joule heating experimental setup and measured temperature
change due to 3 min of various voltages applied to a (b) CB20P9 and (c) CB25P9 small cube
sponge. (d) Picture of the CB20P9 and CB25P9 large cube sponges showing the shrinkage of

sponges fabricated with a 25 wt% CB loading due to the difficulty of mixing the viscous
prepolymer with the salt porogen.
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Figure A.21: A picture of the nanocomposite sponge funnel demonstrating the gravity-driven
oil/water separation capabilities in a simulated gasoline spill in water.
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Figure A.22: Mass sorption capacities of large CB15P9 sponges in gasoline with the same
sponge reuse conditions as the sponge funnel reuse conditions tested in the SOS gasoline
extraction from water experiments.
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