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ABSTRACT

Flexible electronics and wearable devices have attracted considerable attention due to
their mechanical liberty, in terms of flexibility and stretchability that can enable the possibility of
a wide range of new applications. The term “wearable electronics” can be used to define devices
that can be worn or mated with the sensed surface to continuously monitor signals without
limitations on mechanical deformability of the devices and electronic performance of the
functional materials. The use of polymeric substrates or other nonconventional substrates as base
materials brings novel functionalities to sensors and other electronic devices in terms of being
flexible and light weight. As functional materials, conductive nanomaterials, such as carbon
nanotubes and graphene have been utilized for flexible electronics and wearable devices.
Graphene has specifically been considered for producing next-generation sensors due to its
impressive electrical and mechanical properties. As a result, incorporation of flexible substrates
and graphene-based nanomaterials has been widely utilized to form versatile flexible sensors and
other wearable devices through use of different fabrication processes.

Creation of a large-scale, simple, high-resolution and cost-effective technique that
overcomes fabrication limitations and supports production of flexible graphene-based sensors
with high flexibility and stretch ability is highly demanding. Soft lithography can be merged with
a mechanical exfoliation process using adhesive tape followed by transfer printing to form a
graphene sensor on a desired final substrate. /n sifu microfluidic casting of graphene into
channels is another promising platform driving the rapid development of flexible graphene
sensors and wearable devices with a wide dynamic detection range. Selective coating of

graphene-based nanomaterials (e.g. graphene oxide (GO)) on flexible electrode tapes can,
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because of its flexibility and adhesive features, be used to track relative humidity (RH) variations
at the surface of target surfaces. This thesis describes the design and development of flexible and
wearable strain, pressure and humidity sensors based on a novel tape-based cost-effective
patterning and transferring technique, an in situ microfluidic casting method, and a novel
selective coating technique for graphene-based nanomaterials.

First of all, we present a tape-based graphene patterning and transferring approach to
production of graphene sensors on adhesive tapes. The method utilizes the work of adhesion at
the interface between two contacting materials as determined by their surface energies to pattern
graphene on PDMS substrate and transfer it onto a target tape. We have achieved patterning and
transferring method with the features of high pattern spatial resolution, thickness control, and
process simplicity with respect to functional materials and pattern geometries. We have
demonstrated the usage of flexible graphene sensors on tape to realize interaction with structures,
humans, and plants for real-time monitoring of important signals.

Secondly, we present a helical spring-like piezo resistive graphene sensor formed within
a microfluidic channel using a unique and easy iz sifu microfluidic casting method. Because of
its helical shape, the sensor exhibits a wide dynamic detection range as well as mechanical
flexibility and stretch ability.

Finally, we present a flexible GO-based RH sensor on an adhesive polyimide thin film
realized by selectively coating and patterning GO at the surface of Au Interdigitated electrodes
(IDEs) and subsequently peeling the device from a temporary polydimethylsiloxane (PDMS)
film. Real-time monitoring of the water movement inside the plant has been demonstrated by

installing GO-based RH sensor at the surfaces of different plant leaves.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Background

Recent advances in electronic devices have broadened the scope of flexible electronics
from earlier flexible/stretchable, foldable storage devices to the more advanced stretchable and
wearable devices that lie outside the operational scope of conventional rigid material-based
electronics. By integrating them with complex curved surfaces and maintain their functionality
even when subjected to a deformation, they open a new route for applications
for closely monitoring and recording various vital signals such as those found in structural and
human health monitoring [1-2], prototypes of skin patches [3], robotic grasping [4], and real-time
motion tracking [5]. For wearable electronics, since sensors should be easily attached onto the
irregular surfaces of the sensed objects with good curvature, so high flexibility of sensors are
highly demanding in different kinds of sensing applications. Flexible sensors and wearable
devices are often fabricated by integration between nanomaterials and flexible substrates. For
convenient choice of base and functional materials, flexible substrates (e.g., polyethylene
terephthalate, polyimide, and PDMS, Ecoflex, adhesive tape, fabric, and paper) [6-13] have been
used as the base materials and conductive nanomaterials, such as carbon nanotubes, metal oxide
nanowires, nanoparticles, and graphene have been utilized as a functional material of flexible
sensors [14-18]. One of the most popular choice of functional materials to realize flexible
sensors is graphene. Graphene is a two-dimensional (2D) material, is made up of carbon atoms
linked together in a honeycomb lattice [19], and appealing owing to its unique properties,

including atomic thickness, large surface area, fast electron mobility, good piezoresistivity, and
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high mechanical flexibility [20-21]. To date, mechanical exfoliation method is the first method
used to peel single or few-layer graphene from bulk graphite by using sticky tape and transfer it
to another surface. However, it is rather uncontrollable in terms of the number of graphene
layers, location, and size of the peeled graphene [22]. Graphene can also be grown by chemical
vapor deposition (CVD), but such graphene possesses many defects that lead to weaker
mechanical properties than those required for many mechanical sensors [23]. Graphene film can
be transferred from a growth substrate (e.g., copper foil) onto a target substrate using polymer-
assisted transfer but during this process some cracks may form, and the graphene can be
contaminated by both etchant and polymer residues, resulting in an unwanted doping effect that
may reduce the graphene carrier mobility [24-26]. Photolithography-based microfabrication for
graphene patterning is another useful method, but it is relatively complex and requires multiple
steps such as film deposition, lithography, and etching [27-29]. In addition to these methods,
various other graphene patterning and transferring techniques have been developed. Laser
enabled printing of graphene offers a highly promising platform, but it requires expensive laser-
based machines and is limited to fabricating patterns with minimum feature sizes of several tens
of micrometers. Ink-jet printing methods can be used to produce reduced graphene oxide (rGO)
patterns, but their resolution is poor, and an additional laser-printing process is necessary to
increase the electrical conductivity of rGO. Despite all these efforts, many problems remain
unsolved before a large-scale and cost-effective graphene-based nanomaterials patterning
method with high feature resolution and process simplicity can be realized. By taking the
advantage of different materials surface energies graphene patterns at a few micrometers can be

formed on a mold and transferred to flexible substrate for different sensing applications.
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Most conventional graphene sensors built on rigid substrates or even formed on an
elastomer substrate have a planar structure, and even though an elastomer substrate may still be
functional under large strain, planar graphene film has a high tendency to break. There is also no
capability for compressive sensing on most planar graphene sensors. To improve sensor stiffness,
sub-micrometer single-crystal elements can be structured into shapes with microscale, periodic,
and wavelike geometries [30], and the facile CVD growth of carbon nanotubes (CNT) array
double helices has been used as a sensitive film on elastomer substrates to realize a highly
stretchable sensor [31]. /n situ microfluidic casting method of a graphene layer directly inside a
helical channel can overcome the limitations of traditional techniques of graphene strain sensor
fabrication and also can provide sensors capable of responding to both compression and tension
due to a helical spring-like design.

Easy installation of sensors onto irregular surfaces of a sensed object is also highly
demanding for RH sensing applications. By utilizing different GO patterning techniques on
flexible substrates, GO-based sensors have been deployed for RH sensing applications [32-37].
Selectively coating and patterning GO film at the surface of Au IDEs on an adhesive polyimide
thin film can produce a GO-based RH sensor for tracking water movement inside a plant via
real-time monitoring of RH variations at the surfaces of leaves. Such a low-cost GO patterning
method-based sensor can be used to explore water transport dynamics in plants by installation of
such flexible sensors onto leaf surfaces.

1.2 Introduction
The previous section introduced the concepts of a graphene patterning and transferring

technology, flexible and stretchable graphene sensors, and GO film formation methods for RH
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sensing applications. This section will give details of relevant work, including: 1. Graphene
patterning and transferring methods, 2. Stretchable and flexible graphene strain sensors. 3. GO
film formation on flexible substrates for RH sensing applications.
1.2.1 Graphene patterning and transferring methods

Graphene is a 2D material with an atomic thickness of ~0.345 nm in which carbon atoms
are patterned hexagonally in a single plane resembling a honeycomb structure. Building blocks
in graphite, formed by stacking graphene in different ways, have led to discovery of various
important properties. Rapid steps forward in graphene development have led to formation of
several types of graphene-based materials, including monolayer to multilayer Graphene,
Graphene quantum dots (GQDs), Graphene nanoribbons (GNRs), Nano mesh, Nanosheets, and
GO [38]. Mechanical exfoliation, where bulk graphite is first attached to a clean scotch tape, and
another scotch tape is adhered on the other side, has been the first method used to peel single or a
small number of layers of graphene from bulk graphite, after which the two tapes are separated
to reduce the number of graphene layers on each tape. The graphene layers obtained from this
method generally have non-uniform thicknesses, irregular shapes, and very small size [22].

CVD has been considered as another efficient, inexpensive, and feasible method for
producing single-layer or multi-layer graphene [39]. CVD grown on Cu is one of the fastest
methods of produce single-layer graphene due to the low solubility of carbon in Cu that leads to
a self-limited process [40]. Figure 1.1 illustrates the proposed growth mechanism of graphene on
Cu. The annealing at high temperature in an H> environment is used to remove the native oxide
layer on the Cu surface. With the exposure of Cu foil in a CH4 /Hz environment, nucleation of

graphene islands begins taking place randomly but preferentially at the grain boundary of the Cu
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surface. As exposure to CHs continues, the graphene domains grow in size to cover the whole

area of a Cu substrate and eventually aggregate into a continuous graphene film [41].

Annealin

—>

Cu foil

CH,/H, at
1000°C l _

Coalescence of graphene domains

Figure 1.1 Schematic illustrating the proposed growth mechanism of graphene on Cu substrates
by CVD: (a) copper foil with native oxide; (b) Native Cu oxide is reduced while Cu develops
grains on the surface after annealing at high temperature in H2 environment; ¢) The exposure of
the Cu foil to CH4/H2 atmosphere at 1000 °C leading to the nucleation of graphene islands; (d)
enlargement of the graphene flakes and coalescence of graphene domains with different lattice
orientation [41].

. Ni (or Cu)

— P
lechanica 7' Rapid etching

Support/Graphene/Ni(or Cu)/SiO, peeling off :
in water with FeCl,; (aq)

Graphene on
polymer support

‘Tran sfer

Patterning

: Patterned graphene on Graphene on
Patterned graphene on Ni arbliraryenbetets arbitrary substrate

sio,

‘ Post-patterning
W Pre-patterning

Figure 1.2 Schematic illustration for synthesis, etching, and transfer of large-area graphene films.
Transferring and patterning of graphene films grown on a metal/SiO2/Si wafer. Graphene/metal
layers supported by polymer films are mechanically separated from a SiO2/Si wafer. After fast
etching of metal, the graphene films can be transferred to arbitrary substrates and then patterned
using conventional lithography [42].
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After graphene film has been produced on a grown substrate, it must be transferred onto a
target substrate. To date, the most commonly used technique for doing this is to chemically etch
the grown substrate (e.g. Cu) away to obtain a free-standing graphene membrane, followed by
scooping the membrane onto a desired substrate. A general transfer technique of CVD-graphene

onto a target substrate is illustrated in Figure 1.2 [42].

@ ;| Graphene o Mask 3 Graphane

—
Patterning

Substrate

Graphane/graphene

.Spin—coating
4

dye layer

Figure 1.3 Graphane/graphene superlattices fabrication and imaging. (a) Schematic illustration to
fabricating the graphane/graphene superlattices and subsequent fluorescence quenching
microscopy (FQM) imaging. (b to d) FQMimaging of the graphene with different
graphane/graphene patterns. The scale bars in b to d are 200 um [43].

There also has been intensive study of using photolithography-based microfabrication for
graphene patterning [43]. First large-area graphene, grown from Cu substrates by CVD or solid
carbon methods, is transferred to an insulating substrate, after which conventional
photolithography using a photoresist mask is employed to define patterns atop the graphene
films. The exposed area of graphene is then hydrogenated. Finally, the photoresist mask is
removed to yield a conductive graphene sheet patterned with domains of insulating graphene-

containing regions (Fig. 1.3).
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( -~ J Cast GO Laser Pattern
DVD disk coated with PET
‘\m‘* Face-to-face P Cut
package 7 > '
Wire Out

Figure 1.4 The main fabrication processing steps of the laser scribed graphene based (LSG)
pressure sensor. A DVD burner with a laser-scribing function is used to convert GO into LSG
[44].

Laser-scribe patterning and ink-jet printing techniques support graphene pattern
formation based on the reduction of GO. For example, the work described in Fig. 1.4. shows
laser-scribed graphene patterns used as functional material for pressure sensing [44]. Unlike the
denser GO films, the laser-scribed graphene is composed of loosely stacked graphene layers and

it has a 3D profile that makes the pressure sensor sensitivity higher.

(a) Ink Formulation (c) Laser Annealing

uﬂ?wi

Mix components. Bath sonicate Probe sonicate Filver

Inkjet Printing (d)

(b)

: } ‘: g &l
Figure 1.5 (a) Schematic diagram of graphene ink formulation. (b) Printing process of graphene
patterns with Dimatix Materials printer. (¢) Additional pulsed-laser processing of the graphene

electrodes for improved conductivity using a Nd:Yag laser. (d) Graphene inkjet printed electrode
on a flexible polyimide substrate [45].

Ol LE Zyl_i.lbl
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In addition to laser-scribe patterning, inkjet printing is another platform that can be used
to form graphene patterns on different substrates. Fig. 1.5 represents a pulsed laser process that
can selectively irradiate inkjet printed rGO and consequently improve electrical conductivity
(Rsheet ~0.7 kQ o) of printed graphene with an additional laser annealing process [45]. This
additional laser annealing no only improvees the electrical conductivity, but also converts the 2D
planar printed graphene into 3D petal-like graphene nanostructures.

{a) (b)

Glass

substrate POMS stamp

"|1. Place PDMS stamp on target substrate
2. Drop GO solution at one end

Patterned
rGO electrodes

drying of GO solut

1
lz. Remove PDMS stamp

3. Hydrazine vapor reduction

Figure 1.6 (a) Schematic illustration of fabricating rGO source-drain electrodes based on transfer
printing method [46]. (b) Schematic illustration of patterning GO films by the micromolding in
capillary method with a GO aqueous solution, followed by chemical reduction with hydrazine
vapor [47].

Finally, transfer printing and micro transfer molding methods used to create graphene
patterns on different subtrates can be seen in Fig. 1.6. Transferprinting technique involves first
creating graphene patterns on an initial substrate, then utilizing a stamping process to transfer
them onto a final substrate [46]. Micro transfer molding is based on filling the carved patterns of
a stamp placed on top of a target substrate with graphene-based suspensions, followed by

vacuum drying and removing the stamp from the final substrate [47].

R fyl_llsl
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1.2.2 Stretchable and flexible graphene strain sensors

Graphene can respond to applied mechanical strain without any degradation in its
electrical properties due to its high flexibility [51], so it has been considered as an ideal
candidate to realize highly stretchable and flexible sensors and electronic devices. Suspended
multilayer graphene flakes exhibit an intrinsic tensile strength between 118 and 121 GPa and a
Young’s modulus of 0.5 TPa [48]. At room temperature, its fast electron mobility can reach
15,000 cm?. V-!. s71[49], and the sheet resistance of multilayer graphene has been reported to lie
between 8.8 — 200 Q. sq”' [50]. Many intensive studies have reported using graphene as a

sensitive film on stretchable substrates for strain and pressure sensing applications.

(a) (b) 300
Graphene Liquid metal wiring Electric wire to external circuit
285 |
a7t
o
255
(jlaphEﬂE-.\lquid metal
rane 240 1 1 1 1
Interconnect 0 250 500 750 1000

Time (s)
Figure 1.7 (a) Images showing the structural flexibility of the fabricated unidirectional graphene

strain sensors. (b) Sensor resistance change during the applied cyclic stretch-and-release time-
varying strain [52].

For example, flexible strain sensors made of piezo-resistive graphene, microfluidic liquid
metal, and stretchable elastomer have been developed, as can be seen in Fig. 1.7 [52]. To achieve
flexible electrical contacts with graphene sensing elements, liquid metal can be introduced into
microfluidic channels as interconnect material, resulting in sensor resistance that varies between

245 and 295 Q as the applied strain is increased to 9 %. A gauge factor value of 1.51 is found for
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the graphene sensing element itself, while the liquid metal wire has a gauge factor close to zero,
so the liquid metal wires inside the device makes little contribution to the total sensor response.
Fig. 1.8 presents a resistance-type strain sensor made of hollow tubing graphene fiber
maintained cylindrical tubing and PDMS for strain/bending detection applications [53]. The
cylindrical geometry provides a capability for detecting bidirectional strain, curvature, and
torsional strain as well as being easy to install. Its gauge factor is in the range of 34.3-48.9 for to

tensile strain of up to 8%.

!

PDMS 500 pm

8 10

Strain (%)

Figure 1.8 (a) Picture of testing equipment of the tensile strain testing machine. (b) SEM image
of the cross-sectional view of graphene/PDMS hollow tubing after Ni etched removal (b). (c)
Relative resistance variation of the TGF with applied tensile strain [53].

Another scheme for achieving a highly-stretchable sensor consists of sub-micrometer
single-crystal elements structured into shapes with microscale, periodic, and wavelike geometries
as shown in Fig. 1.9 [30]. Thin elements of single-crystal Si are fabricated by conventional
lithographic processing, followed by etching of the top Si and SiO> layers of a SOI wafer, with

the ribbon structures supported by the underlying wafer. A pre-strained elastomeric substrate,

SRR 3J|_t|>|
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PDMS is in contact with the ribbons, providing bonding between these materials. The PDMS is
peeled back with the ribbons bonded to its surface and releasing the pre-strain structure causes
the PDMS to relax back to its unstrained state, leading to highly periodic and stretchable wavy
structures in the ribbons. Controlling the level of pre-strain allows the range of strains (nearly
30%) to balance the desired degrees of compressive and tensile deformability of the structure.
For example, a pre-strain of 3.5% (the maximum they examined) yields a range of —24% to

5.5%.
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15}
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Figure 1.9 (a) Schematic illustration of the process for building stretchable single-crystal Si
devices on elastomeric substrates. (b) Optical images of a large-scale aligned array of wavy,
single-crystal Si ribbons (widths = 20 mm, spacings = 20 mm, thicknesses = 100 nm) on PDMS.
(c) Average amplitudes (black) and changes in wavelength (red) of wavy Si ribbons as a function
of strain applied to the PDMS substrate (top panel). For the wavelength measurements, different
substrates were used for tension (circles) and compression (squares). Peak Si strains as a
function of applied strain is shown in the bottom panel [30].
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1.2.2 Graphene-oxide film formation on flexible substrates for RH sensing applications

GO has recently emerged as a new carbon-based nanoscale material that provides an
alternative to graphene. GO is a two-dimensional network of hybridized carbon atoms arranged
in a dense honeycomb crystalline structure with many oxygen groups, including hydroxyl,
epoxy, and carboxylic acid bonded to the two-dimension network [54]. These functional groups
provide GO with a high hydrophilicity, allowing the intercalation of different types of molecules,
especially polar molecules [55]. The solubility of GO in water and other solvents allows it to be
uniformly deposited onto a wide range of substrates in the form of thin films or networks,
making it potentially useful for sensing applications [32-37].

Fig. 1.10 depicts the study of the RH sensing properties of GO film deposited on Au
interdigitated electrodes using a drop-casting method [32]. The effect of water adsorption on
electrical properties of the GO film was observed through electrical characterizations that
included both direct-current (DC) measurements and alternating-current (AC) complex
impedance spectroscopy. DC measurements indicated that the electrical properties of the GO
film depend on both the RH and the amplitude of applied voltage, while the AC complex
impedance spectroscopy analysis revealed that the conductivity of the GO film increases along
with the RH level. At low RH (<54%), the conductivity of the GO is film is poor due to
functional groups, while when RH increases, the conductivity of the GO film increases sharply

owing to strong water adsorption that induces ion conduction.
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Figure 1.10 (a) I-V characteristic of the GO-film-functionalized IDE with a low sweeping
voltage (-1 to 1 V) at various RH levels. (b) The electrical interaction mechanism between GO
films and water molecules at low RH, medium RH, and high RH. (c) Measured complex
impedance spectroscopy of the GO-film-functionalized IDE [32].
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Figure 1.11 (a) Diagram of the experimental setup used to study the humidity sensors speed. A
wire bonded graphene pressure sensor. (b) Normalized response of the different sensors to a
modulated humid air flow at 1 Hz. Inset shows a sprayed GO film on the printed Ag electrodes.
[33].

ol Lal Zyl_i.lbl

www.manharaa.com




14

Another group, shown in Fig.1.11, exhibits the super permeability to water of GO films
deposited by either drop casting or spray coating on silver screen-printed interdigitated
electrodes formed on a polyethylene naphthalate (PEN) substrate [33]. The effect of the GO film
thickness to modulated humid flow on response time was explored by varying the thickness of
the GO film from 15 nm (ultra-thin spray coated) to 1pum (thick drop casted). When the thickness
of GO film decreased to 15 nm, the response of the sensor to a modulated humid flow became

ultrafast ¢30 ms response and recovery times).
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Figure 1.12 (a) Schematic figure of GO-Si bi-layer structure. (b) Schematic illustration of
humidity sensing mechanism of GO thin film piezo resistive Si membrane [37].

In addition to these studies, a different approach, depicted in Fig. 1.12, using a GO-Si bi
layer flexible structure as a stress-based humidity sensor has been reported [37]. A GO thin film
is deposited onto a Silicon micro bridge as a humidity-sensing layer. The GO film swells,
leading to bending of the Si membrane when it is exposed to a humid environment. A piezo-
resistive Wheatstone bridge embedded into the Si micro bridge is used to transform the
deformation into a measurable voltage output. The sensor exhibits high performance, with a
maximum sensitivity of 79.3 uV/ RH %, over a wide detection range of 10-98 % RH. It is also

found that the proposed GO-Si bi-layer structure is subject to humidity-induced deformation of

the GO film, providing formation of a multi-information sensor.
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1.3 Problem Statement

Up to now, we have discussed the concepts of using graphene patterning and transferring
technology, flexible and stretchable graphene sensors, and GO film formation for RH sensing
applications. The remaining problems needing to be solved for graphene patterning and
transferring techniques are related to large-scale and cost-effective graphene patterning with high
feature resolution and process simplicity. The main areas of challenge here are high cost, process
complexity, and lack of capability in terms of large scale fabrication, good flexibility, and high
stretchability of the graphene-based sensors. It is impossible to discuss the challenges solely
without considering their applications. Depending on the feature of each graphene-based sensor,
challenges and approaches will be discussed separately from the application perspective.

1.3.1 Graphene patterning and transferring

While different techniques have recently been developed for patterning graphene-based
nanomaterials and transferring them onto final substrate, there are still many unsolved issues that
must be resolved to perfect a large-scale, cost-effective graphene patterning method producing
high feature resolution, process simplicity, and diversity with respect to functional materials and
pattern geometries. While a mechanical exfoliation technique can be applied to fabrication of
graphene film electrodes at centimeter scale, the film obtained has non-uniform thickness and
irregular shape [56]. To achieve high pattern spatial resolution, photolithography-based
microfabrication for graphene patterning [27-29] can also be used, but it lacks process simplicity
since it requires multiple fabrication steps that include film deposition, lithography, and etching.

Another method using laser and ink-jet printing techniques can be useful in fabricating
graphene patterns onto different substrates, but these methods require sophisticated lasers and are
limited to producing patterns with minimum feature size of several tens of micrometers. In

addition, in ink-jet printing, additional laser treatment may be required to produce conductive
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patterns. Transfer printing and molding methods have also been proposed, but to achieve
process simplicity, special care is required to modify the surface properties of the device
substrates and functional materials. Our work will develop a simple, high-resolution, and
scalable graphene patterning and transferring method oriented toward roll-to-roll production of
flexible graphene sensors, and it will outperform many other approaches with respect to
functional materials and pattern geometries in terms of pattern spatial resolution, thickness
control, process simplicity, and diversity.

1.3.2 Stretchable and flexible graphene strain sensors

While highly-flexible and stretchable sensors with a wide dynamic range can be used for
wearable strain sensor applications where large strains are applied, most of the existing
graphene-based strain sensors have a planar structure and are generally realized on surfaces of
elastomer substrates. Planar graphene structures have a high tendency to break at larger strains
and have no capability for being compressed. To increase the flexibility and dynamic sensing
range of such sensors, wrinkled structures at micro/nano scale [30] and Carbon nanotube (CNT)
array double helices have been proposed as main building blocks of sensitive film [57] formed
on elastomer substrate. Despite these efforts, most recently-developed sensors are lacking in an
improved dynamic sensing range of the applied strain and are also unable to respond to both
compression and tension.

Our work demonstrates unique design and manufacturing of novel helical-shaped tubular
graphene strain sensors to allow a wide dynamic sensing range, from 24% compressive strain to
20% tensile strain. The in sifu microfluidic casting method of the graphene film has been
developed to create a helical-shaped tubular hollow structure composed of graphene. This allows

easy coating of a graphene layer on the inner wall of the helical channel in all radial directions
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and embedded inside a PDMS substrate. Because of the helical spring-like design, the sensor
offers an improved dynamic range of strain along the axis of the spring and is also able to
respond to both compression and tension.

1.3.3 GO film formation on flexible substrates for RH sensing applications

In the field of agriculture, the relationship between plants and water usage has given rise
to quantification of water use efficiency (WUE) and the amount of water transported from soil to
plant parts. A variety of sensors have recently been developed, including; soil moisture sensors
[58], dew sensors [59], leaf thickness sensors [60-61], and leaf water content sensors [62-63].
Although these sensors are widely used, they cannot give a direct measure of the water
transpiration process that regulates water content in a plant, and some of them are suitable only
to laboratory environment. Thermal imaging systems have also been developed for monitoring
the water stress level of plants by observing change in leaf temperature due to stomatal closure
[64]. However, these systems are not cost-effective, and the resulting measurements might be
influenced by environmental factors. Our work focuses on a new method for monitoring water
movement within a plant using GO-based RH sensors that are uniquely formed on a flexible,
thin, and adhesive polyimide film. They are mounted on different leaves to monitor real-time RH
levels at the leaf surfaces upon irrigation. A simple assembly fixture was designed for easy
installation of the sensor on the leaf to avoid any damage and let the plant grow as normal.

This RH sensor-enabled approach can provide information associated with water use
efficiency and on how water moves within a plant, an important selection trait for evaluating

crop quality.
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1.4 Thesis Organizations

The following chapters represent an accumulation of two published journal papers and
one conference paper.

Chapter 2 describes methods for simple, cost-effective, scalable, and versatile patterning
and transferring of graphene-based nanomaterials onto various types of tape to realize roll-to-roll
production of graphene-based flexible sensors on tape. The study suggests applications of
wearable graphene-based sensors to mechanical and RH sensing on human and crop plant
surfaces. The paper, entitled “High-Resolution Patterning and Transferring of Graphene-Based
Nanomaterials onto Tape Toward Roll-to-Roll Production of Tape-Based Wearable Sensors” has
been published in Advanced Materials Technologies, 2, 1700223 (2017).

Chapter 3 reports on a helical spring-like piezo-resistive graphene strain sensor formed
within a microfluidic channel. The study may find application in real-time motion tracking
because of its wide dynamic range due to high mechanical flexibility and stretchability of the
sensor. The paper, entitled “Helical-Shaped Graphene Tubular Spring Formed within
Microchannel for Wearable Strain Sensor with Wide Dynamic Range”, has been published in
IEEFE Sensors Letters,1, 6 (2017).

Chapter 4 describes a new method for monitoring water movement within a plant using
GO-based RH sensors that can provide information on how water associated with WSE moves
within the plant, an important selection trait in evaluating crop quality. The paper, entitled
“Tracking of Water Movement Dynamics inside Plants Using Leaf Surface Humidity Sensors”
has been published in the Proceedings of the12™ International Conference on Nano/Micro

Engineered and Molecular Systems (IEEE-NEMS 2017).
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CHAPTER 2
HIGH-RESOLUTION PATTERNING AND TRANSFERRING OF GRAPHENE-BASED
NANOMATERIALS ONTO TAPE TOWARD ROLL-TO-ROLL PRODUCTION OF
TAPE-BASED WEARABLE SENSORS

A paper published in Journal of Advanced Materials Technologies

Seval Oren, Halil Ceylan, Patrick S. Schnable, and Liang Dong

2.1 Abstract

This paper reports on a simple and versatile method for patterning and transferring
graphene-based nanomaterials onto various types of tape to realize flexible microscale sensors.
The method involves drop-casting a graphene film on a prepatterned polydimethylsiloxane
(PDMS) surface containing negative features by graphene suspensions, applying Scotch tape to
remove the excess graphene from the nonpatterned areas of the PDMS surface, and then
transferring the patterned graphene from the inside of the negative features at the
PDMS surface onto a target tape. The feature size of transferred graphene patterns on the final
tape is as small as a few micrometers. This method is easy to implement, but does not require the
use of expensive equipment, except for needing a PDMS substrate containing negative features.
This method has a high versatility in producing micropatterns of graphene-based nanomaterials
on different types of adhesive tape. For the purpose of application demonstration, flexible
mechanical sensors and sensor arrays, smart gloves, and plant leaf sensors on tapes to realize
real-time monitoring of important signals indicating human motion and plant water transport
behavior have been developed. This technology will open a new route for low-cost, scalable, and

roll-to-roll production of graphene-based sensors on tape.
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2.2 Introduction

Flexible plastic substrates (e.g., polyethylene terephthalate, polyimide, and
polydimethylsiloxane or PDMS) [1-6] and other nonconventional substrates (e.g., paper, tape,
and cloth) [7-10] have been widely utilized as the base materials of flexible electronic devices.
Conductive nanomaterials, such as carbon nanotubes, metal oxide nanowires, and graphene, have
also attracted considerable attention as functional materials for applications ranging from
transistors, to sensors, to energy harvesting and storage devices [11-22]. Among these
conductive nanomaterials, graphene plays a key role in producing next-generation sensors owing
to its unique properties, including atomic thickness, large surface area, fast electron mobility,
good piezo resistivity, and high mechanical flexibility.[23-27] As a result, integrations between
flexible substrate materials and graphene-based nanomaterials have led to a variety of sensors
and other electronic devices through development of novel fabrication processes, advancing
emerging and significant fields such as real-time motion tracking [28], structural and human
health monitoring [29-31], electronic skin sensing [32—-36], and humanized robotic manipulation
[37]. It is well known that repeated mechanical exfoliation to peel single- or few-layer graphene
from bulk graphite using sticky tape and transfer it to another surface is rather uncontrollable in
terms of the number of graphene layers, location, and size of the peeled graphene [38]. Recently,
graphene film electrodes at centimeter scale have been fabricated by peeling tape from a
commercial graphite foil for the detection of glucose [39], but the obtained electrodes did not
have well-defined shapes or control over thickness. Physically rubbed graphene electrodes have
also been produced by directly placing solid-state graphene powders at a channeled adhesive
surface and then rubbing against the surface [40]. The resulting graphene patterns, however, have

poor feature resolution. Photolithography-based microfabrication for graphene patterning [41—
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49] is relatively complex and requires multiple steps such as film deposition, lithography, and
etching. Recently, various interesting methods have been developed for patterning and
transferring graphene-based materials onto different substrates. For example, laser printing of
graphene has been studied with variable laser energy, spot size, and pulse duration [50-54]. This
method, however, requires sophisticated lasers and is limited to producing patterns with
minimum feature size of several tens of micrometers. An ink-jet printing method has also
produced patterns of reduced graphene oxide (rGO), but resolution is poor, and, for practical
applications, additional laser processing is required to improve electrical conductivity of rGO
[55]. A transfer printing method involves first creating graphene patterns on an initial substrate,
and then utilizing a stamping process to transfer them onto a final substrate [56]. Micro transfer
molding is based on filling the carved patterns of a stamp emplaced on top of a target substrate
with graphene-based suspensions, followed by vacuum drying and removing the stamp from the
final substrate [57]. Both the transfer printing and molding methods require a special care to
modify the surface properties of the device substrates and functional materials. In addition, most
existing graphene-based sensors cannot be easily installed onto the irregular surfaces of the
sensed objects so, despite the efforts made, many problems remain unsolved before a large-scale,
cost-effective graphene patterning method with high feature resolution and process simplicity
can be realized.

In this paper, we report on a simple, high-resolution, and scalable graphene patterning
and transferring method toward roll-to-roll production of flexible graphene sensors. This method
involves (i) creating graphene patterns inside prepatterned negative features at the surface of a

polydimethylsiloxane (PDMS) substrate using a unique “Drop Cast-Dry-Stick-Peel” (D?SP)
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method, and subsequently (ii) transferring the resulting graphene patterns onto a final sticky tape
via an easy-to-implement “Stick-and-Transfer” (ST) process. The feature size of the transferred
graphene structure on the final tape can be as small as a few micrometers. This method does not
require the use of any expensive equipment, except for needing a PDMS substrate containing
negative features. The versatility of this approach is demonstrated by producing complex
graphene and rGO micro patterns onto different tapes commercially available (e.g., polyimide,
Scotch, 3M electrically conductive, and aluminum foil adhesive tapes). Furthermore, tape-based
flexible graphene pressure and strain sensors, sensor-enabled smart gloves, and plant leaf
humidity sensors are realized to interact with humans and plants for real-time monitoring of
important signals. We have demonstrated that smart gloves with multiple strain and pressure
sensors allow real-time tracking of finger motion behavior during capturing a moving object,
while graphene- based humidity sensors can be made to adhere to leaf surfaces to monitor water
movement within plants upon irrigation. These sensors are flexible enough to highly conform to
various irregular shapes of the sensed objects. The patterning and transferring method presented
outperforms many other counterpart approaches in terms of pattern spatial resolution, thickness
control, process simplicity, and diversity with respect to functional materials and pattern

geometries.
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The main procedures for forming graphene patterns on the tape surface are illustrated in
Figure 2.1. Briefly, a master Si mold with positive patterns made of SU-8 photoresist was first
formed on the surface of a silicon wafer, and negative patterns were then formed on a PDMS
substrate from the Si mold via soft lithography (Figure 2.1a). Here, the “negative” patterns or
features refer to the “channels” or cut out areas at the PDMS surface. Subsequently, aqueous
suspensions of graphene nanoplatelets were loaded onto the PDMS surface (Figure 2.1b). After
drying on a hotplate in air, a thin graphene film was formed, covering the entire PDMS surface
(Figure 2.1c). Next, Scotch tape was manually applied and stick to the top surface, and then
peeled the excess graphene from the nonpatterned areas on the surface. This stick-and-peel
process was repeated to ensure complete removal of the unwanted graphene from the top surface
(Figure 2.1d), while the graphene inside the PDMS negative patterns remained intact because it
was set below the top surface. Therefore, the D?SP process was completed, resulting in the
graphene structures inside the negative patterns on the PDMS surface (Figure 2.1e). After that,
transfer of the formed graphene patterns onto a final target tape was implemented by manually
applying and pressing the target tape, and then peeling it from the PDMS surface (Figure 2.1f, g).
The ST process was thus completed, and the microscale graphene patterns were formed onto the
surface of the final tape. Figure 2.1h-1 displays the images for the main procedures of the D>SP

and ST processes. The details of fabrication are described in the Experimental Section.
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Figure 2.1 (a)—(g) A schematic representation of the graphene pattern formation on tape. (a)
Negative patterns created on the PDMS substrate via soft lithography. (b) Graphene suspensions
drop-coated onto the entire surface of the PDMS slab. (c) A graphene film formed on the PDMS
surface. (d) The graphene film outside the negative patterns removed using Scotch tape. (e)
Graphene patterns formed inside the negative patterns at the PDMS surface. (f) A target tape
adhered onto the PDMS surface. (g) Graphene patterns transferred onto the target tape. (h)—(1)
Optical images showing the main steps of graphene patterning and transferring process. The scale
bars represent 1 mm. (h) Graphene patterns obtained in the PDMS structures. The negative patterns
on the PDMS substrate were 15.4 um deep. The graphene inside the PDMS negative patterns were
10.3 um thick. (i) Application of the ST process for graphene pattern transfer onto the polyimide
tape. (j) PDMS surface after graphene transfer. (k)—(i) Graphene patterns transferred onto the
polyimide tape.
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Essentially, the tape-based graphene patterning and transfer technique utilizes the work of
adhesion Wa.p at the interface between two contacting materials A and B as determined by their

surface energies [59,60], with Wa_g given by [61]

d d Dy, D
W, = 4( Ia¥s” | Va'Ys ) )
Ya® +ve®  vaP +ys?

where d and p correspond to the dispersion and polar components of surface energy (y= d +
p). Table A1 (Appendix) provides the surface energies of the materials used in this work [68—70]
and the calculated values of Wgraphene-pDMs at the interfaces between graphene and PDMS and
Woraphene-tape between graphene and tape. The fact that Wraphene-tape > Wraphene-ppMs for different
types of tape make it possible to remove the excess graphene from the PDMS top surface using
the cleaning Scotch tape during the D>SP process and transfer the patterned graphene onto the
target tape during the ST process. See the Appendix for the values of Wa.g for different material
combinations.
2.3 Results and Discussion
2.3.1 Micro Scale Patterning and Transferring

Figure 2.2 shows several examples of microscale graphene patterns transferred onto a 25
um thick polyimide tape with silicone adhesive. The PDMS substrate used here contained 15.4
um deep negative features prefabricated at its surface. The graphene structures inside these
negative patterns were 10.3 = 2.7 um thick, which was determined by a surface profilometer (see
the measurement method in the Experimental Section). The transferred patterns were of high

spatial resolution (=5 pm), and mostly retained the features of the original patterns at the PDMS

surface. This method also allowed producing graphene patterns on a tape roll, as shown in Figure

2.2f-h (see Figure A1, Appendix, for the fabrication process).
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Figure 2.2 (a)—(e) Versatile graphene patterns formed on the polyimide tape using the proposed
method. (f)—(h) Formation of graphene patterns on the relatively large polyimide tape roll with
liner. The transferred graphene patterns are protected by a non-sticky liner.

It should be noted that, to realize these graphene patterns on a tape, several critical
geometrical and processing parameters, including the volume of graphene suspensions over the
unit surface area, the depth, and width of the preformed negative features at the PDMS surface,
and the number of repeating D?>SP times, should be carefully considered. The following section

will discuss the influences of these parameters on the quality of pattern formation and transfer.
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First, although a thick graphene film could easily be produced by loading a large volume
of graphene suspensions per unit surface area onto the PDMS surface, patterning of a thick film
was difficult using the D?’SP method. The experiment here utilized a PDMS substrate containing
15.4 ym deep and 500 um wide channels at its surface and was covered by a 10.3 pum thick
graphene film. This thick film was formed by drop-casting with 20 mg mL™! concentration
graphene suspensions at a large volume per unit surface area of 710 uLL cm 2 (Figure 2.3a, top).
Then, Scotch tape was applied and stick to the PDMS surface, with an intent to clean the PDMS
surface by removing the unwanted graphene from the PDMS top surface. However, as shown
schematically in Figure 2.3a and experimentally in Figure 2.3b, some portions of the graphene
inside the channels were also removed by the Scotch cleaning tape.

A possible explanation for this is that the tape peeling could not easily break such a thick
graphene film at the step and sidewall of the channel completely covered by the continuous
graphene film. Therefore, to successfully produce thick graphene patterns in the PDMS channels,
sequential D2SP processes were applied multiple times (each time producing a thin film until
the desired film thickness was achieved (Figure 2.3c). Specifically, our experiment shows that
when the drop-casted graphene film was no more than ~1.5 um thick, Scotch tape worked
perfectly to break the film at the step of the channel, almost regardless of the channel depth, as
long as the tape was not in direct contact with the graphene inside the channel. Therefore, in the
subsequent experiments, graphene suspensions (concentration: 20 mg mL™!) were loaded to the
PDMS surface (the volume of graphene suspensions per unit surface area: 100 uL. cm?) to

form an ~1.45 pm thick graphene film (Figure 2.3c, top). Next, this thin film was patterned to

form the graphene structures inside the channel using the stick-and-peel process with Scotch
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tape (Figure 2.3c, middle). To increase the thickness of the graphene patterns inside the channel,
the whole D?SP process (described in Figure 2.1a—€) was repeated multiple times until a desired

thickness was obtained (Figure 2.3c, bottom). Figure 3d shows the PDMS channel filled by an

~10.3 um thick graphene film after seven times repeated D>SP processes. Figure 2.3 shows the

optical images for the graphene patterns in the PDMS channels obtained with 1-7 times repeated
D?SP processes. Figure 2.3f shows that the graphene patterns exhibit a linear increase in
thickness and a linear decrease in electrical resistance with the number of repeated D>SP
processes (or the number of coatings).

Next, to transfer the patterned graphene from the PDMS channels onto a final tape via the
ST process, we investigated the influences of the channel width and depth on the transfer quality.
The experiment here utilized the PDMS channels with depths of 5, 15.4, and 41.6 pm, and
widths of 20, 40, and 100 pm. By performing sequential D?SP processes, the channels were
almost fully filled by graphene, with a few micrometers gap distance to the channel top.
Polyimide tapes with silicone adhesive were used to transfer the graphene patterns, with results
indicating that, after the graphene structures were transferred onto the tape, the 41.6 pum deep
channels of all the different widths contained graphene residues as shown in Figure 2.3g. This
may be because the van der Waals force within the drop-casted graphene film was not large

enough to hold the ~36.7 um thick graphene structure together during transferring using the
tape. The other plausible cause may be due to an increased drag force occurring at the large-area
sidewalls of the deep channel and acting on the graphene during peeling. When the channel
depth decreased to 15.4 um and contained =~ 10.3 pm thick graphene, the tape transfers of
graphene became easier and only a very minor residue remained in the channels. With

decreasing channel width from 100 to 20 um, the increased aspect ratio of the channel led to
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somewhat increased amounts of residue at the channel edges, but overall the transferred
graphene on the tape retained the original pattern features of the graphene structures in the

channels. Furthermore, in the case of transferring ~2.3 um thick graphene from the 5 pm deep

channels, no residues were observed to remain in the channels for all widths.

To increase electrical conductivity of the transferred graphene, the transferred graphene
patterns on the polyimide tape were annealed in air. Essentially, thermal treatment may improve
contacts between graphene nanoplatelets, and thus increase electrical conductance of the formed
graphene patterns [58]. Because polyimide tapes are dimensionally stable below 400 °C [62] the
annealing was carried out at temperatures ranging from 150 to 300 °C (Figure 2.3h) over
different treating times ranging from 60 to 210 min (Figure 2.31). The results show that the sheet
resistance of the transferred graphene (=10.3 um thickness) was decreased by about seven times
after the treatment at 250 °C for 180 min. Increased annealing time did not help to further
decrease the sheet resistance. As the annealing temperature increased toward 300 °C, the sheet
resistance was found to decrease, but, the optimum annealing temperature was chosen as 250 °C

because of the above-mentioned critical temperature restriction of polyimide tape [62].
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Figure 2.3 (a) A schematic representation of forming a thick graphene film over the entire PDMS
surface by one time drop-casting, followed by using Scotch cleaning tape to remove the unwanted
graphene from outside the patterned areas. (b) SEM image of the PDMS channel containing the
incomplete graphene pattern. (c) A schematic representation of forming a thick graphene film over
the entire PDMS surface via multi-time D?>SP processes. (d) SEM images of the PDMS channel
filled with the complete graphene pattern after multiple D?SP processes were applied. (e) Optical
images for three groups of graphene patterns inside the PDMS channels. The numbers “5 pm—500
pm” and “1-3-9” represent PDMS channel widths, and numbers of graphene layers formed inside
the PDMS channel by repeated D?SP processes, respectively. (f) Thickness and electrical
resistance of the graphene filled in the PDMS channel as a function of the number of D?SP
coatings. Each coating here is 1.45 £+ 0.32 pum thick. (g) Analysis of influences of channel width
and depth on the transfer process. The magnitudes of 20 um, 40 pm, and 100 pm represent the
channel widths, while the values of 5 um, 15.4 um, and 41.6 um denote the channel depths. The
scale bars represent 50 pm. Sheet resistance of transferred graphene patterns (~10.3 um thickness)
on the polyimide tape at different annealing temperatures (h) and durations (i). XPS survey spectra
for graphene patterns transferred onto polyimide tapes (j) and the polyimide tape alone (k), without
thermal treatment and annealed at 150 °C and 250 °C for 180 min.
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X-ray photoelectron spectroscopy (XPS) was used to characterize the composition of the
transferred graphene structures on tape before and after thermal treatment. Figure 2.3j, k depicts

the XPS survey spectra for two groups of samples, that is, the transferred graphene (thickness: ~

10.3 um) on a 25 pm thick polyimide tape, and the polyimide tape alone. There were three
samples in each group, including one treated at 150 °C for 180 min, one 250 °C for the same
time, and another not treated. The results show that all the on-tape graphene samples contain
peaks assigned to C 1s (284 eV), O 1s (531.3 eV), N 1s (398.6 eV), and Si 2p (101.4 eV) (Figure
2.3j), and all the polyimide tape samples exhibited peaks belongs to C 1s (284.6 eV), O 1s (532.7
eV), F 1s (688.6 eV), and Si 2p (102.4 eV) (Figure 3k). For the on-tape graphene samples, O 1s
peak occurs due to the physically adsorbed oxygen;[63] Si 2p peak might originate from the
adhesive of the polyimide tape; and N 1s peak was observed because the graphene used here is
N-doped graphene nanoplatelets.[64] Further, high-resolution spectra analysis (Figures A2 and
A3, Appendix) confirms that the thermal treatment did not make distinct changes to the chemical
structure of the graphene and polyimide tape samples, although the intensity of C 1s peak
decreased slightly at 250 °C. The intensity of Si 2p peak of the graphene pattern decreased as the

temperature increased up to 250 °C (Figure A2¢, Appendix).
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Figure 2.4 (a) Optical images of the rGO patterns inside the PDMS channels with a channel depth
of 15.4 pym. The numbers “10 um—500 pm” and “1—2—4" denote the channel widths and numbers
of graphene layers inside the PDMS channels, respectively. (b) Thickness of the GO patterns
measured at different D?SP times. (c—e) Various rGO patterns obtained on the polyimide tapes
using a one-time (c), two-time (d), and five-time (¢) D?SP repeated process, followed by the ST
process. (f—h) Optical images of the graphene patterns fabricated on various tape substrates,
including Scotch tape with acrylic adhesive (f), aluminum foil tape (g), and Scotch tape with
synthetic rubber adhesive (h).
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The present patterning and transferring method could also be employed to obtain rGO
patterns on tape. Figure 2.4a shows some rGO strip patterns formed inside the PDMS channels at
different coating (or D?SP) times, and Figure 2.4c—e shows the rGO patterns transferred onto the
polyimide tape, using essentially the same method as described in Figure 2.1. The film thickness
of the rGO linearly increased with coating time (Figure 2.4b). The experiments here utilized a
PDMS substrate with 15.4 um deep negative features at its surface. Five repeated D>SP
processes were sequentially applied to obtain the rGO patterns inside the negative features. For
each coating, 100 uL. cm 2 of rGO suspensions (20 mg mL ™! in the mixture of ethanol and DI
water at a volume ratio of 7:3) were drop-coated over the entire PDMS surface.

In addition, the present method can also be used to produce graphene patterns on
different adhesive substrates such as Scotch and aluminum foil tapes, both with acrylic adhesive
(Figure 2.4f, g), and Scotch tape with synthetic rubber adhesive (Figure 2.4h). All the graphene
patterns in Figure 2.4f-h was formed with five repeated D?SP times and transferred onto the
target tapes with the ST process.

2.3.2 Application Demonstrations
2.3.2.1 On-Tape Strain Sensors

A graphene strip pattern (6 mm length, 800 um width, and 10.3 pum thickness) was
transferred onto the polyimide tape as a strain sensor. The sheet resistance of the patterned
graphene was 0.22 + 0.12 kQ sq—1. Electrical contacts between the graphene pattern and external

tin copper electronic wires (Gauge 20) were realized with silver paste.
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Figure 2.5 Demonstration of using a transferred graphene pattern as a strain sensor. (a) Relative
change in resistance as a function of the tensile strain applied along the length direction of the
graphene pattern. (b) Relative resistance of the sensor with the repetition of 100 loading/ unloading
cycles by 4.4 % strain. (c¢) Enlarged view of (b), exhibits a stable sensor performance. (d)
Hysteresis curve of the strain sensor. (¢) Monitoring of tension changes on the balloon surface
during inflation. (f) Monitoring of bending motions of the index finger.

Figure 2.5a shows the resistance response of the sensor to a tensile strain applied along
the length direction of the graphene pattern. The relative resistance changes of the sensor (AR/R)
increased linearly with applied tensile strain. The gauge factor of the sensor was found to be
12.16 from the slope of the linear fitting curve in Figure 2.5a. Figure 2.5b, ¢ demonstrated the
stability of the sensor by loading and unloading a 4.4% tensile strain for 100 times. The
hysteretic behavior of the sensor was also investigated. The sensor was stretched up to 6% strain
at the rate of 1.2% s~ !, and then released back to the initial position at the same rate (Figure
2.5d), exhibiting a low hysteretic behavior, which may be attributed to the elastic deformation of
the sensor materials [65]. When the sensor was attached to the surface of a growing balloon, the

value of AR/R increased due to the stretching of the graphene strip (Figure 2.5¢). When the
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balloon was in a temporarily static state, the sensor resistance remained constant. The tape-based
strain sensor was therefore capable of monitoring strain variations at an object’s surface.

In another test, the same type of sensor was attached to the middle joint of an index finger
to measure the tensile strain formed during finger bending (Figure 2.5f). As the degree of
bending increased from 5° to 90°, the value of AR/R of the sensor increased from 33.8 to
147.5%. After the finger returned to its original position, the sensor resistance immediately
resumed its initial value, demonstrating good reversibility of the sensor response.
2.3.2.2 On-Tape Pressure Sensors

The above-mentioned strain sensor was adopted as an on-tape pressure sensor in this
demonstration. Figure 2.6a shows that the AR/R value produced by the sensor increased with
increasing pressure applied normal to the surface of the sensor. Based on the slopes of the linear
fitting curves in different pressure ranges, the sensitivity of the sensor was found to be S = 0.13
kPa™! for applied pressures below 300 kPa, and S = 0.053 kPa™! in a higher pressure range up to
575 kPa. To verify durability of the sensor, the device was loaded (pressure normal to the sensor
surface: 330 kPa) and unloaded for 100 cycles. No obvious degradation of the sensor response
was observed after the testing (Figure 2.6b, c). In addition, the sensor exhibited a response time
of ~0.3 s (Figure 2.6d). This sensor was used to measure the pulse in the wrist. Figure 2.6¢e
shows that the wrist pulses, 75 beats min—1, were counted via the time-varying relative
resistance changes. Next, the sensor monitored repetitive finger clicking of a computer mouse.
When the mouse was clicked, the AR/R value of the interacting sensor increased. Figure 2.6f

demonstrates that the sensor continuously tracked various clicking pressures and frequencies.
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Figure 2.6 Demonstration of using transferred graphene pattern as a pressure sensor. (a) Relative
change in resistance as a function of pressure uniformly applied to the polyimide tape surface. (b)
Relative resistance changes of the sensor with repetition of 100 loading/unloading cycles by 330
kPa. (c) Enlarged view of (b), exhibiting a stable sensor performance. (d) Response curve of the
sensor with an applied pressure of 80 kPa at a response time of 0.3 s. (e) Monitoring of the pulse
rate of human wrist. (f) Monitoring of the frequency of mouse clicking. (g) Cross-sectional view
of an array of 10 x 10 round-shaped graphene sensors for a pressure-mapping application. Top:
schematic representation; bottom: fabricated device. (h) Top view of a finger (top) and a key
(bottom) positioned on the surface of the pressure sensor array and AR/R mapping of the pressure
distributions.
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As another example application, an array of 10 x 10 round shaped graphene sensors was
formed on 3M electrically conductive tape (Conductive adhesive transfer tape 9707) (Figure

2.6g). Each sensing element had a diameter of 1 mm, a thickness of ~10.3 1 m, and a pitch of

1.5 mm. Because this type of tape could sustain temperatures up to 85 °C [66], the transferred
graphene was further annealed in air at 80 °C for 4 h to reduce its sheet resistance to 4.05 +0.18
kQ sq!. These sensing elements were connected to an external detection circuit through an array
of 10 x 10 vertical pogo pins (No. 575-09510152071, Mouser Electronics) formed on a printed
circuit board and arranged in the same manner as the sensing elements (Figure 2.6g). The
conductive tape served as a common ground for the sensing elements. To facilitate pressure
application to the sensor array, the tape and pogo pins were embedded in a PDMS layer. After
applying external pressure, changes in resistance were recorded by a multimeter through a
multiplexer. Figure 2.6h shows that when a finger was pressed, or a key was positioned on the
surface of the device, the embedded sensor array could monitor its interaction with the object and
identify the shape and pressure (or resistance) profile of the object.
2.3.2.3 Smart Glove

Figure 2.7 depicts a smart glove equipped with on-tape strain and pressure sensors for
monitoring mechanical response of fingers when interacting with an object. Specifically, each
finger was equipped with a pressure sensor at its fingertip and a strain sensor at the top of the
finger joint, respectively (Figure 2.7b, ¢). These sensors enabled real-time monitoring of
changes in important mechanical parameters due to hand movements. As an example, the glove
was worn while catching a tennis ball bounced from a hard floor (Figure 2.7d). The pressure
(Figure 2.7¢) and strain (Figure 2.7f) variations during preparing, adjusting, catching, and

holding were obtained by the smart glove. As the ball bounded upward, the fingers adjusted to
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bend more, increasing the tension on the sensors. When the ball was about to reach the palm, the
fingers acted to catch the ball, producing immediate increases in the applied pressure. The
flexibility of these tape-based graphene sensors allowed for conformable contact with the
fingers. Such a smart glove would be useful in measuring hand mechanical function and control
in many applications, such as providing real-time data streams for medical rehabilitation

therapies and human-computer interaction.
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Figure 2.7 Demonstration of using a smart glove to monitor the pressure and strain levels during
catching a tennis ball. (a) An optical image of the graphene sensors attached to the finger joints.
(b—c) Positions of the five pressure sensors (P1-P5) and five strain sensors (S1-S5). (d) Time-
lapse images of catching the tennis ball using the smart glove. The three images represent the three
states: preparation (left), adjustment (middle), and catching (right). (e—f) Responses of the smart
glove during catching the tennis ball, including pressure (e) and strain (f) responses.
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2.3.2.4 On-Tape Plant Leaf Sensors

When Water uptake by roots, transport through the xylem, and transpiration from the
stomata of leaves to the atmosphere are an important physiological process in plants. Using tape-
based graphene RH sensors, we demonstrated a unique capability to estimate the time required
for water movement within a plant from the roots to the lower and upper leaves (Figure 2.8a).
When the stomata are open, water vapor escapes from the leaves, increasing the local humidity
level on the leaf surface (Figure 2.8b). Consequently, by installing multiple RH sensors on
different leaves to dynamically monitor RH variation at the leaf surfaces, it is possible to track
the key time points at which significant water loss occurs at the leaves, thus quantifying water
transport time via the xylem from the roots to each of the measured leaves. The RH sensors were
structured as graphene strips (6 mm length, 800 um width, and 10.3 um thickness) transferred
onto the polyimide tape and are the same as those used in the above-mentioned pressure and
strain sensing applications. The sensing mechanism is based on changes in the electrical
resistance of graphene in different moisture environments. Figure 2.8c shows the resistance
response of the fabricated sensor exposed to different RH levels at room temperature. To
facilitate the installation of the sensor onto the leaf surface, two additional tape strips (acrylic
adhesive; No. 6915001 from Gorilla) were adhered to the two sides of the graphene pattern (see
the inset of Figure 8c). This also created a 170 pm thick air gap between the sensor surface and
the leaf, as well as two side openings that allow air exchange between inside and outside of the
gap space for avoiding accumulation of water vapor. The air gap was determined by the
thickness of the additional tape strips.

Figure 2.8d, e describes real-time monitoring of RH using the sensors installed on the

back surfaces of the fourth and ninth leaf of two-month old maize plants. Here, one type of plant
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(Figure 2.8d) was inbred line B73 [67]. The other type (Figure 2.8¢) was a mixed genetic stock
(having a more complicated pedigree in which the female parent was a hybrid with no close
relationship to B73, and the male parent was in a B73 background; they were grown in Dr.
Patrick Schnable’s lab at lowa State University). The testing was initiated 15 min before
irrigation. After irrigation, for B73, the lower and upper sensors exhibited a resistance increment
and thus an increase in RH at 55 and 135 min, respectively. Similarly, for the mixed genetic
stock, the sensor outputs of the show that the lower and upper leaves had an increase in RH at 82
and 110 min, respectively. Therefore, in both the B73 plants and plants with mixed genetic
backgrounds, it took less time for water to be transported from the roots to the fourth leaf than
from the roots to the ninth leaf. Significantly, these two genetic stocks exhibited differences in
the delta between the fourth and ninth leaves (80 £+ 11 min, mean =+ standard deviation obtained
from the measurements on three plants for B73 versus 28 = 10 min, mean + standard deviation
obtained from the measurements on three plants for the plants with a mixed genetic background).
Because water transport is a critical process for plants, the on-tape RH sensor technology would
be useful to select plants with a desirable water transport character or improved tolerance to

increasing water stress, a major objective of crop breeding.
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Figure 2.8 Demonstration of using the on-tape RH graphene sensors for the estimation of the times
required for water movement within the plant from the roots to the lower and upper leaves. (a) A
photo of the graphene RH sensor and a commercial RH reference sensor located at the back of the
maze leaf. The placement of the two sensors is magnified in the right-hand image to clarify the
structure. The scale bar represents 1 mm. (b) A schematic illustration of the sensor placement and
detection mechanism. (c) Resistance of the graphene sensor as a function of RH. The resistance is
measured using a RLC meter at 100 Hz operation frequency. (d)—(e) Real-time monitoring of the

RH level on the leaf surface after plant irrigation at two maize plants: B73 (d) and a mixed genetic
stock (e).

The above demonstrations provide only a few application examples of using tape-based
flexible sensors, and many other graphene sensors could be designed and manufactured on tape

for use in a variety of emerging applications. For example, the graphene pressure and strain
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sensors could be fastened to the surfaces of mechanical and infrastructure systems for structural
health monitoring purposes. By functionalizing the patterns of graphene-based nanomaterials on
the tape with an enzyme substrate or a receptor ligand that respond to a specific receptor or
enzyme, or by transferring materials already functionalized inside the PDMS negative features
onto a tape, it would be possible to develop many wearable and disposable biological and
chemical sensors on tape for applications in biomedical diagnostics (e.g., sweat glucose and
electrolyte sensing), environmental monitoring (e.g., gas sensing), and agricultural monitoring
(e.g., nutrient and pesticide sensing). In addition, this fabrication approach allows formation of
high resolution patterns on the surfaces of versatile tapes as long as their free surface energies are
different enough to enable strong adhesion to one another. This advantage, in conjunction with
the ability to control the patterns along three dimensions with high spatial resolution, would
further extend the application potential of this method. Further work will aim at using the
presented technology to develop on-tape sensors with different nanomaterials. We believe that
this technology will open a new route for low-cost, scalable, and roll-to-roll production of
various types of nanomaterials-based sensors.
2.4 Conclusion

In summary, a novel tape-based graphene patterning and transfer approach has been
developed. It is simple and effective and has potential to support realization of roll-to-roll
production of various graphene sensors. Once PDMS negative patterns are formed via
conventional soft lithography, only adhesive tapes are required to produce graphene patterns
with feature resolution of a few micrometers. The method can be applied to many tapes to realize
various flexible sensors, such as the demonstrated wearable graphene-based sensors for

mechanical and RH sensing on surfaces of humans and crop plants.
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CHAPTER 3
HELICAL- SHAPED GRAPHENE TUBULAR SPRING FORMED WITHIN
MICROCHANNEL FOR WEARABLE STRAIN SENSOR WITH WIDE DYNAMIC
RANGE

A paper published in IEEE Sensor Letters

Seval Oren, Halil Ceylan, and Liang Dong

3.1 Abstract

This paper reports on a helical spring-like piezo resistive graphene strain sensor formed
within a microfluidic channel. The helical spring has a tubular hollow structure and is made of a
thin graphene layer coated on the inner wall of the channel using an in situ microfluidic casting
method. The helical shape allows the sensor to flexibly respond to both tensile and compressive
strains in a wide dynamic detection range from 24% compressive strain to 20% tensile strain.
Fabrication of the sensor involves embedding a helical thin metal wire with a plastic wrap into a
precursor solution of an elastomeric polymer, forming a helical microfluidic channel by
removing the wire from cured elastomer, followed by microfluidic casting of a graphene thin
layer directly inside the helical channel. The wide dynamic range, in conjunction with
mechanical flexibility and stretch ability of the sensor, will enable practical wearable strain
sensor applications where large strains are often involved.
3.2 Introduction

Many functional nanomaterials and composites have recently been incorporated with
elastomer substrates to realize flexible mechanical sensors [1]. These sensors often work by
detecting subtle changes in electrical resistivity or permittivity of sensing materials in response

to mechanical stimuli. For wearable sensor applications, such as body motion tracking [2], strain
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sensors often experience large tensile and compressive strains, and thus require a wide dynamic
range, and high flexibility and stretchability [3]. Conventional strain sensors using rigid
substrates, however, are unable to meet these requirements. For substrate materials of wearable
and flexible strain sensors, polydimethylsiloxane (PDMS) has been demonstrated as a promising
elastomer substrate due to high stretchability and simple fabrication. Ecoflex is another substrate
candidate material for strain sensors since it can be stretched by over 900% and return to its
original state [4]. For sensing materials of wearable and flexible strain sensors, recent advances
in nanomaterials have led to many candidates sensing materials in the form of nanoparticles,
nanowires and nanotubes, as well as two-dimensional materials [5-15]. Among them, graphene
possesses high piezoresistivity, electron mobility and flexibility [10]. As a result, many
graphene-based flexible strain sensors have been developed by forming graphene patterns on the
surface of elastomer substrate [14, 15] or using graphene-based nanocomposites [16-18].

It should be pointed out that most of the existing graphene-based strain sensors have a
planar structure. They are often realized on the surfaces of elastomer substrates. The planar
graphene elements tend to break at large strains, even though the elastomer substrate may still
remain functional. In addition, most planar graphene sensors are not able to detect compressive
strain. In order to enhance the dynamic range of strain sensors, wavy wrinkled micro/nanoscale
structures have been realized on the top surfaces of elastomer substrates [16-18]. Carbon
nanotube (CNT) array double helices have also been used as the main building block of a
sensitive film to form a highly stretchable strain sensor on a thermoplastic elastomer substrate
[19].

In this paper, we demonstrate unique design and manufacturing of flexible strain sensors

to obtain a wide dynamic range. The central core of the sensor is a helical-shaped tubular hollow
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structure made of graphene. The helically structured graphene is formed on the inner surface of a
helical channel embedded inside a PDMS substrate. Due to the helical spring-like design, the
sensor offers an improved dynamic range of strain along the axis of the spring and also is able to
respond to both compression and tension. In addition, unlike other graphene strain sensors
manufactured using traditional techniques such as deposition, photolithography and etching, or
new methods such as transfer printing, nanoimprint lithography and laser cutting [20-23], our
graphene sensor uses a simple molding and refill process to realize in sifu microfluidic casting of
graphene layer directly inside a helical channel.

3.3 Method

Fabrication of the helical tubular graphene strain sensor takes four major steps, including
(1) embedding a helical coil into a precursor solution of elastomer (Fig. 3.1a), (ii) realizing a
helical channel by removing the coil from cured elastomer (Fig. 3.1b and 3.1c¢), (iii) in situ
microfluidic casting of graphene on the inner surface of the helical channel (Fig. 3.1d), and (iv)
forming electrical contacts to external circuits. The detail of fabrication process is described
below.

Initially, the precursor solution of PDMS was prepared by mixing Sylgard 184 silicone
elastomer base and its curing agent (Dow Corning, Auburn, MI) at a weight ratio of 10:1, and
then were degassed in a vacuum desiccator for 20 min. Subsequently, a Tin-plated copper metal
wire wrapped with a plastic coating (0.5 mm-diameter wrapping wire; Gauge 30) was manually
winded around a 2.9 mm-diameter metal rod. The spacing between neighboring helix of the
coiled wire was controlled by the alignment marks pre-labelled on the metal rod. The helical coil

was taken off the rod, serving as a mold for the helical channel. Subsequently, the mold was fully
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immersed in the PDMS precursor solution. Here, the shape of the helical coil was determined by
the following equations [24]:

L, = /(mD)? + §? )

L,=NL, (2)

L=NS 3)

where D, S, L,, N, L, and L correspond to the helix diameter (D = 2.9 mm), the distance

between the neighboring helix (S = 1.9 mm), the circumference of each helix (Lo = 9.3 mm), the
number of helix (N = 6), the total length of the coil in flat mode (L,= 55.8 mm), and the straight
end-to-end length of the coil (L = 11.4 mm). The helical coil was supported by two clips at its
two ends before the PDMS precursor solution was poured over it. After thermally cured on a
hotplate at 65 °C for 2 h, the cured PDMS embedded with the helical coil was placed in acetone
for 2 h. As a result, the plastic wrap was partially dissolved by acetone, allowing easy pulling of
the coil out of the PDMS. Therefore, a helical channel was obtained inside the elastomer. It
should be noted that if a metal coil alone (without a plastic wrap) was used as the mold of the
helical channel, it would be difficult to pull out the coiled metal due to a large friction between
the metal and surrounding PDMS. On the other hand, a plastic wire alone (without a metal core)
is not easy to be shaped into a coil. When serving as the mold, the plastic wire may be broken

inside the PDMS during pulling.
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Figure 3.1 Schematic representation of the fabrication process for the helical-shaped tubular
graphene strain sensor.

Next, the in situ microfluidic casting approach was used to obtain a graphene layer on the
inner wall of the helical channel. Here, aqueous solutions of graphene suspensions (20 mg/ml)
were prepared by dispersing 20 mg graphene nanoplatelets (obtained by evaporation of acetate
from the graphene dispersion purchased from Graphene Supermarket, Calverton, NY; SKU:
UHC-NPD) in a 1 ml mixture of ethanol and deionized water at a volume ratio of 7:3, followed
by sonication at room temperature for 400 min. The specific ethanol-to-water volume ratio was
chosen because it could provide sufficient dispersion and maximum concentration of graphene
nanoplatelets in the mixture (Figure A4, Appendix) [25]. After that, the helical channel was
filled by injecting the prepared graphene suspension solution into the channel using a medical
syringe (National Target; 10 ml volume). After drying at room temperature for 10 min and then

at 90 °C for 5 min, a graphene layer (1.45 + 0.24 um) was casted on the inner surface of the
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channel. This in situ fabrication process was repeated twice to ensure a full graphene coverage
on the inner wall. Next, electrical contacts of the graphene with two tin copper wires (Gauge 20)
were realized with silver paste at the two ends of the channel. For comparison, a counterpart
sensor with a straight channel was manufactured using the same fabrication process. The straight
channel had the same diameter (0.5 mm) and end-to-end length (11.4 mm) as the helical channel.

3.4 Results and Discussion

(a)

e r—————
Graphene
Graphene

L

Graphene

Figure 3.2 (a, b) Photos of the fabricated tubular helical (a) and straight (b) graphene sensors.
Scale bars represent 4 mm. (¢, d) SEM images of the graphene coated inner surface of the helical
(c) and straight (d) channels. Schematic for the helical and straight channels are shown to the left
of (c) and (d), respectively. Scale bars represent 200 pm.
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Fig. 3.2a and 3.2b show the fabricated helical and straight graphene sensors, respectively.
Scanning electron microscopy (SEM) images in Fig. 3.2c and 3.2d demonstrate the formation of
the graphene film on the inner walls of the channels. Because the graphene suspension solution
contained 70% volume fraction of ethanol, the liquids could rapidly evaporate at 90 °C before
the graphene nanoplatelets settled down in a direction, thus allowing casting a graphene layer on
the inner wall in all radial directions.

To assess the mechanical properties of the sensors, the sensors were mounted on home-
made clamps. Different levels of tension and compression were applied along the length
direction of the sensors using a fully programmable motorized stage (LX-4000; Applied
Scientific Instruments, Eugene, OR). The initial electrical resistances of the helical and straight
sensors were 6 MQ and 2.7 MQ, respectively. A LCR meter (AT2817A; Applent Instruments,
Jiangsu, China) was adopted to measure and record the resistance responses of the sensors to the
applied strains. Fig. 3.3 presents the time-lapse images of the helical sensor when acting as a

spring in response to different levels of compression and tension.

Compressive Strain % X Tensile Strain %

i

Figure 3.3 Time-lapse images of the helical sensor under compression (left) and tension (right).
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The testing of the sensor demonstrated some distinct features of the helical sensor when
responding to tensile and compressive strains along the axis of the helical structure. Fig. 3.4a
shows that the relative resistance changes (AR/R) of the helical and straight sensors increase
almost linearly with applied tensile strains. The helical sensor could sustain to increasing tension
up to 20% strain with a gauge factor of GF = 6.7 + 0.27 (obtained from the slope of the linear
fitting curve). In contrast, the straight sensor provided a higher GF = 42.8 + 1.5 but could
respond only up to 9% of tensile strain, beyond which the sensor would unrecoverable fail. The
compression experiment also demonstrated that the helical design allowed extending the
dynamic range of compressive strain measurements. Similarly, based on the slope of the fitting
curve in Fig. 3.4b, the GF of the helical sensor was found as 5.16 + 0.3 under compression up to

249 strain, while the straight sensor showed little sensitivity to applied compressive strains.
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Figure 3.4 Relative resistance changes of the helical and straight sensors under applied tensile (a)
and compressive (b) strains.

Next, to verify stability and reversibility of the helical sensor, the sensor was repeatedly
loaded and unloaded for thirty cycles (Fig. 3.5). Here, 16% and 8% tensile strains, each in a
triangular waveform, were applied to the helical and straight sensors, respectively, in the loaded
state. Upon relaxation, the sensors returned to their initial resistance values, indicating good

reversibility of the sensors. In addition, the helical and straight sensors exhibited a response time
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of ~2.7 s and ~1.1 s to the applied 16% and 8% tensile strains, respectively. The hysteretic
behaviours of both the sensors were also investigated, during which the helical and straight
sensors were stretched at the rate of 3.5% s°!, and then were released back to their initial

positions at the same rate. Fig. 3.6 shows that the helical sensor exhibited a lower hysteresis than

the straight sensor.
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Figure 3.5 Relative resistance changes of the helical (a) and straight (b) strain sensor responding
to the repetition of thirty loading and unloading cycles. 16% and 8% tensile strains in triangular

waveform were applied to the helical and straight sensors. The applied tensile strains are shown
to left of the corresponding response plots.
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Figure 3.6 Hysteresis of the helical sensor (a) and straight sensor (b).
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There is much room to optimize the design of the sensor to achieve both high sensitivity
and wide dynamic range. For example, the critical parameters for the design of helical coil are

determined by the following equations [26, 27]:

F = kAl 4
Gd*
k= 8ND? ®)

where F, Al, k, G, and d refer to the applied force, the force-induced change in the straight end-
to-end length of the coil, the spring constant, the shear modulus of material, and the coil wire
diameter, respectively. To increase the mechanical stretchability or dynamic range, one can
increase both the diameter and number of helix while decreasing the coil wire diameter. This,
however, will result in lowering the spring constant, and thus decreasing the sensitivity of the
sensor. Therefore, while this work described here demonstrates proof-of-concept of the helical
graphene strain sensor, one important future work is to explore the tradeoff between the
sensitivity and stretchability of the device through systematic structural optimizations. In
addition, other sensing nanomaterials, such as CNTs, may possibly be introduced into the
channels to realize helical sensors, with tailored mechanic-electrical properties. Although the
previously reported strain sensor with the CNT array based double helices [19] exhibited higher
stretchability than our sensor, it is nontrivial to realize the complex double helical nanostructures
to build the sensor, and also it is unclear so far whether or not that sensor can respond to both
tensile and compressive strains. Lastly, we believe that by accurately positioning aqueous
graphene suspension solutions at different locations inside the channel [28] or selectively treating
the surface chemical properties of the channel [29], it is possible to realize complex sensor

structures inside the channel.
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3.5 Conclusions
We have demonstrated a novel helical-shaped tubular graphene strain sensor for the
detection of large mechanical strains. This sensor is uniquely structured and manufactured in a
way that allows a large dynamic range from 24% compressive strain to 20% tensile strain. The in
situ microfluidic casting method is unique, simple and allows easy coating of a graphene layer on
the inner wall of the helical channel in all radial directions. The wide dynamic detection range,
along with mechanical flexibility and stretchability, will benefit many wearable strain sensor
applications such as real-time motion capture.
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CHAPTER 4
TRACKING OF WATER MOVEMENT DYNAMICS INSIDE PLANTS USING LEAF
SURFACE HUMIDITY SENSORS

A paper published in 12% International Conference on Nano/Micro Engineered and Molecular
Systems (IEEE NEMS, 2017)

Seval Oren, Zhaokui Wang, Xinran Wang, Shawana Tabassum, Yueyi Jiao, Byron J.

Montgomery, Nathan Neihart, Colton M. McNinch, Patrick S. Schnable, and Liang Dong

4.1 Abstract

This paper reports on a simple method to track water transport inside the plant by using
multiple graphene oxide (GO) based relative humidity sensors. The sensor was formed on an
adhesive polyimide film by selectively coating a GO layer on top of gold interdigitated
electrodes and subsequently peeling the whole device structure off from a pre-coated
polydimethylsiloxane temporary layer. To allow easy installation of the sensor at the leaf of
plant, a simple assembly fixture was designed. The present measurement method provides
information on how water moves within the plant that is associated with water use efficiency, an
important selection trait to evaluate crop quality. In addition, the device can be adhered to other
target surfaces due to its flexible and adhesive features.
4.2 Introduction

Water stress adversely affects plant growth and productivity [1]. Selection of plants with
improved tolerance to increasing water stress is one of the major objectives in the breeding
crops. Quantification of water use efficiency (WUE) requires sensors to determine water
transport from the soil into the plant and then leaves the plant. In the past decades, soil moisture

sensors have been well developed. However, there are not many cost-effective, high-
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performance sensors available to monitor water transpiration process that regulates water

contents in the plant.

High osmotic pressure on the hair roots of plants causes water to be absorbed from soils.
The cohesion force in the tiny tubes of roots leads to a continuous column of water from roots to
leaves. Transpiration is the physiological process of water transportation in the plant and giving
off vapor through the leaf stomata. Plants have the capability to regulate transpiration level to
optimize internal temperature for continuous metabolic functions. Plants reduce water loss by
closing the stomata and at the same time allowing in carbon dioxide and releasing oxygen to
perform photosynthesis. When the stomata are opened, water vapors escape from leaves,
increasing the local humidity level at the leaf surface. On the other hand, the closure of stomata
leads to reducing water evaporation, thus lowering the humidity value (Fig. 4.1). Because
transpiration is a critical process for plants to be alive, selection of plants with improved
tolerance to increasing water stress is one of the major objectives in the breeding crops.

Graphene and its related materials (e.g., graphene oxide or GO) have attracted increasing
interests for use in a number of applications owed to exceptional optical, electrical, mechanical,
and chemical properties [2]. The chemical structure of GO is often described as a graphene sheet
bonded to oxygen in the form of carboxyl, hydroxyl, or epoxy groups [3]. These functional
groups provide GO with high hydrophilicity, allowing the intercalation of different types of
molecules (especially, polar molecules) [4]. It was reported that structural and mechanical
properties of GO are strongly affected by atmospheric water vapor. Borini et. al. reported an
ultrafast GO-based sensor to track the variation of moisture level in a user’s breath [5]. Yao et al.

reported a quartz crystal microbalance-based relative humidity (RH) sensor using a GO coating
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[6]. In addition, Zhang et. al. demonstrated another high-performance RH sensor based on a new

nanocomposite of GO and polyelectrolyte [7].

Figure 4.1 (a) Optical images of maize leaf. (b,c) SEM images of opened (b) and closed (c) leaf
stomata of maize (Zea mays) genotype B73.

This paper reports on the development of a novel flexible RH sensor formed on an
adhesive polyimide film to realize dynamic tracking of water transport from the lower to upper
leaves of the plant. Because water up-taken by the plant arrives at different leaves at different
time points, it is possible to track water transport inside the plant using multiple sensitive RH
sensors mounted at the leaves upon irrigation. To our knowledge, this kind of simple

measurement method has not been reported.

4.3 Device Principle and Design

The RH sensor is formed by selective coating of a 500-nm-thick GO layer on top of gold
interdigital electrodes (IDEs) (Fig. 4.2a). The sensor operates based on changing resistance and
capacitance of the device in response to different environmental RH levels. Fig. 4.2b shows the
equivalent circuit models of the GO-based RH sensor when exposed to different RH

environments. The bulk impedance (Zco) of GO consists of a resistor (resistance: Rgo) and a
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capacitor (capacitance: Cgo). According to ref. [7], at low RH, only few water molecules are
adsorbed on the surface of GO film resulting in a low coverage of water on the film surface and
thus an insufficient proton (H")-electron exchange between the GO and the adsorbed water
molecules. In this case, charge transfer resistance (R¢) is very high (more than 100 MQ). When
the RH level rises, more water molecules are adsorbed on the surface of GO film, and protons
arising from the hydroxyl group of GO sheet are bonded to the excess adsorbed water molecules
to form Hydronium (H3O"). This, in turn, leads to an increase in charge carrier density, thus
decreasing the value of R¢¢[8]. As the RH level increases further, the absorbed water molecules
can facilitate diffusion of charge carriers into the GO film through the strong interaction between
water and H3O" ions. This diffusion process will result in formation of Warburg impedance

(Zwarburg) at the interface between the GO film and the electrode below the film.

(b) ZG{) ZGO ZGO
—>>— [—>>— >—
= >
Ru Ret Zwarburg
Low RH Middle range RH High RH

Figure 4.2 (a) Physical dimensions of sensor. In mm size of a= 4 mm, b=2 mm, c=1.43 mm,
d=e=0.067 mm. (b) Equivalent circuit of GO-based moisture sensor under different RH levels.
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4.4 Device Fabrication and Installation

The fabrication of the proposed RH sensor involved two major procedures, including the
formation of Au IDEs on a stand-alone adhesive polyimide film, and the selective coating and
patterning of GO layer on the surface of IDEs. First, a 200-pm-thick polydimethylsiloxane
(PDMS) layer was spin-coated on a 3-inch silicon wafer as a temporary substrate and thermally
cured at 70 °C for 1 hr. The precursor solution of PDMS was formed by mixing PDMS monomer
and curing agent at a 10:1 weight ratio. Following that, a 100 pm-thick adhesive polyimide film
(3DMakerworld, Kapton tape) was adhered to the PDMS layer. Next, the Au IDEs (Fig. 4.3a)
were formed using conventional evaporation, photolithography, and wet chemical etching
methods, all performed on the surface of the polyimide layer. The Au layer used here was 75 nm
thick. Then, a 500 nm- thick GO layer was selectively formed and patterned on the surface of
IDEs using the spray coating and lift-off process. In this step, AZ photoresist was first coated on
the polyimide film and exposed under ultraviolet (UV) light with a desired mask. Then, the IDEs
were treated with O; plasma to make the surface hydrophilic. Subsequently, the whole surface of
the device was coated with GO using a spinning assisted spray-coating process at room
temperature. The setup for this coating method is shown in Fig. 4.4. Two main parts were used in
the setup, including an airbrush (Badger 350, Badger Air-Brush) which utilizes compressed air
as a carrier gas, and a step motor spinner (Nanotec-SMCI33-1) able to rotate the wafer to achieve
uniform coating of the prepared GO suspension solution. The major processing parameters of
this method include the vertical distance between the airbrush and the substrate (9.6 cm), the
pressure of air source (45 psi), and the spinning speed of the substrate (10 rpm). By using this
method, the GO dispersion can spread uniformly from the center towards the edges of a substrate

without any noticeable spilling over. After the GO film was formed, the AZ photoresist was
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stripped off with acetone. Thus, the selective patterning of GO on the IDEs was realized. Finally,
the adhesive polyimide film containing the sensor structures was gently peeled off from the
PDMS layer. Fig. 4.3a displays the schematic of the fabrication processes for manufacturing the

proposed RH sensors. Fig. 4.3b and 4.4c show the fabricated devices.

@ e — W
I =
I @ |
PDMS coating Gold patterning Lift-off
1 _|_ v
v — —_—
I | Peel-off
Adhere polyimide Photoresist patternin
?oy ,—T_ . I Poms
——— TR B si Polyimide
I aaeeesssmmmm 0 o Bl Au
Gold evaporation GO coating

(b) (©)

Figure 4.3 (a) Process flow for the RH sensor. (b) Optical image of a single IDE. (c) Optical
image of the IDEs coated with the patterned GO film.

(a) (b)

Air source

Figure 4.4 (a) Schematic representation of the GO film formation on Si wafer by SSC method (b)
The real setup for the proposed SSC method.
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Fig. 4.5a and 4.5b show a schematic representation and an optical image for the
installation of the RH sensor at the leaf. A 1-mm-deep chamber was formed in an acrylic glass.
The sensor was directly adhered to the bottom of the chamber. Four small breathing holes (1 mm
diameter) were punched to avoid the accumulation of water vapor inside the chamber. The
chamber was fixed on the back of leaf with the help of two light-weight plastic clamping slabs
and two plastic screws. There was also a small air gap between the top of the chamber and the
slab. This allowed the leaf to grow normally even during long-time monitoring. The clamping
slabs were hanged on stable rods via thin lines to avoid possible damages to the leaf. Customized

printed circuit board was designed to read out the sensor output signals (Fig. 4.5¢).

Plastic slab Screw

) HHHHIHIHTHTHITHITIITITITHNY

I Breathing
holes

Device fixture Installed sensor

Figure 4.5 (a) Schematic and (b) photography of the device installation at the back of the leaf. (c)
Customized printed circuit board for signal readout and processing.
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Fig. 4.6 shows the resistance and capacitance of the sensor as a function of RH at

different operation frequencies. First, in the tested RH range from 22 to 96% RH, with

increasing RH value, the resistance reduced, and the capacitance increased, while the total

impedance of the sensor decreased. The higher impedance at the lower RH may be associated

with the fact that there is no sufficient amount of water molecules absorbed by the GO film, thus

making it hard to accelerate the transportation of ions [2]. At the higher RH levels, adequate

water molecules are adsorbed by the GO film and diffused into it, thus increasing the charge

carrier density and decreasing the impedance [7]. Second, in the RH range below 40% RH, the

sensor exhibited less sensitive to changing RH at higher operation frequencies. It should be noted

that at high frequencies, the direction of electric field changes so fast that the adsorbed water

molecules at the GO surface are not able to catch up with the alternating rate of the applied

electric field, due to its large relaxation time [2]. However, in the range above 40% RH, no

obvious differences in sensitivity were observed for different operation frequencies. Therefore,

the low frequency of 100 Hz was chosen for the sensor to measure RH in the tested range.
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Figure 4.6 (a) Resistance and (b) capacitance of the sensor as a function of RH at different
operation frequencies.
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Figure 4.7 (a) Three GO-based humidity sensors installed at different locations of a corn plant.
Real-time monitoring of leaf surface humidity after the plant is irrigated. (b) Resistance vs. time
tracking (c) RH vs. time tracking.

To demonstrate the concept of using multiple RH sensors to track water transport from
one to another leaf, we installed three sensors at three leaves of a 7-week old maize plant (Inbred
B73). Fig. 4.7a depicts the schematic of placing the three sensors at the low, the middle, and the
top leaves of the plant. The plant with the sensors was irrigated at 5 minutes after the sensor
measurements started. Fig. 4. 7c demonstrates the real-time monitoring of leaf-surface RH using
the sensors installed at three leaves. Only resistance measurement was taken in this experiment at

the frequency of 100 Hz (Fig. 4.7b). Before the plant was not irrigated, there was not significant
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resistance drop. After the irrigation, the three sensors exhibited obvious resistance drops at
different time points. More specifically, the low and middle sensors presented resistance
reduction and thus RH increase at ~55 min and ~135 min, respectively. Therefore, transport of
water from the low leaf to the middle one took ~80 min. However, the sensor installed at the top
leaf responded distinctly at ~400 min, indicating that the plant required a longer time of ~265
min to transport water from the tested middle leaf to the top one.
4.6 Conclusions
The flexible GO-based RH sensor has been developed on an adhesive polyimide thin film

by selectively coating and patterning GO at the surface of Au IDEs and subsequently peeling the
device off from a temporary PDMS film. We have also demonstrated a simple but effective
method to track water transport inside the plant via real-time monitoring of RH variations at the
surfaces of different leaves of the plant. This low-cost method will facilitate studying of water
transpiration and transport dynamics in the plant.
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CHAPTERSS
CONCLUSIONS AND OUTLOOK
5.1 Conclusions

The main target of this thesis is to investigate cost-effective, simple, and large-scale
patterning and transferring methods of graphene-based nanomaterials to develop flexible
electronics platform and wearable devices. Graphene is envisioned to open a new era in flexible
electronics due its remarkable properties. It makes it possible to fabricate foldable, stretchable
and highly flexible devices, sensors and more other products which are ready to take place in the
markets. Therefore, inexpensive, large-scale, and simple patterning and transferring techniques
for flexible and wearable electronics have advantageous over traditional ones. The recent
literature on graphene-based nanomaterial patterning and transferring techniques and related
applications was reviewed. Based on the literature review, the pros and cons described in recent
studies have been determined and a new perspective for graphene-based patterning and
transferring methods were proposed. The investigations described in this thesis are related to
concepts of flexible strain, pressure, and RH sensor fabrication based on a novel tape-based cost-
effective patterning and transferring technique, an in situ microfluidic casting method, and a
novel selective-coating technique for graphene-based nanomaterials.

In Chapter 2, a simple, high-resolution, and scalable method was developed for
patterning and transferring graphene-based nanomaterials onto various types of tape to realize
flexible graphene microsensors. The method involves drop-casting a graphene film by graphene
suspension onto a prepatterned PDMS surface containing negative features, applying Scotch tape
to remove the excess graphene from the nonpatterned areas of the PDMS surface, then

transferring the patterned graphene from the inside of the negative features at the PDMS surface
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onto a target tape. The method utilizes the work of adhesion at the interface between two
contacting materials as determined by their surface energies to pattern graphene on a PDMS
substrate and transfer it onto a target tape. Once PDMS negative patterns are formed via
conventional soft lithography, only adhesive tapes are required to produce graphene patterns
with feature resolution of a few microns. This technology will open a new route for low-cost,
simple, and scalable production of graphene-based sensors on tape.

In Chapter 3, a helical spring-like piezo-resistive graphene strain sensor formed within a
microfluidic channel was developed for the detection of large mechanical strains. A thin
graphene layer is coated on the inner wall of the helical channel in all radial directions using an
in situ microfluidic casting method. Fabrication of the sensor consists of embedding a helical
thin metal wire with a plastic wrap into a precursor solution of an elastomeric polymer, forming
a helical microfluidic channel by removing the wire from cured elastomer, and microfluidic
casting of a thin graphene layer directly inside the helical channel. The helical shape allows the
sensor to flexibly respond to both tensile and compressive strains over a wide dynamic detection
range, from 24% compressive strain to 20% tensile strain. The wide dynamic range, in
conjunction with mechanical flexibility and stretch ability of the sensor, will enable practical
wearable strain sensor applications such as real-time motion capture.

In Chapter 4, a flexible GO-based RH sensor on an adhesive polyimide thin film was
developed by selectively coating and patterning GO at the surface of Au IDEs. A simple but
effective method has been demonstrated to track water transport inside the plant via real-time
monitoring of RH variations at the surfaces of different leaves of the plant using GO-based RH
sensors. This low-cost method provides information on how water moves within the plant that is

associated with water use efficiency, an important selection trait when evaluating crop quality.
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5.2 Outlook

The future prospects of wearable and flexible sensors include a search for appropriate
applications for each developed fabrication method and improving the information obtained from
sensors (i.e., sensitivity, wider dynamic range, multifunctional sensing ability). For all developed
sensors in this thesis, the electrical connection between the sensor and data logger was achieved
using electrical wires, resulting in some measurement issues such as signal instability and
difficulties in handling of the wires when many sensors are tested at the same time. Future work
includes development of a wireless unit to make reading out data from the sensor by more
straight-forward and faster way. The methods introduced in this thesis can also be utilized in the
fabrication of different types of functional materials-based sensors on different substrates to

expand the range of possible applications including; bio-sensing and electrochemical sensing.
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APPENDIX SUPPORTING INFORMATION
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Figure Al. A schematic representation of the formation of graphene patterns on a 1-meter long
polyimide tape. (a) Negative features created on a “i-inch thick poly (methyl methacrylate) or
PMMA sheet using a high-precision CNC milling machine. (b) PDMS precursor solution poured
over and cured on the patterned PMMA sheet. (¢) PDMS mold with positive features peeled off
from the PMMA surface. (d) PDMS precursor solution poured over and curved on the PDMS mold
with positive features formed in (c). (¢) PDMS mold with negative features peeled off from the
mold formed in (d). (f) Graphene patterns formed inside the negative patterns at the PDMS surface
using the D?SP method. (g) A double-sided polyimide tape adhered onto the PDMS surface
containing the negative patterns. (h) Graphene patterns transferred onto the double-sided
polyimide tape and then covered by non-adhesive liner.
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Figure A2. XPS high-resolution spectra of the graphene patterns on a polyimide tape without
thermal treatment and annealed at 150 °C and 250 °C for 180 min. (a) O 1s. (b) C Is. (c¢) Si 2p.
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Figure A3. XPS high-resolution spectra of the polyimide tape alone, without thermal treatment
and annealed at 150 °C and 250 °C for 180 min. (a) O 1s. (b) C 1s. (¢) Si 2p. (d) F 1s.
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Volume fraction

Figure A4. Optical images of graphene dispersions in ethanol and distilled water (DI) mixture with
different volume fraction ratios of ethanol.

Essentially, adhesion is achieved due to the molecular contact and surface force formed
over the interfacial surface of two materials [, Work of adhesion is defined as the energy required
to separate two bonded materials by repelling surface force and damaging molecular contact at the
interface between two contacting materials, as determined by their surface energies 5% Removal
of the excess graphene from the PDMS surface using a tape in the D>SP process, and subsequent
transferring of the formed graphene patterns from the PDMS channel onto a target tape in the ST
process result from having the difference of the work of adhesion at the interface of the graphene-
tape and the graphene-PDMS. Table A1 presents the surface energies of the materials and work of
adhesion (calculated by using Equation 1) when they are bonded with graphene. In our method,
for the D?SP process, because Waraphene-pDMs (55.8 mJ m2) < Woraphene-scotch (75.8 mJ-m2; note: the
Scotch tape used here use a synthetic rubber adhesive), it is possible to peel off the excess graphene
from the PDMS surface. Further, for the ST process, the requirements of Waraphene-pbms (55.8 mJ-m-
2) < Woraphene-Polyimide (93.9 mJ-m2) and Waraphene-poMs (55.8 mJ-m2) < Wraphene-Scotch (73.9 mJ-m2;
note: the Scotch tape used here has an acrylic adhesive which is also used at the 3M™ and
aluminum foil tapes) are also met, thus ensuring the successful transfer of the patterned graphene

onto the polyimide, Scotch, 3M™ and aluminum foil tapes.
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Table Al. Surface energies of different materials and work of adhesion at the interfaces between
two contacting materials utilized in this work

Surface energy Work of adhesion
Materials (mJ-m?) (mJ-m?)
v | v | vP | Was
PDMS (64 19.8 | 19 0.8
Graphene [©8] 51.6 | 435 |8.1
Polyimide tape [ 46 44 2
Scotch tape (Synthetic rubber adhesive) 7% 336 [336 |0

Scotch tape (Acrylic adhesive) 7%

3M™ conductive tape (Acrylic adhesive) 7% 30.2 | 289 |13

Aluminum foil tape (Acrylic adhesive) 7%

Graphene — PDMS 55.8
Graphene - Polyimide tape 93.9
Graphene - Scotch tape (Synthetic rubber sc8
adhesive)

Graphene- Scotch, 3M™, or Aluminum foil tape 73.9

(Acrylic adhesive)
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