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Wearable sensors have been widely applied in the fields of human-machine
interface, medical care, and disease diagnosis. Various types of wearable sensors with
different materials and fabrication methods have been developed. However, high
fabrication cost, low sensitivity and large form factors have hampered their popularity of
wearable applications. Paper-based sensors have shown merits of simple fabrication, high
sensitivity and light weight. Biomedical, chemical, and physical wearable sensors have
been developed by using paper substrate. In this dissertation, a novel manufacturing
method of carbon nanotube (CNT)-paper composite is studied with characterization of
mechanical and electrical properties. A fracture-induced fabrication method of a CNT-

paper composite (CPC) is studied in terms of reorganization of a CNT-cellulose fiber



matrix. By precise control of the applied strain, resistive and capacitive sensors are
produced to enable the measurement of heart beats, grabbing force, finger motion, and eye
movement.

Using a CPC, a humidity sensor is developed for wearable applications. The
enhancement of sensor response due to swelling of CPC coated with polyacrylic acid
(PAA) is studied for detection of water vapors in air. The humidity sensor is applied for
measurement of surface moisture. The CPC sensor provides a low-cost, highly sensitive,
light-weight flexible platform potentially beneficial for sweat monitoring.

An unobtrusive light-weight, low-cost eye tracking sensor is developed by using a
capacitive sensor made of a fractured CPC. The eye movement is measured by the
capacitance changes induced by the distance and permittivity change between eye ball,
muscles and CPC sensors. The fabrication procedures and sensor design are optimized for
best sensing performance. Finite element analysis is applied to understand the capacitive
sensor made of the fracture induced nanoscale electrodes. The sensitivity and resolutions
are characterized in terms of the capacitive geometry.

In summary, the dissertation presents the characteristics of fractured CPC and the
applications to multiple wearable sensors. A CPC coated with PAA is investigated for
detection of relative humidity and moisture. The low cost, high sensitivity, light weight
and easy fabrication will offer a stepping stone to advance current wearable sensing

platforms.
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spoke “Hi”, “Hello”, “Sensor”, and “Graphene”. (g) Wearable sensor attached to the wrist, marked
in the red box. (h) Responsive curves of wearable sensor on the wrist before wearing (no load), and
under normal/exercise conditions. (i) Wearable sensor attached to the chest. (j) Responsive curves
of wearable sensor on the chest before wearing, in relaxation, and after exercise. (k) Responsive
curves of wearable sensor on the chest. The wearer simulates deep sleep (keeping still) and light
sleep (turning over and trembling frequently). (I) The robot wears fiber sensors at movable joints
(elbow, waist, and knee). Each sensor is marked in the red box at specific joint position. m)
Responsive curves of wearable sensors during the robot's dance “Gangnam Style”: elbow (black
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of a 3D-printed robotic hand using rGO-paper rings. (d) Photograph of an rGO-paper kirigami
prepared using the multilayer masking process. (e) Photographs of a knee in extended and bent
positions while wearing rGO-paper sensors. Changes in the resistance of an rGO-paper sensor on
a knee during (f) sitting and (g) walking. (h) Response curve due to the movement of a wrist. (i)
rGO-paper sensor attached to the wrist for detection of pulse, and (j) corresponding signal from the
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Figure 3.7 Conceptual illustration of the sensitivity generation according to mechanical and
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Chapter 1. Introduction

This research investigates the mechano-electrical characterization of a carbon
nanotube (CNT)-paper composite and application to wearable sensors. In this chapter, the
advances of wearable sensors are introduced in various fields. Then, the recent
development of paper-based sensors is discussed. Lastly, CNT-paper composite sensors

and their applications are described.

1.1 Wearable sensors

The development of wearable sensors has flourished over the past decade in the
areas of medical treatment and rehabilitation [2, 3], robotics [4], entertainment [5, 6], etc.
Examples of those innovative sensors include strain sensors, pressure sensors, electronic
skins, temperature sensors, sweat sensors and heart rate sensors[1] [7] [8] [9]. The nature
that those sensors can attach to or being worn by human in daily life ensures more accurate
measurement of the required data and more sustainable monitoring. Figure 1.1 shows an
example of a wearable sensor that is attached on various locations of a human body [1]. By
detecting the strain changes resulted from different human activities, the body response
was recognized. In this chapter, the application of the wearable sensors is introduced with

emphasis on the fields of healthcare and human-computer interface.
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Figure 1.1 Applications of wearable sensors to monitor the body activities of human and robot. (a)
Photograph of the wearable sensor. (b) Response signal of wearable sensor in monitoring finger
bending. Inset: Photographs of finger-bending to the corresponding positions. (c) Wearable sensor
attached to the knee, marked in the red box. (d) Responsive curves of wearable sensor on the knee
under motions of flexing/extending, walking, jogging, jumping, and squatting-jumping. (e)
Wearable sensor attached to the throat, marked in the red box. (f) Responsive curves when wearer
spoke “Hi”, “Hello”, “Sensor”, and “Graphene”. (g) Wearable sensor attached to the wrist, marked
in the red box. (h) Responsive curves of wearable sensor on the wrist before wearing (no load), and
under normal/exercise conditions. (i) Wearable sensor attached to the chest. (j) Responsive curves
of wearable sensor on the chest before wearing, in relaxation, and after exercise. (k) Responsive
curves of wearable sensor on the chest. The wearer simulates deep sleep (keeping still) and light
sleep (turning over and trembling frequently). (I) The robot wears fiber sensors at movable joints
(elbow, waist, and knee). Each sensor is marked in the red box at specific joint position. m)
Responsive curves of wearable sensors during the robot's dance “Gangnam Style”: elbow (black
line), waist (red line), and knee (blue line) [1].



1.1.1 Wearable sensors in medical field

The key features of wearable sensors are light weight and flexibility such that the
sensors could be worn on the body to perform standard medical monitoring. Critical
medical information such as body temperature, heart rate, brain activity, muscle can be
easily detected by wearable sensors [10, 11]. To continuously monitor critical medical
information, wearable sensors offer an easier “all-day” monitoring method. Similar
requirement is exerted in the area of sport and training where physiological information,
such as sweat level change, needs to be recorded by wearable sensors [12, 13]. Different
medical information requires the development of various wearable sensors. The detected
data will be stored or transported for further medical analysis. Based on the wearable sensor
technology, a big step in medical care is: traditional diagnosis of certain disease and the

monitoring of a patient’s activity needs to be simplified by a low cost wearable sensor.

One of the most important advantages is the light weight and small form factor of
the wearable sensors in comparison to traditional medical instruments. The measurement
of blood pressure, for example, that has been measured by sizable inflatable pressure cuff
[14] can be replaced by earphone and mobile devices [15]. Such improvement not only
makes the measurement easier, but also provides the possibility of treatment at home for
self-diagnosis [16]. Similar devices include smart watches that can monitor the heart rates
[7], a stretchable temperature sensor that can attach to human body [8],

wearable/disposable sweat monitoring sensor that can monitor the glucose level [9], etc.

Daily monitoring for chronic disease diagnosis and prevention is one of the most
promising potential application of the wearable sensors in a medical field [17]. Chronic

diseases are leading causes of death and disability in both developed and developing



countries [18]. Inactivity is oriented from several chronic diseases [19]. The symptom of
certain inactivity such as freezing of gait and falling should be monitored daily to prevent
the chronic diseases. Fall detection, together with the gait monitoring by wearable sensors
can be utilized for the detection of certain disease [20]. The diagnosis of Parkinson can
also be easily conducted at an early stage with the help of the wearable sensors [21]. Based
on the data collected by the wearable sensors, a doctor can foresee the potentials of many
chronic diseases. Therefore, the timely preventive treatment can be taken to prevent the

patient from further severe pains.

1.1.2  Wearable sensors in human-machine interface field

As the computer and other smart devices are playing more important roles in society,
the efficient interaction between human and those devices becomes critical. There has been
growing interest in development of revolutionary approaches and technologies for bridging
the human-computer communication [22]. Many attempts have been made for hand gesture
interaction and eye-based interaction. For the popular interaction approaches, different
technologies involving wearable sensors are being developed. The eye-based wearable
sensor interaction detects the gaze direction by certain electrical signal change, such as
electro-oculography (EOG) signals [23]. The light weighted EOG wearable sensor has
already been studied for the control of wheel chair for physically disabled people [24]. The
audio system with wearable sensors control is developed, which has a potential of being
applied on other electronic devices [25]. There is growing interest of the wearable sensors
in entertainment field, such as video game controller. The traditional control approaches

no longer satisfy the needs of the costumer. Controlling with wearable sensors provides



more actual and exciting experience. The products of Microsoft and Sony have the access

to be connected to the wearable sensors.

As robotics field is expanding from the monotonous environment of a production
line to complex human environments, robots are required to perform human-like motion
and tasks instead of industrial use [4]. At the same time, more and more sophisticated
activities should be accomplished by robots. Therefore, a more precise robot control
method is required. Effort has been made to develop a new generation of interaction
between the robot and human, such as the gesture recognition with glove-based sensor [26].
Similar wearable bio-sleeve is developed for the hand-free gesture control of robots (Figure
1.2) [27]. Although the recognition of most hand gestures is still under development, the

promising future in this field is obvious.

Figure 1.2 Wearable bio-sleeve for hand-free gesture control of robots [28].
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1.1.3  Challenges

As wearable sensor technologies branches into different sensing mechanism and
sensor materials, the common requirement is: small size, flexibility, sensitivity, bio-

compatibility and low cost.

One of the challenges for wearable sensors is data accuracy. The device reflected
by the wearable sensor can make mistakes in certain cases, which results in imprecise data
of a wearer. For example, the pedometer based energy expenditure algorithm was
developed to estimate one’s daily activity level[29]. But this wearable sensor is not able to
detect the intensity of the movement, nor certain movement like climbing the stairs. The
walking speed of a wearer can also be the origin of false data. This example shows that the
wearable sensors can sometimes be inaccurate to show all the detailed activity. There are
many reasons that can cause this kind of inaccurate detection and thus, misleading
information. The data processing algorithm, the sensors’ low sensitivities, the hysteresis of
the sensor, improper position of the sensor that is worn or environmental change can be the
potential factors that will affect the detection result of a wearable sensor. To solve this
problem, new sensing materials and fabrication methods, as well as the ergonomic design

of wearable sensors need to be further improved.

Another issue of wearable sensors is high cost, which is also the key factor that
hampers the commercialization of wearable sensors. Because of the small form factor and
high sensitivity, sensor fabrication is usually expensive. New sensing materials and
scalable fabrication methods of wearable sensors at a low cost is critical to meet the demand

of advanced wearable sensors.



1.2 Paper based sensor

1.2.1  Properties of paper

It has been of significant interest in the development of paper sensing platform in
the last decade. In comparison to microfabrication technology based on silicon materials,
cellulose based paper is flexible, thin and soft. The large surface area and porous structure
composed of cellulose fibers are particularly useful for chemical/bio sensors. The
biocompatible nature with the compostable characteristics is regarded as significant
advantage for wearable sensors. The advantages of this simple cellulosic substrate is
summarized in Table 1.1 [30]. Paper material is compared with other materials in Table
1.2 [30].

Table 1.1 Properties of paper [30].

Property Impact
Mechanical | Flexibility Formation of complex 3D structures that
properties will not tear when bent

Thickness Thickness of tens or hundreds of

micrometers results in low (microliter)
total volume required for device
preparation

Soft texture Good contact with the solid objects,
collection of traces of analytes by
swabbing

Fibrous Absorbency Storage and delivery of an exact volume of
and porous reagents inside the paper matrix [31],
structure which frees the final users from handling

chemicals; enrichment of the sample via
multiple addition/ drying steps [32]; as the
combined area of the channels is defined,
there is no need for a constant sample
volume

Air permeability Free diffusion of gas throughout the
material [33] removes problems usually




associated with microfluidic systems—air
bubbles [31]

Network structure Filtration of the sample, e.g., contaminated
with solids, separation of analytes by
means of chromatography [34]

High  surface-to-volume | Increase in the number of enzyme

ratio

molecules or colorimetric probes that can
be immobilized

Capillary action

Ability to wick fluids dispenses with the
use of pumps and permits fluid flow in all
directions [33]

Natural
origin

Compatible with
biological samples, easy to
sterilize [33], chemically
and biologically inert,
shows chirality, which is
advantageous in
immobilization of
antibodies and proteins
[31]

Can increase thermal stability of
immobilized molecules, including
enzymes [35] and gold nanoparticles [36]

Disposability and

biodegradability

Recyclable,  rapidly  degraded by
microorganisms (~50 days) [37], and
easily disposed of by incineration,
eliminating the problem of contamination
with biological material [38]

Table 1.2 Comparison of paper with traditional materials as substrates [30].

Property Material

Glass Silicon PDMS Paper
Surface profile Very low Very low | Very low Moderate
Flexibility No No Yes Yes
Structure Solid Solid Solid, gas- | Fibrous

permeable
Surface-to-volume Low Low Low High
ration
Fluid flow Forced Forced Forced Capillary
action

Sensitivity to No No No Yes
moisture
Biocompatibility Yes Yes Yes Yes
Disposability No No No Yes
Biodegradability No No To some extent | Yes
High-throughput Yes Yes No Yes
fabrication




Functionalization Difficult Moderate Difficult Easy

Spatial resolution High Very high | High Low to
moderate

Homogeneity of the | Yes Yes Yes No

material

Price Moderate High Moderate Low

Initial investment Moderate High Moderate Low

Furthermore, paper price is 200 times less than polyethylene terephthalate and 1000
times lower than glass [39, 40]. The low cost of the paper provides a promising future as a
substrate in sensor fabrications. Also, the relatively small investment in paper-based
sensing platform makes the application of a paper-based sensor spread widely worldwide,
even in developing countries lacking access to scientific laboratory facilities [41]. Paper

manufacturing usually does not require tedious pre-treatment and is user friendly [42].

1.2.2  Fabrication of paper based sensors

The fabrication of paper based sensors relies on the following techniques: cutting,
printing, drawing, dip-coating, plotting and photolithography [30]. Sophisticated
microfabrication methods can be combined with micro- and nanofabrication methods, such
as, electron beam evaporation [31], thermal evaporation [25], sputtering [30], laser
annealing [32], electroplating [33], and photolithography [43]. The remaining challenges
of fabrication methods are related to paper processing. For example, an air-solid phase
boundary at the cutting paper surface needs to be handled for paper trimming [44]. When
polymers need to be coated on the paper surface, hydrophobic wall created by modification
of fibers decreases the yield. Because of the large roughness, poor chemical and mechanical
interfacial properties, many of the paper electronics use certain plastic film to achieve
molecularly smoother interfaces to fabricate electronic devices such as organic diodes or
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transistors [45]. However, the porous and rough condition of the paper material can be an
ideal substrate as sensor substrate. The large surface area and porous structure of the paper
is advantageous when paper-based nanocomposite, such as CNT-paper nanocomposite is
fabricated. Figure 1.3 shows the nanostructure of paper and CNT-coated paper [46]. It is
clear that the CNT network forms between the pristine cellulose fiber networks. The
conductivity of the composite is determined by the interface of CNTs. Owing to the
deformable structures in sensing, the cellulose structure can be very critical in certain

detections [46].

Transmittance (a.u.)

———CNT-OH 2.5%
——CNT-OH 10%

o v
M
3294
— Plain paper

T T A T T
3500 3000 1500 1000
Wavenumber (cm™)

Figure 1.3 Representative SEM images of Kraft softwood papers reinforced with (a) pristine CNTs
and (b and ¢) CNT-OH at 10 wt% loading. The photograph of a typical CNT—cellulose composite
paper handsheet is shown in the inset in (b). (d) FTIR spectra of CNT—cellulose composite papers
with different CNT contents. For clarity, a featureless region is omitted in the range 2700-1800
cm—1 [46].
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Fabrication of CNT-paper composite sensors has been widely studied. Two
fabrication methods are used to manufacture a composite sensor: 1. CNT-pulp mixture
method 2. direct deposition of aqueous CNT onto the cellulose fiber. Detailed discussion
will be given in the section 1.3 Paper based nanocomposite.

Nanostructured composites built on microporous cellulose fibers have potential
impact in the fields of energy storage, biosensors, and flexible electronics. The main
advantage of such composites is the combination of the multi-functional nanomaterials
with low-cost cellulose fibers. The major motivation of the nanostructured composite based
on cellulose fibers is the combination of light-weight and inexpensive cellulose fibers with
multifunctional nanomaterials. Cellulose fibers extracted from wood pulp are a ubiquitous
material to make paper. The large surface area of the cellulose fibers offers various
advantages in energy, sensing and electronic applications [47, 48]. In particular, the porous
and hydrophilic nature of cellulose fibers facilitates adhesion to various nanomaterials.
With these nanomaterials, the surface properties of the cellulose fibers can be easily

modified to obtain specific functionality.

Paper based biosensors are developed after the immobilization of molecules such
as enzymes, antibodies and nanoparticles on papers [49]. Figure 1.4 shows three examples
of immobilization technologies onto the cellulose fibers. The manufactured sensor is also
called bioactive paper [50]. The challenge in paper-based biosensors is the immobilization
methods. In order to obtain retention of long-term activity, protection of biomolecules
immobilized on cellulose fibers is needed. There are mainly four methods for biomolecules
immobilization on paper; physical immobilization, covalent and affinity-based attachment,

immobilization on carriers and encapsulation [50].
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Figure 1.4 (a) Schematic representation of a bispecific pentamer. (b) Schematic representation of
DNA aptamers or antibodies coupling on carboxylated microgels. (c) Schematic representation of

AChE immobilized onto paper between two sol-gel silica layers [50].

In the paper-based sensor development process, fabrication is not a major challenge,

but the sensor design is a hurdle for many applications[51]. The integration of a soft and
fragile paper based sensor into a sensing circuit can be a critical issue. This issue becomes

even more essential when a paper based physical sensor is fabricated. During the sensing
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of an external pressure or strain, the sensor’s structure must not be deformed or damaged
to exceed an acceptable extent, such that the function of a sensor can’t be affected. It is
almost inevitable that all the physical paper-based sensors must limit the sensing capability
to a relatively small range to avoid the sensor fracture [52, 53]. Addition of the intermediate
polymers, such as PDMS, has been attempted to improve the strength of a paper based
sensor [54, 55] . Another issue of the paper based sensor is that, the fabrication cost of a
paper based sensor is high in comparison to the low cost of paper material. The complicated
fabrication procedure is a major hurdle for low-cost paper sensors, which is one of the
challenges for commercial applications. A new fabrication method is required in order to

lower the manufacturing cost, as well as the total development expenditure.

1.2.3  Paper based sensing

Paper based sensors can be categorized into chemical sensing, biosensing and
physical sensing in the contexts of targets or target parameters. Most research has been
conducted in bio/chemical sensors because the large surface area offers tremendous
opportunities for target and probe bindings. The detection of physical parameters such as
strain, pressure, is relatively few because of the fragile and non-elastic nature of a paper
based sensor. In addition, a creep effect among cellulose fibers can affect the offset shift,
which needs to be resolved for stable physical sensors. In this section, previous

development of bio/chemical/physical sensors will be discussed with the current challenges.

Various applications of paper in chemical sensing has been demonstrated. Most
sensors are applied to biomedical and environmental studies. Nanomaterials, such as CNTSs,
metallic nanomaterials, silica nanoparticles are infiltrated into a cellulose fiber matrix for

chemical sensors. When gold nanoparticles were embedded into cellulose fibers, mercury
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ions could be detected in water [56]. A more straightforward method of fabricating the
paper based sensor was to print electrodes on paper substrate [57]. Using the low cost
fabrication method, multiple electrodes could be fabricated on single paper substrate for
detection of selective chemicals. In comparison to other traditional chemical sensors,

paper-based sensors were cheaper, disposable and portable [42].

Paper is an attractive material in biosensing area, because of (1) low fabrication
cost, (2) capillary-based transport of liquid without external power sources, and (3) porous
biocompatible cellulosic fiber networks for binding target- and probe molecules [50].
Figure 1.5 shows a biosensor using enzyme immobilized in 2-D scaffold of paper. Lateral
flow assays and emerging paper microfluidics are a representative paper-based biosensor.
For example, a lateral-flow immunoassay sensing platform with graphene oxide paper-
based sensor is applied for pathogen detection [58]. A paper-based sensor immobilized
with biomolecules is widely used in a bio-sensing field, especially in point-of-care
diagnostics and on-site environmental monitoring. A paper-based microfluidic
photoelectrochemical sensor was used to detect the pentachlorophenol for public health
and environmental monitoring[59]. Compared with traditional biosensors, such a paper-
based analytical device (/PAD) did not necessarily require a microfabrication including

lithography [60], which significantly lowered the fabrication cost.
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Figure 1.5 Enzyme immobilized paper as biosensor [61].

To fabricate a paper based physical sensor, such as strain sensor and piezo-resistive
sensors, paper substrate needs to be improved to maintain the complete sensor structure.
Otherwise, the sensing range is very limited. A highly stretchable piezo-resistive paper
sensor has been developed using graphene-nanocellulsoe nanopaper. In this case, the
pristine cellulose network structure is restructured, with graphene and PDMS, into a more
crumple structure with higher density (Figure 1.6) [55]. Such a sensor can afford a strain
of 100%. For those paper based sensor whose substrate has not been treated, this value is
lower than 1% [62]. Ironically, the sensor that can detect larger strain change tends to have
a lower sensitivity, while the sensor working in limited strain has relatively significant
sensitivities. The former and latter sensors mentioned above have gauge factors of 3 and
536.6, respectively. The main reason is that, more stretchable structure contains a dense
and better contacted junctions between the conductive nanomaterials (graphene in the
above case) embedded among the cellulose fibers. The electrical response of the whole

composite is caused by the disconnection and reconnection of the conductive nanomaterials.
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Under the strain, the proportions of disconnected junctions are smaller in the high
stretchability composite, even under high applied strain. In the pristine cellulose network,
the attached conductive nanomaterials tend to have intense contact condition change and

result in a large change in the conductivity of the sensor.

Figure 1.6 Structural characterizations of the flexible and stretchable nanopapers. (a—c) Top view
SEM images of flexible nanopaper showing the macroporous structure based on crumpled graphene
and nanocellulose. (d) Cross-sectional view showing that the flexible nanopaper is porous
throughout the entire thickness. (e, f) Top view and cross-sectional view of the stretchable

nanopaper with fully embedded structure [55].
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1.3 CNT paper composite

1.3.1  Fabrication and properties of CNT-paper composites

CNT-paper composites are fabricated by coating CNT networks on cellulose fibers.
Most research has focused on a method to combine CNTs with cellulose fibers. Using shear
loading or ultrasonication, CNTs and resin have been mixed to form a composite [63, 64].
When the resin is highly viscous, however, conventional mixing methods are not effective.
In such cases, CNTs could be directly grown [65, 66], oriented by electrophoresis [67], or
assembled by chemical reactions [68, 69]. As a substrate for multifunctional composites, a
prepared cellulose fiber matrix (e.g. paper) is a good choice to avoid such cumbersome
steps. Liquid drops of a CNT suspension can be evaporated on paper templates [70-72].
Interestingly, the CNT composite using a paper-substrate was found to have a higher
sensitivity than the mixing approach. The higher sensitivity was resulted from the
microporous paper template and the larger surface area of the CNT-cellulose composite
[73]. However, a manufacturing method to process CNT-paper composites has not been
actively investigated, partially due to lack of knowledge about the interfacial behavior

associated with manufacturing process.

1.3.2  Paper based CNT composite

As a key filler material, carbon nanotubes (CNTs) are embedded in cellulose fibers.
CNTs are an excellent candidate among nanomaterials for adding various characteristics
[63]. For example, adding CNTSs to paper significantly enhances its thermal and electrical
conductivity [74]. This combined matrix is highly applicable to flexible electronics [75]

and energy storage [70, 71, 76]. The large surface area of a CNT-paper matrix can be
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advantageous for sensor applications as well [75, 77-79]. An actuator can also be fabricated
from a single sheet of CNT-paper composite [80]. CNT-paper matrix significantly
enhances the generation of electric currents from an aluminum-air battery by catalyzing
the production of hydroxyl ions in the cathodic half-reaction[72]. The microporous
cellulose fibers offer ion transport between anode and cathode while the CNTs enhance the
electrical conductivity and catalytic activity.

In spite of a great potential for CNT-paper composites, the application to the field
of mechano-electric sensors is limited due to the lack of (1) the fundamental understanding
of the multifunctional mechanisms and (2) the manufacturing process of the CNT-cellulose
fiber matrix. Previous research has focused mainly on developing high-strength [81] and
high-conductivity materials [82]. The study on the interface between CNT and cellulose
fibers is yet to be conducted for understanding their mechano-electrical sensing mechanism.
It is particularly scarce about how the interfacial characteristics can be controlled to tune
the mechano-electrical transduction. To date, the interfacial behavior among flexible fibers,

CNTs, and polymer has been investigated in the contexts of large strains [83, 84].

In summary, despite the great potential of CNT-paper composites in various fields,
the interfacial behavior of CNT-cellulose fibers in conjunction with manufacturing process
is yet to be clearly understood. For sensing applications, one of the major challenges is to
understand the mechano-electrical behavior of a CNT-paper composite upon external load,

which will be a stepping stone to manufacture a sensor array.

1.3.3  CNT-paper composites sensing

The conductivity of CNT is sensitively changed to chemical vapors [85]. Various
CNT based chemical sensors have been studied and applied to different sensing systems.
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Paper-based sensors combined with CNTs take the advantages of both materials. In other
words, the low cost, flexibility, porous structure, light weight and bio-compatibility of the
paper is combined with the good electrical conductivity, high sensitivity to chemical vapors
and good adhesion to the cellulose surface of CNTSs. In addition to its great performance in

chemical sensing fields,

CNT-paper nanostructure has more possibilities in physical sensing fields, such as
the strain sensing and pressure sensing [52]. Compared with other nanomaterials, CNTs
have higher mechanical and electrical properties. Its high surface area provides better
performance in both chemical and physical sensing while CNT based composite is

fabricated.

The chemical sensing of the CNT paper composite is widely used in gas sensors
such as the ammonia sensor and oxygen sensors. With the CNTs evenly distributed in the
porous network of cellulose fibers, the CNT’s conductivity will be affected when exposed
to ammonia and oxygen [86]. Therefore, a certain type of gas sensor can be manufactured

[87]. The selectivity of the CNT based gas sensor is presented in Table 1.3 [31].

Due to the porous structure and the large surface area of the cellulose fibers network,
water molecules are easily been absorbed by paper and by the CNTs coated on the cellulose
fibers. A paper based humidity sensor using CNT-paper composite shows a good linearity
and sensitivity [87]. The composite shows a potential application to the daily health
monitoring of sweat level. Besides the water vapor sensing, when the CNT-paper sensor is
immersed into the water, the composite shows a high sensitivity [46]. Using the composite,

liquid leaking can be detected in certain environment.
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The physical CNT-paper sensor is able to detect physical inputs, such as strain,
force and pressure. The paper based sensor can be attached on curved surface, therefore,
can be developed into wearable sensors that can measure the strain change in different
positions. Figure 1.7 shows an example of paper based wearable sensor using graphite [52].
The light weight and bio-compatibility of the paper is beneficial to development of various
wearable sensors.

Table 1.3 Selectivity of SWCNT to various gas [31].

Nk [0 Ha(y MNHas CH, Cid H: MNa Ar
(10, 0 BWNT
d (A) 1.93 232 269 294 317 320 231 3.23 3.32
E, (meV) a7 504 143 1449 (§e11] 7 113 16 57
Qe — (L1 —0.128 0035 031 0.027 0016 0.014 (.00 (.01
Site T B T T C C C C C
(5, 5) SWNT
d (A) 216 246 268 259 353 354 ile 323 358
E, (meV) 427 ELLy 128 162 122 109 54 123 H2:
e} — 071 —0.142 0033 033 0022 14 16 .01 1 0011
Site T B T T C C C C C
{170y EWNT
d (A) 207 2.50 269 3.0 ilw 323 255 313 3.34
E, (meV) GET 487 127 133 T2 24 449 157 y
@ (e) —LOEY —MG 0033 027 025 0015 2 1100 .01
Site T B T T C C C C C

4 Tube—molecule distance o is defined as the nearest distance between atoms on the molecule and the nanotube for T
site, or the distance between the centre of the gas molecule and the centre of the carbon hexagon {carbon—carbon
bond) for the C (B) site. The adsorption energy £, {a) is defined as the total energy gained by molecule adsorption at
equilibrium distance: E,(d) = E,{tube + molecule) — £, (tube) — £, {molecule). Charge transfer () denotes the
total Mulliken charge number on the molecules, positive (! means charge transfer from molecule to wbe.
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Figure 1.7 Wearable electronics and keyboard applications. (a) Photographs of an rGO-paper ring
and its extended and bent positions. (b) Response signals of five independent rGO-paper rings
monitoring the positions of various fingers. (Top insets) Photographs of the hand in the four
different positions corresponding to the plotted signals. (¢) Control of the middle finger and thumb
of a 3D-printed robotic hand using rGO-paper rings. (d) Photograph of an rGO-paper kirigami
prepared using the multilayer masking process. (e) Photographs of a knee in extended and bent
positions while wearing rGO-paper sensors. Changes in the resistance of an rGO-paper sensor on
a knee during (f) sitting and (g) walking. (h) Response curve due to the movement of a wrist. (i)
rGO-paper sensor attached to the wrist for detection of pulse, and (j) corresponding signal from the
rGO-paper sensor. (k) Photographs of the top and bottom sides of a paper keyboard. (I and m)
Touching a paper key to light an LED and the corresponding signal from the paper key [52].
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In summary, CNT-paper composite is an ideal material for chemical and physical
sensing, with advantages of being cheap, disposable, flexible, light weighted and bio-
compatible. Its potential applications in wearable sensors, medical care, environmental
monitoring and robotics are very promising. However, the CNT-paper composite lacks the
necessary selectivity for different gas molecules. The hysteresis and creeping issue needs
to be improved. The reliability of the sensor can also be a problem because the chemical
sensing can involve certain irreversible reaction between CNTs and chemical molecules.

The treatment method of the CNTSs on cellulose fibers needs to be further investigated.
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1.4 Objectives

The main objective of the dissertation is to study the fabrication mechanism of
mechano-electrical sensor of a CNT-paper composite (CPC) and to develop the fabrication
process and the application for various wearable sensors. The key challenges to the

fabrication of the composite sensor are addressed.

A low cost fabrication method of CPC is proposed, with a controlled fracture for
the nanostructure of the nanocomposite as follows. CPC’s mechanical and electrical
properties are characterized using a tensile test setup and electrical measurement. The novel
fracture induced sensitivity of the CPC is characterized in the contexts of the cellulose
fibers’ behavior and CNTs’ junctions. The sensing mechanism related to the nanostructure
transformation is discussed. Three different sensor types based on the fractured CPC are
presented. The manufacturing process for the wearable sensors are developed. For
application, a humidity sensor is characterized and developed. A pressure sensor

monitoring foot walking is developed.
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Chapter 2. CNT-paper Composite’s Mechanical and Electrical

Properties

2.1 Background

Nanostructured composites using cellulose fiber templates have been studied for
developing light-weight and inexpensive devices. Cellulose fibers extracted from wood
pulp offer large surface area facilitating energy, sensing and electronic applications [47,
48]. Since the porous and hydrophilic nature of cellulose fibers enhances adhesion, various
nanomaterials have been used to modify the surface properties of cellulose fibers for
multifunctionality. Carbon nanotubes (CNTs) are versatile filler materials to create
electrical and thermal conductivity [74]. When a CNT-paper composite (CPC) is fabricated,
novel applications are being developed, such as flexible electronics [75], energy devices
[70-72, 76], and sensors [75, 77-79]. However, the random network of CNTs in a cellulose
fiber matrix limits the mechano-electrical sensitivity due to the numerous current paths in

the matrix.

We present a fracture-induced mechano-electrical sensitivity of a CPC for wearable
sensing applications. With precise control of the applied strain under uni-axial load to a
CPC, the tensile directional fibers coated with CNTs are fractured, and the cellulose fibers
inclined or orthogonal to the tension are reoriented to form crossbar junctions near a crack.
The junctions create highly sensitive resistive and capacitive responses for measuring strain,
force, and non-contact displacement. The novel manufacturing process allows the
integration of flexible sensors in low-cost tissue paper, which is easily adapted to human

body for behavior monitoring.
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The study on mechanical and electrical property of the CNT-paper composite is
important to understand the sensing mechanism using the composite and further application.
Similar CNT-polymer composite’s mechanical and electrical properties have been studied
[88]. Unlike the previous composite, the proposed composite is composed of soft tissue
paper and CNTs. As a novel paper based composite, a rigorous understanding of the
mechanical and electrical property is the foundation of further discussion. Also, in previous
studies, the fracture of the composites and its effect during the tensile test has not been
discussed. In this chapter, the result of the mechanical and electrical test of the CNT-paper

composite is presented. The effect of the CNT deposition and the fiber orientation is studied.
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2.2 Fabrication process of CNT-paper composite

A 100 pm-thick porous paper (KimWipes®) was used as a template. An aqueous
solution of MWCNTSs (Nano structured & Amorphous Materials, Inc) was prepared by
using 1% sodium dodecyl sulfate (SDS) in deionized water. After 2 hour-sonication, the
solution was deposited on a suspended paper using a pipette. When MWCNT solution was
introduced to a cellulose fiber matrix, MWCNTs were bound on fibers and spanned
between fibers by capillary action. The CPC was cut into pieces (10>30 mm?). For
electrodes, silver epoxy (MG chemical #8330s-21G) was pasted onto both ends of the
composite for a 10x10 mm? area. The specimen was cured in an oven at 65<C. Silver paste

was applied to both ends of the paper strip and cured to fabricate electrodes.

Figure 2.1 shows the fabrication method of a CPC sensor. A 100 pm-thick porous
paper (KimWipes®) was used as a template. An aqueous solution of multiwall carbon
nanotubes (MWCNTS) (5 mg/mL; Nanostructured & Amorphous Materials, Inc., Houston,
TX) suspended in a surfactant (sodium dodecyl sulfate; SDS; 1%) was deposited onto
porous paper. When MWCNT solution was introduced to a cellulose fiber matrix,
MWCNTs were bound on fibers and spanned between fibers by capillary action. Silver
paste was applied to both ends of the paper strip and cured to fabricate electrodes. The
composite was stretched to induce a crack due to the fracture of the tensional directional
fibers. The fractured composite was attached on a double-sided adhesive tape and sealed

by sticky tape to fabricate a prototype sensor.
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Figure 2.1 Fabrication process of CPC.
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2.3 CNT-paper composite’s mechanical property

The mechanical property of the CPC is studied by the tensile test. The
nanocomposites were tested by using a custom-made uniaxial tensile test bed that was
controlled by using LabView interface in Yang’s laboratory of Aeronautics & Astronautics.
The force and displacement were recorded for stress-strain relationship. Real-time, high-
resolution video was used to observe the nanocomposite’s behavior as well as its
morphologies and failures under mechanical loading. The resolutions of the force and
displacement sensors were 3mN and 1pm, respectively.

In this test, two factors were studied; the orientations of the fibers and the CNT
deposition conditions. The composites deposited with 0, 3, 10, and 20 times of MWCNTSs
were prepared to vary electrical paths. The number of depositions was limited to 20 at
which the cellulose fiber matrix was fully saturated with MWCNTSs. In this study, the
tension direction is defined as 0° (“parallel’) and the direction orthogonal to tension is 90°

(‘perpendicular’).

The mechanical strength change of a CPC under the uni-axial load according to the
deposition numbers (Figure 2.2) were characterized. The paper was composed of randomly
oriented cellulose fibers as shown in the histogram of Figure 2.3. The stretching direction
was perpendicular to the dominant fiber orientation. The stretching parallel to the
orientation of the dominant fibers was presented in Figure 2.4. In the test, the stress-strain
relationship was not as consistent as the parallel direction. The perpendicular wrinkles that
were generated during the manufacturing of the tissue paper resulted in the unpredictable

strain at the ultimate strength for the parallel stretching. (Figure 2.5).
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Figure 2.2 Stress-strain characteristics for composites of plain paper (black), 3x (blue), 10x (red)
and 20x (green) depositions. Stretching perpendicular to the dominant fiber orientation.

29



Stage

11 (0<&<0.06)

111 (0.06<£<0.16)

IV (>0.16 & R= o)

Cellulose
fibers
(micro scale)

Cellulose
fibers
+MWCNTs
(nano scale)

SEM

Orientation
of cellulose
fibers

Force direction

—>

Percentile

60%

40%

20%

0%
N

N
S

Fibers’ orientations

60%

40%

20%

Percentile

0%

&

S

>

Fibers orientations

60%

40%

20%

Percentile

0%

S8
QI td 0, td 0’ td
S

Fibers' orientations

60%

2
=
c
]
o
=
9]
a

40%

20%

0%
,X?’Qo B3 %3’6

$
%2 xio

‘2

Fibers' orientations

Figure 2.3 Schematics of the micro and nano structure reorientation of the composite, SEM images,
and orientation statistics according to the applied strain.

30



— 3 times
10 times
2.5
paper
—20 times
2
©
[- %
2
3 1.5
g
b
1
0.5
0 b
0 0.1 0.2 0.3 0.4 0.5

Strain
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Figure 2.5 Optical microscope images of the wrinkles of the composite (3 times coated paper and
plain paper).
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In Figure 2.2, regardless of the deposition numbers, the ultimate strength and its
strain were in the range of 1.47+0.12 MPa and 0.053+£0.0056 mm/mm, respectively. The
stiffness became larger with the increase of the deposition numbers (Figure 2.6). Based on
the scanning electron microscopy (SEM), cellulose fibers were bridged and coated with the

deposited MWCNTSs (Figure 2.7), which increased the composite stiffness.
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Figure 2.6 Young’s modulus for plain paper and CPC deposited with 3 and 20 times.
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Figure 2.7 SEM images of the cellulose fibers for plain paper and CPC deposited with 3 and 20
times.

33



2.4 CNT-paper composite’s electrical property

The electrical property of the CNT was studied by the tensile test. The resistance

change of the CPC was recorded while the specimen was stretched.

The sheet resistance of the CPC decreased as the number of MWCNT depositions
increased (Figure 2.8). The composite resistance in the stretching direction was slightly
lower than that of the orthogonal direction.

When the electrical resistance was measured under tension, the inflection point of
the resistance change was clearly lagged from the strain of 0.06 to 0.08 mm/mm as the
deposition number increased from 3 to 20 (Figure 2.9). The inflection point was where the
resistance change deviated the initial linear slope by 5%. As the more cellulose fibers were
bundled with more depositions of MWCNTSs, the significantly increasing point of the

resistance was delayed.

34



1000
—m—90°
100
= e

L2
G
=3

g 10
C
©
k]
3
[’

1

0.1

0 5 10 15 20

MWCNT deposition

Figure 2.8 Sheet resistance of a composite for a MWCNT deposition number for both 0<and
90 Uirections.

10
—3X

.g 10X
©
Y 20X
(oY)
c
[4°]
S 5
ot
c
5
F
o'

0 L=

0 0.1 0.2
Strain

Figure 2.9 Relative resistance change for composites of plain paper (black), 3x (blue), 10x (red)
and 20x (green) depositions. Stretching perpendicular to the dominant fiber orientation.
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The electrical resistance increased with a power law, which agreed with the
percolation theory [89-91]. The effective resistivity of a composite network can be
expressed as p_, = pf(f — f*)7t, where Ps is the resistivity of fiber, f is the conductor
volume fraction, f* is the critical conductor volume fraction, and t is an exponent. Since
the fiber network in our composite is degenerated with stretching, the resistance change

ratio (R/R,)can be expressed with strain (&) as i—R = aeP, where R, is the initial resistance,
0

AR is the resistance change (R — Ry), and a and b are the parameters that are determined
by the MWCNTSs depositions. The estimated a and b for 3, 10, and 20 depositions were
1.82x10%, 4.49x10% 1.67>10* and 39.0, 4.0, 4.0, respectively. The more MWCNTs were
deposited, a and b were smaller because the bundled MWCNTSs lagged the inflection point

of the resistance change.
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2.5 Discussion

The nanostructure was reorganized as CPC was stretched and fractured. It was
resulted from the structural change of the cellulose fibers and the MWCNTSs coated on the
fibers. The CPC was characterized under four different stages (Figure 2.3) during the
stretching.

Figure 2.3 shows the structural change of the cellulose fibers and MWCNTSs under
tension based on optical and SEM study. A CPC with 3 times of MWCNT depositions was
used for this study because more than 10 depositions could hamper reorganization of fibers.
The creation of piezo-sensitivity stems from the realignment and fracture of CPC network
under tensile loading. The bottom graphs of Figure 2.3 show the percentile histogram of
the fiber orientations in stage of lo, Il, 111, and 1VV. According to the SEM observations, the
fiber orientations in the area of 1 <1 mm? were divided into three ranges of 0~+30<
+30~+60< and +60~+90 < In the original paper template (stage lo), 26% of the fibers were
in 0~+30< 23% in £30~+60< and 51% in £60~+90< Therefore, the dominant orientation
in the initial composite was +60~+90< Here 0=and 90 <imply parallel and perpendicular

directions to the loading.

In stage 11 (0<£<0.06), the parallel fibers were straightened and stiffened by tension.
The resistance increase was resulted from the breakage of the MWCNT bridges spanning
neighboring cellulose fibers. Although a CPC was stretched in an elastic range, the
resistance was not recovered to the original value due to the broken MWCNT bridges

(Figure 2.10).
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Figure 2.10 SEM images of the nanostructure of CPC coated with 3 times of MWCNTSs at different
strain stages. MWCNTSs span and coat cellulose fibers at stage 10. As the strain increases, the
spanning MWCNTSs are broken followed by the fracture and separation of cellulose fibers coated
with MWCNTSs.

1mm

Strain: 0.06 Strain: 0.12 Strain: 0.17

Figure 2.11 Orientation and cross-junction formation of cellulose fibers according to strain.

In the strain of 0.06~0.16 (stage I11), most parallel fibers were fractured at ultimate
strength. Both inclined and perpendicular fibers were oriented to the tensile direction,
which changed the dominant orientation of fibers into +0~+30<(see the histogram in Figure
2.3, and Figure 2.11). Both spanning and coated MWCNTSs on fibers were broken. The
reorganized fibers (green and blue fibers in Figure 2.3) formed numerous cross-shaped
junctions (Figure 2.12). Electrical resistance was significantly increased as the MWCNT

network among the fractured fibers was broken.
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Figure 2.12 SEM images of the cross junction structure of the fractured CPC (pre-strain: 0.12).
MWCNTSs were coated by 3 times.

At the stage where the strain was greater than 0.16 (stage 1V), all the electrical
connections were broken by extreme stretching. The composite was electrically terminated
along the crack edge, which was clearly observed from the bright and dark contrast in the
SEM image (Figure 2.3). The high contrast indicated that electrons could not flow through
the crack edge. In the orientation graph, the fraction of the parallel and inclined fibers
(0~+30<and +30~+60<) became 80%, forming crossbar junctions. Since the resistance
became infinite, pure capacitance of the MWCNTs could be measured through the

dielectric media of air and fibers.
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Chapter 3. Fracture-induced Sensitivity of CNT-paper
Composite

By the control over the applied strain to the CPC, three types of sensors (a strain
sensor, a piezo-resistive sensor and a piezo-capacitive sensor) can be designed in the stages
I, 111, and IV, respectively. To demonstrate this, a series of prototypes were fabricated in

stages I1~1V.

3.1 Strain sensor

The CPC pre-strained at the stage Il by applying 0, 0.02, 0.04 and 0.06 of strains
was prepared and attached to a polydimethylsiloxane (PDMS) cantilever beam for the
sensor evaluation (Figure 3.1a). With the bending of the cantilever, the top surface of the

beam was stretched, which linearly increased the sensor resistance (Figure 3.1b). As the

AR
pre-strain increased from 0 to 0.06, a gauge factor (Z—g) increased from 2 to 13 (Figure 3.1c).

The increase of the gauge factor in the elastic region was caused by the breakage of the
MWCNT bridges among the intact cellulose fibers. Therefore, a pre-strain could partially

remove the electron paths spanning cellulose fibers, which increased the sensitivity.
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Figure 3.1 Evaluation of the strain sensor in stage Il. (a) Schematics of the strain sensor design and
calibration. (b) Normalized resistance change according to the applied strain by bending (pre-strain:
0.04 mm/mm; 3xMWCNT depositions). (c) Gauge factor according to the pre-strain that is applied
for a CPC.
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3.2 Piezo-resistive sensor

In stage 111, the reoriented cellulose fibers in the crack generated a sensitivity for
out-of-plane directional force. The sensing performance was evaluated by recording the
electrical resistance change with respect to the applied force. An elastomeric finger was
fabricated using PDMS to mimic a human finger (Figure 3.2a). To calibrate the applied
force, a force sensor (LCFD-1KG, Omega Engineering, Norwalk, CT) was attached under
the sensor substrate. As the force was applied on the cracked area of the composite, the
untangled crossed fibers generated in the fracture were compressed to increase the contact
area, which decreased the resistance in proportion to the force (Figure 3.3).
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Figure 3.2 Evaluation of a piezo-resistive force sensor in stage I11. (2) schematics of piezo-resistive force
sensor calibration. Force and voltage are recorded when the cracked area of a sensor is pressed by a
PDMS finger. Inset is the picture of the testing setup. (b) Sensitivity variation for various applied pre-
strain. (c) Sensitivity variation for different locations on a cracked sensor. (d) Sensitivity variation for
3%, 10x, and 20xMWCNT depositions. (e) resistance response to a step force input of 3.5 N. Inset:
closeup of the response time. (f) resistance variation for cyclic loading (0.3Hz). Inset: closeup of the
electrical response for 500~520 seconds.
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The piezo-resistive sensitivity was increased by larger pre-strain (Figure 3.2b). As
the pre-strain increased from 0.06 to 0.13, the sensitivity rapidly increased from 0.002 to
0.023 N1, Without the pre-strain, the piezo-sensitivity was close to 0 because the cellulose
fibers were firmly bonded with numerous MWCNT network. To validate if the sensitivity
was created by a crack, the forcing point was moved away from a crack, step by step. The
sensitivity was continuously reduced from 0.022 to 0.001 N as the distance increased
(Figure 3.2c). When the distance from the crack was greater than 8 mm, the composite was
not sensitive to an out-of-plane force. To test the reproducibility and the MWCNT
deposition effect, the composites deposited with 3, 10 and 20 times were stretched by pre-
strain of 0.12 mm/mm. The sensitivity was reduced as the deposition numbers increased
because more bundled fibers by MWCNTSs limited the structural change under tension
(Figure 3.2d). With more depositions, fewer junctions were created to lag the increase of

the resistance, thus the sensitivity.
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When a step force input was applied to a composite with a 0.12-prestrain, the
response time was less than 50 ms, which was significantly smaller than other polymer
sensors (Figure 3.2e). However, the resistance offset was continuously reduced for 100
seconds. Under the force, the cellulose fibers continuously slipped and creeped, which
caused the continuous decrease of the resistance. When a cyclic loading (frequency: 0.3Hz)
was applied between 0 to 5.5 N, the resistance changed periodically, and the resistance
offset reached a steady state after 300 s (Figure 3.2f). The response of the sensor pressed

by a human finger was relatively reliable for 500 cycles (Figure 3.4).
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Figure 3.4 Resistance change for a cyclic finger force on the sensor. Inset: close up of the resistance
change for 35~40 seconds.
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3.3 Capacitive sensor

In stage 1V, a capacitive sensor could be created. Since the final fracture of the
composite was not predictable, the applied pre-strain was stopped when the resistance
became larger than 500 MQ. Similar to the piezo-resistive sensor, junctions were created
by the crossed structure of cellulose fibers. Due to the large surface areas of cellulose fibers
and MWCNTSs, intrinsic capacitance without parasitic capacitance was so large as 0.5+0.04
pF (N=6). The capacitance sensor could detect conductive objects by contact and non-
contact modes, and non-conductive objects by a contact mode using the setup in Figure 3.5.
Note that the composites deposited with 10 and 20 times MWCNTSs could not be used to
create a capacitive sensor because the bundled fibers by MWCNTs made the CPC

electrically conductive till the complete fracture.
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Figure 3.5 Evaluation of a capacitive sensor in stage IV. (a) Schematics of Piezo-capacitive force
sensor calibration. Force and capacitance are recorded when the cracked surface of the sensor is
pressed. (b) Normalized capacitance change for both conductive and non-conductive object for
CPC of 3xMWCNT depositions. (c) Capacitance response to a step force input of 8 N. Inset:
closeup of the response time. (d) Capacitance change of non-contact displacement as a function of
the distance between the sensor and a conductive object. (e) Capacitive response of a non-contact
displacement sensor to cyclic displacement by a piezo-actuator (8 pm). (f) Capacitive change of a

conductive PDMS finger for a cyclic force. Inset: closeup of the capacitive change between
500~520 seconds.

When a conductive finger (PDMS finger coated with aluminum) was forced on a
crack, the capacitance increased with a sensitivity of 0.036 N (Figure 3.5b). The
sensitivity for the same test using a non-conductive finger was reduced to 0.004 N, When
a step input was applied, the time constant was less than 50 ms (Figure 3.5¢). When a
conductive object was withdrawn from the crack surface of the capacitive sensor, the
capacitance was first rapidly reduced by the decrease of parallel capacitance (sensitivity: -
0.068 mm™), and subsequently, increased by the reduction of charge dissipation (sensitivity:
0.0048 mm™) (Figure 3.5d). For the capacitance increase, the characteristic length between
the sensor and the conductor became greater than that of the capacitance sensor, which
increased the capacitance by decreasing the current dissipation to the conductor. At the -
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0.068 mm™ sensitivity region, the 8 pm-displacement of a piezo-actuator could be
measured (Figure 3.5e). Considering the noise level, the detection limit was 1 pm. Note
that the capacitance change could not be measured when a conductive object was
approached to a non-cracked area. In a cyclic compressive loading of 0~5.7 N at 0.3 Hz,
the sensor response was stably measured using a conductive elastomeric finger (Figure
3.5f). The capacitance changed between 0.5 and 1.5 pF, which was larger than the intrinsic
capacitance due to the parasitic capacitance by the wire harness. In the setup, the parasitic

capacitance was 0.2 pF.
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3.4 Applications

Using resistive and capacitive sensors, human behaviors could be monitored. Both
sensors could be used to measure heartbeats on wrist (Figure 3.6a and 3.6b). In the
measurement, a CPC sensor on a both-side sticky tape was attached on the wrist. When a
piezo-resistive sensor was attached on a finger of a glove, cyclic gripping motion could be
detected (Figure 3.6¢). When a sensor was attached on a finger joint, the resistance change
could be measured for the angle change between 0 and 135 degrees (Figure 3.6d). A non-
contact capacitive sensor was installed on an eyeglass to detect the eyeball movement
(Figure 3.6e). The up/down and the open/close movement of an eye could be detected

because the distance from the sensor to the eye surface was changed.
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Figure 3.6 Human behaviour monitoring (a) Resistive heart beat sensor on wrist. (b) Capacitive
heartbeat sensor on wrist. (c) Haptic force sensor attached on a glove. (d) Monitoring of bending
of a finger using a sensor attached on a glove. (e) Non-contact capacitive sensor for eyeball and
eyelid movement. Capacitive response for open/close eye lid and up/down eyeball movement.
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3.5 Discussion

As illustrated in Figure 3.7, the proposed sensor can be designed and fabricated to
exploit different sensing mechanisms by the magnitude of applied pre-strain (i.e., in-plane
strain sensor, out-of-plane piezo-resistive sensor, and capacitive sensor in stage Il, 11l and
IV, respectively). The stress-strain relationship shows three different stages in terms of the
mechanical and electrical behavior. The electrical resistance at the initial stage (lo)
increases linearly at the elastic region (stage Il in Figure 3.7) by uni-directional strain. With
the application of larger strain, a crack is initiated and propagated along the orthogonal
direction to the tension, which significantly reduces the mechanical stiffness of composite
(stage Il in Figure 3.7). The electrical resistance increases drastically because of the
fracture of MWCNT-coated cellulose fibers. Near the crack, the untangled cellulose fibers
form crossbar junctions where the coated MWCNTSs exhibit out-of-plane piezo-resistivity.
With larger strain, the increased stress near the crack tip terminates the composite
electrically (Resistance>500MQ) (stage 1V in Figure 3.7), although the composite is still
connected by untangled fibers. The stress concentration of cellulose fibers along the crack
edge increases the local strain and the deposited MWCNTSs along the edge are disconnected.

The numerous junctions create an out-of-plane piezo-capacitive sensor.
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Figure 3.7 Conceptual illustration of the sensitivity generation according to mechanical and
electrical properties.
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Chapter 4. Polyacrylic Acid CNT-paper Composites for
Humidity and Moisture Sensing

Various carbon nanotube-paper composites (CPC) have been studied to measure
relative humidity. This chapter presents a tissue paper-based CPC coated with polyacrylic
acid (PAA) for sensing humidity and surface moisture . When a CPC is exposed to
humidity, the electrical resistance changes due to the electrostatic interaction with water
molecules and the swelling of cellulose fibers and PAA. The enhancement of sensor
response due to swelling of CPC coated with PAA, acid, and Nafion is studied in terms of
resistance change. The hysteresis of a CPC sensor response in a cyclic humidity change is
characterized for both the CPC region and the interfacial region between carbon nanotubes
and a silver electrode. Based on the empirical relationship, the humidity sensor is applied
for measurement of surface moisture in a simulated sweat model. The CPC surface
moisture sensor provides a low-cost, highly sensitive, light-weight flexible platform

potentially beneficial for sweat monitoring.

4.1 Background

Relative humidity (RH) sensors are widely used in industrial and agricultural
applications, process control, biomedical uses, environment monitoring, and food
storage[92-94]. Various attempts have been made to enhance the sensitivity and
dynamic range of film-shaped humidity sensors[95-97]. Carbon nanotube (CNT)
based sensors showed potential in improving accuracy and measurement ranges due
to their large surface area[98], chemically inert surface, and hollow

nanostructure[99, 100]. A multi-walled carbon nanotubes (MWCNT) humidity
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sensor has shown good linearity at low humidity levels (RH<80%), but its peak
resistance values were at RH~80% owing to the compensating doping effect. Acid-
treatment of MWCNTSs created defective sites and more nucleation sites for electron
transfer resulting in the improved sensitivity[101]. Through acid treatment, more
water molecules could be adsorbed onto the sensing element overcoming the
compensating doping effect.

Field-effect transistors (FET) have been fabricated using single-walled
carbon nanotubes (SWCNTs)[102, 103]. Bindings of water molecules onto the
SWCNT surface altered electrical resistance, enabling the use of FETs for humidity
measurements. MWCNTSs deposited between interdigitated Au electrodes have been
used for capacitive humidity sensing[104]. The changes in dielectric constant
increased the capacitance as humidity increased. In their operation, resistive sensors
are more convenient than capacitive sensors requiring more complex electronics
with the risk of environmental interference[105].

CNT composite sensors a promise to deliver a combination of relatively
simple fabrication procedure and achieve good sensitivity to RH. Either MWCNTS
or SWCNTSs has added to various substrates, such as kappa-carrageenan (KC)[106],
nanoparticles[107], polyimide (PI)[108], and cellulose[109, 110]. Among the
composites, CNT-cellulose sensors present a low-cost alternative[111] with high
sensitivity and low weight. As a ubiquitous disposable material with porous
structure[112, 113], a cellulose fiber network is well-suited for use as a humidity
sensor; it offered a large surface area to combine with CNTs. Hydrophilic cellulose

properties allow the use of CNT water solution to form an interactive CNT-cellulose
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matrix. A CNT paper composite (CPC) treated with functional molecules allow the
development of low-cost, highly sensitive and flexible humidity sensors using a
relatively simple manufacturing process.

With respect to the humidity sensing, the higher sensitivity of a CPC mainly
resulted from the swelling effect of both cellulose fibers and coated polymers[46,
114, 115]. In water sensing, the carrier concentration change of MWCNT induced
by water molecules result in relatively small resistance change; the dominant sensing
mechanism is related to the disconnection of CNT junctions by the swelling of the
cellulose fibers[46]. In comparison to MWCNTSs, the conductivity of cellulose fibers
Is negligible, even when the fibers are saturated with water[109]. As cellulose-based
water sensor is immersed in water, hygroexpansion of cellulose fibers leads to
disruption of conductive MWCNT networks[114]; previous studies report resistance
change ratio as high as 5,500 %[116].

The swelling effect, however, is negligible for humidity sensing applications
for low concertation of water molecules in the air, except for the condensation
scenario. If CPC is exposed to humidity or moisture and not immersed in water,
resistance changes are negligible. Previous research attempted to combine
MWCNTSs with cotton fibers to make a humidity sensor[110]. The swelling of the
MWCNT-cotton composites increased sensitivity for RH>75%. However, the
resistance change due to humidity was still much lower than that in the water
immersion[117]. For MWCNTSs drawn on paper, the sensing region was created by
the formation of MWCNTs-cellulose fiber matrix[118]. According to our

observation, the paper substrate enhanced the adsorption of water, but the swelling
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effect was not noticeable in humidity sensing. Relatively fewer water molecules in
a humid environment limited the change of cellulose dimensions. Compared to
water immersion sensing, the disconnection of CNT junctions was significantly
reduced in humidity sensing. Surface treatment of CNTs to enhance termination of
CNT junctions in humidity sensing may improve the sensitivity.

In this chapter, a CPC is treated with PAA to improve the sensitivity to RH
based on the swelling properties of PAA. The sensitivity of a PAA-coated CPC is
compared to those of the CPCs coated with acid and Nafion. The sensitivity,
hysteresis, and repeatability are characterized for a PAA-coated CPC. RH and
temperature changes are measured on a simulated skin model. The high sensitivity,
dynamic range, and flexibility of a PAA-CPC sensor will facilitate the development

of wearable humidity and sweat sensors.
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4.2 Fabrication process

MWCNTs with a 10 nm-diameter were purchased from Nanostructured &
Amorphous Materials, Inc., (U.S.). Single-ply tissue paper was used as a substrate
(Kimwipes, U.S.). CPC coating materials - Nafion and PAA were purchased from
Sigma-Aldrich. Standard pH 4 buffer (Omega Engineering, Inc, U.S.) was used as
acid treatment. Since cellulose fibers could be dissolved in high acidic solution, pH
4 solution was used. Silver paste purchased from MG Chemicals was used for
electrical connection. All chemicals were used as received without any further
treatment unless otherwise specified.

An aqueous solution of MWCNTs (5 mg/mL) was prepared by mixing
MWCNTSs in deionized water mixed with 1% sodium dodecyl sulfate (SDS). The
mixture was sonicated for 20 minutes to disperse MWCNTs. The MWCNT solution
was deposited onto porous paper by a pipetting (Figure 4.1). The creping action that
took place during tissue manufacturing caused the flat sheet of paper to buckle up
and develop ridges and wrinkles, typically recognized as creped paper. The direction
parallel to the wrinkles was defined henceforth as parallel direction. The sensor
dimension was 10>3 mm? in a parallel direction based on the water adsorption test
(Figure 4.2). The MWCNT solution was evenly distributed on the tissue paper by
capillary action within the cellulose fibers. MWCNTSs bound to cellulose fibers
during drying. After the MWCNT deposition, the CPC was dried in an oven at 60
<C for 3 minutes to evaporate the free water from the substrate. The MWCNT
deposition was repeated 10 times. In our previous study, this MWCNT deposition

procedure yielded resistance values below 1 k€/sq[119]. To form electrodes for
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electrical connections, a silver paste was applied to both ends of the paper strip and
cured at 70 T on a hot plate. CPC sensor fabrication procedure is illustrated in

Figure 4.1b.

(a) ﬁ

Paper MWCNT .
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Silver electrodes Treatments ’ ‘
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| Ay
CPC/Silver _~ CPC region

interface region

Figure 4.1 (a) Fabrication procedure of a CPC humidity sensor. (b) Photograph of a fabricated
humidity sensor. Silver epoxy is used as electrodes at both ends.

Dry Wet

Figure 4.2 Microscope images of hygroexpansion of PAA-coated CPC specimen before and after
immersion in water. The average dimensions changed from 11.9x11.4 mm2 to 14.1x12.0 mm2.
The resistance changed from 986 Q to 1766 Q.
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Three different CPC treatments were used and tested separately, (i) Nafion,
(i) PAA, and (iii) acid (pH4). Nafion was used as a nanoporous membrane to
enhance proton transfer and to improve the conductivity. Nafion was diluted to 1%
by deionized water. The 10 pL of 1% Nafion solution was deposited on a CPC
followed by curing at 100 <C on the hot plate for 30 minutes. PAA was used to
enhance the swelling effect. When PAA is exposed to water, it forms a gel-like
structure with expanded volume. PAA powder was dissolved in DI water by 1% in
mass and sonicated for 1 hour to create uniform dispersion. The 1% PAA solution
was deposited onto a CPC followed by curing at 130 <C on a hot plate for 1 hour.
The acid (pH 4) solution was deposited onto a CPC, which was cured at 100C on a
hot plate for 1 hour.

Fourier-transform infrared (FTIR) spectra of pristine paper, CPC and CPC
treated with PAA were obtained using a Shimadzu FTIR spectrophotometer to
characterize the binding properties of PAA, CNT, and cellulose fibers. The CPC
morphology was examined by scanning electron microscopy (SEM).

The CPC morphology was studied by scanning electron microscopy (SEM).
MWCNTs were bound on fibers and spanned fibers by capillary action within the
porous cellulose fiber matrix (Figure 4.3a~c). The presence of PAA was confirmed
by FTIR spectroscopy (Figure 4.3d) by the appearance of two characteristic peaks
at around 1612 and 2915 cm™, which could be attributed to the asymmetric
stretching of carboxylate groups and the C-H vibrations of acrylic acid, respectively.
Furthermore, the FTIR spectra of the pristine paper exhibited a strong —OH

stretching vibration band at ~3333 cm, which gradually shifted to the lower
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wavenumbers after the successive addition of MWCNT (~3325 cm™?) and PAA
(=3290 cm™?), indicating the presence of hydrogen bonding between the hydroxyl
groups in cellulose fibers and the oxygen moieties in MWCNT and PAA. These
strong interfacial interactions combined with the porous structure of the cellulose
fiber network with a large surface area contributed to the uniform distribution and

high density of deposited MWCNTSs and polymer.
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Figure 4.3 (a-c) SEM images of CPCs. (d) FTIR spectra of pristine paper, CPC, and CPC treated
with PAA.
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4.3 Humidity sensing

The sensitivity to humidity was characterized using a humidity chamber (0.3
m®)[120, 121]. The experimental setup is shown in Figure 4.4. The sensitivity of the sensor
is defined by the following equation:

AR
(R_O)

" A(%RH) (4.1)

Rz+1 R;

where (%RH) is relative humidity, (—) = , A(%RH) = %RH;; — %RH;,

where R, is the initial resistance of the sensor, R; and R;,; are the resistances at
different acquisition times, i.e., samples i and i+1 (i: integers), %RH; and %RH,; 1
are the relative humidity measurements i and i+1. The controlled RH conditions
were created in the environmental test chamber by the close-loop control system
using a hygrometer, humidifier, and zero-air purging system. A reference sensor
(Aosong electronic company, AM2301, China) was used to measure the temperature
and humidity in the chamber. The resistance change of a CPC humidity sensor was

acquired using an Arduino board (UNO REV3, China).

[Data acquisition system]

/ 1<—Wet air

Rref_l «— Dried air
CP '_I Humldlty and

Double =™ / temperature

sided tape/ sensors

k PET film Silver epoxy /

Humidity control chamber

Figure 4.4 Experimental setup of a humidity test.
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The hysteresis of the CPC humidity sensor was characterized by cycling RH
level between 30 and 95%. The thermal effect on the removal of hysteresis was
examined by heating the CPC humidity sensor on a hot plate to 110 <C after the
exposure to 95% humidity. The resistance change was measured every 5 minutes
until the resistance was recovered to an original value.

To study the contribution of the signal change in the CPC sensing region and
CPC-silver interface (refer to Figure 4.1b), each region of a CPC sensor was isolated
using Scotch tape. Cyclic humidity tests were performed for both sensors in the
humidity chamber.

To calibrate the humidity sensor and obtain the empirical correlation for the
sensor response, four PAA-CPC humidity sensors were fabricated. The sensors were
placed in the environmental chamber where RH levels were cycled four times
between 30 and 95%.

The sensitivity of pristine CPC without coating and CPC coated with Nafion,
acid, and PAA were characterized in an environmental chamber for the range
RH=30~95%. For RH from 10~30%, the resistance change of the specimen is shown
in the supplementary information (Figure 4.5). The temperature was maintained at
25 <C unless otherwise specified. The response profiles in Figure 4.6a showed that
the normalized resistance first increased monotonically with relative humidity and
then increased exponentially beyond a certain humidity value. This transition in
sensitivity and sensing mechanism occurred at RH level of 90, 77, 82, and 51% for
untreated, Nafion, acid, and PAA treated sensors, respectively. The sensing

mechanism transition threshold was defined when the linear trend observed at
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RH=30% deviated by 10%, as the RH increased. When the relative humidity is
greater than the critical RH, the sensor response increased rapidly, indicating a
change in the sensing mechanism. Below the critical RH levels, the resistance
change was dominated by the compensation of the carriers by water molecules
within MWCNT[109]. The concentration of holes in CNTs was reduced by the
adsorbed water molecules due to electrostatic interactions between water molecules
and MWCNTSs. However, the MWCNTSs having a low specific surface show a
limited electrostatic effect and thus exhibited a relatively low sensitivity to the
humidity. In comparison to the MWCNT-paper sensors, an SWCNT sensor showed
greater sensitivity for RH<75%. However, the trend was reversed for

RH>75%[109].
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R
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Figure 4.5 Humidity test results for PAA treated CPC for RH 10~30%. The sensor is placed on a
hot plate at 40<C to lower RH.
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Figure 4.6 (a) Humidity test results for untreated CPC and CPC treated with Nafion, acid, and PAA.
The normalized resistance change is described by solid and dotted lines for increasing and
decreasing humidity. (b) Resistance change with a cyclic humidity test for a PAA-coated CPC.

At the levels above the critical humidity values, the CPC response is dominated by
the reduction in the number of electrical MWCNT junctions caused by cellulose swelling.
This observation is consistent with previously reported water sensing mechanism where
cellulose substrate have been used[116]. Compared to other CPC detectors[109, 118], we
observed a greater CPC response because the loose fiber network in creped tissue provides
a greater volume for water absorption than a planar sheet paper where the cellulose fibers
were bonded closely together. The increased water penetration within the CPC network

promoted cellulose hygroexpansion reducing the number of electrical connections between

MWCNTSs, hence decreasing conductivity of the matrix.

Among the treated CPCs, the highest sensitivity was observed when PAA-
coating was used. In comparison to an untreated CPC, the normalized resistance of
a PAA-coated CPC increased by a factor of 3.3. Acid and Nafion coated CPCs also
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showed enhanced sensitivities compared to untreated CPC by a factor of 2 and 2.2,
respectively. The highest sensitivity improvement observed for the PAA-CPC could
be attributed to the multistage swelling effect, with both PAA and cellulose fibers
swelling upon contact with water molecules. The combined hygroexpansion of PAA
and cellulose fibers provided a synergistic effect, which greatly increased
sensitivity.

When a 10 pi-water drop was supplied to a CPC, the resistance increase was
correlated to the CPC expansion observed by optical microscopy (Figure 4.2). This
result was consistent with the previously reported swelling behaviour of PAA in
water [122]. The CPC sensitivity increased to a lesser extent after treatment with
acid and Nafion. The sensitivity enhancement of acid-treated CPC was caused by
increased defects of cellulose fibers and MWCNTSs. Nafion also swelled when
exposed to a humid environment for Nafion-CPC[123]. However, the swelling was
less than that of the PAA-treated CPC.  Hysteresis in sensor response was
observed for all CPC samples during cyclic humidity tests. PAA-coated CPC
showed the greatest increase in resistance after the first humidity cycle, which was
1.7 times greater than the initial resistance. After the exposure to multiple humidity
cycles, the CPC sensor response became reproducible though with a lower
sensitivity compared to the first cycle (Figure 4.6b). The sensor response stabilized
after three cycles, and the hysteresis behavior reduced significantly exhibiting
reliable performance. The results for a cyclic humidity test and the comparison to
the commercial sensor (AM2301, Aosong) are shown in Figure 4.7. This

phenomenon could be attributed to the fact that paper expands to a lesser degree
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during successive moisture uptakes than after the initial drying procedure due to the
irreversible pore closures in cellulose fibers and a decrease of water holding ability
at the material surface. In addition, the hysteresis effect during the first humidity
cycle could be removed simply by heating the samples to 110 <C for 10 minutes on
a hot plate. With such treatment, the resistance of PAA-coated CPC was completely

recovered to the original value after the first exposure to high humidity (Figure 4.8).
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Figure 4.7 Humidity test for 10 cycles of RH between 30 and 95%. Comparison of the RH data
measured from the commercial humidity sensor and the RH measured from a PAA-treated CPC
humidity sensor. The resistance change of the CPC sensor was converted into the humidity using
the empirical equation.
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Figure 4.8 Normalized resistance change with applied heat (N=3).

The hysteresis is mainly attributed to the CPC-silver interface rather than the
CPC sensing region. The total resistance of a CPC sensor is determined by the serial
resistances for both CPC-silver interface and CPC regions (refer to Figure 4.1b). To
evaluate the contribution of the contact resistance at the CPC-silver interface,
humidity tests were performed over four cycles with each region independently
isolated from the humidity exposure.

Figure 4.9 shows the isolated humidity measurement data for the CPC region
and the CPC-silver interface. When a CPC region was exposed to the cyclic
humidity, the hysteresis was observed only during the first cycle (Figure 4.9a).
When the electrode region was exposed to cyclic humidity, the hysteresis was

observed during each cycle (Figure 4.9b). The CPC-silver interface showed low
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sensitivity at relative humidity below 80%, suggesting that the humidity-induced
modulation of the Schottky barrier was not the dominant sensing mechanism in a
CPC sensor. For RH >80%, the contact resistance at the electrode interface was
significantly affected by the swelling effect in the CPC. Because of the high density
of the CNT network on cellulose fiber, the conductivity change induced by the CPC
region was more pronounced than that of the Schottky barrier effect at the CPC-

silver interface.
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Figure 4.9 Cyclic humidity test results with isolated CPC and CPC-silver regions (a) Normalized
resistance change of a CPC region. (b) Normalized resistance change of a CPC-silver region.

Figure 4.10a shows the calibration results for four RH sensors exposed to the
humid environment after the running-in-period for the first three cycles. An
empirical correlation was obtained by curve fitting the profiles for the increasing RH
levels. When the CPC-silver interface was sealed, the normalized resistance change
was reduced by 28%, and the hysteresis decreased by 21%. This indicates that
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sealing the CPC-silver interface could reduce the hysteresis but at the cost of the
sensitivity. To achieve higher sensitivity, both CPC-silver and CPC regions should
be exposed to humidity. The calibration for both CPC-silver interface and CPC
region is presented in the supplementary information (Figure 4.11).

Using four PAA-CPC samples, an empirical correlation was obtained from
the cyclic humidity tests:

RH = 0.361x° - 6.8147x* + 49.797x3 - 176.65x + 308.22x - 124.07 (4.2)

where x is the normalized resistance.

Figure 4.10b shows the comparison between the RH data measured from the
reference humidity sensor and the RH based on the resistance of a CPC humidity
sensor using the empirical equation (4.2). The response time of the sensor lagged by
8.0 +/-1.6 seconds in comparison to a commercial sensor as shown in Figure 4.12.
The results for the CPC-silver and individual CPC regions are presented (Figure
4.13). The CPC region was in a good agreement with the reference sensor after the
first humidity cycle, while the CPC-silver region exhibited a delay in comparison to
the reference sensor. The combined PAA-CPC sensor response was consistent with
the reference sensor. For measurement obtained after the initial running-in-period,
the signal became repeatable and within 3% of the reference data, which agrees with

the results presented in Figure 4.6b.
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Figure 4.10 (a) Calibration curve and a fitted curve (dotted) of a CPC humidity sensor. (b) Humidity
change measured by a CPC humidity sensor in comparison to a commercial humidity sensor
(AM2301, Aosong).
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Figure 4.11 (a) Humidity test and curve fitting result of a CPC humidity sensor where only a CPC
part is exposed to humidity. (b) Humidity test for a CPC humidity sensor where only the interface
between the silver electrodes and CNTSs is exposed to humidity.
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Figure 4.12 Response time of the sensor to humidity changes. The response time of the CPC sensor
is compared to the commercial sensor during the humidity variation; the sensor response is ~8.0+/-
1.6 seconds based on responses of 6 RH cycles after stablization.
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Figure 4.13 Comparison of the commercial humidity sensor with a PAA-coated CPC sensor. (a)
Humidity measurement of a CPC region in comparison to a reference sensor (b) Humidity
measurement of a CPC/silver interface region in comparison to a reference sensor.
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4.4 Sweat sensing

To test a CPC sensor for surface moisture/sweat monitoring, a simulated
setup was fabricated consisting of wet tissue paper and a hot plate (Figure 4.14).
Water drops were supplied on the paper as a moisture source on a hot plate. For
temperature calibration, a CPC reference temperature sensor was added to the PAA-
CPC sensor. Both sensors were located above a dry region on a hot plate at 50 <C.
The CPC reference temperature sensor was sealed with Scotch tape to avoid
resistance change due to moisture. A commercial reference sensor measuring both
humidity and temperature was placed next to both CPC sensors for calibration. In
the calibration, water drops of 50, 100, and 200 piL were sequentially dispensed on
the tissue paper on the hot plate. The dispensing locations of water drops were kept
consistent between the CPC sweat sensors and the reference sensor. The RH
measurements of the CPC sensor were compared to that of a commercial sensor

during the water drop evaporation (Figure 4.15).
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Figure 4.14 Experimental setup for a simulated moisture/sweat sensor.
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A CPC sensor could be used to estimate the water evaporation rate for use in
sweat sensing application. When a CPC sensor was exposed to different water
volumes of 50, 100 and 200 pL, the humidity level changed, which was also
monitored by using a commercial reference sensor (Figure 4.15). The data from the
CPC sensor were corrected for temperature variations, measured by a second CPC
sensor shielded from interaction with moisture using sealing tape. A temperature
calibration curve is given in Figure 4.16. The data from the commercial RH sensor
(AM2301, Aosong), also compensated for temperature variation, were used as a
reference. As the water volume increased from 50 to 200 pi_, the CPC sensor was
able to quantitatively track the surface moisture levels. The experimental data are in
good agreement with the reference RH sensor. The discrepancies in the peak width
are likely to be attributed to slight variations in the water evaporation conditions
based on the sensor placement. The sensor output as a function of water droplet size
was also tested by depositing small water volumes of 0.5~20 L (Figure 4.17). With
respect to the volume of liquid water deposition, the resolution of the sensor

measurements was ~ 0.5 L.
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Figure 4.15 Humidity measurement for a simulated sweat using a CPC humidity sensor in
comparison to acommercial sensor; reference humidity sensor and CPC sweat sensor with different

applied water amount.
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Figure 4.16 Temperature calibration curve of a CPC sensor.
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Figure 4.17 Detection of small quantities of water ~ 0.5 - 20 pL with a PAA-treated CPC sensor.
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4.5 Discussion

PAA treatment of the CPC matrix enhanced the performance of a CPC RH
sensor. At the critical RH values, the sensing mechanism was changed from
electrostatic interaction on MWCNTs for RH<RH¢ to disruption of electrical
connections of MWCNTSs between PAA and cellulose fibers swelling for RH>RHc;.
A PAA-coated CPC showed an increased response (by factor 3.3) compared to an
untreated CPC. The PAA addition rendered RHc earlier due to induced
hygroexpansion of PAA. In previous research, acid was applied to CNTSs to create
oxidization of CNTs to increase the interaction between water and CNT
surface[124]. In our study, neither nitric acid nor sulfuric acid was suitable because
of damage to the cellulose fibers. Instead, a buffer solution of pH4 was applied to
create defects such as dangling bonds and vacancy on the CNT surface. Acid-treated
CPC sensor showed sensitivity improvement at high humidity (RH > 75%)
compared to untreated CPC. When exposed to water, both Nafion and PAA showed
swelling [125, 126]. The swelling of Nafion and PAA resulted in further deformation
of the CPC network to disrupt more CNT junctions, which further increased the
resistance.

Comparing all treated and untreated CPC humidity sensors, the PAA-treated
samples showed the best sensitivity. The humidity-induced swelling ratio of PAA
was greater than Nafion resulting in greater sensitivity at high RH levels. Although
Nafion coated on MWCNTSs resulted in enhanced sensitivity by improving the
proton exchange [102], the dominant sensing mechanism in this study was shown to

be the swelling-induced disjunction of the CNT network. The swelling ratio of PAA
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was also affected by pH change in aqueous solutions[122]. For RH sensing, water
with pH7 was used for the maximum swelling ratio of PAA. The resistance change
of PAA treated CPC was also investigated for a range of pH levels (Figure 4.18). In
comparison to other CNT composite humidity sensor, the CPC sensor presented in

this work showed better sensitivity and greater dynamic range, as listed in Table 4.1.
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Figure 4.18 Normalized resistance of PAA-treated CPCs immersed in aqueous solutions at pH 4,
7, and 10.
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Table 4.1 Comparison of sensitivities of carbon nanotube-paper composites for relative humidity

sensor (This paper)

AR 1s the resistance difference at different
acquisition time. Ry is the initial resistance

(RH).
Sensing materials Sensing Sensitivity Dynamic
mechanism range for
RH (%)
MWCNT-printer resistive 0.35, where sensitivity=(Al/Io )/A(%RH), 11-95
paper[118] where Al is the current difference at
different acquisition time. lois the initial
current
SWCNT-cellulose resistive -0.90, where sensitivity=(Ac/co )/A(%RH). | 10-75
paper[109] Ac is the conductance difference at
different acquisition time and co is the
initial conductance
MWCNT sheet[101] resistive 0.75, where sensitivity=(AR/Ro )/A(%RH). | 10-90
AR is the resistance difference at different
acquisition time. R is the initial resistance
KC-MWCNT[106] resistive 1.0, where sensitivity=(AR/Ro )/A(%RH). | 20-90
AR is the resistance difference at different
acquisition time, and Ry is the initial
resistance
MWCNT-stainless capacitive | 36, where sensitivity=(AC/Co )/A(%RH). 50-85
steel[127] AC is the capacitance difference at
different acquisition time. Co is the initial
capacitance
chemically treated resistive 1.3, where sensitivity=(AR/Rq )/A(%RH). | 11-98
MWCNT[100] AR is the resistance difference at different
acquisition time. Ry is the initial resistance
Polyimide- resistive 0.47, where sensitivity=(AR/Ro )/A(%RH). | 10-95
MWCNTI[105] AR is the resistance difference at different
acquisition time. Ry is the initial resistance.
Polyimide- capacitive | 0.22, where sensitivity=(AC/Co )/A(%RH). | 30-90
MWCNT[108] AC is the capacitance difference at
different acquisition time. Co is the initial
capacitance.
PAA treated CPC resistive 90, where sensitivity= (AR/Ro)/A(%RH). 10-95
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Chapter 5. CNT-paper Composite Capacitive Eye Tracking
Sensor

Eye tracking is essential in human computer interaction, cognitive monitoring, and
biomedical applications. The widely used optical eye tracking method is limited in cost
and wearing comfort. This study presents a low-cost light-weight capacitive eye tracking
sensor fabricated with carbon nanotube-paper composite (CPC). The fracture-induced
fabrication method is applied to CPC to produce a capacitive sensitivity. The eye
movement is measured by the capacitance changes induced by the distance and permittivity
change between eye ball, muscles and CPC sensors. Fabrication procedures and sensor
design are optimized for best sensing performance. Finite element analysis is applied to
understand the merits of the fracture induced micro-interdigitated structures of the
electrodes. The sensitivity and resolutions of the CPC sensor are characterized for different
movement modes of a conductive object. A numerical model is constructed to characterize
the sensitivity of a simulated human eyeball. A CPC eye tracking sensor is installed on eye
glasses to measure the wearer’s eye ball movement. The CPC capacitive eye tracking
sensor shows a high sensitivity and resolution in eye movement sensing. The small form

factor and low cost make the sensor potentially ideal to current eye tracking devices.

5.1 Background

Eye tracking sensors are widely applied to wearable equipment for virtual and
augmented reality (VR and AR)[128-132], disease diagnosis[133-136] and human
computer interaction[137-139]. The growing number of studies in eye tracking sensors and

devices has paved ways in various applications. Optical image processing is popular for
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eye tracking. Optics based eye tracking systems include eyeglass-mounted cameras and
desktop stations, both of which present challenges in the contexts of usability due to their
size and data quality. For example, existing measures of eye movement require wearing
specific monitoring hardware; hence, individuals who do not wear glasses are preferred as
participants for the studies. Frequent manual calibration is required to obtain reliable data,
limiting data acquisition periods. Bulky equipment significantly complicates inspection,
limiting the application to cyber learning. Improvements in data processing and sensor
calibration are challenging. For example, although eye blinks can be used as a digital
marker, most eye-tracking systems filter out eye blinks as noise due to the difficulties in
sensor calibration. The high cost of current eye-tracking systems is an additional burden to
render eye monitoring accessible to patients. It has also been questioned if the assessment
in laboratory settings represents the behavior in real life. The unnatural circumstances of a
laboratory can significantly affect saccadic behavior, potentially leading to a false
evaluation.

Various sensing methods have been attempted to develop alternatives of an optical
eye tracking system. An ultrathin piezoelectric nanogenerator has been fabricated and
attached on the surface of eyelid to monitor the local deformation[140]. The motion of eye
ball was characterized by the output voltage/current. This self-powered ultrathin eye
tracking sensor could potentially reduce the size of the devices. A magnetic eye tracking
system using scleral coil has been developed based on the alternating magnetic fields on
wearer’s eyes. A scleral coil was inserted in wearer’s eye. The voltages in the scleral coil
was induced by the oscillating magnetic flux from generator coils. The magnitude of the

induced voltages was determined by the angles of the scleral coils and the flux. The above
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obtrusive eye tracking sensors improved the size of forms and the accuracy in eye tracking.
To optimize the wearing comfort and reduce the fabrication cost, capacitive sensing in eye

tracking was studied.

Capacitive sensing has been widely applied to various types of proximity sensing
on monitoring wearers’ activities [141, 142]. An unobtrusive sensor is more comfortable
for wearable applications. The movement of human body influences the electric field of a
sensor. The capacitance change of the sensor is calibrated for different human body
movements. A car seat with a capacitive proximity sensor system has been developed to
monitor the activity of the driver to recognize the inattentiveness. Gesture recognition has
been realized by capacitive proximity sensor array [143]. The distance changes from the
hand to the capacitive array induced the capacitance changes of the capacitive sensors. An
apparatus with a capacitive sensor array to determine eye gaze detection was
developed[144]. During the eye movement, the movement of an eyeball, muscles and
eyelids can induce drastic change of their distance to a fixed point [145]. The combined
distance changes can be recognized by the proximity sensor array that was installed near

an eye.

The current challenges of applying capacitive proximity sensing technology to eye
tracking are: (1) the fabrication cost and complexity of an array with numerous sensors in
a miniature device is high. (2) sensor location is random without optimization based on the
physiological structure of the eye and its movement. (3) bulky sensor design with low
capacitive sensitivity and resolution limited the performance of the eye tracking sensor.
Development of a new capacitive sensing material with higher sensitivity and a low cost

fabrication procedure will facilitate the wearable application of a capacitive eye tracking
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technology. Also, proper sensor design and placement should be applied based on the

physiological structure and the movement of eyes.

In this chapter, we present an unobtrusive capacitive eye tracking sensor fabricated
by carbon nanotube-paper composite (CPC). The sensitivity of the sensor is improved by
fracture-induced nanoscale electrodes at the crack. Fringing fields and capacitance at the
crack are enhanced by large surface areas of MWCNTSs that are coated on cellulose fibers.
The sensing mechanisms and characteristics of the micro electrodes are studied by finite
element method (FEM) simulation. The parameters of the low-cost fabrication and fracture
method are studied for optimized sensing performance. Planar and cantilever CPC eye
tracking sensors are designed and characterized for different sensing scenario. The
sensitivity and resolution of CPC eye tracking sensors are characterized by a scanning
method. The sensing performance is characterized by using a simulated eye ball and by
detecting the eyeball rotation of a wearer. As an unobtrusive sensor with light weight, a

CPC eye tracking sensor can be easily installed on eyeglass frames or other head gears.
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5.2 Fabrication process

Multiwalled carbon nanotubes (MWCNTS) with a 10 nm-diameter were purchased
from Nanostructured & Amorphous Materials, Inc., (U.S.). Single-ply tissue paper was
used as substrate (Kimwipes, U.S.). Polyurethane was purchased from Elmer’s, Inc., (U.S.).
Silver paste was purchased from MG Chemicals for electrical connection. All chemicals

were used as received without any further treatment unless otherwise specified.

An aqueous solution of MWCNTSs (5 mg/mL) was prepared by mixing MWCNTSs
in deionized water mixed with 1% sodium dodecyl sulfate (SDS). The mixture was
sonicated for 20 minutes to disperse MWCNTSs. The MWCNT solution was deposited onto
porous paper by a pipetting method. The MWCNT solution was evenly distributed on the
tissue paper by capillary action in the cellulose fibers. MWCNTSs bounded to cellulose
fibers during drying. After the MWCNT deposition, the CPC was dried in an oven at 60 C
for 3 minutes to evaporate the free water from the substrate. The MWCNT deposition was
repeated to have an ideal sheet resistance of CPC, 110 to 200 kCd/sq. In our previous study,
the ideal resistance of the CPC should be: 1. higher than 110 kQ/sq to generate electrical
disconnections during the fracture procedure; 2. lower than 220 kQ/sq to ensure an
optimized sensitivity in capacitive sensing. To form electrodes for electrical connections,
a silver paste was applied to both ends of the paper strip and cured at 70 <C on a hot plate.
The fracture to CPC was applied and controlled with stretching stage shown in Figure 5.1.
The resistance of CPC was measured simultaneously with strain in stretching. As the
electrical conductivity of the CPC was terminated, the stretching was held to form the
capacitance of a CPC prior to complete fracture. Polyurethane was applied to the fractured
CPC, which was cured at 100 <T on hot plate for 20 min as a coating layer. CPC sensor
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fabrication procedure is illustrated in Figure 5.2. By folding the sensor in the cracked

region, a cantilever shaped CPC eye tracking sensor can be fabricated (Figure 5.3a). The

sensor system is fabricated as illustrated in Figure 5.3b.

CPC
Grip @ | Silver epoxy
e ﬂ Stretching direction
- - —_—
Foam pad 7”77

Figure 5.1 Stretching stage for CPC sensor fracture generation.
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Figure 5.2 Fabrication steps of CPC eye tracking sensor
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Figure 5.3 (a) Structure of planar and cantilever-shaped CPC sensors. (b) Integration of the sensors

to eyeglasses sensing system.
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The microscope images of fractured CPC were taken. The fracture conditions of
the CPC specimen were compared and correlated with the capacitance difference. A batch
of CPC sensors were fabricated with different fracture condition and initial capacitance
value. The fracture condition was observed under microscope. The capacitance of each

sensor was measured with capacitance meter (GLK Instruments, U.S.).

A CPC eye tracking sensor is shown in Figure 5.4a. A standard sensor fabrication
procedure was established. 20 CPC eye tracking sensors out of 22 were working properly

with expected sensing performance (Figure 5.4b). The yield was 91%.

(a)

Figure 5.4 (a) Picture of CPC eye tracking sensor. (b) 20 fabricated CPC eye tracking sensors that
can work properly. The folded sensor is a cantilever-shaped sensor.
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5.3 FEA of fractured CPC electrodes

The capacitance and electric field of CPC sensors were studied by finite element
analysis (FEA) models using simulation software COMSOL. The numerical models of the
electrodes were constructed based on the fractured CPC matrix structure and the planar
plate electrodes. The fractured CPC matrix creates numerous interdigitated electrodes with
high aspect ratios. A smaller dimension at the tip of the electrodes will induce higher
electric fields in comparison to planar plate electrodes. To study the enhancement of an
electric field by the interdigitated electrodes, 3D models were used for the electrode
modeling. The configurations of planar plate electrodes and five pairs of interdigitated
electrodes are shown in Figure 5.5. The dimensions of the cross section of the planar
electrodes were 5560 pm?. The length of the electrodes was 200 pm and the separation
distance between the electrodes was 100 m. The cross section of the planar electrodes
were equivalent to the combined facing area of five pairs of interdigitated electrodes. Each
of the five pairs of interdigitated electrodes had a cross section dimension of 5x10 pm?2.
The length of the electrodes and the separation distance between the electrodes were also
200 and 100 pm, respectively. The electrode material was MWCNT, with dielectric
constant of 10% and electrical conductivity of 10 S/m [146]. The dielectric material was air,
with relative dielectric constant of 1 and electrical conductivity of 10* S/m [147]. The
potentials on surface of both terminals were OV as the initial condition. The potentials on
surface of terminals were DC 2.4V and OV as the boundary condition in the simulation,
which was the measurement voltage applied by the capacitance-to-digital converter
FDC1004 evaluation module (Texas Instrument, U.S.). Physics-controlled mesh sequence

type was selected. 3D tetrahedral and triangular elements were used for capacitance
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analysis. The electric fields and capacitance of planar plate electrodes and interdigitated

electrodes were compared by the simulation results.

(a) (b)

50 um - 50 um

Figure 5.5 (a) planar plate electrodes. (b) interdigitated electrodes.

The effects of aspect ratio (AR) and separation aspect ratio (ARs) to the capacitance

L AR. =% Dis

were also studied with configurations shown in Figure 5.6, where AR = > s= 5
the diameter of the parallel electrodes, L is the thickness of the electrode, and d is the
separation distance of the electrodes. Axisymmetric models were used. To investigate the
influence of AR to fringing capacitance, ARs and L were controlled to be 10 and 1 mm,
respectively. To investigate the effect of ARs to fringing capacitance, AR and d were
controlled to be 10 and 100 pum, respectively. The dielectric material and electrode material
were the same as previous settings. The potentials on surface of both terminals were 0V as
the initial condition. The potentials on surface of terminals were DC 2.4V and 0V as the
boundary condition in the simulation. Physics-controlled mesh sequence type was selected,
and a 2D triangular element was used for capacitance analysis. When D increased from 10

pm to 10 mm, the nominal capacitance of a parallel plate capacitor was computed and

compared with the capacitance of modified capacitors with different AR and ARs of
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electrode configuration from FEA simulation results. The effects of relative dimensions of
the electrode diameter, length and separation distance to the fringing effect were studied

by FEA simulation.
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Figure 5.6 FEA axisymmetric model of capacitor electrodes.

The capacitive eye tracking of CPC is based on the change of a fringing capacitance
during eye movement. The sensing mechanism of the CPC capacitive sensor is presented
in Figure 5.7a. After the fracture of CPC, MWCNTSs coated on cellulose fibers formed
capacitive electrodes at the crack. Charges were accumulated at the tips of the MWCNTS,
which will induce large electric fields. The fringing electric fields formed between
electrodes. As an eyeball approached to MWCNT electrodes, the permittivity between the
electrodes was increased, and the electric fields were enhanced. The capacitance was
increased. According to our previous research, the fracture of CPC structure reorganized
the CPC to form numerous nanoscale interdigitated electrodes[119]. The electric field

distribution due to different forms of electrodes is shown in Figure 5.7b-c. The electric
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fields between the electrodes with interdigitated structure had larger electric fields than
those between planar plate electrodes because of a higher charge density at the “sharper”
ends (higher AR) of interdigitated electrodes. The higher charge density induced a higher
electric field. The sensing performance of CPC capacitive sensor was determined by the

magnitude of the fringing field and the capacitance value.

(a) (b) Planar plate electrodes (c) Interdigitated electrodes

=

Fringing electric
fields

X B

€ _
MWCNT-capacitive sensor —

Max electric field: Max electric field:
1.69x10°V/m 1.83x10°V/m

Figure 5.7 (a) Working principle of CPC capacitive sensing. (b) Electric field of planar plate
electrodes. (c) Electric field of interdigitated electrodes.

The dimensions and the aspect ratios of the MWCNTSs electrodes were critical
parameters to the improvement of the sensor performance by enhancing the fringing
capacitance. Selected FEA results of capacitance for different AR and ARs are shown in
Figure 5.8. Figure 5.8a-b shows the capacitance difference of models with same ARs and
different AR. Figure 5.8c-d shows the capacitance difference of models with same AR and
different ARs. For a parallel plate capacitor, the capacitance was dominated by the direct
capacitance between the electrodes with negating the fringing capacitance. The nominal

capacitance of parallel plate capacitor could be calculated using the following equation:

A
Cparallel = % (5.1)
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where ¢ IS the permittivity of free space, & is the relative permittivity of the dielectric
medium between the electrodes, A is area of the plates, and d is the distance between the
two plates. Equation (5.1) is applied to a parallel plate capacitor, for which the following
conditions are satisfied: (1) AR <<1; (2) AR; <<1. When both AR and ARs are larger,
fringing electric fields become more dominant than direct electric fields between the facing
electrodes. The modified capacitance considering the fringing effect is described in

equation (5.2):

Cmoa = asc;erA (5-2)

where o is the fringing effect factor. The value of o was determined by AR and ARs and

was calculated by: a = CC’"—"‘* (Figure 5.9). The capacitance of parallel plate capacitor

parallel

and the modified capacitor with different D are shown in Figure 5.9a. The fringing effect
factor at different AR is shown in Figure 5.9b. When ARs was 10, a modified capacitor
showed much larger capacitance than a parallel plate capacitor. When AR >> 1, o was
consistent and equals to 138 as D increased. When D and L were on the same order
(0.1<AR<10), a was reduced and became 30 at AR=0.1. A large o showed the significant
enhancement of the capacitance from the fringing effect, but further increment of AR would
cause the saturation of a, because the effective length for charge accumulation on the edge
of the electrodes did not increase with the electrode length. When the electrode length was
larger than the effective charge accumulation length, the contribution of longer electrodes
to the fringing electric field was negligible. Large AR defined the shape difference of the
electrodes from parallel plate capacitor electrodes, which determined that the fringing

capacitance, instead of the direct capacitance of a parallel plate capacitor, was dominant to
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the total capacitance of the capacitor. The capacitance of parallel plate capacitor and the
modified capacitor with different D are shown in Figure 5.9c. The fringing effect factor at
different ARs is shown in Figure 5.9d. When AR was 10, « increased with ARs. A modified
capacitor had larger capacitance than a parallel plate capacitor when ARs>0.01. « started to
saturate at ARs =100. When ARs<0.1, the fringing capacitance was not obvious and became
negligible when ARs=0.01. In order to obtain relatively large fringing capacitance, ARs
should be large enough to maintain a relatively large separation distance between
electrodes, but further increase of ARs would cause the saturation of a. When the separation
distance was too large, the charge accumulation on the edge of the electrodes was very
small. The ratio of direct electric field and fringing electric field induced by the charge
accumulation was stabilized after ARs>10° (Figure 5.9d), therefore, further increment of

separation distance would not increase « at this stage.
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Figure 5.9 (a) Capacitance of parallel plate capacitor and modified capacitor at different electrode
diameters with separation aspect ratio of 10. (b) Fringing effect factor at different aspect ratio with
separation aspect ratio of 10. (c) Capacitance of parallel plate capacitor and modified capacitor at
different electrode diameters with aspect ratio of 10. (d) Fringing effect factor at different
separation aspect ratio with aspect ratio of 10.

Based on the numerical results, a fractured CPC is an ideal sensing material for a
capacitive sensor with high fringing capacitance. In CPC capacitive sensor, the electrodes
are oriented MWCNTSs in parallel, which has an AR ranging from 30~250. The ARs of the
electrodes was determined by the fracture condition and was higher than 10*. In a previous
report, the electrodes shape was modified to increase the fringing capacitance [148], but

complex fabrication procedure was needed.
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The fractured condition and morphology of CPC were studied under a microscope
(Figure 5.10). The capacitance value of fractured CPC was dominated by the fringing
capacitance, and determined by CNT alignment and crack condition. The CNT alignment
was controlled by the fractured condition of MWCNTSs. The smaller cracks (Figure 5.10b)
than distributed cracks will generate higher capacitance. The capacitance of the fractured
CPC was as large as 276 fF, which was larger than the planar plate capacitor. This result
agreed with the FEA results in Figure 5.7b-c and Figure 5.9a,c. Based on Figure 5.9a,c, the
capacitance of a planar plate capacitor with dimension of fractured CPC shown in Figure
5.10 (cross section area= 4><107" m?, d= 1mm) was estimated to be in the order of 10* fF,
while the actual capacitance value was on the order of 102 fF. The actual fractured CPC
electrodes had a much larger number of nanoscale electrodes in comparison to 5 pairs of
electrodes in the simulation results of Figure 5.7. The enhancement ratio of the electric

field was in the order of 10! instead of 10° in Figure 5.7.

(a)

Capacitance: 126 fF Capacitance: 276 fF

Figure 5.10 Microscope image of CPC with different fracture conditions. (a) Larger cracks. (b)
Smaller cracks.
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5.4 Capacitive sensing

The sensitivity and resolution of a CPC eye tracking sensor was characterized using
spheres coated with aluminum foils that were controlled by a two-dimensional (2D)
controller. The experiment setup is shown in Figure 5.11. The sensitivity of the CPC eye

tracking sensor is:

(5.3)

where Ad =d; ., —d; , A8 =6;.,—6; , (ﬁ—c) =% , where C, is the initial
0 0

capacitance of the sensor, C; and C;,, are the capacitances at different acquisition times,
i.e., samplesiand i+1 (i: integers), d;,,and d; are the distance i and i+1 between the sensor
and the sphere surface, 6,,,and 6; are the rotational angle i and i+1 between the sensor and

the sphere surface. The resolution of the sensor is:

Ad A0
R=——0r R=— (5.4)
0.5fF 0.5fF

where 0.5 fF is the resolution of a capacitance-to-digital converter (FDC 1004).

The sensitivity was characterized by a perpendicular scanning test. As shown in
Figure 5.11a, three diameters (10, 25 and 40mm) of spheres were fabricated by a 3D printer
(Creality 3D Technology Co., LTD, China). The spheres wrapped with aluminum foil
(Figure 5.12) were fixed on a 2D controller. The movement was controlled with G-codes.
Using the setup, above three spheres were controlled such that the distance could be
controlled between 0 and 50 mm. The CPC eye tracking sensors were connected to a

capacitance-to-digital converter (FDC 1004) to obtain a digitized capacitance value, which
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was saved in a laptop computer by a computer software (Texas Instrument, U.S.). The
schematic of the capacitance-to-digital converter circuit is shown in Figure 5.13. The CPC
eye tracking sensor was connected to the FDC 1004 evaluation module with a shielding

layer to eliminate parasitic capacitance by environment.

(a)
Movement direction

Sphere covered Capacitance-to-

by Al foil digital converter Computer
y CPC
I sensor

X
(b) Movement direction

Sphere covered Capacitance-to- Combuter
by Al foil digital converter P

yI CPC sensor
X

Figure 5.11 (a) Perpendicular scanning setup for CPC sensor calibration (b) Parallel mode
experiment setup for CPC sensor calibration.
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Figure 5.13 Schematic of a capacitance-to-digital converter chip (FDC 1004 in Texas Instrument,

us).

The sensitivity of a parallel scanning mode is dependent on the perpendicular
distance between the conductive object and the sensor. The sensitivity and resolution of a
parallel scanning mode response of a CPC eye tracking sensor is shown in Figure 5.14. As

the perpendicular distance became larger, the sensitivity for the CPC eye tracking sensor
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became smaller. In eye movement tracking, the perpendicular distance of wearer’s eye ball
to the sensor was smaller than 10 mm. When the perpendicular distance was smaller than
10mm, the sensitivity was greater than 0.26%/mm. The resolution of CPC eye tracking
sensor with different perpendicular distance is shown in Figure 5.14b. The larger
perpendicular distances increased the minimum detectable distance change. When the
perpendicular distance was smaller than 10mm, the resolution was smaller than 0.83 mm.
An empirical correlation was obtained for the decrease of sensitivity and increase of

resolution with perpendicular distance:
S§=0.0009D7 - 0.0372D + 0.5679 (5.5)
R = 0.0444D + 0.3587 (5.6)

where D is the perpendicular distance between the sphere movement plane and sensor plane.
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Figure 5.14 (a) Sensitivity of CPC sensor in parallel scanning mode with different perpendicular
distance. (b) Resolutions of scanning mode with different perpendicular distance.

The perpendicular scanning mode response of both planar and cantilever CPC eye

tracking sensors is shown in Figure 5.15. Figure 5.15a shows the capacitance change for a
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planar sensor. The cantilever sensor (Figure 5.15b) had smaller effective sensing area
involved in capacitive sensing. Therefore, its capacitance was reduced in comparison to
planar sensors. Determined by the sensor shapes, the planar sensor was suitable for being
attached on eyeglass surface. The cantilever sensor was suitable for installation on sides of

the eyeglass frame to approach more closely to human skin.
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Figure 5.15 Response of CPC sensor in approaching mode for (a) planar (unfolded) sensor and (b)
cantilever sensor.

The planar and cantilever sensors showed different sensing characteristic length.
The characteristic length indicated the optimum sensing range for the sensor. The
sensitivity of the cantilever and planar sensors is shown in Figure 5.16. The sensitivity of
the planar sensor was lower than cantilever sensor when the sensing distance was smaller
than 5 mm and was higher from 5 to 10 mm. The sensitivity for distance larger than 10 mm
was small for both cantilever and planar sensors. The sensing area of the cantilever sensor
was the cracked region on CPC and other part of the sensor (unfractured CPC and sensor
electrodes) were covered with shielding layers. Fringing electric fields were more

concentrated at the cracked region, therefore, the changes at distance smaller than 5 mm
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could induce larger capacitance change on a cantilever sensor. However, the sharp tip of
the cantilever sensor could not generate fringing field that reaches to a large distance. The
sensitivity was reduced at distance larger than 5 mm. The planar sensor without shielding
on the unfractured CPC had larger sensing area, which generated a fringing electric field
that was sensitive to larger sensing distance. In summary, the cantilever sensor showed a
higher sensitivity when the sensor was close to an object surface. The planar sensor showed

a higher sensitivity from a larger distance to an object.
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Figure 5.16 Sensitivity of planar and cantilever CPC sensors.

When the diameters of conductive spheres decreased as 40, 25 and 10 mm, the
capacitance change of a planar sensor was decreased (Figure 5.17). When the perpendicular
distance is smaller than 10 mm, the sensitivity and resolution of 40 mm sphere were 3.1%
and 64.5 pm, respectively. A larger sphere induced the larger change of capacitance

because a fringing electric field was interfered by more high-permittivity material at the
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same distance. Note that 25 mm resembles the diameter of an eye ball. 40 mm represents

the size of eyeball with eye lid and corresponding muscles.
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Figure 5.17 Response of CPC sensor in perpendicular scanning mode for sphere with diameter of

40mm, 25mm and 10mm.
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5.5 Eye movement sensing with simulation stage

An eyeball movement simulation system was developed based on the physiological
structure of a human eyeball (Figure 5.18a) for characterization of the sensing performance
of CPC eye tracking sensors. The eye ball is connected by medial and lateral rectus in
horizontal direction and superior and inferior rectus vertical muscles. These muscles pull
the eyeball in horizontal and vertical directions for rotation. The aqueous humor in anterior
chamber forms a bulge on the eyeball (Figure 5.18b) and the eyelid movements are also
considered. An eyeball model was built by 3D printer to simulate the movement of an
eyelid and the bulge on an eyeball. An eyeball movement stage was built to simulate the
rotation of eyeball in horizontal and vertical directions based on the eyeball structure and
its movement (Figure 5.19). The rotational angle is defined as 0°when eye is looking
straight horizontally, positive for looking up and left, negative for looking down and right.
Angular rotation in two directions with two shafts simulated eye ball rotation. The

capacitance changes were recorded during angular rotation.
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Figure 5.18 (a) Physiological structure of eyeball (front view) (b) Physiological structure of eyeball
(side view).
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Figure 5.19 2-axis eyeball rotation simulation stage.

The capacitance change of a CPC eye tracking sensor was recorded when a
simulated eye was rotated up and down (Figure 5.20). A simulated eye was fabricated by
using a 3D printer mimicking an eye ball covered with an eye lid. According to the
characterization, a CPC sensor showed a resolution of 0.12 <for the rotation of an eye ball

when the distance between the eyeball and the sensor was smaller than 10 mm.
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5.6 Wearable eye tracking device

A CPC eye tracking sensor was installed on eyeglasses for wearer’s eye movement
detection. A CPC eye tracking sensor was installed at the upper frame of the eyeglasses.
When eyeglasses were worn, the capacitance changes of the CPC eye tracking sensor were

recorded as wearer was looking up and down.

When a CPC capacitive eye tracking sensor installed on a glass, the up and down
motion of an eyeball could be detected. The response of the CPC eye tracking sensor for
looking up and down direction is shown in Figure 5.21. The test was performed by
deidentified volunteers. The capacitance change was induced by the rotation of the eyeball,
the eyelid and muscles movement. The angle change between looking up and down was
40°, and the capacitance change was 70 fF. Based on equation (5.3-5.4), the sensitivity and
resolution were 0.16%/° and 0.28°, respectively. Because of the complex shape change and
the combined movement of eyeball, eyelid and muscles, the capacitance response of CPC
eye tracking sensor was not linear to the eye movement angles. Further calibration should

be required for more precise conclusion.
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Figure 5.21 Capacitance change of CPC eye tracking sensor installed on glasses. Eyes moved from
looking up to looking down.
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Chapter 6. Conclusions

6.1 Summary of contributions

In summary, we presented a low cost, flexible, and highly sensitive sensor whose
sensitivity was induced by controlled fracture on a MWCNTSs-paper composite. By pre-
straining, three different sensors were demonstrated as resistive strain sensor, resistive
force sensor, and capacitive force and displacement sensors. The piezo-resistive and
capacitive sensors could be fabricated by the reorganized crossing junctions of MWCNT -
coated cellulose fibers. The calibration of each sensor showed reliability and repeatability.
The sensors attached onto flexible surface such as human skin were sensitive enough to
monitor heart beats, grabbing force, finger motion, and eye movement. The inexpensive
and disposable sensors can be useful to monitor human behaviors with reliable

performance.

A sensitive humidity CPC-based sensor was fabricated and tested. The swelling of
the cellulose fibers at conditions above critical RH levels disrupted the CNT network
resulting in a sharp change for a resistance. PAA treatment of the CPC matrix allowed to
enhance the sensitivity of a CPC humidity sensor and extended the operating range to
RH=30~95%. The sensor hysteresis from water retention in the CPC matrix was observed.
The hysteresis was reduced after three RH cycles or after heat curing of the CPC matrix.
The contact resistance at the CPC-silver interface exhibited greater hysteresis and lower
sensitivity than the CPC matrix itself. An empirical relationship for the normalized
resistance-humidity curve was obtained by calibration. The calibrated CPC sensor could

be used to measure the rate of water evaporation using a simulated sweat setup. The CPC
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sensor can be used for health monitoring, smart air conditioning, food process monitoring,

and agricultural applications.

Using the fracture-induced fabrication method, two types of sensors including
planar and cantilever shapes were fabricated with a yield of 91%. The sensing mechanism
and sensing performance improvement was studied with a numerical method in the context
of a fringing electric field. The sensor calibration system was constructed using a
capacitance-to-digital converter that was interfaced to a laptop computer. Using a spherical
shape conductor, the sensitivity and the resolution were characterized by varying the
distance between the sensor and the sphere surface. In the characterization using a
simulated eyeball, the up and down rotational motion of an eyeball could be measured with

resolution of 0.12<at the distance of 10 mm.
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6.2 Future work

The CPC material can be further applied to manufacture various sensors based on
the high sensitivity. The advantages of the paper-based sensor and nanomaterial

composites provide great potentials in the fabrication of sensors in various fields.

The thin film shaped CPC also offers a promising future for manufacturing a new
generation of wearable sweat sensor to monitor the sweat level of the wearer for biomedical
or sports fields. Based on CPC’s sensitivity to pH change and chemicals in sweat, an
integrated wearable sweat sensor can be developed for the measurement of multiple

physiological information.

A wearable sensor that measures foot pressure will be developed. Fabrication
challenges to strengthen the fragile paper structure will be addressed. By measuring the
pressure on a foot, the sensing capability of the proposed wearable sensor will be

demonstrated.

The eye tracking device with higher sensitivity and resolution can be developed
with multiple CPC sensors installed at selected positions around eye ball. The portability
and wearing comfort of the eye tracking device will be improved with more compact design

of the capacitance measuring circuit and wireless communication module.
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