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ABSTRACT

FLEXIBLE PRINTED ELECTRONICS FOR TOUCH
AND STRAIN FEEDBACK

Hussain Kawsar Chowdhury

M.S. in Materials Science and Nanotechnology

Advisor: Fatih İnci

August 2024

This era of technological revolution demands more innovation in making the

electronics and devices used in everyday human lives more and more personal

and interactive. The colossal interest and research in the development of flexible

and multi-functional sensors are a result of this demand. However, it is still

a significant challenge to fabricate such flexible wearable devices using simple

and cost-effective approaches that can be utilized in mass production or directly

integrated into textile manufacturing without introducing additional complicated

steps that require high-end laboratory-grade technology. This thesis addresses the

issue regarding the need for a mass-producible process for developing wearable

and flexible sensors by utilizing ancient technology like stencil printing that is

fast, simple, and cost-effective.

In this work, a graphene/carbon black complex-based conductive ink was devel-

oped, which utilizes the filler behavior of carbon black particles among graphene

sheets to enhance the electrical performance of the ink. The polymer-assisted

binding using polycarbonate enabled the ink to be easily printable with desired

patterns with excellent adhesion and stability. First, a functional tattoo capable

of sensing different pressure levels was developed, which works by utilizing the

change in capacitance of a two-dimensional printed capacitor with the change

of pressure. An interdigitated comb geometry was used to fabricate the capac-

itive sensor that increases the interactive area between the electrodes, resulting

in enhanced performance of the two-dimensional capacitor. The capacitive touch

sensor could differentiate among multiple pressure levels at different time ranges

with fast and consistent performance. Furthermore, a stretchable textile-based

strain sensor was developed with the ink on a cotton fabric substrate that can

detect human motion and bending by measuring the change in resistance using
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the same stencil printing methodology. The sensor was capable of detecting dif-

ferent levels of bending and also was able to differentiate between fast and slow

bending motion. Furthermore, the textile-based strain sensor could withstand

multiple washing cycles and could exhibit similar performance trends for strain

sensing.

Keywords: Flexible Electronics, Printed Electronics, E-tattoo, Smart Textile,

Sensors.



ÖZET

TEMAS VE GERILIM GERI BILDIRIMINE SAHIP
ELASTIK BASKLANMş ELEKTRONIK DEVRELER

Hussain Kawsar Chowdhury

Malzeme Bilimi ve Nanoteknoloji, Yüksek Lisans

Tez Danışmanı: Fatih İnci

Ağustos 2024

Bu teknolojik devrim çağı, günlük insan yaşamında kullanılan elektronik ve ci-

hazların daha kişisel ve interaktif hale getirilmesinde daha fazla yenilik gerek-

tirmektedir. Esnek ve çok fonksiyonlu sensörlerin geliştirilmesine olan büyük ilgi

ve araştırmalar, bu talebin bir sonucudur. Ancak, bu tür esnek giyilebilir ciha-

zları, kitlesel üretimde kullanılabilecek veya yüksek kaliteli laboratuvar teknolojisi

gerektiren ek karmaşık adımlar gerektirmeyen basit ve maliyet etkin yaklaşımlar

kullanarak üretmek hâlâ önemli bir zorluktur. Bu tez, stencil baskı gibi hızlı,

basit ve maliyet etkin bir teknoloji kullanarak kitlesel üretime uygun esnek ve

giyilebilir sensörlerin geliştirilmesi ihtiyacını ele almaktadır.

Bu çalışmada, karbon siyahı parçacıklarının grafen tabakaları arasında dolgu

malzemesi olarak davranmasını kullanarak mürekkebin elektriksel performansını

artıran, grafen/karbon siyahı kompleksi bazlı bir iletken mürekkep geliştirilmiştir.

Polikarbonat kullanılarak yapılan polimer destekli bağlama işlemi, mürekkebin

istenilen desenlerle kolayca basılabilmesini ve mükemmel yapışma ve stabilite

sağlamasını mümkün kılmıştır. İlk olarak, farklı basınç seviyelerini algılayabilen

fonksiyonel bir dövme geliştirilmiştir. Bu dövme, basınç değişimi ile iki boyutlu

bir kapasitörün kapasitansındaki değişimi kullanarak çalışır. Kapasitif sensörün

performansını artıran, elektrotlar arasındaki etkileşim alanını artıran interdigi-

tated tarak geometrisi kullanılmıştır. Kapasitif dokunmatik sensör, farklı basınç

seviyelerini farklı zaman aralıklarında hızlı ve tutarlı performansla ayırt ede-

bilmiştir. Ayrıca, pamuklu kumaş altlık üzerinde aynı stencil baskı metodolojisi

kullanılarak insan hareketi ve bükülmeyi algılayabilen esnek bir tekstil tabanlı

gerinim sensörü geliştirilmiştir. Sensör, farklı bükülme seviyelerini tespit ede-

bilmiş ve ayrıca hızlı ve yavaş bükülme hareketleri arasında ayrım yapabilmiştir.

Dahası, tekstil tabanlı gerinim sensörü birden fazla yıkama döngüsüne dayan-

abilmiş ve gerinim algılama için benzer performans eğilimleri sergileyebilmiştir.
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to thank Kutay Sağdıç and Yusuf Aslan for just being themselves.

I am deeply thankful to the National Nanotechnology Research Center-UNAM

for the conducive academic environment and state-of-the-art research facilities.

I gratefully acknowledge the engineers and technicians from UNAM for their

technical support and expertise. I would like to thank Dr. Hilmi Volkan Demir,

Dr. Mustafa Ordu, and members of both their groups for their generous support

in providing access to electrical characterization equipment. Also, I am thankful

to Cafer Gilol for his help with characterization.
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Chapter 1

Introduction

1.1 Introduction

The technological revolution of the current transformative era is unfolding ex-

ponentially and changing human lives through unprecedented innovation. The

recent advances we are witnessing in wearable electronics and flexible technology

exemplify such a spirit of innovation. Flexible electronics have been paving the

way for not only manifesting new technologies but for reinventing conventional

ones into more personalized, efficient, and sustainable solutions, integrating them

seamlessly with the fabric of our everyday lives.

Flexible electronics has started to put its mark in fields like health technologies,

wearable sensors, implantable devices, actuators, and so on. Technology such as

artificial self-healing e-skin, flexible tactile and strain sensors, wearable biosensors,

and human-machine interfaces have already been such inventions and are now

being improved (Figure 1.1) [1–8]. However, these also brought forth a great

many challenges simultaneously due to the exponentially growing demands of

improved technology with more improved functionality. It is the demand of time

now for flexible electronics to have outstanding mechanical deformability and

stable performance along with having a broad range of functionalities required
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Figure 1.1: Recent development trends in flexible electronics [9].

by the diversified application markets.

The challenge of having functionality and durability while accommodating the

flexibility in modern technology now makes it essential to explore new materi-

als and approaches and overcome the limitations of conventional methodologies.

Furthermore, we also have to consider their effect on human users and the envi-

ronment.

Polymers are considered one of the most promising genres of materials as can-

didates for flexible wearable technology. Polymers exhibit a versatile range of

properties, and the structures of the polymers can be designed and altered using

physical and chemical manipulation to originate desired properties or even com-

bined with other materials, such as polystyrene-based block copolymers, polyethy-

lene terephthalate (PET), or polyimide with different sets of properties, to de-

velop composites [10–13]. They are readily available and can be processed with

convenient, cost-effective methods. Furthermore, many polymers, such as poly-

dimethylsiloxane (PDMS) or PET, have excellent biocompatibility, and that can

2



be significantly advantageous in such applications as flexible technology, where

the electronics are designed to directly be in skin contact or even implanted in

the human body [13–16].

Consequently, polymers have become an essential element in developing flex-

ible electronics. Polymers like PET, PDMS, and polyimide can serve as flexible

substrates for conductive materials to develop electronics; they can be the binder

attaching the components to the substrate, or they can even act as protective en-

capsulants [14,17–21]. Polyimide has been used in developing ultrathin bendable

solar cells [22]. A polystyrene-block-poly(ethylene butylene)-block polystyrene

(SEBS)-based composite film has been used to develop electronic skin capable

of sensing temperature and touch [23]. Many other polymers can also act as

the main active material in developing the technology. For example, conduc-

tive polymers, such as poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)

(PEDOT:PSS), polyaniline (PANI), polypyrrole (PPy), have been implementing

in developing flexible technology for their tunable electronic properties due to

their -conjugated structures [24–27]. PPy particles were dispersed in an elastic

supramolecular polymer matrix to develop a strain sensor capable of monitoring

human motion [28]. However, inorganic materials have been reported to exhibit

superior electrical properties and charge transport. Carbon materials, which have

the honeycomb-resembling structure of crystal lattice with carbon atoms forming

sp2 bonds, for instance, carbon nanotubes (CNTs), graphene, and carbon black,

have been a significant part of developing flexible technology due to their spe-

cial microscopic structure, enabling them to have low density and high strength

along with excellent conductivity and excellent flexibility [29–31]. For instance,

graphene is a two-dimensional crystalline allotrope of carbon, where the carbon

atoms are closely packed in a well-ordered pattern, and such a structure conse-

quently results in good electrical conductivity, which has been used in developing

flexible technology like electronic tattoo sensors [32,33]. Besides, materials like

carbon black, a microcrystalline layered array of condensed carbon rings with

randomized orientations, have also been reported to be used to develop flexi-

ble strain sensors or conductive inks for fabricating flexible electronics, which,

even though has a lower conductivity than graphene, are relatively cost-effective

3



[34–37].

1.2 Approaches in Flexible Electronics

1.2.1 Conductive Ink

Conductive inks have been a significant part of the development of flexible de-

vices. They consist of conductive elements (like metal particles, carbon materials,

or conductive polymers) and binding material for adhesion of the functional ma-

terials on the substrate, suspended in an appropriate liquid medium [38]. They

gained a lot of attention in this field because they make it possible to take many

convenient and simpler fabrication methodologies with low wastage into consid-

eration, for example, inkjet printing, stencil printing, screen printing, or even

dip coating (Figure 1.2) [39–44]. Moreover, the wide range of possible materials

and combinations, such as different polymer binders like polyvinylidene fluoride

(PVDF) with good mechanical properties or silicon rubber with good stretchabil-

ity, along with metal derivatives like silver nanoparticles with higher conductivity,

or carbon materials like graphene with higher flexibility make conductive inks re-

markably versatile when it comes to achieving different properties [40,45–50].
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Figure 1.2: Schematic representation of (a) inkjet printing, (b) dip coating, (c)
stencil printing, and (d) screen printing [41–44].

Metals (i.e., gold and silver-based inks) have been reported to be used for

flexible electronic device fabrication using methods like inkjet printing to take

advantage of their excellent high conductivity [39,51,52]. However, along with

being highly expensive, the low content and electromigration behavior of silver

is a big disadvantage in using silver inks in large-scale manufacturing. Copper

was also considered due to their low cost, yet comparable conductivity [53,54].

However, they can easily get oxidized ending up with decreased conductivity [40].

On top of that, high sintering temperature is another limiting factor with metal-

based conductive inks when using flexible substrates like polymers, textile yarns

and fabric, and paper [55]. Carbon-based materials show great potential in this

prospect. They are highly reputed due to not just their high electrical and ther-

mal conductivity, they have good chemical inertness, and consequentially show

good potential to be used with a wide range of electrolytic aqueous solutions with

considerable stability [56,57]. Graphite, the prevalent form of carbon, has been

reported to be used in making conductive inks due to their wide availability at

high purity and low cost; they did show potential in developing flexible electronics

5



and good stability in different pH solutions [58]. However, although more expen-

sive, other advanced carbon-based materials like graphene, CNT, carbon black,

and so on, bring outstanding improvements in the overall analytical performance

due to their much higher conductivity (both thermal and electrical), larger active

surface area, and formidable mechanical strength [40,59]. Graphene and carbon

black ink were printed using inkjet printing and screen-printing to produce highly

conductive electrodes on paper as flexible substrates, and the possibility of ap-

plications like the development of pressure and strain sensors was demonstrated

[60–63].

1.2.2 Electronic Tattoo

Skin is not just the protective layer of our body; it is also a sensitive interface

that carries out information about the physical and chemical situation in our

body and also exchanges materials between our body’s internal environment and

the external environment, be it through perspiration or enabling us of the sense of

touch [64–67]. Skin holds a plethora of sensory receptors, which are responsible for

detecting different internal and external stimuli, such as strain, bending, pressure,

or vibration. They can detect changes in temperature, differentiate between

different material states like solid and liquid, and give responses such as pain to

make humans capable of perceiving and interacting with the external world. The

skin can heal itself, when it is damaged due to any external influences. Through

the skin, many health-related biochemical and physical data can be accessed, and

therapeutics can be administered [65].

Being inspired by these extraordinarily useful and multifunctional properties

of skin, scientists started working on developing flexible electronics and devices

that can replicate not just the physical properties but also the functionalities

of the skin and even more. The development of on-skin functional tattoos is a

brunch of these research advances and has risen as an avant-garde approach in

the field of flexible technology with key prospects in the field of skin-attacable

flexible electronics, robotics, and prosthetics. Such devices can be used to acquire
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physiological information and deliver therapeutic stimulation and drugs to the

body. Furthermore, they can be used to emulate human skin-like sensations to

be used in robotics and also for people who has no choice but to use prosthetics

such as artificial limbs due to unfortunate accidents.

In developing electronic tattoos as well, noble metals were first utilized at

first owing to their high conductivity [68–70]. A silicone layer was used as the

substrate for the electronic setup made with gold to develop a multifunctional

sensor for temperature, strain, and electrophysiology. Polyvinyl alcohol (PVA)

was used as a sacrificial layer utilizing its water-solubility and the setup was

attached to the skin based on just van der Waals force [68]. In another similar

work, a commercially available tattoo paper was laminated with 1.4 µm thick

PET using the water-soluble adhesive layer that was pre-existing on the tattoo

paper, followed by hotplate drying at 50-60 °C for 5 minutes to prepare the

substrate, where the metal electrodes would be fabricated. The metal electrodes

were composed of a chromium layer with 10 nm thickness and a gold layer with

100 nm thickness on top of the chromium layer, and both of these layers were

printed using a thermal evaporator. This gold/chromium/PET tattoo sensor was

fabricated to measure skin hydration, skin temperature, and electrocardiogram

[70]. Metal such as gold was used in developing these electronic setups due

to their high conductivity. However, using metal-based electrodes has its own

set of problems. They are very expensive and also do not have high flexibility.

This high cost and poor flexibility of metal-based electrodes have led to the

exploration of many other conductive materials and complexes with additional

desired properties. Carbon materials have been used to develop functional tattoos

capable of electrochemical sensing. Carbon fibers were dispersed within the tattoo

ink and then screen-printed on temporary tattoo papers to be attached to the

epidermis [71]. A CNT-based electronic tattoo prepared with a screen printing

technique was reported to successfully monitor lactate in human perspiration.

Carbon fibers were added within the conductive carbon ink and both the working

and counter electrodes were fabricated using this ink. Also, the silver/silver

chloride ink was mixed with carbon fibers in the same way to develop the reference

electrode. This carbon fiber doping resulted in improved tensile strength. Lactate
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oxidase was used to functionalize the working electrode for lactate monitoring

[72]. Another tattoo sensor was fabricated using the same methodology of adding

carbon fibers into the conductive inks and was functionalized for monitoring the

sodium level in sweat [73]. Electronic tattoos are also being used in developing

flexible electronics for physiological monitoring and actuators. Graphene-based

tattoos fabricated with Chemical vapor deposition (CVD) have been reported;

large-area graphene was grown on copper foil and then coated with poly(methyl

methacrylate) (PMMA) that had a thickness smaller than a micrometer with the

purpose of etching the copper layer. The copper-etched graphene/PMMA layer

with a sheet resistance of 1994.33 ± 264 Ω/sq was then transferred on tattoo

paper for skin mounting, and the developed sensor was used to monitor ECG,

EMG, EEG, and skin temperature [74,75]. CNT-based tattoos have also been

developed for capacitive tactile sensing [76,77]. PVA was used as the substrate to

grow the CNT array as the electrodes using CVD and porous silver nanowire/PVA

Nanocomposite Hydrogel was grown with a combined approach of foaming and

freezing-thawing as the dielectric. The CNT/PVA electrodes were attached to

the silver nanowire/PVA dielectric, and 10 wt% PVA solution was also utilized

as the hydrogel binder to attach the CNT/PVA electrode layers to both sides

of the silver nanowire/PVA dielectric in order to develop a three-dimensional

capacitive tactile sensor [77].

1.2.3 Electronic Textile

Textiles are widely used in our everyday lives, so much so that they can be

addressed as a secondary skin for humans. In addition, they are already developed

with qualities such as breathability and flexibility to comfortably conform to the

body shape. The primary goals in developing textile products are protecting our

bodies from the effects of the external environment, along with aesthetics and

fashion [78].

Substrates that are flexible and stretchable and possess the biocompatibility

to be used in direct contact with human skin have always been a challenge in
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developing flexible electronics. Textiles have the necessary flexibility, compatibil-

ity, and comfortability for direct contact use, and they are already a necessary

part of our daily lives [79,80,80–87]. Therefore, they can be excellent substrates

if can be utilized in developing wearable technology. By integrating textile yarns

and fabrics in developing wearable technology, it is possible to improve an every-

day product by adding a wide variety of functionalities, avoiding the necessity

of using additional mounting of equipment to achieve the same functionalities

[88–92]. Furthermore, they are low-cost and have excellent biocompatibility and

biodegradability, which will take us another step forward toward sustainable elec-

tronics development [84,93–97]. Additionally, utilizing different fabric structure

designs and manufacturing techniques can also complement the procedure of gen-

erating a wide spectrum of desired mechanical and electrical properties [98,99].

From this thought, began the approach towards the research and development of

electronic textiles (E-textiles).

In the beginning, electroless silver and nickel plating or atomic layer deposition

on synthetic and natural fibers was reported to be used to develop conductive fi-

brous materials for e-textiles [81,100]. Polyester fabric was first plasma treated for

10 minutes to grow active hydrophilic groups on the surface, and then Al-doped

zinc oxide was grown on the active fabric surface using atomic layer deposition at

150 °C to develop conductive textile material for motion sensing [81]. Thermo-

plastic polyurethane nanofibers were electrospun to develop a textile substrate

for inkjet printing a silver particle-based composite ink for electromyography [84].

However, this involved both expensive materials and complicated methodologies,

and furthermore, showed poor endurance towards mechanical deformation. Sim-

ilarly, using aluminum required the use of vacuum deposition, another expensive

method, or it required an approach like depositing aluminum precursor and then

decomposing it to aluminum with complicated post-treatment [101,102].

Conductive inks or dyes can be a simple and useful solution to this by utilizing

faster, easier, and low-cost methodologies like screen printing, inkjet printing,

or even dip-coating [103]. A conductive ink with silver fractal dendrites as the

functional material and water as the dispersing solvent was reported to be screen-

printed on a textile substrate for motion and temperature detection. However,
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the printed ink had to be coated with a waterproofing protective layer [86]. Since

washing is an essential part of textile products, scientists have also attempted to

develop textile fibers that are intrinsically conductive. Multiwalled CNT, chitin

carbon, and silk fibroin were mixed together and electrospun to develop silk-based

conductive fibers. The fibers were used to make yarns and a flat spiral coil was

sewn into textiles to develop a magnetic resonance coupling-based flexible power

source for electronics [87]. Also, MXene was incorporated with PVDF to develop

MXene-doped PVDF functional nanofibers through electrospinning in order to

develop sensors capable of detecting tactile feedback [95]. Screen-printing of

MXene-based conductive ink on nonwoven rayon fabrics has also been reported

to develop capacitive pressure sensors. However, since MXene nanosheets have a

tendency to oxidation, PEDOT: PSS also had to be integrated into the fabrication

process to increase the stability of the sensor for long-term use [94].

Carbon material-based conductive inks have also grabbed much attention, and

rightfully so. They have excellent mechanical and electrical characteristics and

stability. A conductive ink was formulated, in which graphite was the functional

material, PVDF polymer was the binding material, and N-methyl-2-pyrrolidone

(NMP) was the solvent for the ink. This graphite/PVDF ink was used to modify

a polyester/viscose fabric using a simple dip and dry method, where the fabrics

were dipped into the ink for 42 hours at room temperature and then dried at 180

°C for one and a half hours to fabricate conductive fabric electrodes [103].

Functional textiles modified with conductive inks have been reported to be suc-

cessfully used in applications like human posture recognition and breathing and

ECG monitoring [63,104,105]. A carbon black-based composite ink was printed

on textile fabric using a double screen-printing technique for recognizing human

posture through strain sensing. The fabric was printed with the prepared ink,

dried at 100 °C for 1 minute, then printed again, and finally dried for an hour at

100 °C [104]. In another work, a cotton fabric was modified by heat printing an

adhesive transfer paper to develop the substrate for a graphene/CNT composite

ink to develop strain sensors. The ink was first screen-printed on the substrate

and then subjected to compression rolling for a more firm attachment and better

performance [105]
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Chapter 2

Flexible Human-Machine

Interfaces

2.1 Introduction

Three interrelated terms can be used to explain the concept of human-machine

interface for our study: transducers, sensors, and actuators. Transducers are

tools that convert energy from one form to another [106,107]. Sensing systems or

sensors are devices capable of detecting different physical stimuli, such as heat,

light, pressure, sound, and motion, or even biological and chemical components,

and quantifying them by converting them to electrical signals [108–111]. Actua-

tors convert a signal, which is usually electrical, to another action, such as any

type of mechanical output [112–114]. Therefore, in simple words, sensors and

actuators can both be considered forms of transducers, where sensors perform

a transducing action to detect and quantify physical stimuli or biological and

chemical components; on the other hand, actuators also perform sensing but to

activate another type of action.

11



2.2 Types of Sensors

Mechanical Sensors: Mechanical sensors work by detecting different types of

deformation and deflection of materials or friction on materials and then con-

verting them to electrical signals. Mechanical stimuli such as acceleration, stress,

pressure, and bending of materials, even the position and angle of substances

placed on the sensor, or the flow rate of substances are measured using such sen-

sors [115–119]. Flexible mechanical sensors have been of great interest to scientists

for a while due to their potential in the field of healthcare and sports analytics,

and many routes and approaches were taken in order to develop such sensors.

Fabrication of conductive hydrogels has been reported to develop flexible strain

sensors [120]. To enhance the mechanical properties of hydrogels, nanocomposite

hydrogels and cross-linked hydrogels have been attempted [121–123]. A carbon

material-based flexible strain sensing device has been developed by mixing car-

bon materials with PDMS and Ecoflex [124]. Textile materials have been used as

flexible substrates for both strain sensing and pressure sensing [125,126]. Differ-

ent principles such as piezoresistivity and capacitance have also been reported in

developing mechanical sensors, for instance, pressure sensors, by utilizing a wide

range of materials like conductive polymers and carbon-based materials [127].

3D printing has been utilized in recent times as well in order to develop flexible

mechanical sensors [128].

Optical Sensors: Optical sensors are devices capable of detecting and mea-

suring light or optical signals and converting these optical signals into electrical

signals or other forms of output [129–133]. From chemical detection in laborato-

ries to point-of-care biosensors, even in the field of robotics and actuators, optical

sensors have been used for many different applications [134–136]. An example

of an optical sensor can be a conventional and simple colorimetric sensor that

can detect a material or chemical with the change of color, for example, a litmus

paper, or can also be a fluorescent sensor that precisely quantifies the fluorescent

spectra to identify an analyte with excellent sensitivity and selectivity [134]. A

fluorometric approach has also been reported to be used in developing sensors
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capable of detecting changes of pH in solutions in real-time, which can be a use-

ful marker in not just guiding and maintaining chemical interactions but also

preventing many serious physiological problems, for instance, Parkinson’s disease

[137]. Another well-known principle used in developing optical sensors is surface

plasmon resonance (SPR). It is a phenomenon that happens when plane-polarized

light hits a metal surface with full internal reflection, causing electron oscillation.

SPR exhibits a direct relation with the refractive index of the medium, and this

relation is used to develop SPR sensors [138]. SPR sensors have been widely used

in identifying different biomolecules, even cancer biomarker detection [139]. Op-

tical sensors have also been reported in developing flexible tactile sensors using

optical microfibers and could differentiate between different tactile feedback from

the intensity change of transmitted light [135].

Thermal sensors: Thermal sensors work by using the change that occurs in

materials as their temperature change. The change can be quantified by convert-

ing it into electrical signals, and a digital thermometer can be a simple example

of a thermal sensor [140–143]. Body temperature is a crucial physiological pa-

rameter, and many attempts have been made to develop flexible thermal sensors

capable of continuous thermal monitoring of the human body [144]. The temper-

ature dependency of the electrical resistance of metals like gold and silver, carbon

materials like graphene and CNT, and conductive polymers such as PEDOT: PSS

and polypyrrole has been used to develop flexible temperature sensors [144]. Also,

materials like silver, graphene, or CNT have been used to develop inks, which

were printed on flexible substrates using different processes like inkjet and screen

printing [60,145,146]. A flexible thermal sensor was also reported to use poly-

acrylamide/carrageenan hydrogel, which could improve the sensitivity from 2.95

to 19.6% / °C by partially substituting the water content with small-molecule

polyols [147].

Acoustic sensors: These types of systems detect and measure acoustic sig-

nals like sound waves and convert them into electrical signals [148–151]. Acoustic

sensors have been in the field for a long time and have been used in determin-

ing the velocity, position, and distance of materials, even underwater, used to

detect icebergs and submarines [152]. Implementing an acoustic sensing system
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in wearable electronics could be used to detect changes in acoustic properties,

and this principle can be utilized in a broad spectrum of applications. Flexible

skin-attachable piezoelectric acoustic sensors have been utilized for applications

like sound detection and speech processing [148,153]. In another work, a surface

acoustic wave-based sensor was developed that utilized the larger surface area

of zinc oxide nanowires and hydrophilic functional groups of graphene quantum

dots to achieve ultrasensitive humidity sensing [154]. Acoustic sensors have also

been utilized as diagnostic tools and reported to be used for point-of-care sensing

and removal of nonspecifically bound proteins [155,156].

Biological and Chemical Sensors: These types of sensors can detect bi-

ological and chemical interactions and convert them into electrical signals for

quantification [157–166]. Electrochemical sensors can be the perfect example of

such sensors. These sensors consist of a functionalized surface with a recogni-

tion element for the target chemical or biomolecule, which is in contact with an

electronic setup for sensing the chemical or biochemical reaction happening on

the active surface and converting it into a quantifiable electrical signal [167,168].

Many flexible electrochemical sensors have been reported to be developed for de-

tecting different biomarkers in sweat and blood [63]. An electrochemical sensor

with gold nanomembrane-based electrodes on a bioresorbable substrate has been

developed capable of nitric oxide detection in the joint cavities [169]. In another

work, an electrochemical sensor was developed by fabricating the electrodes with

screen-printing to detect pH change and lactate in sweat [170].

In this study, we have used mechanical sensors capable of detecting and mea-

suring pressure and angular bending through changes in electrical signals (capac-

itance and resistance, respectively).
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2.3 Capacitive Touch Sensors

Capacitance is the quantification of the ability of a system to store electrical

energy as electric charge form. In a basic capacitor setup, there are two conductive

plates and they are separated by a dielectric component. When a voltage is

applied across the plates, one of the plates becomes negatively charged, and the

remaining plate becomes oppositely charged. Due to this charge separation, an

electric field is generated between the plates through which energy is harvested in

the capacitor (Figure 2.1 (a)). Using equation (2.1), the capacitance of parallel

plate capacitors is theoretically calculated [171],

C = ε0εr
A

d
(2.1)

Here,

ε0 = absolute dielectric permittivity

εr = relative permittivity of the used dielectric material

A = surface area of the used plates

d = the distance between the plates

However, the electric field does not only work between the electrodes (plates)

but surrounding the plates. Based on that principle, two-dimensional (2D) co-

planar capacitors can be produced, and the capacitance of such systems can be

tuned through alteration of the relative permittivity of the system by introduc-

ing new elements on the dielectric surface. This concept is useful in develop-

ing capacitance-based touch sensors capable of measuring the pressure inflicted

through touch (Figure 2.1 (b)).
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Figure 2.1: The schematic representation of (a) a basic parallel-plate capacitive
setup and b) the evolution of electric fields with the transition of a parallel plate
capacitor to a co-planar capacitor.

The comb-structured capacitors, known as interdigitated capacitors, are a more

complex version of these 2D capacitors made to improve capacitive performance

with enhanced efficiency (Figure 2.2). Equation (2.2) can be used to calculate

the theoretical capacitance values for interdigitated capacitive sensors [172,173],

C = ε0

(εr + εk)K

(√
1−

(
a
b

)2)
K a

b

+ 2ε0εk
t

a
(2.2)

Here,

ε0 = absolute dielectric permittivity

εr = relative permittivity of the substrate

εk = relative permittivity of the dielectric film

a = width of the electrodes
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b = spacing between two adjacent electrodes with the same charge

t = thickness of the electrodes

K = complete elliptic integral of the first kind

Figure 2.2: Schematic diagram of an interdigitated capacitive system.

Moreover, experiments have revealed that the capacitance of an interdigitated

sensor is positively affected by the increment of the length and width of the fingers

in the comb structure because it increases the surface area, while it is inversely

affected by the distance between two fingers or electrodes due to the weakening

of electric field between them [173]. Also, the number of fingers or electrodes

can be increased to increase the overall effective area of the capacitance, which

consequently results in enhanced capacitance [173].
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2.4 Resistive Strain Sensors

The electrical resistance of a material is the property that quantifies how much

opposition flow of current will face through this material. If we consider a basic

rectangular block, then equation (2.3) can be used to calculate the theoretical

resistance of that cylinder [174],

R =
ρL

A
(2.3)

Here,

ρ = resistivity of the substance

L = length of the block

A = surface area of the block

So, for a certain material, changing the dimensions of the block will result

in a change of resistance, and the resistive strain sensors are developed based

on this theory. If we can develop a flexible, stretchable material with a specific

resistance, stretching or compressing the material will cause a change in the

resistance because of the dimensional changes.
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Figure 2.3: Schematic of the complex yarn network in (a) nonstretched and (b)
stretched knit fabric [175].

Textile fabrics (i.e., stretch knitted fabric) are composed of complex yarn net-

works and can be utilized as a stretchable material. When stretching or com-

pressing the fabric in the horizontal (W) or vertical (C) direction, the yarns get

further or come closer, enforcing changes in the network (Figure 2.3) [175]. There-

fore, if the fabric is coated with conductive material, the conductive pathway will

change, consequently changing the resistance as a result.
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2.5 The Aim of this Study

This research aims to create flexible electronic tools using polymer-assisted con-

ductive dye capable of detecting the sense of touch and motion, which holds

promise in enhancing the functionality of prosthetic limbs by enabling them to

mimic sensory feedback.

A carbon material composite-based conductive ink was fabricated. The syner-

gistic effect between the sheet structure of graphene nanoplatelets and the particle

structure of carbon black was utilized in developing the composite ink to enhance

its electrical properties. Carbon black was exhibited acting as a filler material

between graphene sheets, which increased the electrical conductivity of the ink.

Thermoplastic polycarbonate was used as the binder for the conductive ink due

to its thermal stability, adhesive properties, and easy processibility. The poly-

carbonate binder was dissolved in dichloromethane to prepare the binder solvent.

Dichloromethane is a volatile, non-flammable solvent that is capable of dissolv-

ing polycarbonate. On top of that, dichloromethane is easily evaporated at room

temperature, making it easier and faster to prepare the conductive ink-based

printed electrodes without any additional high-temperature curing step.

Then, carbon black was dispersed into the solvent, followed by the blending of

graphene nanoplatelet. This addition sequence was maintained for better stability

of the ink. Carbon black is readily dispersible in solutions. However, graphene has

a tendency to restack and agglomerate in solution. This agglomeration behavior

of graphene is an obstacle to formulating a homogenous solution, hindering the

performance of the prepared conductive ink, and also is a problem for the stability

of the ink, especially to be usable for a longer time. Therefore, in this study,

we disperse the carbon black particles into the solution first, which assists the

dispersion of the graphene nanoplatelets added later, along with improving the

electrical performance of the ink.

The limb movements were detected using a flexible strain sensor through the

change of resistance with changing strain. Textile fabrics were chosen as the
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flexible medium because of their flexible and stretchable properties. In addition,

they are already an integral part of our everyday life. Furthermore, the knitted

structures of textile fabrics create complex conductive networks that can have

a remarkably positive impact on the change of resistance in the system when

physically altered, and that is complementary to developing a stretchable strain

sensor. For this study, an untreated cotton knit fabric was used. Cotton is a nat-

ural fiber that is cost-effective, easily available everywhere, and very comfortable.

Furthermore, it is one of the most used fibers in textile industries to develop

apparel products. So, functionalizing cotton-based fabric would be a notable

step toward the commercialization of textile-based functional devices. A similar

stencil-printing approach was implemented in developing the textile-based strain

sensor. A patterned adhesive stencil was attached to the fabric first. Then, the

prepared ink was applied to the pattern. After drying the pattern for 30 minutes,

the stencil was removed from the textile fabric, and the fabric-based resistive

strain sensor was prepared. If a dyeing process such as this can be utilized in

functionalizing textile yarns and fabrics, then we will have simple methodologies

to develop e-textiles, nullifying the requirements of additional processes, and will

be able to directly integrate the functionalization process of textiles to the general

manufacturing protocol.

With changing strain, the yarn network of the yarns inside the fabrics altered,

which changed the resistance of the sensor because the conductive pathway was

changed as a result of the fabric deformation. With increasing strain, a decrease

in the resistance value for the strain sensor was observed, and alternatively, with

decreasing strain, an increase in the resistance was observed. This happened

because when the textile fabric was not stretched, it maintained its relaxed knit

structure with periodic connections with air gaps in between the yarns in the

fabric, which was the reason behind the lower resistance observed in the fabric.

However, when the conductive fabric was stretched, the yarns in the fabric became

parallel lines in full contact with each other with no gaps, which resulted in a

decrease in the resistance of the fabric. And, with more stretching, the yarns came

more in contact with each other with smaller to no gaps, resulting in a decreasing

trend in the resistance. After the stretching was removed, the fabric went back
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to its previous relaxed structure resulting in an increase of the resistance again.
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Chapter 3

Materials and Methods

3.1 Materials

Graphene nanoplatelet (Gr) (Purity: 99.9 %, Size: 5 nm, S.A:800 m2 /g ,

Dia: 18 m), and Carbon Black (CB) (Purity: 95%, Size: 148 nm) were pur-

chased from Nanografi. Polycarbonate (PC) was obtained from Ajedium films.

Dichloromethane (DCM) (Puriss, Molecular Weight: 84.93, NF, 99% (GC)) was

obtained from Sigma-Aldrich. Commercially available temporary transfer tattoo

paper (SRF LaserTattoo), commercially available detergent for washability test,

and untreated cotton fabric were obtained from local suppliers.

3.2 Conductive Dye Formulation

PC film was dissolved in DCM to prepare the PC binder solution with a concen-

tration of 50 mg/ml. 40 mg/mL CB was dispersed into the prepared PC-based

liquid medium and mixed with a vortex mixer for 1 minute.

Afterward, Graphene nanoplatelets were added to the blend with a concentra-

tion of 30 mg/mL in DCM/CB complex solution and mixed again for 1 minute.
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Figure 3.1: Schematic of the conductive dye preparation method.

Finally, the solution was ultrasonicated for 10 minutes to ensure the homoge-

nous distribution of all the components in the solvent.All the steps during the

conductive dye preparation were done at room temperature (Figure 3.1).
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3.3 Sensor Fabrication

3.3.1 Capacitive Touch Sensor Fabrication

Fabrication of the functional tattoo for capacitive touch sensors was done by

stencil printing of the CB/Gr conductive ink. Commercially available tattoo

paper was used as a simple and copiously available substrate for the ink. The

tattoo kit has two components: a decal transfer paper and a double-sided adhesive

sheet. The ink was printed onto the decal transfer paper, while the adhesive layer

was used to attach the sensor to the skin and also as the insulating passivation

layer, that keeps the electrodes separate from the skin.

An adhesive stencil-printing frame was prepared with the required comb-

structured pattern for printing the interdigitated electrodes for the capacitive

touch sensors using a 30-watt Zing 16/24 CO2 laser cutting and engraving sys-

tem. This printing frame was attached to the decal paper. The conductive ink

was dispersed on the patterned frame, and then the ink was dried for 5 minutes

at room temperature. After that, the patterned frame layer was removed to ob-

tain the comb-structured electrodes for the interdigitated capacitive sensors. The

fingers of the combs have a length of 6mm and a width of 1.5 mm. The distance

between the adjacent opposite electrode fingers is 0.5 mm. Finally, the adhesive

sheet of the tattoo paper was used to attach the tattoo to the subject (Figure

3.2).
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Figure 3.2: Schematic of the capacitive touch sensor tattoo fabrication process.
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3.3.2 Resistive Strain Sensor Fabrication

To fabricate the textile-based strain sensors, untreated stretchable knit cotton

fabric was used. First, the fabric was washed using distilled water and dried at

room temperature. The adhesive printing frame prepared with a 30-watt Zing

16/24 CO2 laser cutting and engraving system was then placed on the washed

cotton fabric. The prepared conductive ink was then coated on the fabric by

using a facile printing process (Figure 3.3). After that, the conductive fabric

was allowed to dry for 30 minutes at room temperature. Finally, the fabric was

attached to the joints of the subject for human physiological motion and bending

recognition.

Figure 3.3: Schematic of the textile strain sensor fabrication process.
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3.4 Materials Characterizations

The morphological structure and distribution of the conductive dye of the ink

were investigated with multiple materials characterization approaches.

3.4.1 Raman Spectroscopy

3.4.2 Scanning Electron Microscopy (SEM)

SEM is used to produce high- resolution and depth-of-field images of micro and

nanostructures by utilizing focused beams to excite inelastic scattering-induced

secondary electrons [178]. In this work, SEM (Quanta 200 FEG, Field Electron

and Ion Company, FEI) (Hillsboro, OR, USA) was used for observing and imag-

ing the distribution of materials on the printed ink. Since the ink itself was

conductive, there was no need for a sputtering process for the analysis.
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3.4.3 X-Ray Photoelectron Spectroscopy (XPS)

XPS is an analytical method that is used to investigate the material composition

and chemical state on the surface by analyzing the kinetic energy of photoelec-

trons, which are emitted from the sample surface upon the impact of X-rays

[179]. A comprehensive XPS survey was conducted using X-ray photoelectron

Spectroscopy (XPS) (K-Alpha, Thermo Scientific) (Waltham, MA, USA). The

individual spectrum peaks associated with Carbon (C), Oxygen (O), and Chlo-

rine (Cl) were analyzed. For the data analysis, the peaks were first shifted ac-

cording to the C1s peak before conducting any data analysis. To determine the

peak information related to different elements, a peak deconvolution method was

applied.

3.5 Electrical Characterization

3.5.1 Probe Station

A probe station is an electrical characterization tool that consists of probes,

making contact with the sample to apply electrical stimuli and measure the elec-

trical properties of the sample. A two-probe measurement system was used

in order to perform the electrical characterization of the samples. [180]. A

Keysight B1500A Semiconductor Device Parameter Analyzer (Keysight Tech-

nologies, Inc.) (Santa Rosa, California, USA) with Cascade Alessi REL-4800

(Cascade Microtech) (Beaverton, Oregon, USA) was used to take an I-V (current

vs voltage) sweep, to detect the resistance of the samples (Dimensions: 2 x 2 cm)

based on equation (3.1).

R =
V

I
(3.1)
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Here,

R = resistance measured with the 2-probe station

V = voltage applied

I = current measured

And, equation (3.2) was used to calculate the sheet resistance of the samples

[181],

R = Rs
L

W
(3.2)

Here,

R = resistance measured with the 2-probe station

L = length of the sample

W = width of the sample

3.5.2 LCR Meter

An LCR meter is an electrical equipment that is used to measure the inductance

(L), capacitance (C), and resistance (R) of materials [182]. In this study, a

Keysight E4980A Precision LCR Meter (Santa Rosa, California, USA) was used

to evaluate the capacitance change of the capacitive touch sensor tattoo and how

different amounts of pressure affect the sensor.
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3.5.3 Source Meter

For this study. A Keithley’s Standard Series 2400 Source Measure Unit (SMU)

(Cleveland, Ohio, United States) was used to evaluate the change in resistance

due to strain in the textile-based strain sensor.

3.5.4 Arduino Setup

A voltage divider circuit was prepared using Arduino UNO R3 (Ivrea, Italy)

with a fixed input voltage, a known resistance, and the prepared strain sensor.

A voltage divider circuit is made of two resistors connected in series. The first

resistor is connected to the input voltage and the output point, and the second

resistor is connected to the ground and the output point. After applying a known

voltage across the series, the output is measured at the junction point of R1 and

R2 relative to the ground (Figure 3.4 (a)) using equation (3.3) [183].

Vout = Vin ×
R2

R1 +R2

(3.3)

Here,

Vout = output voltage

Vin = input voltage

R2 = resistor connected to the output point and the ground

R1 = resistor connected to the input voltage and the ground

Since Vout is dependent on the values of R1 and R2, if the value of Vout is

known, then the value of an unknown resistor can be measured with this circuit

using equation (3.4), considering R2 as the unknown resistor.

31



Figure 3.4: Schematic diagram of (a) a basic voltage divider circuit and (b) the
Arduino setup with the strain sensor.

R2 = R1 ×
Vout

Vin − Vout

(3.4)
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3.6 Biological characterization

3.6.1 Cell Culture and Cell Viability

Cell viability testing is an in-vitro biological characterization methodology, where

the number of live and dead cells are determined after a certain period within a

sample, and it is used in applications like cytotoxicity testing and drug develop-

ment [184,185]. An MTT assay with a 3T3 cell line (mouse embryonic fibroblasts)

was used to determine the cell viability of the samples for 7 days. The MTT assay

is a colorimetric approach to cell viability testing based on the live cell’s ability

to decrease the MTT (yellow tetrazolium dye) generating formazan crystals (pur-

ple) by the action of mitochondrial enzymes, particularly succinate dehydrogenase

[186]. First, 3T3 cells (5 x 106 cells/well) were seeded into a 6-well plate and 48

hours of incubation was done to allow the cells to adhere to the surface and

grow. After that, the samples were put into the wells and incubated for 7 days.

The DMEM/F-12 (Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12)

medium was used for the cells. Additionally, 10% FBS, 100 U/mL penicillin, and

100 µg/mL streptomycin were added to the medium. The medium was changed

every two days until the cells covered more than 85% of the surface, and after

that, the passaging process was carried out.

After the cell culture process was done for 7 days, the medium solutions were re-

moved from the wells, and each well was washed three times with a fresh medium.

Then, 400 L of medium and 100 L of MTT (5 mg/mL) were added to each well,

and the incubation was done at 37 °C with 5% CO2 for 5 hours. 250 L of the

medium solution was removed after the MTT incubation, and 250 L of dimethyl

sulfoxide (DMSO) was added to each well to terminate further growth of cells.

The plates were then incubated for 10 minutes at 37 °C with 5% CO2. Finally,

the absorbance at 540 nm wavelength was measured using a Biotek Synergy HT

Microplate Reader (Hampton, New Hampshire, USA), and the cell viability per-

centages were calculated using equation (3.5) [187],
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Cell Viability (%) =
(AbsorbanceSample − Absorbanceblank)

(Absorbancecontrol − Absorbanceblank)
× 100 (3.5)

Here,

Absorbancesample = Absorbance of the cells with samples

Absorbancecontrol = Absorbance of the control cells

Absorbanceblank = Absorbance of the blank solution

3.6.2 Microscope Imaging

To characterize the effect of the samples on cell growth after 7 days, microscopic

images were taken, where the live and dead cells were distinguished using a fluo-

rometric approach. 2 g/mL Hoechst 33342, 2 M calcein-AM, and 4 M ethidium

homodimer-1 were added in a 10 mL PBS solution to prepare the dye and was

applied to the cells, followed by 35 minutes of incubation at room temperature.

The nuclei were stained with Hoechst 33342, live cells with calcein-AM, and dead

cells with ethidium homodimer-1. Bright-field and fluorescence images of the

cells were captured using a Thermofisher EVOS M5000 fluorescence microscope

(Waltham, Massachusetts, USA).

3.6.3 Flow Cytometry

Flow cytometry is a characterization tool that is used to simultaneously analyze

multiparametric physical and chemical characteristics of thousands of cells per

second in a fluid when they pass through lasers. When the cells pass through

the laser, the interaction with the laser excites the identifying components, such

as fluorescent dyes attached to specific types of cells, resulting in the emission of

lights with specific characteristic wavelengths, which can be differentiated from
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each other [188]. In order to perform the flow cytometry in this study, the cells

were detached from the surface after the 7-day incubation, and the live and dead

cells were marked with Calcein AM and Ethidium Homodimer-1, respectively. A

BD Accuri™ C6 flow cytometer (Becton Dickinson, USA) was utilized to corrob-

orate the analysis of the cell viability test.
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Chapter 4

Results and Discussion

4.1 Characterization

Carbon materials, especially graphene, have been an attractive choice in appli-

cation fields like flexible electronics for a long time due to their wide range of

appealing properties. Graphene has excellent electrical conductivity along with

good mechanical properties [189,190]. However, stabilized dispersion of graphene

to be able to use it in applications like formulating conductive ink has always

been a challenge because it tended to restack or agglomerate [191]. On the other

hand, carbon black is comparatively easier to disperse but has a lower conduc-

tivity. Therefore, recently, combining different carbon materials by utilizing the

different structures of the carbon materials has been of interest to researchers to

achieve a synergistic effect between them and achieve a combination of different

types of properties coming from different carbon materials in the blend [192–195].

This study also aims to achieve combined properties by preparing a composite of

different carbon materials.

In this study, flexible wearable sensors were fabricated by stencil printing a

conductive ink. Polycarbonate was used as the binder for the conductive ink.

Thermoplastic polymers like polycarbonate are cheap but have good mechanical
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Figure 4.1: The effect on sheet resistance with changing the quantity of (a) carbon
black and (b) graphene.

properties, and they are convenient for scaling up production due to the possibility

of low-cost melt processing [196]. Polycarbonate has also been reported to have

biodegradability [197–199].

The conductive ink had both carbon black and graphene nanoplatelet as func-

tional materials. Carbon black and graphene nanoplatelet were combined with

two goals in mind. First, this combination could make the functional materials

more dispersible due to the implementation of carbon black while having the high

conductivity and good mechanical properties of graphene. Second, carbon black

could act as a filler between the graphene nanoplatelet, enhancing the conductive

pathway and resulting in higher conductivity [191].

The positive impact of the composite on conductivity was evaluated by mea-

suring the sheet resistance of inks prepared with changing amounts of carbon

black and graphene. Figure 4.1 (a) shows that when the ink was composed of

only graphene (40 mg/mL) as the conductive material, the average sheet resis-

tance was 1125 Ω/sq. But with the ink with an additional 10 mg/ml of carbon

black, an almost one-fourth decrease in the resistance ( 292 Ω/sq) was observed.

Similarly, in ink with only 40 mg/ml of carbon black as the conductive material,

the resistance was observed to be 5000 Ω/sq, which was expected because car-

bon black has a much lower electrical conductivity than graphene; however, when
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Figure 4.2: The SEM images of printed inks with increasing amounts of (a)
carbon black (0 mg, 10 mg, 20 mg, and 30 mg, per ml, from left to right) and (b)
graphene (0 mg, 10 mg, 20 mg, and 30 mg, per ml, from left to right).

another ink was formulated with an additional 10 mg of graphene, the resistance

decreased dramatically ( 762 Ω/sq) (Figure 4.1 (b)). This phenomenon could be

related to the filler behavior of carbon black within the graphene distribution,

which was activated carbon black, and graphene composites were introduced into

the solutions. After adding further amounts of graphene and carbon black, linear

decreases in resistance were observed in both cases. The lowest sheet resistance

achieved was 135 Ω/sq, developed with 50 mg/ml polycarbonate binder, 40

mg/ml of carbon black, and 30 mg/ml of graphene nanoplatelet.

The SEM images further corroborate this explanation, showing a network of

graphene sheets in ink without carbon black and with increasing amounts of added

carbon black, a well-distributed carbon black particle filler within the graphene

network (Figure 4.2).

On the other hand, in the printed ink that had only carbon black as the

functional material, the SEM images revealed carbon black particles in the poly-

carbonate matrix without a well-established network, explaining the significantly

higher resistance in comparison to other inks. However, the inclusion of graphene

improved the network, decreasing the resistance as a result.
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Figure 4.3: The Raman spectroscopy of printed inks with increasing amounts of
(a) carbon black (0 mg, 10 mg, 20 mg, and 30 mg, per ml, from left to right) and
(b) graphene (0 mg, 10 mg, 20 mg, and 30 mg, per ml, from left to right).

The Raman spectroscopy showed the existence of both carbon black and

graphene in the complex. In Figure 4.3 (a), the printed ink with only graphene

exhibited a G peak (at approximately 1580 cm−1) denoting graphitic that could

be associated with graphitized carbon structure, a 2D peak (at approximately

2720 cm−1) denoting a higher order of D peaks without any disorder or defects,

and barely any D peak (at approximately 1350 cm−1) denoting defects in the

carbon material lattice structure, which could be identified as the characteristics

of graphene [200–203]. With the addition of carbon black, we could observe a

more noticeable presence of D peaks [204]. On the other hand, the absence of

2D peaks for the ink that only had carbon black could be correlated with the

absence of graphene in the ink, and this was further endorsed by the presence of

2D peaks after the addition of graphene in the ink (Figure 4.3 (b)) [200–203].

XPS analysis was done on all the samples with both changing amounts of

carbon black (Figure 4.4) and graphene (Figure 4.5). In both cases, the deconvo-

lution of C1s spectra showed three component peaks, which could be attributed

to carbon with sp2 hybridization (C=C) at 284 eV, carbon with sp3 hybridization

(C–C) at 286 eV, and the carbonyl carbon (C=O) at 290 eV. The O1s peak could

be deconvoluted into a (C–C) peak at 532 eV and a (C=O) peak at 534 eV. All

these functional groups should be present in pristine carbon materials [205–207].
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DCM was used as the solvent for the inks; however, DCM is a toxic material

[208]. The Cl2p spectra proved that there was no chlorine (Cl)-based element

present in the printed ink, which means that DCM was evaporated in all cases

(Figure 4.4 and Figure 4.5).
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Figure 4.4: The XPS spectra of carbon black-graphene composite ink with (a) 0
mg, (b) 10 mg, (c) 20 mg, and (d) 30 mg, per ml of carbon black, and 40 mg per
ml of graphene.
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Figure 4.5: The XPS spectra of carbon black-graphene composite ink with (a) 0
mg, (b) 10 mg, (c) 20 mg, and (d) 30 mg, per ml of graphene nanoplatelet, and
40 mg per ml of carbon black.
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To further determine the safety of wearable devices, cell growth and viabil-

ity experiments were conducted. 3T3 cells were incubated with a control group

(Figure 4.6), along with three different inks: 1) ink with only 40 mg of graphene

(Figure 4.7), 2) ink with only 40 mg of carbon black (Figure 4.8), and 3) ink

with both 40 mg of graphene and 40 mg of carbon black (Figure 4.9). After

incubation, all experimental groups were marked with Hoechst 33342, Calcein

AM, and Ethidium Homodimer-1 for visualization and both bright field and flu-

orescence images were obtained for all experimental groups for comparison. The

bright field images are presented in Figures (4.6 (a), 4.7 (a), 4.8 (a), and 4.9 (a));

the blue cells represent 3T3 cells nuclei marked with Hoechst 33342; the green

cells represent the live cells marked with calcein-AM in Figures (4.6 (c), 4.7 (c),

4.8 (c), and 4.9 (c)); the red cells represent the dead cells marked with ethidium

homodimer-1in Figures (4.6 (d), 4.7 (d), 4.8 (d), and 4.9 (d)); and finally, the

Figures (4.6 (e), 4.7 (e), 4.8 (e), and 4.9 (e)) shows merged images of all stainings.
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Figure 4.6: Microscope images of control 3T3 cells for 7 days; (a) Light microscope
image at day 7, (b) Image of 3T3 cells marked with Hoechst 33342, (c) Image of
live 3T3 cells marked with Calcein-AM, (d) Image of dead 3T3 cells marked with
Ethidium homodimer-I, and (e) Merged image of all staining.

The viability of 3T3 cells incubated with the samples printed with inks that

had only 40 mg/ml of graphene, only 40 mg/ml of carbon black, and both 40

mg/ml of graphene and carbon black were found to be 88%, 90.7%, and 82.2%,

respectively (Figure 4.10), which means all of them were found to be non-cytotoxic

[209].
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Figure 4.7: Microscope images of 3T3 cells incubated with samples printed with
the ink composed of 40 mg of graphene for 7 days; (a) Light microscope image
at day 7, (b) Image of 3T3 cells marked with Hoechst 33342, (c) Image of live
3T3 cells marked with Calcein-AM, (d) Image of dead 3T3 cells marked with
Ethidium homodimer-III, and (e) Merged image of all staining.

Figure 4.8: Microscope images of 3T3 cells incubated with samples printed with
the ink composed of 40 mg of carbon black for 7 days; (a) Light microscope image
at day 7, (b) Image of 3T3 cells marked with Hoechst 33342, (c) Image of live
3T3 cells marked with Calcein-AM, (d) Image of dead 3T3 cells marked with
Ethidium homodimer-III, and (e) Merged image of all staining.
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Figure 4.9: Microscope images of 3T3 cells incubated with samples printed with
the ink composed of both 40 mg of graphene and carbon black for 7 days; (a)
Light microscope image at day 7, (b) Image of 3T3 cells marked with Hoechst
33342, (c) Image of live 3T3 cells marked with Calcein-AM, (d) Image of dead
3T3 cells marked with Ethidium homodimer-III, and (e) Merged image of all
staining.

Flow cytometry was also performed to assess the viability of 3T3 cells incu-

bated with only 40 mg/ml of graphene, only 40 mg/ml of carbon black, and both

40 mg/ml of graphene and carbon black for 7 days (Figure 4.11). The results were

found to be 92.7% for the sample with only 40 mg/ml of graphene ink, 89.5% for

the sample with only 40 mg/ml of carbon black, and 85.0% for the sample with

both 40 mg of graphene and carbon black ink.
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Figure 4.10: The cell viability (percentage) of samples printed with inks that had
only 40 mg/ml of graphene, only 40 mg/ml of carbon black, and both 40 mg/ml
of graphene and carbon black.

Figure 4.11: The flow cytometry results of samples printed with inks that had
(a) only 40 mg/ml of graphene, (b) only 40 mg/ml of carbon black, and (c) both
40 mg/ml of graphene and carbon black.
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4.2 Performance Test of Capacitive Touch Sen-

sor

The performance of the interdigitated capacitive touch sensor was evaluated using

time and pressure as variables. For the first experiment, three different amounts

of pressure ( 5 kPa, 30 kPa, 45 kPa) were applied to the sensor at a fixed time (5

sec) (Figure 4.12). The initial capacitance of the sensor has been approximately

3.6 pF for all cases. The sensor exhibited an average capacitance of around 158.5

pF for 5 kPa pressure, 251.6 pF for 30 kPa, and 384.3 pF for 5 kPa, 30 kPa,

and 45 kPa, respectively, along with consistent and repeatable performance.

Figure 4.12: The performance of the capacitive sensor for a fixed time (5 sec) at
three different pressure loads ( 5 kPa, 30 kPa, 45 kPa).
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Figure 4.13: The performance of the capacitive touch sensor for a fixed time (10
sec) at 45 kPa pressure load.

The sensor performance and stability for a longer time (10 sec) were also

evaluated (Figure 4.13). The sensor exhibited a similar level of capacitance change

for 45 kPa pressure for both 5 and 10 seconds with consistent repeatability. The

highest capacitance for the 10-second period measurements was around 396.04

pF.
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Figure 4.14: The performance of capacitive touch sensor with varying pressure
(30 kPa, 45 kPa, and 80 kPa) loading and unloading cycles.

Furthermore, the sensor was also able to detect dynamic pressure ( 30 kPa,

45 kPa, 80 kPa) loading and unloading cycles (Figure 4.14). The average ca-

pacitance for 30 kPa, 45 kPa, and 80 kPa were 282.2 pF, 419 pF, and 490.6 pF,

respectively.

50



Furthermore, the response time of the touch sensor has been exhibited using

the charging and discharging cycle time of the capacitive sensor in Figure 4.15.

The sensor could measure the pressure of 160 pF generated through touch in 240

milliseconds. After 5 seconds of settling down time, the capacitance was 287 pF,

and when the pressure was removed, the sensor capacitance was at 87 pF at 240

milliseconds, and it could recover its original capacitance from 287 pF in 700

milliseconds.
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Figure 4.15: The response time of the capacitive touch sensor.
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Figure 4.16: The capacitance measurement of the tattoo sensor on a fingertip
when (a) not in contact with the surface and (b) in contact with the surface.

Figure 4.16 (a) shows the initial capacitance (94.56617 pF) of the tattoo sen-

sor without contact with any surface, and Figure 4.16 (b) shows the change in

capacitance (815.6378 pF) when the sensor comes in contact with the surface.
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4.3 Performance Test of Resistive Strain Sensor

The performance of the textile-based strain sensor, with a dimension of 1 cm

x 3 cm, was evaluated using time and angle as variables. The initial average

resistance was found to be around 55 k Ω. For the first experience, the resistance

was measured after bending the sensor at three different angles (30°, 60°, and 90°)
for 5 seconds (Figure 4.17). The average resistance for 30°, 60°, and 90° angle

bending was found to be 17.6 k Ω , 10.2 k Ω, and 4.3 k Ω.

Figure 4.17: The performance of the resistive strain sensor for a fixed time (5
sec) at three different angles (30°, 60°, and 90°).

The strain sensor’s performance with 90° bending for a shorter (5 sec) and

longer (10 sec) motion time was evaluated to see if the sensor was capable of

detecting fast and slow motion (Figure 4.18). The change in resistance was slower

with slower motion but with a similar trend. The initial resistance was 43 k Ω,

which dropped to 15 k Ω, then 10.2 k Ω, and after that 5.1 k Ω at 30°, 60°, and
90° with an overall motion time of 5 seconds. With the overall motion time of 10

seconds, the resistance dropped to 17 k Ω, then 13.8 k Ω, and finally to 6.5 k Ω
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Figure 4.18: The performance of the resistive strain sensor for different motion
times (5 and 10 sec).

at 30°, 60°, and 90°, respectively, from the initial resistance of 43 k Ω, but at a

slower pace.
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Figure 4.19: The change in voltage in a voltage divider circuit due to (a) stretching
and relaxing and (b) short- and long-time stretching of the textile strain sensor.

A voltage divider circuit with an arduino setup was prepared and used to

measure the voltage change by stretching and relaxing the textile strain sensor

real-time. The stable voltage during the relaxed state of the fabric and the voltage

drop during stretching were exhibited in Figure 4.19 (a). Furthermore, faster

stretching and relaxing in a short time could be differentiated from stretching

of the strain sensor for a longer time based on the consistent and distinguished

voltage change trend between them (Figure 4.19 (b)).

56



Figure 4.20: The performance of the textile strain sensor after 10 washing cycles.

A major requirement of any textile-based sensor would be washability. More-

over, the fabric sensor must be resistant to the alkaline characteristic (pH10) of

standard detergent solutions[210]. Therefore, to evaluate the durability of the

textile strain sensor, it was subjected to 10 washing cycles (10 minutes per cycle)

with commercially available liquid detergent and high-speed rotation to emulate

the centrifugal force, friction force, and water pressure inside commercially avail-

able standard washing machines [211]. After these 10 washing cycles, the sensor

was dried at room temperature and again tested with the same voltage divider

arduino setup previously mentioned. And, it was possible to generate a simi-

lar performance trend with the strain sensor even after the 10 cycles of washing

(Figure 4.20).
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Figure 4.21: The resistance measurement of the fabric sensor (a) without any
bending when the fist is open, and (b) with 90° bending with the fist closed.

In Figure 4.21 (a), the initial resistance of the fabric sensor without any bend-

ing was measured at 45.153 k Ω, and Figure 4.21 (b) shows the decrease of the

resistance to 4.677 k Ω when the sensor was bent due to the first closing.
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Chapter 5

Conclusion and Outlook

In this work, a methodology for formulating novel conductive ink was formu-

lated to be utilized in developing wearable technology, which are biocompatible.

Furthermore, the potential of conductive ink in flexible wearable technology was

demonstrated by fabricating a tattoo-based capacitive touch sensor and a textile-

based flexible strain sensor by using a simple stencil printing-inspired method-

ology. The developed sensor was cost-effective to produce; with approximately

one US dollar, it was possible to produce 18-20 touch sensing tattoos, and with

the same cost (about US$1), 8-10 fabric-based strain sensors were possible to

produce.

In the first phase of this study, a simple and easy-to-produce conductive ink

was developed. Polycarbonate – a thermoplastic polymer - was selected as the

binder for the conductive ink, due to its cost-effectiveness, wide availability, good

mechanical properties, adhesiveness, and easy processibility. A combination of

graphene nanoplatelet and carbon black was used as the functional materials to

take advantage of the synergistic effects of this composite due to their struc-

tures, which helped with creating an efficient conductive network due to carbon

black acting as a filler between graphene sheets and improving the electrical per-

formance. Furthermore, the presence of carbon black also helped with better

dispersion of graphene, which has a tendency of restacking.
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Through sheet resistance measurements, it was observed that introducing a

second conductive material, instead of using only carbon black or graphene, re-

sulted in a significant decrease in resistance value. The ink composed of only

40 mg/ml of graphene nanoplatelet exhibited a sheet resistance of 1125 Ω/sq on

average. However, introducing only 10 mg/ml of carbon black into the ink, while

keeping the amount of graphene nanoplatelet fixed to 40 mg/ml of graphene re-

sulted in sheet resistance of 292 Ω/sq, which is almost one-fourth of the sheet

resistance of the ink with only 40 mg/ml of graphene. Similarly, when the sheet

resistance of the ink with only 40 mg/ml carbon black was measured, it was

found to be 5000 Ω/sq. The higher resistance value of the carbon black ink was

expected because carbon black intrinsically has a much higher resistance than

graphene, so formulating two different inks with graphene and carbon black us-

ing the same ratio should result in higher resistance in the carbon black ink.

However, with the addition of 10 mg/ml of graphene nanoplatelet with 40 mg/ml

of carbon black, the sheet resistance dropped to 762 Ω/sq, which is an 85%

decrease in sheet resistance that was observed in the conductive ink prepared

with 40 mg/ml of carbon black only. The scanning electron microscope further

endorsed the concept of carbon black particles acting as filler materials among

graphene nanoplatelet sheets. Raman spectroscopy was used to prove the exis-

tence of both graphene and carbon black in the complex material, which showed

the generation of distinctive peaks with the addition of new carbon materials

into the system. Generation of a 2D peak (at approximately 2720 cm-1) denoting

a higher order of D peaks without any disorder or defects specific to graphene

was observed to be generated with the addition of graphene that did not exist

for the ink formulated with only carbon black. Similarly, with the addition of

carbon black, we could observe a more noticeable presence of a D peak, denoting

defects in the carbon material lattice structure. Dichloromethane was used as

the solvent to prepare the inks because of its performance as a dispersant, its

capability of dissolving polycarbonate to prepare a homogenous binder solution,

and also its fast evaporation rate that could help with faster sensor fabrication.

However, dichloromethane is a toxic chemical that is harmful when it comes in

contact with human skin. The X-ray photoelectron Spectroscopy exhibited no

existence of chlorine in the printed inks, proving that the printed inks do not hold
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any amount of dichloromethane, making it safe for wearable applications. This

claim was further corroborated by cell viability tests that showed that the printed

sensor electrodes were fully biocompatible with always a cell viability percentage

of above 80%.

The lowest sheet resistance achieved after experimenting with different quanti-

ties of graphene and carbon black was 135 Ω/sq, developed with 50 mg/ml poly-

carbonate binder, 40 mg of carbon black, and 30 mg of graphene nanoplatelet,

and this ink was used to develop the capacitive touch sensor and resistive strain

sensor.

For the fabrication of both sensors, a stencil-printing methodology was utilized

due to its simplicity and cost-effectiveness. The stencils were produced from

double-sided adhesives, and the desired patterns were developed on the stencil

using a CO2 laser-based cutting and engraving equipment. After that, the stencils

were attached to the substrates (commercial tattoo paper for the capacitive touch

sensor and chemically untreated cotton fabric for the resistive strain sensor), and

carbon material-based conductive ink was printed and dried at room temperature

before removing the stencils to acquire the desired pattern on the substrates. The

stencils could be produced with multiple patterns to produce a large number of

sensors simultaneously, which showed high potential to be useful in mass scale-

up of production for such stencil-printed sensors. Furthermore, stencil printing

is already a well-established and widely used methodology, especially in textile

industries. Therefore, no additional complicated step is needed to be introduced

when considering mass manufacturing in textile industries.

In the second phase of the work, a tattoo-based capacitive touch sensor was

developed that was capable of differentiating between three different levels of

pressure loads. The tattoo sensor was capable of exhibiting consistent and repro-

ducible performance at different time ranges and dynamic pressure loads as well.

The different pressure loads tested for the sensor were 5 kPa, 30 kPa, and 45 kPa,

and the sensor exhibited an average capacitance of around 158.5 pF, 251.6 pF,

and 384.3 pF, 342 pF, respectively, for these pressure loads, increasing from an

initial capacitance of around 3.6 pF. The performance of the capacitive sensor
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for a longer time at a fixed rate of pressure was also evaluated, and consistent

performance was observed with multiple repetitions. Furthermore, the sensor was

able to demonstrate a fast detection of touch and showed a change in capacitance

in 240 milliseconds.

In the third phase of this thesis, the developed conductive ink was used on

commercially available cotton fabric to fabricate a stretchable strain sensor capa-

ble of monitoring human motion utilizing the resistance change of the fabric due

to structural deformation resulting in a change of conductive pathway. The initial

resistance of the 1 x 3 cm fabric was found to be, on average, 55 k Ω. And, with

three bending angles (30°, 60°, and 90°), the resistance dropped to approximately

17.6 k Ω, 10.2 k Ω, and 4.3 k Ω, respectively, which could be utilized in differ-

entiating between different levels of bending in human joints. The sensor was

also capable of consistently differentiating between fast stretching-relaxing cycles

and slow stretching-relaxing cycles. Furthermore, the textile strain sensor was

capable of exhibiting a similar performance trend even after 10 cycles of washing.

The future steps of this work would be to further improve the performance of

the sensors by utilizing different substrates, structural designs, and fabrication

methods. Commercially available tattoo paper was used for printing the tattoo-

based capacitive touch sensor. Investigating different flexible polymers with high

dielectric constants as substrates to develop the tattoo should further improve the

capacitive performance of the touch sensor. For the textile-based strain sensor,

functionalizing textile yarns and developing the fabric bottom-up should pro-

vide much more control over the structure and design of the sensor, resulting in

improved performance. Moreover, it should ease up the path of commercial devel-

opment of functional textiles even more without introducing additional complex

steps in the mass production methodology.
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Appendix A

Code

A.1 Arduino Code for Strain Sensor Measure-

ment

const int analogInPin = A0; // Analog input pin that the potentiometer is at-

tached to

int sensorValue = 0; // value read from the pot

int outputValue = 0; // value output to the PWM (analog out)

void setup()

// initialize serial communications at 9600 bps:

Serial.begin(1200);

void loop()

// read the analog in value:
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sensorValue = analogRead(analogInPin);

// map it to the range of the analog out:

// outputValue = map(sensorValue, 0, 1023, 0, 5);

// change the analog out value:

Serial.println(sensorValue);

// wait 2 milliseconds before the next loop for the analog-to-digital

// converter to settle after the last reading:

delay(100);
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