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Abstract

The use of flexible sensors has tripled over the last decade due to the increased demand in
various fields including health monitoring, food packaging, electronic skins and soft robotics.
Flexible sensors have the ability to be bent and stretched during use and can still maintain
their electrical and mechanical properties. This gives them an advantage over rigid sensors
that lose their sensitivity when subject to bending. Advancements in 3D printing have
enabled the development of tailored flexible sensors. Various additive manufacturing
methods are being used to develop these sensors including inkjet printing, aerosol jet
printing, fused deposition modelling, direct ink writing, selective laser melting and others.
Hydrogels have gained much attention in the literature due to their self-healing and shape

transforming. Self-healing enables the sensor to recover from damages such as cracks and
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cuts incurred during use and this enables the sensor to have a longer operating life and
stability. Various polymers are used as substrates on which the sensing conductive material is
placed. Polymers including polydimethylsiloxane (PDMS), polyvinyl acetate (PVA), and
Kapton are extensively used in flexible sensors. The most widely used nanomaterials in
flexible sensors are carbon and silver, however, other nanomaterials such as iron, copper,
manganese dioxide and gold are also used to provide controlled levels of conductivity or

other functional properties.

Keywords: Flexible sensors, additive manufacturing, 3D printing, self-healing,

nanocomposites, advanced manufacturing

1. Introduction

Sensors have been used for over 2000 years [1]. They can be defined as any device that can
detect and react to changes in the surroundings. Nowadays, sensors are incorporated in
virtually everything and the use of sensors have almost tripled within the last two decades [2],
[3]. Current sensors enable remote monitoring which allows the transmission of signals to a
remote location within a fraction of a second. The advances in real-time monitoring is a huge
improvement in comparison to long ago whereby much more time and effort was required to
monitor an event. Sensor technologies have definitely improved our way of life. Our smart
phones are equipped with a copious number of sensors including sensors that can detect our
location, health status, exercise data (e.g. number of steps per day), heart rate and other
physiological signals. Sensors are being incorporated in food packaging to enable the
detection of cracks in the packaging material and to detect if the food has gone bad. Sensors
have enabled the development of smart cars that can fully or partially self-drive. Newer cars
can detect road markings and can warn the driver about obstacles such as other cars and trees,

which has made driving manoeuvres such as reverse parking much safer and easier.
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Sensors can be divided into two main categories, namely non-flexible and flexible sensors.
Non flexible sensors are also termed rigid sensors, although this type of sensor has pros such
as low cost of substrate material and low power losses, they are limited in flexibility. The
lack in flexibility limits their use in health monitoring and other uses whereby the sensor is
required to be continually bent, stretched or put under pressure. On the other hand, flexible
sensors thrive under deformations. Their electrical properties are not affected by the
bending/stretching. In fact, these sensors can use the bending and deformations to detect
motion, such is the case of sensors used in robotics and human motion detection. Flexible
sensors have several advantages over rigid sensors. They have impeccable sensing
capabilities even at harsh bending stresses of 1500 ue [4]. Some of these sensors can be
subjected to 8000 bending cycles and still retain their sensing capabilities [4]. Flexible
sensors also tend to have enhanced thermal and mechanical properties and lighter weight than

rigid sensors.

The use of flexible sensors is sometimes hindered by the low electrical conductivity of the
flexible material. To overcome this, nanomaterials of carbon, silver, copper and others are
being incorporated into the flexible component to enhance electrical properties of the device
[3]. Polymers are the most used pliable material in flexible sensors due to their high
flexibility yet resilience under bending stresses and their ease of fabrication. However, most
polymers do not have the required electrical properties for the fabrication of electronics such
as health monitoring devices and environmental monitoring devices [3] whereby high
sensitivity and conductivity is required. Most efforts in the research of flexible sensors is

centred on enhancing the flexibility and conductivity of the materials used in the fabrication.

Areas such as robotics, prosthetics, implantable medical devices, electronic skin and smart
watches require flexible and thin sensors. The flexibility of the sensors enables for a simple

integration process on curved surfaces such as the neck and wrist. The flexibility property
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also allows for the development of complex shapes. With shape complexity comes mass,
volume and cost reductions. For instance, highly sensitive and recyclable touch sensors made
from paper composed of cellulose nanofibrils have been additively manufactured via a cheap
method called inkjet printing [5]. The estimated cost of each sensor is $ 0.06, which

demonstrates the cost effectiveness of flexible materials and their ease of fabrication.

Advances in additive manufacturing (AM) has enabled the flexible sensor industry to
advance greatly. AM enables complex shapes to be moulded easily by controlling the CAD
file. It allows weight reductions and innovative designs to be made that are otherwise
impossible with conventional methods such as moulding and surface coating. With the
introduction of various AM methods including powder bed fusion, fused deposition
modelling, filled filament fabrication, laser sintering, inkjet printing, aerosol jet printing,
stereolithography printing (SLA) and others, various materials can be processed with
differing degrees of resolution depending on the intended use. Figure 1 presents some of the
recent flexible sensors in literature. These include humidity, chemical, temperature and
pressure sensors. Sensors connect humans to the internet enabling the monitoring of
phenomena such as the heart status of an elderly person at any time and location, which
enables the early detection of emergencies. In Figure 2 we see such an example of the use of
flexible sensors in today’s digital age [6]. Some researchers are focused on self-healable
flexible sensors. Self-healing sensors are able to recover their mechanical and electrical
properties after damage such as cracks, scratches or cuts. The ability to self-heal prolongs the
life of the sensor which translates to material/cost savings and decrease in environmental
damage due to disposal of waste products from the manufacturing processes. Self - healing
properties enable the sensor to be stable under harsh conditions which translates to a more

accurate and reliable sensor and opens up opportunities for innovative uses of the sensor.
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In this review paper, the current materials and methods used in the fabrication of flexible
sensors will be discussed. We will also discuss the limitations and advances in current
methods and materials including the use of additive manufacturing (3D printing) in the
fabrication of these sensors. We shall discus various 3D printing methods being used in the
fabrication of various types of flexible sensors including temperature, humidity, pressure,
medical monitoring and chemical. A summary of mechanisms and current methods employed
in the development of self - healable flexible sensors will be given. Throughout the review a
demonstration of the advantages of the flexible sensors over rigid sensors will be conducted.
This will include their ease of fabrication and increased room for innovative and smart
solutions Some smart sensors that can self - power and change shape upon exposure to a
stimuli are mentioned herein. These stimuli - responsive sensors are developed via a new

additive manufacturing method called 4D printing.

Besides flexible versus non - flexible sensor categories, sensors have also been categorised in
many ways including intrinsic or extrinsic, active or passive, analogue or digital, absolute or
relative, contact type or non - contact type and, natural or man-made. One of the most famous
way of categorising sensors is by the stimuli they measure, giving categories such as
temperature sensors, humidity sensors, pressure sensors, chemical sensors, light sensor, speed
sensor and so on. Sensors can also be named by a special feature they possess such as self-

healable sensors.
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Figure 1. A picture of a collection of types of flexible sensors made from a flexible polymer

and nanomaterials as the sensing layer. (a) Flexible pressure sensor with Au nanorods

intertwined with tissue paper and deposited on PDMS polymer, reprinted with permission

from [7]. (b) Hydrogen gas sensor with carbon/MoS; nanomaterials on PET substrate,

reprinted with permission from [8]. (c) Silver nanoparticles inkjet printed on paper to

fabricate a flexible temperature sensor, reprinted with permission from [9]. (d) Graphene

Oxide deposited on non-woven fabric for humidity sensing, reprinted with permission from

[10].
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the internet allows for the monitoring of things such as heart rate at any location and time.

reprinted with permission from [6].

2. Various types of flexible sensors (temperature, pressure, humidity and chemical)

2.1 Overview of current materials and fabrication methods

Up until the last decade, single-crystal silicon has been the most used substrate in sensor
development owing to its distinct advantages including high sensitivity, low power losses and
low cost. Although these rigid silicon sensors have been extensively used, they have certain
drawbacks including high stiffness (brittleness), high fabrication cost, high operation power
and susceptibility to breakage. Due to the aforementioned drawbacks, flexible sensors have

gained much attention in literature and industry [11].

The materials for flexible sensors are processed via various methods depending on the

required resolution, size of the sensor and cost. For instance, aerosol jet printing can be used
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for developing nano/micro sensors at a very high resolution but the method is highly
expensive in comparison to inkjet printing which can also print the same sensors with a lower
resolution. Aerosol jet printing is a 3D printing method that involves the uses metal/non-
metal nanoparticle based inks in printing conductive patterns on various substrates including
flexible substrates. The nanoinks are atomised in a chamber and accelerated in a gas (usually
nitrogen gas). The ink particles are focused onto the substrate by a nozzle at high speeds to
enable a strong attachment of ink particles and substrate. Inkjet printing involves two types of
drop-on-demand methods including piezoelectric and thermal. This method has advantages
over other printing methods including the lack of warmup time, improved picture quality,
good resolution, low cost of printers and ease of implementation. When selecting a
fabrication method for flexible sensors, it boils down to a balance among cost, resolution and
how easy it is to implement the method. Other methods for the development of micro-sensors
include photo-lithography [12], screen printing [13] and laser cutting [14], these are discussed
in detail in section 6. In a report by Wang et al, flexible Hall sensors based on graphene
nanoparticles and kapton were developed via photo-lithography [12]. These sensors were
calibrated with a commercial hall sensor (Allegro MicroSystems A1324) to give normalised
sensitivity values. The graphene sensors were found to have sensitivity values of orders of
magnitudes higher than the commercial sensor. The sensors have a thickness of 50 ym, a
minimum bending radius of 4 mm and a voltage and current normalised sensitivity of up to
0.093 VVT1and 75 VAT respectively. These values of sensitivity are comparable to a
silicon-based rigid sensor which have voltage and current sensitivities of 0.1 VVT* and 100
VAT respectively. No degradation of the flexible sensors was found after 1000 bending
cycles with bending radius of 5 mm, making the sensors compatible in uses such as bio-
medicine and wearable electronics where the precise monitoring of current and position are

imperative.
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2.2 Humidity sensors

Flexible humidity sensors with a graphene oxide (GO) sensing layer deposited on
piezoelectric ZnO thin film on polyimide substrate have been fabricated [4]. 4 ym of the GO
of various concentrations were drop cast on the surface of the devices and left to evaporate to
obtain GO thin films. These flexible sensors were bent 8000 times and remained operable,
demonstrating their excellent flexibility and reliability for industrial applications. Another
humidity sensor based on non-woven fabric and graphene oxide was developed in 2020 for
respiration monitoring to support healthcare delivery in response to the COVID19
pandemic[10]. The researchers claim that the non-woven material ranks above polymer
materials when fabricating flexible sensors due to the poor hygroscopicity and breathability
of polymers which limits their comfortability and sensitivity. Before this, in 2016, another
research team developed a humidity sensor used in respiratory disease monitoring composed
of biodegradable paper infused with carbon nanotubes [15]. The sensor is easily attached
under the persons nose and can measure respiratory related signals (airflow rate, humidity
and temperature) which can be correlated to respiratory disease (see Figure 3). The sensor
measures both real time humidity, temperature and airflow rate of the patient by correlating
changes in resistance due to heat coming from the person’s breath. The sensor is reported to

be eco-friendly and cheap, paper and carbon being the raw materials.
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Figure 3. A picture of a patient wearing a flexible respiratory disease monitoring sensor

(humidity sensor), reprinted with permission from [15].

2.3 Pressure sensors

Pressure sensors have gained attention in flexible sensor research due to their versatility.
These sensors detect the forces exerted on a surface area. Pressure sensors are used in various
applications including medical diagnosis and touch screen devices. The most cost effective
and efficient type of pressure sensors are the capacitive and resistive types, which convert
force/pressure into electrical signals [16], [17]. Current research in pressure sensors is centred
on improving the flexibility, stretchability, durability, linearity and sensitivity of the sensors

[7], [18], [19].

Currently, most touch sensors are rigid and are made from substrates such as glass or
thermosets and sensing materials such as microelectrodes or indium tin oxide [5]. These
materials are not recyclable and are bad for the environment. Microelectrodes require
expensive disposal methods at the end of their use. A research team in the South China

University of Technology developed highly sensitive touch sensors which are bio-degradable.
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The sensors are composed of nanopaper made from cellulose nanofibrils with dimensions of
3.5cm X 2.5 cm X 0.05 mm [5]. Currently, there exist three major issues in flexible sensor
research namely reliability under bending cycles, sensitivity and transparency. All three
issues were addressed by the research team during the development of paper-based sensors.
In addition to developing usable and reliable sensors, the team mentioned that each sensor
will cost about $ 0.06, which is cost effective. The low cost comes from the fact that

cellulose, the main component of the touch sensor, is the most abundant biopolymer on earth.

The availability of cellulose makes cellulose paper a cheap and sustainable substitute for
microelectrodes. The only issue with cellulose is its low transparency, which was addressed
by the research team by using cellulose nanofibrils composed of cellulose [5]. Nanomaterials
tend to have better physicochemical and plasmonic effects than their bulk counterparts,
cellulose nanofibrils have a high transparency of 80 % at 400 nm, a value much higher than
the bulk counterpart. These sensors can withstand 1000 bending cycles at a minimum
bending radius of 5 mm without significant degradation or loss in sensing capabilities. The
research team demonstrated another advantage of flexible sensors over rigid sensors which is
their ease of fabrication. A simple inkjet printing process was used to fabricate the capacitive
sensors. Capacitive sensors have an advantage over resistive and inferred-sensing techniques

including low power requirements, high reliability and ease of fabrication [20].

Various colloidal nanocrystal-based sensors have been developed including pressure,
temperature and strain gauge sensors [19]. Recent research in flexible sensors has led to the
developments of bio-integrated devices, wearable health monitoring devices and electronic
skins to mention a few. Flexible sensors, coupled with the Internet of Things (IoT), has
allowed for remote health care monitoring and human-machine interfaces [19]. When
fabricating wearable devices, strain, pressure and temperature sensors are among the most

important components. The current research area involves enhancing the materials used in
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fabricating these sensors. These include nanomaterials such as graphene [12], [19], carbon
nanoparticles, MXene [21], cellulose nanocrystals [21], copper nanowire [22], silicon
nanomembranes [19], cellulose nanofibrils [5], silver nanomaterials [3], [23], gold
nanoparticles [3], nickel nanoparticles [24], and polymers including polyimide, kapton [12],
polyglycerol sebacate [25], polyethylene glycol, polyvinyl alcohol [26],
polydimethylsiloxane (PDMS), polyurethane (PU), polyethylene terephthalate and hydrogels
[26]. Biocompatibility and disposal after use remains an issue in the flexible sensor research.
The research by Ling et al tackles these issues in developing touch sensors made from paper
which are non-toxic to the human body and can be disposed safely in the environment with a

decomposition period of 3-4 weeks when placed into soil [5].

Nanocrystal-based strain gauge sensors are used in fabricating wearable devices for
monitoring heartbeat, breathing rhythms, human motion and others [19]. Strain sensors can
measure the electromechanical deformation of objects. Nanomaterial-based strain sensors
have advantages over the conventional metal thin film based sensors including higher sensing
capacity and flexibility. This enables nano-based sensors to be used in advanced cases such
as modelling the human body by measuring the curvature of the human arm and in voice
recognition by measuring the resistance of the sensors with respect to the movement of the

vocal cords thereby distinguishing the words spoken [27].

2.4 Temperature sensors

Temperature is an important indicator in many industries including food storage, air
conditioning control and aviation. In some cases, slight deviations in temperature can mean
something significant, therefore, the sensitivity, response times, accuracy and reliability of

the sensor needs to be at high standards. Temperature measurements can be used to indicate
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the critical status in a manufacturing plant, the stability of a car engine or the health of a

human being.

Flexible temperature sensors are required in body temperature monitoring devices. These are
useful especially for health monitoring, and gained much interest during the COVID-19
pandemic whereby smart masks and skin temperature sensors have been deployed for early
detection of the virus [28]. The accuracy and sensitivity of the temperature sensor is

imperative especially in medical applications.

The human body often indicates sickness by a deviation in the normal temperature of 36 -
37.5 °C. Temperature measurement has been used by doctors for centuries as a means to
detect illness. During the COVID-19 pandemic, the use of temperature sensors has increased
rapidly because one of the major symptoms of disease is an increase in the body temperature
to above normal levels. During the pandemic, in many countries, people must pass a
temperature test before entering a shop or a bus. Some workplaces in the Republic of Ireland
have a temperature sensor on the entrance that can alert you if your temperature is above
normal levels, which could be a sign for the COVID-19 disease. Many schools worldwide
are measuring the temperature of the students daily via inferred temperature sensors. Inferred
sensors are being used to allow social distancing, these sensors can detect the temperature
from a distance. An alternative and more efficient way to provide real time temperature data
is the use of flexible temperature sensors attached to the skin or embedded into the clothing
or face mask. The main challenges in fabricating these types of sensors is achieving comfort
for the user, bendability/durability of the sensor after bending cycles, interference with water
(washability), achieving good flexibility, achieving required electrical properties and printing
related issues. In the following sections, various examples from the literature will be
examined in which researchers are tackling the aforementioned issues in various innovative

ways.
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2.4.1 Working mechanism

Temperature sensors operate based on a material property that varies with temperature. This
could be resistance, volume or light properties. The changes in environmental temperature
triggers changes in the property of interest (e.g. resistance). The changes in the property are
measured and mathematically correlated to changes in temperature. There exist several types
of temperature sensors and among these, the most popular are resistance temperature sensors
(RTS), thermistor and thermocouple. Thermocouple sensors are fabricated using two
different metals such as copper/constantan, iron/constantan or chromel/alumel.
Thermocouples work on the basis of the Seebeck effect [29]. Thermistors contain materials
that varies in resistance with changes in temperature. This change can be measured and
calibrated to temperature measurements. Thermistors can measure small variations in
temperature and they come in various shapes and sizes. Common thermistor shapes are bead,
rod and disk shapes. The bead type is the smallest in size with a diameter of <1.25 mm [30].
For construction of RTSs, silver, copper, gold and nickel are the most used materials [31].
Recently, carbon-nanomaterials and conductive polymers have gained much attention in the

fabrication of RTSs [2], [15], [32], [33].

2.4.2 Related work

In a report published in 2020, a skin conformable GO/PEDOT: PSS based temperature sensor
that can sense a temperature range of 25 - 100° was fabricated [34]. The sensor was subjected
to 100 bending cycles and its sensitivity remained excellent. The sensor was attached to a
robotic arm and used to control the robot as per temperature changes. This demonstrates the
real life application of sensors and their importance in robotics and electronic skins. Humidity
interference is a major concern in temperature sensors and researchers are looking for ways to

tackle this.
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A textile temperature sensor that can constantly measure body temperatures was fabricated by
Husain et al [35]. The sensor was fabricated on an industrial scale flat-bed knitting machine
whereby a metal-based sensing layer was embedded into the knitted layers as shown in
Figure 4. The working mechanism of the sensor is that the metal layer changes its resistance
in response to temperature changes. Various metals wires were tested and modelled including
nickel, copper and tungsten, with the most promising among these being nickel and tungsten
owing to their high availability, sensitivity and high reference resistance. Another textile
temperature sensor based on graphene-coated polypropylene textile fibres was reported [36].
The unique selling points of this sensor was its low voltage requirements (1 V) and its
washability. The sensor was tested for washability by placing it in a glass beaker filled with
water at various temperatures (30 °C - 50°C) with detergents of various types and spinning at
various speeds (400, 800 and 1000 rpm) for an hour. SEM was used for morphological
analysis. The sensor was subjected to 1000 bending tests at a bending radius of 5mm and
survived the mechanical deformation without significant decrease in sensing ability. Another
study by Dankoco et al used inkjet printing to develop a flexible resistive-based temperature
sensor based on silver ink on kapton substrate [37]. The sensor can sense temperatures
between 20 - 60 °C with a voltage range of 0 - 1 V. This temperature range makes the sensor

a good candidate for human temperature sensing.
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Figure 4. A textile temperature sensor, metal rods are intertwined with the fabric, reprinted

with permission from [35].

2.5. Chemical sensors

Chemical sensors can detect a certain chemical element or compound (the analyte) within a
sample which may be in gas or liquid form. In 2014, a research team developed an
electrochemical ionic sensor based on single-walled carbon nanotubes (SWCNTS) with
sodium n-dodecyl sulfate (SDS), an anionic surfactant [38]. The sensor has potential use in
flexible electronics and the authors demonstrated its ease of fabrication via a simple inkjet
printing of colloidal inks on flexible material using a commercial desktop printer (Hewlett-

Packard (HP) inkjet printer). High-accuracy gas detection has become an essential property


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021

for preventing environmental pollution caused by Nitorgen Dioxide(NO2z), Ammmonia (
NHzs), Carbon Monoxide (CO),Carbon Dioxide (COy), fine dust etc. This makes the
monitoring of these gases essential at preventing pollutant emissions accompanying industrial
and recycling processes. Recent reports have used Transition metal dichalcogenides (TMDs)
in flexible chemical sensors for increasing the sensitivity. TDMs examples include
molybdenum disulfide (Mo0S>), MXenes (2D carbides/nitrides), molybdenum diselenide
(MoSey), tungsten disulfide (WS>), tungsten diselenide (WSe2), borophene (2D boron),
silicene (2D silicon), germanene (2D germanium), and hexagonal boron nitride (h-BN) [39].
TDMs have a high surface-area-to-volume ratio, which provide more reaction sites for the
reaction with specific molecules [40]. In another study, MoS;-SWCNT nanosheets were used
to fabricate a chemical sensor that can detect NH3z and NO. gases due to the excellent gas
adsorption property of SWCNTSs [8]. The MoS2 nanosheets were fabricated via a chemical
vapor deposition (CVD) technique using a porphyrin-type organic promoter. The team
reported that the sensors exhibited stable chemical sensing with low loss in sensitivity even

after 10° bending cycles.

In another report, a hydrogen gas flexible sensor was fabricated from (Tungsten trioxide)
WO3 nanowires grown on Kapton via an aerosol-assisted chemical vapour deposition method
[41]. The sensors could measure various concentrations of hydrogen gas. Silver and silver-
platinum were used to coat the sensors. The sensors were then subjected to bending cycles
and it was found that the silver-platinum coating reduced the flexibility of the sensor

rendering it unusable while the silver coating was successful after cyclic bending tests.

In a review paper on recent research in flexible sensors based on nanomaterial that was
published in 2020 [3], the uses of flexible sensors were explored including biomedicine,
smart devices, environmental monitoring and automobile manufacturing. Practical example

of uses of flexible sensors were mentioned including sensors for monitoring glucose [42] and
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pulse [43]. Currently, smart watches are used to monitor many body signals such as heart
rate, temperature, pedometer monitoring and exercise-related signals. The implementation of
flexible sensors into devices allows the creation of a multi-functional device, thereby
breaking the limitation of traditional watches. The number of articles on flexible sensors have
doubled to 3710 between 2013 and 2019 according to Scopus statistics, which is proof that
the research field is growing rapidly [3]. According to the review paper [3], the market share

of flexible displays was 8 % in 2016 and rose to 27 % by 2020, again proving the recent rapid

growth of this research area. Table 1 summarises examples of temperature, pressure,

humidity and chemical flexible sensors from literature.

Table 1. Examples of types of flexible sensors (temperature, pressure, humidity and

chemical), the materials used in their fabrication and their potential uses.

Sensor Type

Materials

Potential applications

Temperature 1.
2.

3.

PDMS & graphene nanowalls (GNWSs)
Cellulose films & graphene oxide

PDMS & graphene oxide

. Parylene & silver nanoparticles

. Kapton & silver nanoparticles

. PDMS, chromel & alumel

. PEDOT:PSS & carbon nanoparticles

. PEDOT: PSS, graphene oxide and silver

Monitoring body temperature. [44]
Electronics.[45]

Electronic skin.[46]
Environmental sensing.[9]
Monitoring body temperature.[37]
Microactuators.[29]

Skin temperature sensing.[32]

Robotics.[34]

9. Polypropylene & graphene Clothing.[36]
Pressure 1. PDMS & graphene oxide Electronic skin.[46]
2. Cellulose nanocrystal & MXene Wearables.[21]

. Silicon membrane & AlGaN/GaN

Wearables.[16]
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Humidity

Chemical

. Silicon nitride membrane & graphene oxide
. Tissue paper, PDMS & Au nanorods

. Silicon wafer & PDMS

. Airlaid Paper (AP) & Carbon Black

. PEDOT:PSS & PDMS

. Silk & graphene

. PDMS, ZnO films & graphene oxide

. Parylene & silver nanoparticles

. Non-woven fabric & graphene oxide

. PET, Au nanoparticles & graphene oxide
. Sodium n-dodecyl sulfate & SWCNTSs

. MoS; & SWCNTs

. Kapton &, Ag/ Pt & WO3 nanowires

d0i:10.20944/preprints202108.0351.v1

Wearables.[17]
Wearables.[7]

Electronic skin.[18]
Healthcare/wearables.[43]
Wearables.[47]
Clothing/skin sensing.[33]
Flexible electronics.[4]
Environmental sensing.[9]
Respiration Monitoring.[10]
Environmental sensing.[48]
Electrochemical sensing.[38]
NHz and NO2 gas sensing.[8]

H> gas sensing.[41]

4. Nanomaterials

Nanomaterials have gained much attention in the flexible sensor industry. There exists two

main ways of fabricating flexible sensors with nanomaterials incorporated. One of the ways

involves the inclusion of nanoparticles/nanorods/nanowires within a polymer matrix. The

polymer provides flexibility while the nanomaterial provides conductivity or sensing

property. The advantage of this strategy is that multiple types of nanomaterials can be

included within the polymer matrix which enables advanced sensing properties, innovations

and high sensitivity [49], [50] . The second way involves the incorporation of a low young’s

modulus laminar conductive material on a flexible substrate. The nano-sized laminar has

better conductive properties than nanoparticles/nanorods/nanowires due to the lack of
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insulating material within the laminar structure (increased surface area without polymer

matrix in contact).

Nanomaterials have exceptional electrical properties compared to their bulk counterparts
[51], [52]. This makes them a prime candidate in flexible sensor technology whereby the
device’s weight and volume must be minimised while its electrical properties and bendability
needs to be maximised. Nanomaterials are often incorporated within the flexible substrate
matrix to induce electrical properties into the device. Nanomaterials of carbon, copper, iron,
gold, magnesium and others have been used in the fabrication of flexible sensors. The
market-share of conductive inks based on nanomaterials has risen in the last decade and is
predicted to continue rising. The report here [53] shows the market share of conductive inks
in China alone, carbon based inks are the most used followed by silver based nanoinks

mainly due to the lower costs, attractive electrical properties and biocompatibility.

4.1 Carbon nanomaterials

Carbon nanomaterials are the most used conductive materials in flexible sensor technology.
Carbon nanomaterials have excellent conductive and mechanical properties, cost
effectiveness, but have poor transparency, which is one the of the main challenges in this
research field. Another challenge in using carbon based nanomaterials such as carbon
nanotubes is that the particles tend to agglomerate due to the hydrophobic nature of carbon
nanotubes and strong Van der Waals forces between them. Agglomeration causes print
head/cartridge nozzle clogging during inkjet printing of carbon inks. This can be counteracted
by the use of organic solvents such as dimethylformamide or N-methyl2-pyrrolidone or the
use of dispersants for nanotubes in water solutions. Carbon particles in water can also exhibit
high surface tension leading to printing issues. This can be dealt with by the use of a
surfactant [38]. Another carbon-based nanomaterial currently used in flexible sensor

technology is graphene. Graphene is a semi-metal with zero bandwidth and is widely used as
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a sensing layer in flexible sensors. The resistance of graphene is inversely proportional to
temperature changes, making it a good candidate for temperature sensors. Graphene oxide
and its reduced version has been used as a sensing layer, with reduced graphene oxide having

a higher conductivity and therefore a wider usage [45].

In one report, an electrochemical sensor was fabricated using single-walled carbon nanotubes
(SWCNT) with sodium n-dodecyl sulfate (surfactant) [38]. The sensor was fabricated by
inkjet printing the SWCNT ink using a Hewlett-Packard (HP) inkjet printer onto a thin film.
The resulting sensor had a competitive sheet resistance of 132 Q. The electrical properties of
the sensor were characterised via cyclic voltammetry (CV) which involves the cycling of the
electrodes voltage and measuring the output current. Another interesting research area is the
use of flexible sensors on human skin. The main research challenge is that human skin does
not perfectly differentiate between pressure and temperature stimuli under mixed stimulation.
A research study by Bae et al overcame this limitation by developing a sensor that can not
only sense both temperature and pressure at the same time, but can also differentiate between
them [46]. The reduced graphene oxide-based sensor exhibited linear sensitivity to both
pressure and temperature variations. The sensor has a pressure sensitivity of 0.7 kPa™* up to
25 kPa and a temperature coefficient of resistance of 0.83% K. The pressure/temperature
sensor can sense temperatures in the range of 22° - 70° and has a competitive response time
of 100 ms. Both pressure and temperature sensing correlated to resistance changes of the GO

sheet.

A highly sensitive and wearable temperature sensor was fabricated using graphene nanowalls
combination with polydimethylsiloxane (PDMS) (see Figure 5a) [44]. Some researchers
have incorporated nanoparticles of multiple types in polymer matrixes or on their surface to
fabricate advanced materials for flexible sensors. For example Zhang and his team [54]

developed a strain sensor based on PDMS with silver nanoparticles and carbon nanotubes on
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its surface. The silver/carbon nanocolloid was drop cast onto the PDMS substrate and the
resulting composite was dried to evaporate the liquid, resulting in a stretchable sensor that
can attain various shape as shown in Figure 6b. The drop casting fabrication method is

shown in Figure 6a.

(a) (b)

Figure 5. Flexible sensors based on nanomaterial and a polymer. (a) PDMS/Ag nanoparticles
on PDMS layer, reprinted with permission from [44]. (b) Carbon nanomaterials on a shape
memory polymer capable of detecting temperature changes by opening/closing an LED
circuit. The sensor changes shape when the temperatures rises/falls thereby switching a

circuit on/off, reprinted with permission from [55]
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Figure 6. A shape transforming sensor triggered by light, reprinted with permission from
[54]. The sensor has silver nanoparticles on the surface that can absorb near inferred light
(NIR) to locally heat the shape polymer causing various shape transformations. (a) Drop

casting method used in fabricating the polymer composite. (b) Laser light used to trigger the

sensor to transform to various shapes.

4.2 Other nanomaterials

Recently, a sensor that is responsive to an external magnetic field was fabricated [56]. The
sensor is composed of magnetic nanoparticles, Iron Oxide (FesO4), embedded into alginate
and methylcellulose hydrogel. The hydrogel brings unique properties into the composite
including high stretchability, softness and biocompatibility, which enables the sensor to have
versatile uses including stimuli-responsive soft robotics, agricultural and biomedical actuators
and tissue engineering. The research team used the CELLINK BIO X 3D printer (CELLINK,
Sweden) to print 10 x 10 mm cubes with various infill density (10 - 75 %). The nanoparticle

concentration was varied from 7.5 — 15 % w/w. It was found that an increase in nanoparticle
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concentration increased the responsiveness (measured as bending angle towards the magnet)
of the fabricated sensor when subjected to a rectangular-shaped neodymium magnet (20 x 50
x 5 mm) as shown in Figure 7. The bend angle of the sensor towards the magnet increased
with decreasing infill (lower amount of hydrogel). The sensor has potential for remote
actuation and can be made into various shaped by means of 3D printing. Various analytical
techniques including TEM, SEM, XRD, attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) where used to analyse the nanoparticle size/morphology/chemical
composition. Magnetic measurements were performed using a MPMS-XL (Quantum Design)
SQUID magnetometer. Other characterisation techniques included compression tests,
viscosity measurements and thermal stability test. All the aforementioned characterisation
techniques gave insights to the stability, usability and robustness of the sensor in a real world

application.
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15% MNPs, 25% honeycomb infill

Figure 7. A magnetically actuated sensor based on flexible hydrogel (alginate and
methylcellulose hydrogel) and magnetic nanoparticles (MNPs). The responsiveness of the
sensor (measured as bending angle towards the magnet) is proportional to the concentration

of the MNPs, reprinted with permission from [57] .

Gold nanomaterials have good mechanical properties and have better electrical conductivity
than carbon nanomaterials. However, gold is much more expensive than carbon, and its
superiority in electrical properties usually does not always justify its massive cost in
comparison to carbon. In a published paper, Gold nanowires (Au NW)s impregnated in a
tissue paper were sandwiched with PDMS films to fabricate a flexible pressure sensor with a
fast response time of less than 17 ms [3]. The sensor can detect pressures down to 13 Pa, have
a high sensitivity of over 1.14 KPa*, and has a high stability of over 50 0000 loading-
unloading cycle. In another report, a silver nanoparticle-based temperature sensor was

fabricated via inkjet printing on paper. The sensor can sense temperatures in the range of -20°


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021

to 60° with excellent linearity [9]. Similaly, spherical silver nanoparticles impregnated in a
poly(N-isopropylacrylamide) (PNIPAM) matrix were used to fabricate a light sensor that can
transform to multiple shapes depending on the light pattern [58]. In another report, Au
nanorods incorporated in PNIPAM matrix were used to develop a light/thermal responsive
sensor with competitive response speed and potential for remote actuation [59]. Similarly,
gold nanoparticles where used to fabricate electrodes that were incorporated into a PNIPAM

bi-layer to develop a flexible sensor with temperature and pH responsivities [60].

5. Conducting polymers

Various conducting polymers are being used in the fabrication of flexible sensors due to their
low weight, adjustable electrochemical properties, flexibility, comparatively low cost and
ability to be processed in solution. The next section gives an overview of some of the most

widelyused conducting polymers in literature and industry.

5.1. Polydimethylsiloxane (PDMS)

PDMS has gained much attention as a material in the fabrication of flexible sensors due to its
biocompatibility, transparency, non-flammability, non-toxicity, hydrophobic nature and
stretchability. It is formed from repeating units of siloxane monomers. It is the most used
substrate material for flexible sensors with rheological requirements. PDMS is used as the
flexible material and as a cover for the conductive component within the flexible sensor.
PDMS bonds strongly with nanomaterials which enables the fabrication of nanocomposites
with enhanced electrical properties. In one report, PDMS with SWCNTSs was used to
fabricate a pressure sensor capable of sensing small pressures such as two small insects [61].
The sensor has excellent transparency, high sensitivity and a fast response time. PMDS has
been extensively used as a substrate in the fabrication of flexible sensors with the
incorporation of nanomaterials. It has been used together with silver nanowires to fabricate

flexible wearable heaters [62]. PDMS as a substrate is compatible with various types of
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nanomaterials in the fabrication of flexible sensors including carbon black [63], carbon

nanotubes [64], Au-TiO2 NWs [65] and Ag nanoparticles [66].

Although PDMS has valuable properties in flexible sensors, it is limited in adhesion between
itself and the conductive layer which reduces the sensitivity of the sensor. An innovative way
to get around this issue is to pre-mix the PDMS and the conductive nanomaterial before
fabricating the sensor. Another way to enhance PDMS adhesive properties is by oxidising the
surface functional groups thereby changing the surface from a poor adhesive hydrophobic
surface to a good adhesive hydrophilic one. Methods of oxidising the surface includes

exposing it to UV light and subjecting it to oxygen plasma [47].

The structure of the PDMS also influences its sensitivity properties. It has been proven that
PDMS films with a microstructure has higher sensitivity and shorter response times than
those without a microstructure. Microstructure studies give room for further investigations in
improving the microstructure of the PDMS films in order to optimise the sensitivity and
response times of the sensors. A research team in the Suzhou Institute of Nano-Tech and
Nano-Bionics managed to control the microstructure of PDMS films by using silk as a

template and changing its vertical and horizontal portions [61].

5.2. Poly(N-isopropylacrylamide) (PNIPAM)

Poly(N-isopropylacrylamide) (PNIPAM )is a temperature responsive polymer making it a
good candidate for temperature sensors. Its low density of 1.1 g/cm3 and flexibility have led
to its use in flexible sensors [58], [67], [68]. The main challenge when using PNIPAM in
sensors is to achieve fast responses and integrity during shape changes. To counteract this,
researchers have been incorporating nanomaterials of graphene oxide [67], silver [58], gold
[59], [69] and others [68] to develop new advanced composites. These composites have better

physicochemical properties that the isolated components. The added nanomaterials increase
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conductivity thereby increasing the sensitivity of the sensor and in some cases the added
particles introduce a new functionality such as light or pH responsiveness. Such is the case in
study by Zhang et al [59] when Au gold nanorods were incorporated into the polymer matrix
via electrospinning to develop a composite that is not only temperature responsive but also
light responsive due to the surface plasmon resonance of gold nanorods. The added
nanomaterials also increased the sensitivity of the sensor. The sensor could then increase its
temperature from room temperature to 34.5 °C in 1 s and further increase this temperature to
60 °C in 5 s during laser irradiation. This sensitivity upgrade is due to the remarkable
property of gold nanomaterials being able to absorb near-infrared (NIR) irradiation and turn it
into heat energy in a short period of time. This heat energy is then used to heat up the
thermoresponsive polymer to achieve a quick response. The research team further concluded
that these Au/ PNIPAM composite-based sensors can be mass produced easily due to the high

feed rate of 0.6 mL/h and high productivity rate of over 20 cm? /h via electrospinning.

In another report, PNIPAM impregnated with silver nanoparticles was used to fabricate a
light responsive sensor capable of transforming into many shapes including boat-like, hoof-
like, and helical and saddle-like structures [58]. The research team claim that the sensor can
transform to an infinite number of shapes depending on the light pattern (see Figure 6b). The
sensor can revert back to its original flat shape upon removal of the light source. The sensor
responds to near-infrared (NIR) light. NIR light is preferable to UV or visible light as an
actuation method because it is less harmful. A laser of wavelength 808 nm was used to
irradiate the sensor for actuation and depending on the light irradiation pattern. A unique
feature of this sensor was the introduction of pores (200 nm — 1 iym) which lead to the
reduction in response time of the sensor. The pores increased the rate of water molecules
transport when the polymer undergoes swelling or shrinkage thereby increasing the speed of

shape transformation. The speed of shape transformation was also increased by the
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introduction of the silver nanoparticles. Silver nanoparticles can absorb NIR light and can
turn it into heat energy quickly. The heat is then used to locally heat the polymer thereby
inducing shape changes when the temperature goes above 32 °C, the lower critical solution
temperature of PNIPAM. The pores were fabricated by the addition of poly-(ethylene glycol)
(pore-creating reagent) to the hydrogel and followed by UV photopolymerization and
washing of the composite thereafter to remove the PEG leaving sub-micron pores. The
advantages of this sensor is its competitive response time, potential for remote actuation, and
the low actuation temperature (32 °C). Its disadvantage is the need for a constant stimulus for
a transformed shape to remain. The sensor can however be used in normally-open switching

mechanisms.

5.3. Other conducting Polymers

Other substrates used in the fabrication of flexible sensors include polyimide (PI),
polyethylene Naphthalate (PEN), poly(3,4-ethylene dioxythiophene), polyethylene
terephthalate (PET) and polystyrene sulfonic acid (PEDOT:PSS). PET is developed from
ethylene glycol and dimethyl terephthalate. It is semi-crystalline in nature and has a higher
viscosity than PDMS. PET is used to fabricate common plastic objects including plastic
bottles and packaging material. PEN is a polymer similar to PET but has higher dimensional
and temperature stability. It is derived from ethylene glycol and carboxylate polymer. PEN is
commonly used as a solar cell protection material. Kapton has also been used as a substrate in

the development of temperature sensors [37].

6. Additively manufactured flexible sensors (3D printing)
Additive manufacturing (AM), also called 3D printing, has many advantages over other

manufacturing methods such as subtractive manufacturing, dye casting, and moulding. These
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advantages include its flexibility in design and material savings. The field of AM has grown
so much that there now exist a copious amount of AM methods including Fused deposition
modelling (FDM), Selective laser melting (SLM), Electron beam melting (EBM), Filled
filament fabrication (FFF), Aerosol jetting, Inkjet printing and many others. The development
of new AM methods has allowed various materials to be processed including polymers,
metallic nanoinks, ceramics, nanocomposites and alloys. Various AM methods are being used
to produce flexible sensors. Extrusion methods such as FDM and FFF are the most used AM
methods for processing polymers. FDM involves the melting and extrusion of a polymer
filament onto the print bed in a layer-by-layer fashion to build the part according to the CAD
file. FFF has the same format except that the filament in FFF is usually custom made to
produce certain mechanical/electrical/chemical properties in the filament before the printing
process. During FFF of flexible sensors, the molten polymer filament is usually mixed with
conductive nanomaterials such as graphene or silver nanoparticles before printing the sensor
according to the CAD file. By controlling the polymer - nanomaterial ratio, the CAD file
(printing pattern) and the printing parameters (print speed, bed temperature etc.), one can
directly control the properties of the printed sensor such as resistivity, sensitivity, size and
rigidity. This enables the development of complex shaped and tailored sensors which is

otherwise difficult to achieve with conventional methods.

Many examples of 3D printed sensors exist in literature, the field had grown very much in the
last two decades due to the increased availability and declining costs of 3D printers. One can
now purchase a standard FDM desktop 3D printer online at under €500, and the cost is
predicted to continue falling due to the increased number of 3D printer manufacturers. An
interesting example of the use of AM is an inductive sensor that was 3D printed via coaxial
extrusion method [70]. The sensor was fabricated by extruding silicon rubber and gallium-

indium alloy liquid at the same time. The sensor was installed on a human finger and could
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capture different degrees of bending. A similar example involved an FDM 3D printer that
was used to print structures which were then combined with liquid metal to pattern
conductive patterns with microstructures [71]. Flexible sensors can be easily fabricated by

combining 3D printed flexible structures with basic micro resistors, capacitors and inductors.

Commercial polymer filaments for FDM include acrylonitrile butadiene styrene (ABS),
polylactic acid (and versions of these with carbon nanoparticles incorporated), polycarbonate
(PC), PU, polyphenylsulfone, poly (ether ether ketone), and poly(ether imide)s. In one report,
FDM was used in fabricating capacitive and piezoresistive sensors composed of
polycaprolactone infused with carbon black to induce electrical properties [72]. First, the
polymer and the carbon black were mixed and moulded into a filament of diameter 1.5 mm to
match the requirements of a desktop 3D printer. The resulting filament was then extruded and
printed to form a sensor that exhibited piezoresistive properties. Another research team
developed a polymer nanocomposite composed of polyurethane infused with MWCNTS,

FDM was then used to print the nanocomposite into piezoresistive strain sensors [73].

The printing of multiple materials simultaneously to fabricate a multi-material object has
gained much attention in literature. This is because multi-material objects enable the
fabrication of objects that have versatile properties. For instance, a flexible polymer and a
conductive material can be printed simultaneously to produce a multi-material object with the
flexibility properties of the polymer and the conductive properties of the conductive material.
Multi-material printing has enabled the growth of 4D printing technologies whereby the
printed part exhibits some intelligent or smart feature such as shape memory or colour
changes upon exposure to certain stimuli [74]. An FDM printer that can print two materials
simultaneously was used to process a polyurethane filament in one nozzle and a carbon
nanotube composite filament in another nozzle to fabricate a flexible force sensor [75]. The

ability to print multiple materials saves printing time in comparison to one-material printers.
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It also enables innovation and more complexity in design (e.g. micro channels with

conductive material within a polymer object.)

Although FDM has several advantages including the low cost of printers and materials, it has
two disadvantages namely the requirement of filaments of certain diameter and a certain
range of melting points and it can only process materials with a certain range of rheological
properties. On the other hand, Direct ink writing (DIW) printing method overcomes these
limitations. Various polymers, conductive nanofillers, elastomers, hydrogels and nanocolloids
can all be printed via this method, demonstrating its superior versatility over FDM. The
material can be printed at room temperature in the form of droplets, filaments or aerosols in
building the part in a layer-by-layer fashion. The inks for DIW are categorised as metal,
MXenes and conductive polymer composites. The conductive properties of the printed
objects depend on the electron transfer ability of the printed ink. Nanoparticle inks of carbon
and silver are the most prevalent in flexible sensor literature owing to their high conductive
properties, stability after printing and low cost (carbon inks). Metal nanoinks (e.g. copper,
titanium and iron) are seldom used because, although their conductive properties are superior
to those of carbon/silver, they are easily oxidised in the presence of moisture which makes
them lose their electrical capabilities, rendering them unusable in this case. In addition, metal
leakage could be detrimental to the environment. Strain sensors based on flexible PDMS and

silver nanoinks have been successfully fabricated via DIW [76].

MWCNTSs have been used in flexible sensor technology. MWCNTS have the ability to
entangle nicely through hydrogen bonding with polymers such as PVP and PVA which
enables the carbon nanomaterials to be well dispersed and integrated into the polymer matrix.
This allows for development of conductive polymer composites that can be used in FDM,
FFF and DIW 3D printing. In another report, MWCNTSs were dispersed in a chitosan matrix

with citric acid, acetic acid and lactic acid and used to fabricate a strain sensor [77]. The
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sensor has self-healing capabilities and is water driven, enabling it to have a long operating

life and potential to be self-powering.

The high fabrication cost of flexible sensors has been the major concern until the introduction
of additive manufacturing into the field. Nowadays, customised sensors are built rapidly with
ease thanks to 3D printing, given how straightforward it is to manipulate a CAD file in
comparison to traditional methods such as moulding or dye casting. Force sensors are
extensively used in fields such as robotics and health monitoring whereby the forces detected
by the sensor are translated to information relating to the robot/human movements. Many

force sensors have been fabricated via 3D printing in literature [78], [79].

Other materials which have gained incredible interest in the field of flexible sensors are
conductive nanoinks (nanocolloids) owing to their superior electrical and plasmonic
properties over solid materials such as wires. The inks have an added advantage because they
can be processed via various AM methods including cheap and easy to implement methods
such as inkjet printing. Standard desktop inkjet printers can be used to print conductive
patterns even on simple substrates such as paper. The main challenge in inkjet printing
conductive nanocolloids is getting the ink to a particular range of viscosity values acceptable
by the printer. Highly viscous organic liquids such as glycerol has been used in pursuit to
control the viscosity of the conductive ink however, care has to be taken such that the
glycerol does not inhibit the conductive properties of the ink. In another report, six functional
inks including a piezoelectric and a conductive ink were used in fabricating soft strain gauge
sensor within micro-channels [71]. These sensors have potential use in the fields of
toxicology and drug screening. In another study, nanoinks of carbon, silver and manganese
dioxide were inkjet printed on cellulose-based paper to fabricate supercapacitors and other
sensors [80]. Kapton was also used as a substrate in the inkjet printing of silver nanoinks to

develop a sensor [37].
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Another innovative flexible sensor fabricating technique involves using an AM method such
as SLA to 3D print flexible devices from polymers which are then coated with a conductive
ink of silver/carbon nanoparticles to introduce electrical properties. The polymers can have
shape memory effects which makes the device intelligent and self-powering. For example,
flexible temperature sensors were fabricated by coating a 3D printed shape memory polymer
with a silver nanoink via a sintering technique at room temperature [55]. The shape of the
sensor changes upon increasing/decreasing the temperature. The sensor is shown in Figure
5b, it is shaped in such a way that when the temperature is increased its shape changes from
the top shape in Figure 5b to the bottom shape, enabling for a conductive path to be created.
The sensor can be used in detecting temperature changes by opening/closing a circuit. It can

be used as a thermometer or as a safety feature at a production plant or in a device.

Polymers with shape memory behaviour enable the fabrication of intelligent devices that can
self-power and be controlled remotely. The ability to self-power further reduces the volume
and bulkiness of the device which opens new application opportunities for sensors whereby
weight reduction is imperative (e.g. the aerospace industry). A shape memory sensor based
on polyurethane and carbon black was printed via FDM [81]. The device’s shape memory
effect is triggered by sunlight which enables it to be self-powering. The device has potential
use in temperature sensing and weather monitoring. A review of current state of the art shape
memory nanocomposite devices that are currently used in various fields including heath
monitoring, energy storage/harvesting and sensing technologies was published in early 2021

[52]. This review touches the area of 4D printing, an interesting topic at the moment.

In another report, a 3D printed flexible glove was embedded with a temperature and other
sensors to create a smart wearable medical device which is tailored to the condition of the
patient [82]. The glove has conductive channels that accommodates a heater, sensors,

actuators, resistors, antennas and capacitors, generating a smart, flexible and tailored medical
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device. The glove is used for comfort thermotherapy of the patient’s hand. The heat produced
by the electronics will treat injured areas by increasing blood-flow and relieving pain.
Similarly, a flexible prosthetic hand made from Tango plus (a flexible material) was 3D
printed using a commercial 3D PolyJet printer (Eden260V) [83]. A flexible temperature
sensor was embedded onto the surface of the prosthetic via hydrogen bonding. The prosthetic
hand is capable of retaining its original electrical properties at various hand signals. The 3D

printed hand could sense the temperature of a human hand accurately.

Additive manufacturing (AM) has gained the attention of the flexible sensor industry owing
to its main advantages of flexible design, repeatability, wide range of printable materials (as
we have seen in this report), ability to print multi-material items, reduced cost and customised
micro/nano structures. AM has been used to fabricate various tactile sensors that can detect
stimuli such as shear, bending, torsion, vibration frequencies reaching 400 Hz, and pressures
in the range of 5 Pa -100 Kpa [84]. In one report, a flexible strain sensor was fabricated by
embedding silver nanowires between two PDMS layers [54].The sensor showed great
piezoresistivity with variable gauge factor and high stretchability reaching 70%. Piezoelectric
effect involves the conversion of mechanical force to electrical signals and has been widely
used in the fabrication of flexible sensors. Traditionally, ceramic-based piezoelectric
materials has been used for sensing technologies however, these are limited in flexibility and
cannot be used were flexibility and bendability is required such as wearable and implantable
medical devices. Hence, polymer-based piezoelectric materials such as poly(vinylidene
fluoride) and copolymerized poly(vinylidene fluoride-trifluoroethylene) have gained attention
in the fabrication of r piezoelectric sensors [85]. A piezoresistive tactile sensor was fabricated
via a PolyJet-based 3D printing machine (Connex 500, Stratasys Objet Co., Ltd., Rehovot,
Isreal) [86]. A commercially available flexible material called TangoPlus was used in the

fabrication process. The sensor consists of two layers of the TangePlus sandwiching
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MWCNTSs piezoresistive lines. Another research team used a photopolymerization-based 3D
printer to print a flexible material with micro-channels (diameter of 500 microns) into which
conductive nano silver was placed [87]. Initially the channels were filled with wax which was
then melted away to place the conductive silver nanomaterials which acted as a piezoresistive

sensing part.

Laser beam techniques such as SLM has also been used in fabricating flexible sensors as in
the case in one report whereby metal powder was used as the 3D printing material to fabricate
helical-shaped electrochemical electrodes of various sizes [88]. These sensors exhibit pH

sensing, oxygen catalytic properties and good capacitive properties.

7. Self-healing flexible sensors

Self-healing implies the sensor can repair itself after damages incurred from torsion forces,
cuts, cracks, fractures, curling, bending, friction forces, scratching and other damages during
use. The ability to self-heal improves the service lifespan of the sensor as well as enhance its
performance by reducing losses in sensitivity due to damages (scratches, cracks, cuts etc.).
The ability of a sensor to recover itself from damage reduces service costs and reduces the
use of materials in producing more sensors. Sensors are incorporated in virtually all aspects
of our lives as shown in Figure 1 & 2 (e.g. in food packaging and health monitoring) and the
production of sensors is predicted to continue rising therefore, the service lifespan of these
sensors should ideally be long to avoid contamination of the environment due to increased
sensor-waste disposal. Self-healing can be achieved in a number of ways. One of the ways is
whereby a repair material is embedded within the sensor such that in the event of a crack, the
repair material is released due to the expansion of the crack. The repair material will either
simply fill the gap itself or react with a catalyst and polymerise to fill the gap. In either case,
this method is usually irreversible. The second method to achieve self-healing is whereby the

bonds within the polymer can rebind after a crack spontaneously or under the action of an
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external stimulus such as heat or light. When a material can change shape or self-heal after

being 3D printed it is called a 4D printed object, with the fourth dimension being time.

There exist two main ways of fabricating self-healing sensors. One way involves the use of a
self-healing polymer as the flexible material with a conductive material layer. Another way
involves premixing the self-healing polymer with the conductive nanomaterial to produce a
self-healing nanocomposite that can now be used to fabricate the sensor via a particular

method (e.g. moulding and 3D printing).

In a study by Liu,et al a self-healing CaCusTisO12 sheet with SWCNTSs on the top and bottom
surfaces was used to fabricate a capacitive sensor [33]. The sensor was subject to a crack and
was able to recover its original capacitive value and tensile property after subjection to heat at
150 °C for half an hour [33]. Similarly, a self-healing ammonia gas sensor that could self-
heal within 30 minutes was prepared by incorporating MWCNTS within polyelectrolyte
multilayer matrix [89]. In another report, SWCNTSs were incorporated into a polymer matrix
with self-healing properties and heat sensitivity in producing a temperature sensor [83]. The
sensor can recover from damage such as cracks upon heating. The polymer matrix shifts upon

heating which moves the conductive network thereby recreating the electrical connection.

Other than biocompatibility, flexibility and good transparency, PDMS also has self-healing
properties. Two self-healing PDMS sheets were used to cover the a silver nanoparticle based
conductive layer in fabricating a sensor for human-machine interaction. The sensor exhibited
good electrical properties with a conductivity value of 714 Scm™ [90]. The self-healing

properties of PDMS increases the service life of the sensor.

Human skin comprises of about 7 % of total body weight and covers the 100 % of the human
body surface [91]. The skin has amazing abilities including self-healing and sensing of

stimuli such as pressure (touch) and temperature (heat). The research of flexible electronic
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skin has gained much attention recently in fields such as robotics, health monitoring and
human-machine interactions. In any case, the flexible electronic skins need to respond to
electrical signals translated from physical phenomenon such as touch or temperature changes.
There exist two challenges in flexible electronics skin research. One of the challenges is
achieving the self-healing property of the skin and the second challenge is the ability to
distinguish directions, just like the actual skin. Self-healing ability enables a stable operation
and increases the life span of the system while the ability to distinguish stimuli directions
enables an intelligence of the electronic skin for practical uses [92]. A research team
developed an electronic skin sensor based on carbon nanotubes (CNTSs), polyurethane, and
epoxidized natural rubber [92]. The electronic skin can detect human motion, has self-healing
properties and has the ability to distinguish direction [92]. The sensor was made from a
hydrogel produced by cross-linking PVA and PEI with Bn, and MXene was incorporated into
the matrix to enhance electrical properties (PVA/Bn/PEI/MXene (PBPM)). The PBPM
electronic skin can self-heal within 0.06 s, which is excellent in comparison to other reported
hydrogel-based electronic skins. The skin also has an impressive response time of 0.12 s due
to the interaction of the copious functional groups (e.g. —OH and -O) with the polymer
matrix. The electronic skin can distinguish the direction of stimuli such as wrist-up/down and
head-up/down. The research team claims to be the first to report such a direction recognition
ability in flexible electronic skin literature. The self-healing ability of the skin can be
attributed to its supramolecular interactions and the dynamic covalent bonds that revive its
electrical and mechanical properties upon damage. During the fabrication of the electronic
skin, samples were characterised via SEM for morphology studies and X-ray photoelectron
spectroscopy (XPS) for surface analysis and chemical composition. Functional groups were

characterised via Fourier transform infrared spectroscopy (FT-IR). Electrical signals from
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tensile stain stimuli were captured by an electrochemical workstation. Tensile strain signals

were measured at a deformation rate of 100 mm minL.

Recyclability remains an issue in the fabrication of flexible electronic skins. Hydrogels are
often used in the construction of these skins due to their ability to self-heal however, most of
these skins can be re-used up to 3- 5 times [93]. During recycling, electrical conductivity of
the electronic skin can decrease slightly due to evaporation of a small amount of water in the
hydrogel. Hydrogels can be easily moulded into various shapes which brings flexibility in
design. A PVA/Bn/PEI/MXene electronic sensor showed impeccable recyclability of up to 30
cycles without significant degradation in mechanical properties and or need for treatment

[92].

A self-healing polymer matrix composed of dynamic Diels—Alder (DA) adducts with
CaCusTisO12 (S-CCTO) nanoparticles incorporated into the polymer matrix were used in
fabricating a self-healing motion sensor [94]. The motion sensor can self-heal from a cut by a
blade within 30 minutes by heating to a temperature of 105 °C. CaCusTi4O12 has gained
considerable attention in literature owing to its huge dielectric permittivity and thermal range
from 100 K to 500 K [95]. The sensor has potential use in rehabilitation, sports performance
measurements and in entertainment industry. These sensors can be incorporated in clothing or
on the human skin offering real time monitoring. Naturally, the sensor is subject to bending,
stretching and cuts, therefore a self-healing element is imperative to ensure reliability and
reduction in safety hazards. Furthermore, a finger motion sensor was developed using the
same materials for the electrodes which were then spray-coated on all surfaces with SWCNTSs
[94]. The SWCNTSs showed homogeneity on the surface of the electrode according to SEM
and TEM measurements which led to the required conductivity of the electrodes. After being
subjected to damage, the self-healing composite layer moves, which leads to the separated

SWCNTSs to re-join and construct conductive paths. The electrode was placed in an LED
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circuit to test its electrical and self-healing abilities. The electrode allowed enough current to
pass through to light up the LED which demonstrates it has functional conductive properties.
The electrode was then cut with a blade, leaving a micro-gap (50 m wide) in the circuit. The
LED turned off due to the broken circuit and recovered after 30 minutes of heating at 105 °C.
The healing process is presented in Figure 8a. The electrodes can be used as human finger
motion detectors by measuring the changes in capacitance due to bending/stretching. The
sensor can distinguish various finger motions due to the fact that each figure motion exhibits
a different capacitance value as shown in Figure 8b. The sensor can still retain its original
capacitance properties after bending/stretching, demonstrating its excellent mechanical
properties. The sensor shows promising use in human motion detection however, the
recovery temperature of 105 °C is too high for human interaction and the self-healing time of
30 minutes is too high for practical uses. The recovery temperature needs to be close to room
temperature such that the device does not harm or cause discomfort to the user. Ideally, the
healing time needs to be under one second to ensure safety of the device and reduce lag time.
This can be achieved by co-polymerisation which involves incorporating polymers/hydrogels
with low transition temperatures and fast recovery times. Overall the sensor showed excellent
properties including good recyclability, even after the 10th cut - healing process, the modulus
recovered to 0.51 MPa (91 %) and maximum elongation decreased by only 19 % from the

original 105 %.
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Figure 8. (a) The self- healing process of an electrode based on SWCNT’s spread on a
flexible, self-healing substrate, reprinted with permission from [94]. Most-top image shows
the functional circuit before cutting (LED-ON), middle images shows the circuit with the
electrode cut (LED-OFF) and the bottom image shows the restored circuit after self-healing
process (LED-ON). (b) Self-healing finger sensor based that can detect various figure

motions based on variations in capacitance [94].

8. Conclusion

This review paper highlights the advantages of flexible sensors over rigid sensors. These
advantages include the ease of fabrication of flexible sensors owing to the advancements in
3D printing methods. Several examples of 3D printing methods that are currently used in
manufacturing flexible sensors were discussed including FDM, FFF, Inkjet printing, Aerosol
jetting, SLM, DIW, SLS and others. Current materials being used in the manufacturing of

flexible sensors were discussed including polymers such as PDMS, PNIPAM, PVP, PET,
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PEN, PVA, and Kapton. Nanomaterials are being incorporated into polymer matrixes to
induce electrical properties including nanomaterials of carbon, silver, gold, molybdenum and
others. Hydrogels have also gain much attention in flexible sensor literature mainly due to
their self-healing properties. Self-healing enables the sensor to recover from damages such as
cuts and bends incurred during use and this enables the sensor to have a longer operating life

and higher sensitivity.

Flexible sensors have become a topic of interest due the rising demand in various fields
including stretchable wearables, health monitoring, packaging, soft robotics, electronic skins,
weather monitoring and energy harvesting. The most utilised polymer in the fabrication of
flexible sensors is PDMS due to its biocompatibility, transparency, non-flammable
properties, non-toxicity, self-healing, hydrophobic nature and stretchability. The most used
nanomaterials are carbon-based due to the high conductivity and stability of carbon
nanomaterials yet being low cost in comparison to silver or gold nanomaterials which are also
being utilised to induce electrical/piezoelectric properties in the flexible sensors. FDM, FFF,
inkjet printing and direct ink writing are the most used additive manufacturing methods for
flexibles sensors owing to their low cost, cheapness of materials and ease of fabrication. The
main challenge in these printing methods is getting the materials to be in the correct range of

rheological properties acceptable by the printer.

Conflict of Interest

There are no conflicts to declare.

Acknowledgements
This work was funded by Oriel sea salt. This work is supported by I-Form, the Science

Foundation Ireland Research Centre for Advanced Manufacturing. This work is also

d0i:10.20944/preprints202108.0351.v1


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

supported by Advanced Metallic Systems Centre of Doctorial Training (AMSCDT) which
incorporates 4 universities namely Dublin City University, University College Dublin, The
University of Sheffield and The University of Manchester. This work is in partnership Oriel,
a company based in Ireland. This work was supported by Science Foundation Ireland
18/EPSRC-CDT/3584 and the Engineering and Physical Sciences Research Council

EP/S022635/1.

References

[1] S. Soloman, D. Ph, and D. Sc, SENSORS. .

[2] R.Meghaetal., “Conducting polymer nanocomposite based temperature sensors: A
review,” Inorg. Chem. Commun., vol. 98, no. June, pp. 11-28, 2018, doi:

10.1016/j.inoche.2018.09.040.

[3] N.Wenetal., “Emerging flexible sensors based on nanomaterials: recent status and

applications,” J. Mater. Chem. A, 2020, doi: 10.1039/d0ta095569.

[4] W. Xuan et al., “High sensitivity flexible Lamb-wave humidity sensors with a
graphene oxide sensing layer,” Nanoscale, vol. 7, no. 16, pp. 7430-7436, 2015, doi:

10.1039/c5nr00040h.

[5] H. Ling, R. Chen, Q. Huang, F. Shen, Y. Wang, and X. Wang, “Transparent, flexible
and recyclable nanopaper-based touch sensors fabricated: Via inkjet-printing,” Green

Chem., vol. 22, no. 10, pp. 3208-3215, 2020, doi: 10.1039/d0gc00658k.

[6] S. Patel, H. Park, P. Bonato, L. Chan, and M. Rodgers, “A review of wearable sensors

and systems with application in rehabilitation,” Journal of NeuroEngineering and


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Rehabilitation, vol. 9, no. 1. BioMed Central, p. 21, Apr. 20, 2012, doi: 10.1186/1743-

0003-9-21.

[7] S. Gongetal., “A wearable and highly sensitive pressure sensor with ultrathin gold
nanowires,” Nat. Commun., vol. 5, no. 1, pp. 1-8, Feb. 2014, doi:

10.1038/ncomms4132.

[8] S.Kimetal., “Flexible chemical sensors based on hybrid layer consisting of
molybdenum disulphide nanosheets and carbon nanotubes,” Carbon N. Y., vol. 129,

pp. 607-612, Apr. 2018, doi: 10.1016/J.CARBON.2017.12.065.

[9] J. Courbat, Y. B. Kim, D. Briand, and N. F. De Rooij, “Inkjet printing on paper for the
realization of humidity and temperature sensors,” in 2011 16th International Solid-
State Sensors, Actuators and Microsystems Conference, TRANSDUCERS’11, 2011,

pp. 13561359, doi: 10.1109/TRANSDUCERS.2011.5969506.

[10] Y. Wang, L. Zhang, Z. Zhang, P. Sun, and H. Chen, “High-Sensitivity Wearable and
Flexible Humidity Sensor Based on Graphene Oxide/Non-Woven Fabric for
Respiration Monitoring,” Langmuir, vol. 36, no. 32, pp. 9443-9448, 2020, doi:

10.1021/acs.langmuir.0c01315.

[11] M. Segev-Bar and H. Haick, “Flexible sensors based on nanoparticles,” ACS Nano,

vol. 7, no. 10, pp. 8366-8378, 2013, doi: 10.1021/nn402728g.

[12] Z. Wang, M. Shaygan, M. Otto, D. Schall, and D. Neumaier, “Flexible Hall sensors
based on graphene,” Nanoscale, vol. 8, no. 14, pp. 7683-7687, 2016, doi:

10.1039/c5nr08729e.

[13] H.-J. Lin, T.-H. Fang, W.-Y. Chang, Y.-C. Lin, and Y.-T. Shen, “A Large Area

Flexible Array Sensors Using Screen Printing Technology,” J. Disp. Technol. Vol. 5,


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Issue 6, pp. 178-183, vol. 5, no. 6, pp. 178-183, Jun. 2009, Accessed: Mar. 20, 2021.

[Online]. Available: https://www.osapublishing.org/abstract.cfm?uri=jdt-5-6-178.

[14] M. Schuettler, S. Stiess, B. V. King, and G. J. Suaning, “Fabrication of implantable
microelectrode arrays by laser cutting of silicone rubber and platinum foil,” in Journal

of Neural Engineering, Mar. 2005, vol. 2, no. 1, doi: 10.1088/1741-2560/2/1/013.

[15] T. Dinh et al., “Environment-friendly carbon nanotube based flexible electronics for
noninvasive and wearable healthcare,” J. Mater. Chem. C, vol. 4, no. 42, pp. 10061—

10068, 2016, doi: 10.1039/c6tc02708c.

[16] B.S. Kang et al., “Capacitance pressure sensor based on GaN high-electron-mobility
transistor-on-Si membrane,” Appl. Phys. Lett., vol. 86, no. 25, pp. 1-3, Jun. 2005, doi:

10.1063/1.1952568.

[17] S.E.Zhu, M. Krishna Ghatkesar, C. Zhang, and G. C. A. M. Janssen, “Graphene
based piezoresistive pressure sensor,” Appl. Phys. Lett., vol. 102, no. 16, p. 161904,

Apr. 2013, doi: 10.1063/1.4802799.

[18] S. C.B. Mannsfeld et al., “Highly sensitive flexible pressure sensors with
microstructured rubber dielectric layers,” Nat. Mater., vol. 9, no. 10, pp. 859-864, Sep.

2010, doi: 10.1038/nmat2834.

[19] W.S. Lee, S. Jeon, and S. J. Oh, “Wearable sensors based on colloidal nanocrystals,”

Nano Converg., vol. 6, no. 1, 2019, doi: 10.1186/540580-019-0180-7.

[20] D. Tobjérk and R. Osterbacka, “Paper Electronics,” Adv. Mater., vol. 23, no. 17, pp.

1935-1961, May 2011, doi: 10.1002/adma.201004692.

[21] Q. Lietal., “Flexible conductive MXene/cellulose nanocrystal coated nonwoven

fabrics for tunable wearable strain/pressure sensors,” J. Mater. Chem. A, vol. 8, no. 40,


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

pp. 21131-21141, 2020, doi: 10.1039/d0ta07832h.

[22] S. Zhang et al., “A flexible bifunctional sensor based on porous copper
nanowire@lonGel composite films for high-resolution stress/deformation detection,”

J. Mater. Chem. C, vol. 8, no. 12, pp. 4081-4092, 2020, doi: 10.1039/c9tc06091].

[23] H.Jin, N. Matsuhisa, S. Lee, M. Abbas, T. Yokota, and T. Someya, “Enhancing the
Performance of Stretchable Conductors for E-Textiles by Controlled Ink Permeation,”

Adv. Mater., vol. 29, no. 21, Jun. 2017, doi: 10.1002/adma.201605848.

[24] G. S.Jeong et al., “Solderable and electroplatable flexible electronic circuit on a
porous stretchable elastomer,” Nat. Commun., vol. 3, no. 1, pp. 1-8, Jul. 2012, doi:

10.1038/ncomms1980.

[25] Y.C.Yeh, C. B. Highley, L. Ouyang, and J. A. Burdick, “3D printing of photocurable
poly(glycerol sebacate) elastomers,” Biofabrication, vol. 8, no. 4, Oct. 2016, doi:

10.1088/1758-5090/8/4/045004.

[26] Z.Jietal., “3D Printing of Photocuring Elastomers with Excellent Mechanical
Strength and Resilience,” Macromol. Rapid Commun., vol. 40, no. 8, Apr. 2019, doi:

10.1002/marc.201800873.

[27] W.S. Lee et al., “Designing Metallic and Insulating Nanocrystal Heterostructures to
Fabricate Highly Sensitive and Solution Processed Strain Gauges for Wearable

Sensors,” Small, vol. 13, no. 47, p. 1702534, Dec. 2017, doi: 10.1002/smll.201702534.

[28] B. L. Smarr et al., “Feasibility of continuous fever monitoring using wearable

devices,” Sci. Rep., vol. 10, no. 1, pp. 1-11, 2020, doi: 10.1038/s41598-020-78355-6.

[29] S. Konishi and A. Hirata, “flexible temperature Sensor integrated with Soft pneumatic

Microactuators for functional Microfingers,” doi: 10.1038/s41598-019-52022-x.


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

[30] B. Arman Kuzubasoglu and S. Kursun Bahadir, “Flexible temperature sensors: A
review,” Sensors Actuators A, vol. 315, p. 112282, 2020, doi:

10.1016/j.sna.2020.112282.

[31] T.J. Claggett, R. W. Worrall, W. A. Clayton, and B. G. Lipték, “Resistance
temperature detectors,” in Instrument Engineers’ Handbook: Process Measurement

and Analysis, Fourth Edition, CRC Press, 2003, pp. 645-656.

[32] C. Bali, A. Brandlmaier, A. Ganster, O. Raab, J. Zapf, and A. Hiibler, “Fully Inkjet-
Printed Flexible Temperature Sensors Based on Carbon and PEDOT: PSS,” Mater.

Today Proc., vol. 3, no. 3, pp. 739-745, 2016, doi: 10.1016/j.matpr.2016.02.005.

[33] Y.Liu,L.Q.Tao,D.Y. Wang, T. Y. Zhang, Y. Yang, and T. L. Ren, “Flexible, highly
sensitive pressure sensor with a wide range based on graphene-silk network structure,”

Appl. Phys. Lett., vol. 110, no. 12, p. 123508, Mar. 2017, doi: 10.1063/1.4978374.

[34] M. Soni, M. Bhattacharjee, M. Ntagios, and R. Dahiya, “Printed Temperature Sensor
Based on PEDOT: PSS-Graphene Oxide Composite,” IEEE Sens. J., vol. 20, no. 14,

pp. 7525-7531, Jul. 2020, doi: 10.1109/JSEN.2020.2969667.

[35] M. D. Husain and R. Kennon, “Preliminary investigations into the development of

textile based temperature sensor for healthcare applications,” Fibers, vol. 1, no. 1, pp.

2-10, 2013, doi: 10.3390/fib1010002.

[36] G. Rajanetal., “Low Operating Voltage Carbon-Graphene Hybrid E-textile for
Temperature Sensing,” ACS Appl. Mater. Interfaces, vol. 12, no. 26, pp. 29861-29867,

2020, doi: 10.1021/acsami.0c08397.

[37] M. D. Dankoco, G. Y. Tesfay, E. Benevent, and M. Bendahan, “Temperature sensor

realized by inkjet printing process on flexible substrate,” Mater. Sci. Eng. B Solid-State


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Mater. Adv. Technol., vol. 205, pp. 1-5, Mar. 2016, doi: 10.1016/j.mseb.2015.11.003.

[38] R.P.Tortorich, E. Song, and J.-W. Choi, “Inkjet-Printed Carbon Nanotube Electrodes
with Low Sheet Resistance for Electrochemical Sensor Applications,” J. Electrochem.

Soc., vol. 161, no. 2, pp. B3044-B3048, 2014, doi: 10.1149/2.008402jes.

[39] W. Choi, N. Choudhary, G. H. Han, J. Park, D. Akinwande, and Y. H. Lee, “Recent
development of two-dimensional transition metal dichalcogenides and their
applications,” Mater. Today, vol. 20, no. 3, pp. 116-130, Apr. 2017, doi:

10.1016/J.MATTOD.2016.10.002.

[40] S.-Y.Choetal., “Highly Enhanced Gas Adsorption Properties in Vertically Aligned

MoS 2 Layers,” vol. 12, p. 54, 2021, doi: 10.1021/acsnano.5b04504.

[41] M. Alvarado, S. D. La Flor, E. Llobet, A. Romero, and J. L. Ramirez, “Performance of
Flexible Chemoresistive Gas Sensors after Having Undergone Automated Bending
Tests,” Sensors 2019, Vol. 19, Page 5190, vol. 19, no. 23, p. 5190, Nov. 2019, doi:

10.3390/519235190.

[42] C. Liuetal., “3D printing technologies for flexible tactile sensors toward wearable
electronics and electronic skin,” Polymers (Basel)., vol. 10, no. 6, pp. 1-31, 2018, doi:

10.3390/polym10060629.

[43] Z.Han etal., “Ultralow-Cost, Highly Sensitive, and Flexible Pressure Sensors Based
on Carbon Black and Airlaid Paper for Wearable Electronics,” 2019, doi:

10.1021/acsami.9b12929.

[44] J.Yang etal., “Wearable temperature sensor based on graphene nanowalls,” RSC Adv.,

vol. 5, no. 32, pp. 25609-25615, 2015, doi: 10.1039/c5ra00871a.

[45] K. K. Sadasivuni, A. Kafy, H. C. Kim, H. U. Ko, S. Mun, and J. Kim, “Reduced


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

graphene oxide filled cellulose films for flexible temperature sensor application,”

Synth. Met., vol. 206, pp. 154-161, 2015, doi: 10.1016/j.synthmet.2015.05.018.

[46] G.Y.Baeetal., “Pressure/Temperature Sensing Bimodal Electronic Skin with
Stimulus Discriminability and Linear Sensitivity,” Adv. Mater., vol. 30, no. 43, p.

1803388, Oct. 2018, doi: 10.1002/adma.201803388.

[47] C. L. Choong et al., “Highly stretchable resistive pressure sensors using a conductive
elastomeric composite on a micropyramid array,” Adv. Mater., vol. 26, no. 21, pp.

3451-3458, Jun. 2014, doi: 10.1002/adma.201305182.

[48] P.G. Su, W. L. Shiu, and M. S. Tsai, “Flexible humidity sensor based on Au
nanoparticles/graphene oxide/thiolated silica sol—gel film,” Sensors Actuators B

Chem., vol. 216, pp. 467-475, Sep. 2015, doi: 10.1016/J.SNB.2015.04.070.

[49] T.Y.Choietal., “Stretchable, Transparent, and Stretch-Unresponsive Capacitive
Touch Sensor Array with Selectively Patterned Silver Nanowires/Reduced Graphene
Oxide Electrodes,” ACS Appl. Mater. Interfaces, vol. 9, no. 21, pp. 18022-18030, May

2017, doi: 10.1021/acsami.6b16716.

[50] K.Y. Chun et al., “Highly conductive, printable and stretchable composite films of
carbon nanotubes and silver,” Nat. Nanotechnol., vol. 5, no. 12, pp. 853-857, 2010,

doi: 10.1038/nnano.2010.232.

[51] K. Bagga, R. McCann, M. Wang, A. Stalcup, M. Vazquez, and D. Brabazon, “Laser
assisted synthesis of carbon nanoparticles with controlled viscosities for printing
applications,” J. Colloid Interface Sci., vol. 447, pp. 263-268, 2015, doi:

10.1016/}.jcis.2014.10.046.

[52] A. Nyabadza, J. Kane, S. Sreenilayam, M. Vazquez, and D. Brabazon, “Multi-Material


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Production of 4D Shape Memory Polymer Composites,” Materials Science and
Materials Engineering, Elsevier, 2021. Elsevier, 2021, doi:

https://doi.org/10.1016/B978-0-12-819724-0.00057-4.

[53] “Conductive Ink Market Size & Share | Industry Report, 2024.”
https://www.grandviewresearch.com/industry-analysis/conductive-ink-market

(accessed Dec. 27, 2020).

[54] M. Amjadi, A. Pichitpajongkit, S. Lee, S. Ryu, and 1. Park, “Highly stretchable and
sensitive strain sensor based on silver nanowire-elastomer nanocomposite,” ACS Nano,

vol. 8, no. 5, pp. 5154-5163, May 2014, doi: 10.1021/nn501204t.

[55] M. Zarek, M. Layani, I. Cooperstein, E. Sachyani, D. Cohn, and S. Magdassi, “3D
Printing of Shape Memory Polymers for Flexible Electronic Devices,” Adv. Mater.,

vol. 28, no. 22, pp. 4449-4454, Jun. 2016, doi: 10.1002/adma.201503132.

[56] D. Podstawczyk, M. Niziot, P. Szymczyk, P. Wisniewski, and A. Guiseppi-Elie, “3D
printed stimuli-responsive magnetic nanoparticle embedded alginate-methylcellulose
hydrogel actuators,” Addit. Manuf., vol. 34, no. April, 2020, doi:

10.1016/j.addma.2020.101275.

[57] D. Podstawczyk, M. Niziot, P. Szymczyk, P. Wisniewski, and A. Guiseppi-Elie, “3D
printed stimuli-responsive magnetic nanoparticle embedded alginate-methylcellulose
hydrogel actuators,” Addit. Manuf., vol. 34, no. February, 2020, doi:

10.1016/j.addma.2020.101275.

[58] H. Guo et al., “Reprogrammable ultra-fast shape-transformation of macroporous
composite hydrogel sheets,” J. Mater. Chem. B, vol. 5, no. 16, pp. 2883-2887, 2017,

doi: 10.1039/c6tb02198k.


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

[59] C. L. Zhang etal., “Highly Stimuli-Responsive Au Nanorods/Poly(N-
isopropylacrylamide) (PNIPAM) Composite Hydrogel for Smart Switch,” ACS Appl.
Mater. Interfaces, vol. 9, no. 29, pp. 24857-24863, 2017, doi:

10.1021/acsami.7b05223.

[60] W. Lietal., “Comparison of the Responsivity of Solution-Suspended and Surface-
Bound Poly(N-isopropylacrylamide)-Based Microgels for Sensing Applications,” ACS
Appl. Mater. Interfaces, vol. 9, no. 31, pp. 2653926548, 2017, doi:

10.1021/acsami.7b05558.

[61] X.Wang, Y. Gu, Z. Xiong, Z. Cui, and T. Zhang, “Silk-molded flexible, ultrasensitive,
and highly stable electronic skin for monitoring human physiological signals,” Adv.

Mater., vol. 26, no. 9, pp. 13361342, Mar. 2014, doi: 10.1002/adma.201304248.

[62] S.Hong et al., “Highly Stretchable and Transparent Metal Nanowire Heater for
Wearable Electronics Applications,” Adv. Mater., vol. 27, no. 32, pp. 4744-4751, Aug.

2015, doi: 10.1002/adma.201500917.

[63] N.Lu,C.Lu,S. Yang, and J. Rogers, “Highly Sensitive Skin-Mountable Strain
Gauges Based Entirely on Elastomers,” Adv. Funct. Mater., vol. 22, no. 19, pp. 4044—

4050, Oct. 2012, doi: 10.1002/adfm.201200498.

[64] T.Yamada et al., “A stretchable carbon nanotube strain sensor for human-motion
detection,” Nat. Nanotechnol., vol. 6, no. 5, pp. 296-301, 2011, doi:

10.1038/nnano.2011.36.

[65] K. Tybrandt et al., “High-Density Stretchable Electrode Grids for Chronic Neural

Recording,” Adv. Mater., vol. 30, no. 15, Apr. 2018, doi: 10.1002/adma.201706520.

[66] I. Kimetal. “A photonic sintering derived Ag flake/nanoparticle-based highly


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

sensitive stretchable strain sensor for human motion monitoring,” Nanoscale, vol. 10,

no. 17, pp. 7890-7897, May 2018, doi: 10.1039/c7nr09421c.

[67] E.Zhang, T. Wang, W. Hong, W. Sun, X. Liu, and Z. Tong, “Infrared-driving
actuation based on bilayer graphene oxide-poly(N- isopropylacrylamide)
nanocomposite hydrogels,” J. Mater. Chem. A, vol. 2, no. 37, pp. 15633-15639, Oct.

2014, doi: 10.1039/c4ta02866j.

[68] L. Tang, L. Wang, X. Yang, Y. Feng, Y. Li, and W. Feng, “Poly(N-
isopropylacrylamide)-based smart hydrogels: Design, properties and applications,”

Prog. Mater. Sci., vol. 115, no. June 2020, 2021, doi: 10.1016/j.pmatsci.2020.100702.

[69] Y. Zhao et al., “Soft phototactic swimmer based on self-sustained hydrogel oscillator,”

2019. Accessed: Apr. 28, 2021. [Online]. Available: http://robotics.sciencemag.org/.

[70] L.Y.Zhou, Q. Gao, J. F. Zhan, C. Q. Xie, J. Z. Fu, and Y. He, “Three-Dimensional
Printed Wearable Sensors with Liquid Metals for Detecting the Pose of Snakelike Soft
Robots,” ACS Appl. Mater. Interfaces, vol. 10, no. 27, pp. 23208-23217, Jul. 2018,

doi: 10.1021/acsami.8h06903.

[71] S.Y.Wu, C. Yang, W. Hsu, and L. Lin, “3D-printed microelectronics for integrated
circuitry and passive wireless sensors,” Microsystems Nanoeng., vol. 1, no. 1, p. 1, Jul.

2015, doi: 10.1038/micronano.2015.13.

[72] S.1J. Leigh, R. J. Bradley, C. P. Purssell, D. R. Billson, and D. A. Hutchins, “A Simple,
Low-Cost Conductive Composite Material for 3D Printing of Electronic Sensors,”

PLoS One, vol. 7, no. 11, p. e49365, Nov. 2012, doi: 10.1371/journal.pone.0049365.

[73] J.F. Christ, N. Aliheidari, A. Ameli, and P. Pétschke, “3D printed highly elastic strain

sensors of multiwalled carbon nanotube/thermoplastic polyurethane nanocomposites,”


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Mater. Des., vol. 131, pp. 394-401, Oct. 2017, doi: 10.1016/j.matdes.2017.06.011.

[74] A. Nyabadza, J. Kane, M. Vazquez, S. Sreenilayam, and D. Brabazon, “Multi-Material
Production of 4D Shape Memory Polymer Composites,” in Reference Module in

Materials Science and Materials Engineering, Elsevier, 2021.

[75] K. Kim, J. Park, J. hoon Suh, M. Kim, Y. Jeong, and I. Park, “3D printing of
multiaxial force sensors using carbon nanotube (CNT)/thermoplastic polyurethane
(TPU) filaments,” Sensors Actuators, A Phys., vol. 263, pp. 493-500, Aug. 2017, doi:

10.1016/j.sna.2017.07.020.

[76] H. Lee, J. Lee, B. Seong, H.-S. Jang, and D. Byun, “Printing Conductive Micro-Web
Structures via Capillary Transport of Elastomeric Ink for Highly Stretchable Strain
Sensors,” Adv. Mater. Technol., vol. 3, no. 2, p. 1700228, Feb. 2018, doi:

10.1002/admt.201700228.

[77] Q. Wu, S. Zou, F. P. Gosselin, D. Therriault, and M. C. Heuzey, “3D printing of a self-
healing nanocomposite for stretchable sensors,” J. Mater. Chem. C, vol. 6, no. 45, pp.

12180-12186, Nov. 2018, doi: 10.1039/C8TC02883D.

[78] 1. O.P.C. Series and M. Science, “A Review on 3D Printed Sensors,” 2020, doi:

10.1088/1757-899X/764/1/012055.

[79] M. Schouten, R. Sanders, and G. Krijnen, “3D printed flexible capacitive force sensor
with a simple micro-controller based readout,” Proc. IEEE Sensors, vol. 2017-Decem,

no. 3, pp. 1-3, 2017, doi: 10.1109/ICSENS.2017.8233949.

[80] S.Wang et al., “Inkjet printing of conductive patterns and supercapacitors using a
multi-walled carbon nanotube/Ag nanoparticle based ink,” J. Mater. Chem. A, vol. 3,

no. 5, pp. 24072413, 2015, doi: 10.1039/c4ta05625f.


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

[81] H. Yangetal., “3D Printed Photoresponsive Devices Based on Shape Memory
Composites,” Adv. Mater., vol. 29, no. 33, p. 1701627, Sep. 2017, doi:

10.1002/adma.201701627.

[82] H.Otaetal., “Application of 3D Printing for Smart Objects with Embedded Electronic

Sensors and Systems,” 2016, doi: 10.1002/admt.201600013.

[83] H.Yang etal., “Soft Thermal Sensor with Mechanical Adaptability,” Adv. Mater., vol.

28, no. 41, pp. 9175-9181, Nov. 2016, doi: 10.1002/adma.201602994.

[84] S. Chun, A. Hong, Y. Choi, C. Ha, and W. Park, “A tactile sensor using a conductive
graphene-sponge composite,” Nanoscale, vol. 8, no. 17, pp. 9185-9192, May 2016,

doi: 10.1039/c6nr00774k.

[85] L. Persano et al., “High performance piezoelectric devices based on aligned arrays of
nanofibers of poly(vinylidenefluoride-co-trifluoroethylene),” Nat. Commun., vol. 4,

2013, doi: 10.1038/ncomms2639.

[86] M. Vatani, Y. Lu, E. D. Engeberg, and J. W. Choi, “Combined 3D printing
technologies and material for fabrication of tactile sensors,” Int. J. Precis. Eng.

Manuf., vol. 16, no. 7, pp. 1375-1383, Jun. 2015, doi: 10.1007/s12541-015-0181-3.

[87] S. Agarwala et al., “Development of bendable strain sensor with embedded
microchannels using 3D printing,” Sensors Actuators, A Phys., vol. 263, pp. 593-599,

2017, doi: 10.1016/j.sna.2017.07.025.

[88] A. Ambrosi, J. G. S. Moo, and M. Pumera, “Helical 3D-Printed Metal Electrodes as
Custom-Shaped 3D Platform for Electrochemical Devices,” Adv. Funct. Mater., vol.

26, no. 5, pp. 698-703, Feb. 2016, doi: 10.1002/adfm.201503902.

[89] S. Bai etal., “Healable, Transparent, Roomerature Electronic Sensors Based on


https://doi.org/10.20944/preprints202108.0351.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 August 2021 d0i:10.20944/preprints202108.0351.v1

Carbon Nanotube Network-Coated Polyelectrolyte Multilayers,” Small, vol. 11, no. 43,

pp. 5807-5813, Nov. 2015, doi: 10.1002/smll.201502169.

[90] K. Zhang, C. Song, Z. Wang, C. Gao, Y. Wu, and Y. Liu, “A stretchable and self-
healable organosilicon conductive nanocomposite for a reliable and sensitive strain
sensor,” J. Mater. Chem. C, vol. 8, no. 48, pp. 17277-17288, Dec. 2020, doi:

10.1039/d0tc04719h.

[91] A. Dhasmana, S. Singh, S. Kadian, and L. Singh, “Skin Tissue Engineering : Principles

and Advances,” vol. 1, no. 1, pp. 1-11, 2018.

[92] W.Pengetal., “A direction-aware and ultrafast self-healing dual network hydrogel for
a flexible electronic skin strain sensor,” J. Mater. Chem. A Mater. energy Sustain., vol.

8, pp. 26109-26118, 2020, doi: 10.1039/DOTA08987G.

[93] L. Fanetal., “Antibacterial, Self-Adhesive, Recyclable, and Tough Conductive
Composite Hydrogels for Ultrasensitive Strain Sensing,” ACS Appl. Mater. Interfaces,

vol. 12, no. 19, pp. 22225-22236, May 2020, doi: 10.1021/acsami.0c06091.

[94] Y. Yang, B. Zhu, D. Yin, and J. Wei, “Flexible self-healing nanocomposites for

recoverable motion sensor,” pp. 1-9, 2015, doi: 10.1016/j.nanoen.2015.07.023.

[95] C.C.Homes, T. Vogt, S. M. Shapiro, S. Wakimoto, and A. P. Ramirez, “Optical
response of high-dielectric-constant perovskite-related oxide,” Science (80-. )., vol.

293, no. 5530, pp. 673-676, Jul. 2001, doi: 10.1126/science.1061655.


https://doi.org/10.20944/preprints202108.0351.v1

