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1.1 Introduction

The development of unconventional electronics, or the Internet of Things (IoT),
which enables active connections between various electronic devices and mas-
sive information flows from both the environment and humans, will likely lead to
another technology revolution in the near future [1]. To realize effective connec-
tions between factors such as environmental parameters and human vital statis-
tics and electronic devices, sensors serving as an inevitable bridge that converts
environmental/human body signals to electronic signals and their characteristics
will determine the future of IoT [2].

Nowadays, numerous sensors, including optical, chemical, electrical, gas, heat,
and mechanical, already play an important role in our daily life [3]. For instance, a
typical smartphone contains an accelerometer, gyroscope, magnetometer, prox-
imity sensor, ambient light sensor, microphone, touchscreen sensor, etc. These
sensors enable us to live better, learn quicker, and work faster [4]. Even though
enormous achievements have been realized with these state-of-the-art sensors,
they continue to provide us with emerging applications, including humidity sen-
sors that can be integrated into a cellphone and optical sensors that are able to
recognize a human face. These successfully commercialized sensors rely on tradi-
tional inorganic mechanically rigid materials and complex fabrication processes,
which are usually not compatible with flexible/stretchable substrates [5].

In recent decades, another kind of electronic material consisting of organic
components has emerged as an attractive alternative [6]. Compared to its inor-
ganic counterparts, organic materials, in theory, possess unlimited species, since
the properties of organic materials can be manipulated by simply regulating the
chemical structures and/or compositions [7]. Organic semiconductors (OSCs)
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have already accelerated the development of flat panel displays due to the
incredibly high performance of organic light-emitting diodes (OLEDs). Organic
thin-film transistor (OTFT) based back panel displays also give rise to the
commercialization of the first ever bendable smartphone [8]. A plastic empire is
on the rise, as a large fraction of the organic materials are polymers, and they are
utilized in almost every aspect of daily life in the human society [8]. Polymers
can be designed to be stronger than metals, as reliable as ceramics, and as soft as
liquids. More interestingly, they can be constructed to be insulators, semicon-
ductors, or even conductors. Unconventional properties, such as self-healing,
and stretchable semiconductors/conductors can also be accomplished with
organic materials [9].

Taking advantage of the wide range of properties of organic materials, multi-
functional sensors with flexibility/stretchability are rapidly developing and as a
result, the design of wearable sensors has become a major research target. The
next-generation sensors should be low-cost, lightweight, low energy consuming
devices, which together with capabilities such as being bendable or even stretch-
able, will ensure compatibility with wearable technologies. Wearable sensors can
not only simplify the daily life routine but also provide a great tool for in situ mon-
itoring of either external or internal parameters [10]. People have already partially
benefited from wearable sensors; applications to monitor heart rate (or even elec-
trocardiography) and the number of steps walked are already commonplace in
smart watches. In the future, wearable sensors will enable real-time monitor-
ing of the health of the human body, including blood pressure, oxygen levels or
if someone has suddenly fallen, and will likely enable quick diagnosis of com-
mon diseases [11]. Furthermore, environmental conditions and hazardous atmo-
spheric conditions can be monitored, which can act as information collection
terminals in IoT, improving public safety [12].

1.2 Wearable Organic Sensors Based on Different
Device Architectures

Owing to the boost in the area of organic electronic materials, different device
architectures can be adopted to realize flexible and stretchable organic sensors
for potentially wearable applications. Among various device architectures,
resistors, transistors, electrochemical, and diode-based devices are intensively
investigated, owing to their compatibility with traditional Si processing. While
different device architectures have different advantages, they can all be designed
to function as effective sensors. Sensing applications, including motion detec-
tion, hazardous gas monitoring, disease diagnosis, temperature recording,
etc. will be summarized. Furthermore, the integration of wearable sensors
with portable power sources and data processing hardware/software to enable
real-time information collection and processing has been reported [13].

In the following sections, we will focus on different sensor device structures,
illuminating the functional principles, popular organic materials, and practical
applications. Representative examples for designing flexible/stretchable sensors
and the strategies to enhance the sensing performance will be demonstrated.
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1.2.1 Resistor-Based Sensors

1.2.1.1 Definitions and Important Parameters
One of the simplest electronic devices is the resistor, where resistance is the key
parameter for any type of resistor. By utilizing resistors as sensors, the variation
in resistance is recorded when the resistor is in contact with the analyte. Not
only the value of the resistance is important for sensor applications, but several
other parameters are also equally critical. These include response time and recov-
ery time, which indicate how long the sensor will generate effective processable
signals or recover to its original state, and sensitivity, which indicates the detec-
tion limit of a target analyte. As resistors are easily fabricated and characterized,
they represent the most widely studied device structure for sensing applications,
including sensors with stretchable and wearable properties.

1.2.1.2 Materials and Applications
Materials are the most important factor influencing sensor performance,
contributing to the direct interaction with the analyte and electronic signal
transformation. Among all the materials that can be used as active layers in
a resistor-based sensor, graphene has exhibited emerging advantages due to
its high surface to volume ratio, controllable conductivity by adjusting the
composition/morphology/geometry, and excellent thermal conductivity. Wang
and coworkers successfully demonstrated a highly conductive, flexible, and
compressible all-graphene thin-film sensor [14]. This sensor can sense heat and
cold, measure the dimensions of the heated/cooled area, discern human touch
from other pressures, and enable human touch location and measurement of
pressure level under zero working voltage. Graphene was also coupled with some
organic materials to improve the sensing performance. The passive all-graphene
flexible thin-film sensor (FTS) technology may pave new pathways for the
development of electronic skin.

In another example, Zhu and coworkers fabricated highly sensitive graphene
woven fabrics (GWFs) by using a crisscross copper mesh substrate with chemical
vapor deposition (CVD) of graphene [15]. A flexible and wearable strain sensor
was assembled by adhering the GWFs on polydimethylsiloxane (PDMS) and
medical composite tape. The ultralight sensor exhibited features including
relatively good sensitivity, high reversibility, superior physical robustness, easy
fabrication, ease to follow human skin deformation without irritation, and so on.
As a consequence of the piezoresistive effect of GWFs, the sensors were used as
electronic skin covering the human body to detect body motions (Figure 1.1a,b).
The signals of GWF resistance change depend on the deformation strain that
is formed by the motions. The stronger the motion, the larger the strain, and
the motion signals can be recorded more easily. Some weak human motions
were chosen to test the notable resistance change, including hand clenching,
phonation, expression change, blink, breath, and pulse. Because of the dis-
tinctive features of high sensitivity and recyclability, the GWFs–PDMS–tape
based piezoresistive sensors exhibited wide potential applications in displays,
robotics, fatigue detection, body monitoring, in vitro diagnostics, and advanced
therapies.
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from all the elastomeric materials in percolated composite formats with
poly(3-hexylthiophene-2,5-diyl) nanofibrils (P3HT-NFs) and Au nanoparticles
with conformally coated silver nanowires (AuNP–AgNW) in PDMS [39].
The fabricated TFTs retained more than 55% of their electrical performances
upon 50% stretching and exhibited one of the highest P3HT-based field-effect
mobilities of 1.4 cm2/(V s), owing to improved crystallinity. Rubbery sensors,
which include strain, pressure, and temperature sensors, exhibit reliable sensing
capabilities and can be exploited as smart skins that enable translation of
gestures for sign language alphabet and haptic sensing for robotics, illustrating
one application of these sensors.

The advantages of transistors also include their ability to be integrated into
facial systems for signal amplification. Im and coworkers reported a nonclassical
organic strain gauge as a voltage signal sensor using an inverter-type TFT circuit,
which sensitively measured a large quantity of elastic strain (up to � 2.48%) [40].
Heptazole-based organic TFTs were chosen to be incorporated in this gauge
circuit, because of the small domain size of the organic solid heptazole. While
large crystal domain-pentacene TFTs seldom show sufficient current variation
upon mechanical bending for tensile strain, these heptazole TFTs demonstrated
a significant variation for the same strain condition as applied to the pentacene
alternatives, as shown in Figure 1.4c,d. In addition, the pentacene channel does
not recover to its original electric state after bending. In contrast, heptazole
channels are very elastic and reversible, even after serious bending. More
interesting is the observation that the heptazole TFTs show only minimum
variation of signal current under horizontal direction strain, while they make a
significant amount of current decrease under vertical direction strain. Utilizing
the anisotropic response to the tensile bending strain, an ultrasensitive voltage
output strain gauge composed of a horizontally and vertically oriented TFT
couple was demonstrated. A complementary inverter using n-type InGaZnO-
and p-type CNT-TFTs was also adopted in the area of sensing. Takei and
coworkers reported this vertically integrated 3D complementary metal-oxide
semiconductor (CMOS) with a temperature sensor device on a flexible substrate;
the structure is shown in Figure 1.4e [41]. Relative to conventional lateral integra-
tion, this vertical integration process for a flexible device realized high-density
integration by adding only � 4 � m thickness of the flexible passivation layers. The
mechanical reliability and temperature dependence of the 3D CMOS inverters
were characterized for the first time. These inverters exhibited good mechanical
flexibility and relatively stable temperature dependence without a change in
performance.

More importantly, vertical integration of both TFTs and sensors facilitated
the fabrication of highly integrated and flexible devices for practical low-cost
electronics. The introduction of sensor arrays is also a general strategy to
improve sensing capability and selectivity. Park and coworkers successfully
demonstrated a general approach to fabricate e-skin that can (i) extract effects
from the target sensing signals, such as P or T, while the flexible sensor is under
multimode stimulus; and (ii) enable real-time bimodal sensing using a single
field-effect transistor (FET) device by extracting parameters associated with
mechanical deformation [42]. The advantages in integrating FET arrays with
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multimodal sensing elements in flexible e-skin greatly reduced the complexity in
structural integration, eliminated or minimized the signal interference coupled
by strain, significantly reduced the power consumption, and decreased the
failure rate in production due to facile integration of FET devices into the
circuits. Furthermore, it has potential for reducing fabrication costs of large-area
flexible e-skins. This approach may be extended to realize multimodality in
large-area flexible e-skin with heterogeneous input stimuli of physical, chemical,
or biological nature, and also to solve problems associated with strains induced
during operative service of flexible electronic systems.

1.2.3 Electrochemical Sensors

1.2.3.1 Definitions and Important Parameters
Similar to OFETs, electrochemical sensors usually consist of three electrodes,
including the reference, the counter, and the working electrodes [43]. Among all
the geometries of electrochemical-based sensors, organic electrochemical tran-
sistors (OECTs) have received much more attention due to the structure similar
to that of conventional transistors, which facilitates fabrication and characteri-
zation [44]. Generally, OECTs are comprised of a (semi)conductive polymer, and
an electrolyte acting as the dielectric. The gate electrode is immersed in the elec-
trolyte to apply gate bias. Owing to the ultra-large capacitance, OECTs can be
effectively driven at voltages lower than 1 V. Moreover, as a kind of transistor,
they have all the advantages of transistors. In addition, a fascinating feature of
OECTs is that the electrolyte acts as a dielectric and can be used as a sensing
medium. Owing to the double layer capacitor characteristics, the geometry of an
OECT can be easily adjusted [45]. In the following section, we will focus more on
OECT-based sensors.

1.2.3.2 Strategy and Applications
Owing to their unique device properties, OECTs are more attractive when
applied in the area of stretchable and wearable sensors, as their dielectrics
are either liquid or ultra-stretchable gel materials. Furthermore, OECTs are
extremely compatible with biosensor applications, as their behavior is very
similar to that of the synapse. Lee et al. reported an organic optoelectronic
sensorimotor synapse that uses an organic optoelectronic synapse and a
neuromuscular system based on a stretchable organic nanowire synaptic tran-
sistor (s-ONWST) [46]. The voltage pulses of a self-powered photodetector
triggered by optical signals drive the s-ONWST, and the resultant informative
synaptic outputs were used not only for optical wireless communication of
human–machine interfaces but also for light-interactive actuation of an artificial
muscle actuator in the same way that a biological muscle fiber contracts. This
organic optoelectronic sensorimotor synapse suggests a promising strategy
toward developing bioinspired soft electronics, neurologically inspired robotics,
and electronic prostheses.

Other than organic small molecules and polymers, CNTs were also applied in
electrochemical sensors. Huang and coworkers reported an attractive stretch-
able electrochemical sensor that takes advantage of a hierarchical percolation



18 1 Wearable Organic Nano-sensors

network of carbon nanotubes and gold nanotubes (CNTsAu NTs) [47]. This
hybrid nanostructure provided the sensor with excellent time-reproducible
mechanical and electrochemical performance while granting very good cellular
compatibility, making it perfectly apt to induce and monitor simultaneously tran-
sient biochemical signals. This is validated by monitoring the stretch-induced
transient release of small signaling molecules by both endothelial and epithelial
cells cultured on this sensor and submitted to stretching strains of different
intensities, as shown in Figure 1.5a–d. This work demonstrates that the hybrid
CNTs-Au NTs platform offers a versatile and highly sensitive approach to
characterize and quantify short-time mechano-transduction responses.

Natural organic materials have also been widely utilized as active sensing
materials of electrochemical-based sensors. Wang and coworkers developed a
flexible glove-based electrochemical biosensor with a highly stretchable printed
electrode system as a wearable point-of-use screening tool for defense and food
security applications by adopting an enzyme [48]. This disposable, mechani-
cally robust “lab-on-a-glove” integrated a stretchable printable enzyme-based
biosensing system and active surface for swipe sampling on different fingers and
was coupled with a compact electronic interface for electrochemical detection
and real-time wireless data transmission to a smartphone device (Figure 1.5e–j).
Stress enduring inks were used to print the electrode system and the long
serpentine connections to the wireless electronic interface. Dynamic mechanical
deformation, bending, and stretching studies illustrated the resilience and
compliance of the printed traces against extreme mechanical deformations

Figure 1.5 (a) Fluorescence microscopic image of mechanically strained HUVECs (30% stretch)
after staining with Alexa Fluor 488 phalloidin (green: actin fibers) and Hoechst 33342 (blue:
nuclei). (b) Schematic diagram of cellular mechanotransduction mechanism stimulated in
stretched cells. (c) Current responses detected from HUVECs submitted to different stretch
moduli (I–III) (see text). (d) Current responses detected from HBECs submitted to different
stretch moduli. The vertical gray dashed lines in (c) and (d) indicate the beginning points of
mechanical stretches; it took five seconds to achieve the desired strains. The electrode was
submitted to a cycle of stretch and release process before applying another stretch episode to
the cells. (e) Image of the serpentine stencil design employed for printing the glove-based
stretchable device. (f ) Schematic of (left) the biosensing scan finger (index finger) containing
smiling face shaped carbon-based counter (CE), working (WE) electrodes and Ag/AgCl-based
reference electrode (RE), and (right) collecting thumb finger with its printed carbon pad; scale
bar 10 mm. (g) Photographs of the biosensing index finger under 0% (left) and 50% (right)
linear stretch; scale bar, 10 mm. (h) On-glove swiping protocol for sampling chemical threat
residues from tomato and stainless steel surfaces. (i) On-glove sensing procedure by joining
the index (scan) and thumb (collector) fingers to complete the electrochemical cell.
(j) Photographs of the wearable glove biosensor, consisting of a sensing finger, containing the
immobilized OPH enzyme layer, and the collector/sampling finger. (k) Schematic illustration of
the current change mechanism for detecting target PSA molecules attached to the sensor
surface. (l, m) Kinetic monitoring of PSA binding to rGO@SFP-based biosensor without and
with immobilized anti-PSA antibodies. (n) The response time of rGO@SFP-based biosensor
detection against 1 × 10Š12 M target PSA. Source: (a–d) Liu et al. 2017 [47]. Reproduced with
permission of John Wiley & Sons; (e–j) Mishra et al. 2017 [48]. Reproduced with permission of
Royal Society of Chemistry; (k–n) Wang et al. 2016 [49]. Reproduced with permission of John
Wiley & Sons.
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