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Abstract: Conductive polymers have attracted wide attention since their discovery due to their unique
properties such as good electrical conductivity, thermal and chemical stability, and low cost. With
different possibilities of preparation and deposition on surfaces, they present unique and tunable
structures. Because of the ease of incorporating different elements to form composite materials,
conductive polymers have been widely used in a plethora of applications. Their inherent mechanical
tolerance limit makes them ideal for flexible devices, such as electrodes for batteries, artificial muscles,
organic electronics, and sensors. As the demand for the next generation of (wearable) personal
and flexible sensing devices is increasing, this review aims to discuss and summarize the recent
manufacturing advances made on flexible electrochemical sensors.
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1. Introduction

Flexible conductive materials have attracted extensive research due to their potential
in applications such as health-monitoring and implantable medical devices, robotic smart
skin, wearable energy storage devices, human-machines interfaces, and wearable and
flexible electronic systems. Conductive polymers (CP) have gained rapid development
since their discovery. Their conductivity can be tuned by doping, by chemically changing
their structure or by combining them with different additives, i.e., metals, semiconductors,
acids or even surfactants [1]. Flexible sensors, an important part of new and modern
electronics, have also attracted a lot of attention [2]. Polymers are used in the construction
of flexible devices, as they have high shock resistance as well as low weight, flexibility, and
softness, tailorable structure and low cost. The most popular conductive polymers used
in flexible sensors [3] are polypyrrole (PPy), polyaniline (PANI), polythiophene [4], and
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) [5] (Figure 1).
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Figure 1. (A). Poplypyrrole, (B). Polyaniline, (C). Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate, (D). Polythiophene.

The main ways to produce flexible conductive polymer-based sensors are:
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(i) in the case of a flexible support, as with fiber materials (polyester or cotton fibers),
flexible polymers polyimide (PI), polydimethylsiloxane (PDMS), polyethylene tereph-
thalate (PET), Kapton [6] or even paper [7] can be produced by:

e the polymerizing of a thin layer of CP directly on the surface by electropolymer-
ization, vapor phase polymerization or in situ polymerization;

e  coating/dyeing or printing [8-11] a solution or a suspension containing the polymer;

o  wet[12,13], melt or electro [14] spinning of the CP;

(if) by modifying the structure of the conductive polymer. CPs have a highly 7-conjugated
structure that leads to rigidity and high stiffness. By changing the synthesis method or
by adding counterions, [15] soft polymers, [16] ionic liquids, [17] surfactants, [18,19]
or polyvinyl alcohol [20], the CPs will increase their flexibility and stretchability.

(iii) by growing CP structures, by electrochemical or chemical oxidative polymerization in
a flexible matrix, as gels [21,22] or elastomers.

Flexible sensors have been attracting great attention due to their potential to be used as
wearable chemical sensors [23,24] in the fields of sports [25,26] and health [27], medicine and
occupational safety [28]. Hazard identification by monitoring in real-time the body status
and the surrounding environment, allows for fast response in order to take countermeasure
against potential damage [29-31].

An important aspect of the sensors when used for health and medical applications is
biocompatibility [32,33]. In medicine, flexible sensors can be used for blood pressure mea-
surements, [34] electrocardiographic (ECG) monitoring, [35] electromyography (sSEMG) [36]
and non-invasive exhaled breath analysis [37,38]. In environmental applications, they are
used for pressure and humidity measurements [39], gas sensing [40—44], or temperature
measurements [45].

The main goal of this review is an overview of the preparation methods of conductive
polymer-based flexible sensors. We focused our study by relating to different types of
flexible sensors that incorporate conductive polymers. Although all types of flexible
sensors are studied, CP are most of the time studied as a component for piezoresistive and
gas sensors. In this paper piezoresistive, gas, pH and ions, biosensors, temperature and
humidity sensors, and actuators are discussed in the order of most commonly employed to
least commonly employed type. As the most studied flexible devices are the piezoresistive
ones, the subchapter is divided according to the CP.

2. Piezoresistive Sensors

Piezoresistive sensors transduce mechanical strains such as pressure, force (friction,
Coriolis, etc.), mass, displacement, deformation, torque, cracks, creep, fatigue, flow, level,
height, or acceleration into an electrical resistance change. There are two main strategies to
obtain a flexible piezoresistive sensor. Usually, a conductive filler such as metals or carbon
nanotubes (CNTs) are incorporated in an elastic material [46,47]. Carbon-based materials
are generally used as they are highly conductive, but they can be expensive. Polymers like
polyurethane (PU) or poly(dimethylsiloxane) are used due to their excellent optical and
mechanical properties such as elasticity, low density, or transparency. The second strategy
is the use of conductive polymers as the sensor [48] but also as a filler [49]. Significant
advances have been made in improving the flexibility of conjugated polymers by changing
their chemistry or the strategies to design the material [50].

2.1. Polypyrrole

Polypyrrole was used as a coating for polyurethane foam [51] to prepare wearable
pressure sensors. The conductive polymer, prepared by chemical polymerization, coated
the foam, and formed a soft, compressible, and versatile material, with a large surface
area, excellent fluid absorbance properties and robustness under repeated compression
and expansion.

Another method to form a polypyrrole film at the surface of an elastic and stretchable
material is the vapor phase polymerization (VPP) technique. A layer of FeCl3 oxidant was
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deposited onto natural rubber strips, then exposed to pyrrole monomers, providing a good
adhesion between the two components of the strain sensing element. Various deposition
parameters were employed to obtain a sensor able to detect large mechanical strain [52].

Different strategies have been employed to increase the flexible electrode’s character-
istics. To increase the elasticity of polypyrrole films, Pan et al. introduced hollow-sphere
microstructures during a multistep synthesis forming an ultra-sensitive resistive pressure
sensor [53]. Hemisphere structures were fabricated by interlocking two elastic patterned
nanofibrous membranes to increase the sensibility. The 3D elastic and porous protrusions
structure was formed by Poly(vinyl alcohol-co-ethylene) (PVAco-PE nanofibers) coated PPy
and elastic polyolefin elastomer (POE) nanofibers. The interconnecting scaffold offered the
sensor a tunable effective elastic modulus, capable of capturing varied strains and stresses.
Combined with an LED system, the patterned nanofibrous sensors can be used in visual
detection applications [54]. The sensibility of a sensor can also be adapted by modifying one
of the component’s structures. For example, a two component pressure sensor, composed
of an Au micropillar array and a deformable PPy film chemically deposited on a PDMS
substrate, showed tunable sensibility by varying the gold pillar diameter [55].

PPy can be used not only as a film but also in the form of particles. Chen at al. [56] uni-
formly dispersed PPy particles in an elastic supramolecular polymer matrix, cross-linked
by multiple hydrogen-bonding 2-ureido-4[1H]-pyrimidinone (UPy) groups. This network
promoted not only the transport of electrons but also provided mechanical reinforcement to
the hybrid system, exhibited strong adhesiveness to a broad range of organic and inorganic
substrates, and was used as a strain sensor for the detection of both subtle and large human
motions (pulse beating and finger movement). Another way that pyrrole is integrated in
sensors is by incorporating it in hydrogels. Hydrogels are soft material, with biological
tissue like structure, high flexibility and good viscoelasticity. A multifunctional autonomic-
intrinsic conductive self-healing hydrogel was reported by Darabi et al. [57]. The physically
and chemically crosslinked hydrogel network was prepared in a twostep synthesis. First,
on a double-bond decorated chitosan, PPy was grafted (DCh-PPy). Then acrylic acid
monomers were chemically polymerized in the presence of DCh-PPy and ferric irons to
form a poly(acrylic acid)(PAA) double network hydrogel. The reversible ionic interactions
between carboxylic groups of PAA and —-NH groups of PPy and ferric ions led to an au-
tonomous and fast self-healing of the material. This sensor-based hydrogel showed a good
sensing performance (respiratory, pulse, and muscle motions detection), 3D printability,
and stretchability. Zhang et al. [58] proposed a multifunctional hemicellulose-polypyrrole
composite hydrogel that showed good mechanical property, water retention, anti-freezing
performance, and thermo-plasticity. Hemicellulose-conductive polymer composite (H/PPy)
was formed in water in the presence of phytic acid (to induce the Py polymerization due to
the multiple hydrogen bonds formed between the rich oxygen-containing groups of the
acid and the monomer) and FeCl; (as a dopant, to increase the electrical conductivity). The
PVA/BGL-H /PPy hydrogel was then prepared by mixing together the H/PPy suspension,
PVA, glycerol, and borax, followed by freezing treatment and thawing. The formed sensors
were able to detect throat deforming during speaking and drinking, as well as body motions
such as finger and wrist bending.

Gan et al. [59] prepared hydrophobic PPy nanorods, uniformly distributed and inte-
grated with a hydrophilic polymer phase (Figure 2). The highly interconnected conductive
path in the hydrogel led to the detection of wrist motion, sensing the releasing and the
clenching of the hand. In order to obtain this conductive hydrogel-based sensor, with good
biocompatibility, superior mechanical properties, and excellent conductivity, a polyacry-
lamide/chitosan framework was used as a molecular template. After its synthesis by UV
photopolymerization, hydrophobic and conductive pyrrole monomers were added, and
polymerized in situ by FeCls.
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Figure 2. Schematics of the preparation of PPy composited conductive and tough hydrogels;
(a) Synthesis of polyacrylamide/chitosan interpenetrating network (PAM/CS IPN) hydrogels;
(b) Py absorption into IPN hydrogel fixed on CS chains and accumulated in the CS entanglement zone;
(c) PPy in situ polymerization. Adapted with permission from Ref. [59]. Copyright © 2018 American
Chemical Society.

Sponge-based piezoresistive sensors have gained a lot of interest due to their 3D
typical porous structure, good elasticity, and large thickness. Low-temperature interfacial
polymerization of polypyrene film doped with FeClz on a commercial latex sponge as the
base material led to a cheap, pressure sensor able to detect human movements (grabbing
objects and bending fingers, crouching and standing on tiptoes) [60]. Py monomers were
inserted by diffusion into the porous PU elastomer substrates and were in situ polymerized
to prepare a stretchable electric material with a thin layer of polypyrrole (PPy) strongly
anchored on PU surfaces.

Py monomers were diffused and in situ polymerized into a porous PU elastomer
substrate to prepare a stretchable electric material for human breath sensing. The thin layer
of polypyrrole (PPy) strongly anchored on PU surfaces led to the formation of net-like
microcrack structures that change the electrical resistance of the sensor under stretching
and release motions [61].

On an elastic fibrous electrospun PDMS membrane, a PPy layer was applied by vapor
phase polymerization to form an “on-off switch” strain sensor. At 0-50% strain, the sensor
showed a normal monotonic resistance response, but at 100-200% strain, the response
mode became “on-off switching” type [62].

Li et al. [63] used a four-step strategy to enhance the stability of PPy coated fabric
by chemical vapor deposition of a thin layer of monomer that was polymerized at a low
temperature, doped it with a large anion-dodecyl benzene sulfonate, and finally had it
annealed. Fabricating a strain sensor on Lycra fibers, Wang et al. [64] showed that the
electrically resistance of the sensor was mainly related to the micro-cracks appearing on
the fiber surface during deformation. To lower the mechanical and electromechanical
hysteresis of the fabric bases sensor, Li et al. proposed to use polyurethane yarns and
hybrid polyurethane yarns as fabrics [65].
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2.2. Polyaniline

Polyaniline was successfully polymerized into a nitrile butadiene rubber (NBR) solu-
tion. The thin film was used as a stretchable strain sensor. It displayed increased electrical
conductivity with the increase of polyaniline filler, but a decrease upon the stretching. This
is due to the disconnection mechanism between the filler particles and confirms the theory
that PANI can be used as an economical alternative to the more expensive CNT/metal
based sensors [66]. Another strategy is a tripolymer composite: polyaniline, polyacrylic
acid (PAA), and phytic acid (PA). Due to its high stretchability, self-healing properties and
a high electric conductivity, it can be used as a strain and a pressure sensor [67].

A melamine sponge, wrapped in reduced graphene oxide (rGO)/polyaniline nanowires
with tunable sensibility, was able to monitor different body activities, from robust mo-
tions (finger bending, elbow and knee movement) to tiny activities (voice recognition,
swallowing, mouth opening, gentle/heavy blowing, crying expression and light/deep
breathing) [68]. PANI can be used not only to increase the material conductivity, but its
reduction performance can be used to reduce Ag* to Ag’, forming particles of metallic
silver. Polyester fabric was used as a flexible substrate, and after the polymerization of
PANI in situ, the silver was reduced from a solution of silver nitrate. This sensor does not
only present rapid response times, high sensitivity, durability and exceptional flexibility,
but is also antibacterial due to the presence of silver (Figure 3) [69].

Immersion in
AgN{, solution
Reducing silver ions
- . — '
PANI/PET fabric Ag/PANLUPET fabric ¥V I~
PR o SO
—

Silver-plated PET fabric

Figure 3. Preparation of silver-PANI sensor. Adapted with permission from Ref. [69]. Copyright©
2019 Elsevier.

A highly sensitive sensor, capable of noninvasively detecting human pulse wave-
forms, both from the carotid and the radial arteries (Figure 4A), was proposed by Park
et al. The multilayer pressure sensor consists of a top layer of an Au-deposited PDMS
micropillar placed on conductive polyaniline nanofibers and a polyethylene terephthalate
(PET) substrate. By varying the pressure, changes in contact resistance between Au-coated
micropillars and polyaniline take place. Adding to this, a5 x 5 stretchable array on a mixed
thin film of PDMS and Ecoflex with embedded liquid metal interconnections, under biaxial
stretching (up to 15%) shows stable sensing of pressure [70].

Patterned poly(vinylidene fluoride) (PVDF) nanofiber-based thin membranes were
obtained by electrospinning. Changing the configuration of the patterned collectors, the
obtained PVDF membranes had a similar architecture as the electrically conductive col-
lector (sexangular-patterned, nearly rectangle-patterned, metal grid or circular patterned).
By chemical oxidative polymerization of aniline, a patterned, highly stretchable, conduc-
tive PANI/PVDF nanofibrous membrane with different patterns was obtained and used
as a strain sensor that can detect finger motion [71]. Highly aligned PVDF NFs arrays
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integrated within a PANI coated PVDF NFs mat were used as an piezo-organic-e-skin
sensor for energy harvesting, from various types of mechanical motion and self-powered
human physiological signal sensing. The flexible sensor was able to detect various human
gestures, such as neck stretching, wrist bending, arm compressions, and movements of
the throat during the drinking of water, coughing actions, and swallowing under couple
of conditions such as compression, bending and stretching [72]. For a strain sensor with
increased elasticity, Jiang et al. [73] proposed a PU nanofiber membrane prepared by elec-
trospinning, covered by PANI by in situ polymerization, and with silver nanowires fixed
by vacuum filtration.

2.3. PEDOT

A highly flexible conducive polymer is poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonate) (PEDOT:PSS). The PEDOT polymer has shown good conductivity, up to 300 S cm ™!
when it is oxidatively electropolymerized in the presence of PF®~ counterions, as the
resulting material is very resistant to oxygen and water degradation and it has poor
solubility, limiting its range of applications. This led to the development of a polyelectrolyte
complex, the p-doped and positively charged PEDOT with the negatively charged and
water-soluble PSS [74].

A hybrid elastomer/conductive polymer strain sensor was prepared by VPP. Due
to the effective diffusion, penetration, and polymerization of the monomer, PEDOT was
uniformly dispersed in a thermoplastic polyurethane (TPU). Two types of oxidants were
analyzed, (FeClz and iron (III) p-toluenesulfonate (FTS)), and the FTS-based sensor showed
excellent performance in terms of stretchability (>300%), gauge factor, resistance and dura-
bility. It was shown that the quantity of the dopant is in direct correlation with the quantity
of the conductive polymer that was polymerized and, implicitly, with the conductivity of
the sensor [75]. Savagatrup et al. [76] analyzed the effect of the commonly used additives
dimethylsulfoxide (DMSQO), Zonyl fluorosurfactant (Zonyl), and poly(ethyleneimine) (PEI)
on the PEDOT:PSS mechanical properties, prepared by spin-coating. Elasticity and ductility
were maximized in films deposited from solutions containing 5% DMSO and 10% Zonyl
and this formulation was used for the preparation of strain sensors. Since the conductivity
was observed to be higher in the samples containing 0.1% Zonyl, that formulation was
used for mechanically robust organic solar cells preparation.

Liu et al. [77] fabricated a strain sensor based on poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)-polyvinyl alcohol (PEDOT:PSS-PVA) nanofibers by electro-spinning
on a Kapton substrate. By encapsulating different concentrations of a polydimethylsiloxane
layer, the electrical conductivity of the sensor can be easily tuned. Moreover, the sensor
presented excellent stability, fast response in detection of finger motion and can be powered
by solar cells. Combining the conventional electrospinning with a straightforward, simple
harmonic motion, at different speeds, Sun et al. prepared stretchable strain sensors of
PEDOT:PSS-poly(vinyl pyrrolidone) fibers with curved architectures [78]. Twisted microp-
ores structures were obtained by twisting the electrospun aligned PEDOT:PSS-polyvinyl
pyrrolidone fibers, doped with ionic liquid (1-ethyl-3-methylimidazolium acetate). The
presence of the micropores increase the mechanical behavior of the fibers (they can stretch
more than 90%). This can be used as a tensile sensor, elastic semiconductors and flexible
solar cells [79].

A dipping-embedded transfer method was used to prepare a highly conductive stretch-
able all-plastic wearable sensor. Mild acid was used to increase the conductivity of the
layer PEDOT:PSS fabricated on quartz, and it was then embedded into PDMS elastomers.
The PEDOT:PSS-PDMS film was used to fabricate two devices, a wearable sensor and a
semitransparent organic solar cell (OSCs) [80]. A high-transparency and high-sensitivity
capacitive pressure sensor was proposed by Kim et al., with homogeneously and het-
erogeneously dispersed SiO, nanoparticles in a diluted PDMS layer on a PEDOT:PSS
electrode [81].
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Figure 4. Different types of nanostructures employed to increase the sensor sensibility. (A). Au-
deposited PDMS micropillars on conductive PANI nanofibers on PET based sensor. (Reproduced from
Ref. [70] Copyright © 2015 American Chemical Society); (B). Bionic hierarchical structure transferred
from abrasive paper based sensor (A-schematic of skin history, B-fabrication process of the sensor),
(Reproduced from Ref. [83] Copyright © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim);
(C). PEDOT:PSS/PUD thin film coating PDMS pyramid surface (Reproduced from Ref. [82] Copyright
© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

Another way to maximize the pressure-induced geometrical change incurred by
the conductive electrode, as spring-like compressible micro-pyramid PDMS arrays were
deposited as a base. On top, an aqueous polyurethane dispersion (PUD) elastomer blend in
the conductive polymer PEDOT:PSS was coated as a potential high-conductivity stretchable
electrode. The stretchable pressure sensor presents a higher pressure sensitivity with its
elongation, up to 103 kPa~—!, when it is stretched by 40% [82] (Figure 4C). On the same idea,
high-performance pressure sensors with bionic hierarchical structures were prepared by
the peeling of a layer of Ecoflex spin coated from abrasive paper and coated a PEDOT:PSS
sensing layer. To enhance the sensitivity of the sensors, a second Ecoflex layer was added
(Figure 4B) [83].Table 1 compare the key parameters of these two types PEDOT:PSS based
strain flexible sensors with sensors based on PPy or PANL

Table 1. Comparison of key parameters in different polymer-based strain flexible sensors.

Materials

Maximum
Detection
Pressure

Detection
Limit (Pa)

Response
Time (ms)

Sensitivity (kPa—1) Voltage (V) Ref.

PEDOT:PSS/AgNWs

6.13 (<5 kPa), 0.97

(20-90 kPa) 0.1

60 20 90 [83]

PEDOT:PSS

NA 4.88 (0.37-5.9 kPa) 8 0.2 [82]

PPy@poly(vinyl
alcohol-co-ethylene)
nanofibers

1.24 (<150 Pa), 0.89
(<1 kPa),
0.02 (1-7 kPa)

NA [54]

PANI nanofibers/Au
deposited
PDMS nanopilars

50 15 0.22 [70]

The spin-coating method was used to prepare a highly transparent and conductive
PEDOT:PSS/Ag nanowires (NWs) composite electrodes for flexible piezoelectric nano-
generator (FPNG). By optimizing the length/diameter ratio of the metallic NWs and its
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volume ratio to PEDOT:PSS, the resulting composite film electrode displayed metallic
conductivity, high diffusive transmittance, and highly flexibility [84].

Beneficial synergetic effects were found in the interpenetrated morphology of a net-
work formed with PEDOT:PSS and polyethylene oxide/Zonyl surfactant. The presence of
the surfactant increases the ductility and the deposition of the polymer on PDMS elastomer,
a hydrophobic surface. The resulting network has an excellent mechanical stretchability and
high electrical conductivity that can detect finger motion. As this material is transparent, a
power conversion of 12.5% was registered when used in indium-tin-oxide (ITO)-free solar
cells using the PBDB-T-2F:IT-4F blend [18]. Bandodkar et al. [85] used the same surfactant
directly mixed in the stretchable Ecoflex substrate of the electrode to decrease the bond
unraveling and the delamination of PEDOT:PSS and Ag/AgCl printed 2D serpentine inter-
connections. The conductive polymer ink was used to print the working and the counter
electrode while an Ag/AgCl reference electrode provided a constant potential. In order
to prepare an inkjet-printed PEDOT:PSS-based stretchable conductor for wearable health
monitoring applications (photoplethysmography (PPG) and electrocardiography (ECG)
recording), Lo et al. [86] systematically studied the effect of various types of polar solvent
additives. The optimal ink formulation that induced phase separation and formation of
PEDOT and PSS grains, improving the electrical properties, contained 5% ethylene glycol
(EG). For an increased elasticity, poly (ethylene oxide) was added. EG has been used as an
antifreeze agent, and can change the freezing point of water below —40 °C. Rong et al. [87]
report an anti-freezing, PEDOT:PSS-PVA strain sensor that is stable in the temperature
range —55 to 44.6 °C, owing to the EG/H;O binary sensor.

A sandwich structure containing a nanohybrid film of single-wall carbon nanotubes
(SWCNT) between two layers of PU-PEDOT:PSS was analyzed as a strain sensor. The
transparent, stretchable, and highly sensitive sensor was able to detect small changes of the
human skin when emotional expressions (like crying and laughing) or directional eye move-
ments occurred [88]. Similarly, a three layer sensor formed by a top PEDOT:PSS/SWCNT
hybrid electrode array, a bottom PEDOT:PSS/SWCNT hybrid electrode array embedded
in the PDMS encapsulation layer, and a PDMS dielectric layer was prepared as a strain-
discriminable pressure/proximity sensor [89]. Another sandwich type sensor was prepared
for the detection of more ample motion such as joint/muscle motions, arterial pulsation,
and voice vibration. The highly conductive PEDOT:PSS film was embedded between a
PDMS elastomer sheet and a PEDOT:PSS film doped with poly(vinyl alcohol) (PVA) and
Zonyl surfactant. Fine cracks are formed in the conductive polymer by the tensile threads
that are getting closer when the film is relaxed, leading to a high sensitivity of the sensor.
Moreover, the durability that resulted from the mechanically robust sandwich structure led
to the sensor distinguishing complex and diverse bending motions [90].

Rice straw cellulose-derived 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)—cellulose
nanofibril (CNF) was protonated and hydrogen bonded with PEDOT /PSS to form a tunable
and linearly responsive strain sensor. The PEDOT /PSS/CNF aerogels were up to ten times
stronger then the PEDOT /PSS alone due to the transformation of PEDOT benzoid structure
to the more electron transfer-preferred quinoid structure. By further vapor annealing of
the sensor, with ethylene glycol, the conductivity increased by 2 orders of magnitude. An
infusion with poly(dimethylsiloxane) offered the sensitive, linearly responsive strain sensor
its stretchable structure [91].

As the sensing property of a strain-based textile sensor is closely related to its struc-
ture, fabrication, and to the sensing behavior of its components, Seyedin et al. [92] pre-
pared a strain sensor textile based on conductive polymeric fibers. To avoid the possible
mechanical mismatch between the fabric and the conductive coating, highly stretchable
PU/PEDOT:PSS fibers were used and knitted in a fiber of four with a commercial Span-
dex. The knitted textile sensor, combined with a commercial wireless transmitter, showed
good response to bending deformation, making it a promising candidate for remote strain
sensing applications.



Chemosensors 2022, 10, 97

9 of 26

Kim et al. [93] prepared a microfiber sensor that was used directly as a strain sensor.
The highly sensitive and stretchable double-network sensor based of soft polyacrylamide
and brittle calcium-alginate microfibers was prepared by microfluidic devices. The resis-
tance of the sensor changed in response to the stretching of the microfiber is due to the
connection/partial disconnection of the PEDOT:PSS domains.

Bilayered microcracked PEDOT:PSS films were fabricated to mimic the scales of the
snakeskin in order to detect a wide-range of motions. On an elastomer substrate (poly-
dimethylsiloxane [PDMS] or VHB tape), treated with O, plasma to improve its hydrophilic-
ity and adhesion, a PEDOT:PSS layer was spin coated, baked and uniaxially stretched to
form islands (due to the cracks that appeared in the conductive polymer). A second layer
of PEDOT:PSS was added, and a biocompatible hydrogel layer was used as an interface
between the device and skin. The strain sensor showed excellent results in detecting a
wide range of motion, from subtle (pulse and phonation), to mid-level body stretches and
joint movements [94]. Asymmetric trilayers based PEDOT:PSS were fabricated as actuat-
ing and sensing linear artificial muscles. By using a simple layer stacking process, and
combining stiff and soft electrodes, the final material had a sandwich like structure with a
ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide (EMImTFSI)-
poly(ethylene oxide) (PEO)-nitrile-butadiene rubber (NBR) semi-interpenetrating polymer
network between two PEDOT:PSS + PEO (40%) electrodes [95].

The strain sensors can be used not only in health, by monitoring body movements,
but can have applications in the food industry, more precisely by developing technology
that finds the optimal processing time of starch-based foods. A starch/PEDOT:PSS blend
was used to monitor different food preparation processes such as fermentation, storage,
steaming, and refreshing of starch-based food. The strain sensor monitoring can lead to a
reduced energy consumption and increased quality and productivity in starch-based food
industry manufacturing [96].

Gao et al. obtained scalable flexible tactile sensors based on a nanofiber assem-
bly of high-molecular-weight regioregular poly(3-hexylthiophene)(P3HT). Self-standing
nanofiber assemblies were formed without the need of high-molecular-weight insulating
polymers or highly concentrated solutions (as they are usually required) [97].

Table 1 gives couple of examples of polymer-based strain flexible sensors.

3. Gas Sensors

Gases released from natural and industrial processes require detection and monitoring,
as they have a tremendous impact on human health.

Gas sensors based on conductive polymer sensing materials have gained interest
based on their advantages, such as room temperature operation, tunable conductivity (from
insulator to near metallic conductivity) as well as flexibility, low density, environmental
stability, low cost and countless ways of functionalization.

A flexible PI substrate with gold interdigital electrodes that was previously hydrophobicity-
treated with a poly(dimethyldiallyl ammoniumchloride)(PDDA) solution and poly(sodium
4-styrenesulfonate)(PSS), then a PPy/N-MWCNT hybrid composite film was deposited
by in situ self-assembly, followed by chemical polymerization, to obtain a NO; flexible
sensor. After annealing at different temperatures, T = 350 °C was found to be the ideal
temperature. The gas sensor exhibited a high response of 24.82% under 5 ppm of NO,
and an excellent linear response toward 0.25-9 ppm at room temperature. The enhanced
gas sensing performance, after annealing at 350 °C was attributed to the degradation of
an important amount of the stacked PPy, leading to the formation of a large amount of
adsorption sites [98].

A common air pollutant is gaseous NH3. In small quantities it is harmless, but in high
concentrations can lead to skin and eye irritation, the destruction of the respiratory tract
mucosa, and even death. Sources of NHj in the air are industrial manufacturing, automobile
exhaust, animal husbandry or urea manufacturing for agricultural applications. NHj is
also present in the human breath in small quantities (400-14,700 ppb) and its detection can



Chemosensors 2022, 10, 97

10 of 26

be used as a noninvasive clinical diagnostic [99] of hepatic encephalopathy [100], end-stage
renal disease (ESRD) [101], halitosis [102] orhelicobacter pylori inflection [103]. The most
amply employed conductive polymers for gas sensors are polypyrrole and polyaniline.
Figure 5 presents the sensing ammonia mechanism of the PPy and PANi polymers.
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Figure 5. Ammonia sensing mechanism by PPy (A) (Adapted from Ref. [104]. Copyright © 2017 SciEP)
and PANI (B) based gas sensor (Reprinted with permission from Ref. [105] Copyright © 2020 Elsevier).

Lithographically Patterned Nanowire Electrodeposition was used to fabricate one-
dimensional, long (>1 cm), complex nanoribbons on 4 inch silicon/silicon dioxide wafers
and flexible polyimide. This chemical gas sensors, based on chemo resistive response
to ammonia vapor, has a controllable sensitivity by tuning the functional groups on the
Py (-NH; and -COOH), the dopants (sodium dodecyl sulfate) or by employing different
catalysts that decorate the conductive polymer (Au, Pd) [106]. One other dopant that
was shown to improve the sensitivity of an ammonia gas sensor is lithium perchlorate.
PPy-percolation networks were electropolymerized between Au interdigitated electrodes
on flexible PET substrates [107].

Two flexible substrates, silk-fiber and sponge, were compared for the fabrication of
a pyrrole based gas sensor. The PPy film was prepared via the in situ chemical oxidation
method using silica nanospheres as a template. The response of the PPy /NS@silk-fiber
sensor (73.25%) was five-fold higher than that of the PPy /NS@sponge sensor (14.51%),
when exposed to 100 ppm NH3, in (68 =+ 5)% relative humidity, at room temperature [108].
Sulfonated poly(ether-ether ketone) (SPEEK) and polyacrylonitrile were used as a core for
PPy nanofibers based gas sensors in order to improve the mechanical flexibility and to
facilitate ammonia diffusion in the film [109].

Ammonia gas sensors based on PANI-polyethylene terephthalate (PET) flexible sub-
strates were prepared by a simple in situ polymerization technique at different tempera-
tures [110,111]. The room-temperature-functioning, highly sensitive, flexible and transpar-
ent sensor showed mechanical stability and flexibility after repetitive bending cycles [110].

PANI was observed to have a dual role in enhancing flexibility as well as improving the
sensor performance towards ammonia. MWCNTs were spray coated on a polypropylene
woven fabric, and then PANI was chemically polymerized in situ for wearable ammonia
sensors with low detection limits [112]. By controlling the reaction parameters in the in
situ polymerization of PANI, Qi et al. [113] prepared a highly sensitive ammonia sensor on
non-woven fabric by creating nanostructures in the polymer film.

The effect of different acids used as dopants, was analyzed by Hong et al. [114]. The
PANI-nylon 6 composite sensors, using monocarboxylic acids (acrylic acid, formic acid,
trichloroacetic acid) showed fast response and excellent sensitivity. CeO; is considered
to have a good acidic stability and was shown to improve the protonation and oxidation
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degree on PANI composite film on a PI flexible substrate. The synergetic oxidation of CeO,

nanoparticles and ammonium persulfate offered the sensor a reduced recovery time and

good reproducibility, selectivity, and stability (500 bending/extending cycles), as well as an

ultra-low detectable concentration of ammonia (16 ppb) [115].

PANI-based sensors have shown the most promising results for the detection of
ammonia, and PANI composites are being used on different flexible substrates such as:

e  PET: camphor sulfonic acid-doped PANI/ «-Fe,O5 (PFC) [116], inkjet-printed polyaniline—
dodecyl benzenesulfonic acid nanoparticles deposited onto screen-printed silver inter-
digitated electrodes, [117] rGO-PANI hybrids [118], composite nanostructured films,
hierarchically nanostructured PANI covering a transparent conducting film of carbon
nanotube (CNT) networks, [119] or nontransparent CNT [120] or rGO, [115] S and N
co-doped graphene quantum dots-PANI composite film [121], metal oxide-PANI com-
posite (Iron oxide, [122] ferric oxide, [123] tin oxide, [124] zinc oxide [125]), interdigital
electrodes carbon based printed on an active PANI film [126]; rambutan-like polyani-
line hollow nanosphere and graphene oxide, [127] PANI polymerized-electrospun
poly(methyl methacrylate) on Au/Ni interdigitated electrode [128];

e  Vertical contact-separate mode triboelectric nanogenerators (TENG) based on PANI-
MWCNTs composite thin [129] or on PANI-two dimensional (2D) niobium carbide
MXene (Nb,CTy) [130];

e Polyimide (PI): PANI/SrGe;O9 nanocomposites (PSN) via the in situ chemical oxida-
tion polymerization method on seven pairs of Au interdigitated electrodes [131];

e  Silicon dioxide: PANI-coated titanium dioxide or copper oxide-titanium dioxide [132],
CeO; decorated PANI nanofibers [133] on bacterial cellulose: a dodecylbenzene sul-
fonic acid (DBSA) and poly(2-acrylamido-2-methyl-1-propane sulfonic acid) (PAMPS)
doped PANI composite [105];

Flexible porous polyvinylidene fluoride (PVDF): PANI film with PSS as additive [134];
On twistable and tailorable nanocomposites (NCPs) textiles: graphene oxide-aniline
polymerized in situ by vanadium pentoxide [135];

o  Cellulose acetate nanofibers, prepared by electrospinning, followed by deacetylation.
On these regenerated cellulose fibers, titanium dioxide nanoparticles were absorbed
followed by in situ polymerization of aniline [136].

PEDOT and PSS are also employed for the preparation of ammonia gas sensors. Hy-
drogel sensors based on PEDOT:PSS/IrOy particles deposited on a flexible plastic foil
were recently successfully tested as an ammonia sensor. The sensors were tested in a
wearable configuration with wireless connectivity to a smartphone and showed stabil-
ity to mechanical deformations and good analytical performances [137]. PVA electro-
spun nanofibers covered by PEDOT by VPD on a flexible paper filter substrate, [138]
PEDOT:PSS thermal inkjet printed on photographic paper, covered by aluminum inter-
digitated electrodes [139], graphene-PEDOT:PSS inkjet printed on silver interdigitated
electrodes, [140], and in situ self-assembly polymers of two-cycle poly(4-styrenesulfonic
acid) sodium salt/poly(allylamine hydrochloride) (PSS/PAH) bilayers on an organic mono-
layer (3-mercapto-1-propanesulfonic acid sodium salt—MPS) on comb-like Au/Cr elec-
trodes [141] have also been reported.

Hydrogen is a flammable, odorless and hazardous gas, but as the car industry is
evolving, it is more and more present due to its link to fuel cells. A layer of PPy was
modified with platinum particles by immersion of the sensor in PtCls>~ followed by
reduction with NaBHy and the layer-by-layer formed sensor was tested as a hydrogen gas
sensor [142].

A stretchable and transparent electrochemical sensor formed by binding SWNT with
PEDOT showed good results in a real-time monitoring of biochemical signals (NO re-lease)
from mechanically stretched cells. The coating of the SWNT with the conducting polymer
reduced contact resistance and improved the electrochemical performance of the sensor
overall [143].
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Nitrogen dioxide, NO, is related to the formation of acid rain. PPy coated SnO;
nanoparticles film on Au/Cr integrated electrodes, placed on a PET flexible substrate,
was employed as a gas sensor to detect low concentrations of NO; (0.5-5 ppm) at room
temperature [144]. A WO3-PEDOT:PSS nanocomposite was fabricated on Ag interdigitated
electrodes on a PI substrate by gravure printing for the detection of NO; gas, at room
temperature, for real-time environmental monitoring [145].

Volatile organic compounds (VOCs) are organic compounds with a high vapor pres-
sure at room temperature. Besides their harmful effect on health in large quantities, they
are also considered as markers for several diseases, as well as in the quality of food and air.
Ethanol vapors represent a carcinogenic risk in the workplace. The occupational exposure
limit is 500 ppm (in Germany) and 1000 ppm (in France and USA). Bahoumina et al. [146]
proposed a real-time monitoring and quantification of ethanol by a flexible Kapton sub-
strate with a PEDOT:PSS-MWCNTs ink as the conductive layer. As the adsorption of
ethanol vapors changes the conductivity of the detection layer, the resonance frequency and
amplitude shift. This microwave flexible gas sensor is suitable for wireless applications.

Almukhlif et al. [147] prepared a sensor for the detection of liquefied petroleum gas.
On a PET substrate a novel nano-heterojunction between p-PEDOT-PSS and tin oxide
(n-SnOy) treated with DMSO and PVA was formed, employing the spin coating technique
followed by treatment with sulfuric acid. The presence of DMSO and PVA have an effect of
increasing Young’s modulus and tensile strength, while the acid enhanced the conductivity
of the film.

PPy and PANI showed a good sensitivity and selectivity towards ammonia (Table 2).
When polypyrrole or polyaniline are exposed to ammonia, the lone pair of electron on
the N atom is accepted by holes of the polymers. This results in a drop in the charge
concertation CPs (p-type semiconductors) leading to a conductivity decrease. Usually,
n-type dopants are added in order to narrow the conductive path of the CPs and to increase
their protonation degree.

Aside from sensing ammonia, other gases such as NO;, NO, Hy, H;S, Cl,, CO and
VOCs were also investigated (Table 3). VOCs are numerous, varied, and ubiquitous. The
VOCs gas sensors are generally based on modified metal oxides and carbon-based mate-
rial [44]. However, some examples of flexible gas sensors based on conductive polymers
are present in the literature (Table 3).

MPS-3-Mercapto-1-propanesulfonic acid sodium salt, PAH-poly(allylamine hydrochlo-
ride, PSS-poly(styrenesulfonic acid); BOPET-biaxially-oriented polyethylene terephthalate,
PI-polyimide, PP-polypropylene, PET-polyethylene, PCDTBT-poly[N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1,3’-benzothiadiazole)], IDEs-integrated electrodes,
LPNE-Lithographically Patterned Nanowire Electrodeposition CA-chronoamperometry,
NS-nanospheres, SPEEK-sulfonated poly(ether ether ketone), PAN-Polyacrylonitrile, GQDs-
graphene quantum dots; VDP vapor deposition polymerization, TIJ-thermal ink-jet printing
technique; LBL-layer by layer; FMWCNT-functional multiwalled CNT, Nb,CTx-niobium
carbide MXene., FR4-flame-retardant substrate, FeTPPCl-10,15,20-tetraphenyl-21H,23H-
porphyrin iron(Ill) chloride, GQDs-graphene quantum dots, Pc-Phthalocyanine, LBG-
liquefied petroleum gas, DMF-N, N-Dimethylformamide.

The sensitivity S of a gas sensor is defined as the normalized resistance change

S=(Rg —Rg)/Rg=AR/Ry 1)

where Rg is the resistance of the conductive film/sensor after the exposure to the gas
analytes and Ry is the resistance in air.
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Table 2. Flexible gas sensors.
. o . Sensibility

Target Gas Substrate Polymer Based Sensing Fabrication Technique Cg; S Ref.
PI1/Si wafers PPy nanoribbons LPNE 1 ppm, 80% [106]
PET/Au-IDEs PPy networks CA, 13V 0.01 ppm, 39.4% [107]
PET PPy/rGo In situ polymerization 10 ppm, 50% [148]
PET PPy LBL 50 ppm, 77.75% [141]

. In situ polymerization, o
Silk PPy Si0, NS template 1 ppm, 73.25% [108]
PI/Au-IDEs PANI/SrGesO Insitu polymerization ~ 0.2-10 ppm, 20.59%  [131]

nanocomposites
Electrospinning,
PAN fibers SPEEK/PPY. solution-phase 20 ppb, 3.8% [109]
core—shell nanofibers 1o
polyamidation

PET PANI film In situ polymerization 25 ppm, 3.86% [110]
PET PANI In situ polymerization 100 ppm, 26% [111]
PP-woven fabric PANI/MWCNTs In situ polymerization 20 ppm, 61.54% [112]
NH; PET PANI/CNT In situ polymerization 50 ppm, 25% [120]

. 10-50 ppm,
PI/Au-IDEs PANI/CeO, In situ self-assembly 106.9-262.7% [149]
PET PANI/ o-Fe; O3 In situ polymerization 100 ppm, 39% [122]

CSA doped . - o
PET PANI/ a-Fe,Os In situ polymerization 100 ppm, 72% [116]

Drop casting, in situ o
PET PANI/S,N, GQDs polymerization 100 ppm, 42% [121]
Filter paper PEDOT Nanotubes VDP 60 ppm, <30% [138]
Photo paper PEDOT/PSS TIJ 100 ppm, <35% [139]

Transparent . . o
substrate/ Ag IDEs PEDOT/PSS Inkjet printing 500 ppm, 9.6% [140]
PET/Ag-C IDEs PANI NPs Inkjet printing 100 ppm, 70% [117]
PET PANI/rGO In situ polymerization 100 ppm, <35% [118]
PET PANI/FMWCNT In situ polymerization 100 ppm, 30% [119]
PET/Au-IDEs PANI/Nb,CTx In situ polymerization 10 ppm, <60% [130]

Table 3. Flexible gas sensors aside from ammonia.
Target Gas Substrate Polymer Based Sensing Fabrication Technique Senggi!aélity Ref.
PET/Cr-Au IDEs PPy/(PSS/PAH)/MPS LBL 5 ppm, 19.16% [141]
In situ
PI PPy/N-MWCNT self-assembly/annealing <5 ppm; 24.82% [98]
NO, treatment

BOPET PCDTBT Spin coating 100 ppm, 2% [150]

. In situ polymerization, o
Silk PPy Si0, NS template 100 ppm, 8.9% [108]
NO BOPET PCDTBT Spin coating 100 ppm, 80.6% [150]
- PET PPy /Pt NPs LBL 1000 ppm, 22% [142]
2 PET/Cr-Au IDEs PPy/(PSS/PAH)/MPS LBL 1000 ppm, 0.46% [141]
HoS FR4/Ni-Cu IDEs PANI/ZnO In situ polymerisation 100 ppb, 3.2% [151]
2 BOPET PCDTBT Spin coating 100 ppm, 2% [150]
Clp BOPET PCDTBT Spin coating 100 ppm, 2.2% [150]
PE/Au-IDEs PPy-FeTPPCl Spin-coated 300 ppm, 6.8% [152]
CcO PET/Cr-Au IDEs PPy/(PSS/PAH)/MPS LBL 200 ppm, 0.21% [141]
BOPET PCDTBT Spin coating 100 ppm, 2.1% [150]
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Table 3. Cont.

Target Gas Substrate Polymer Based Sensing Fabrication Technique Sergg}]?;hty Ref.
PET Zn0O/GQDs-S,N/PANI Drop-casting 0.5 ppm, 2% [153]
PET/Ag IDEs WO;/PANI Drop-casting 100 ppm, 6.5% [154]
A Fabric PANI LBL 50 ppm, 24% [113]
cetone PI/Cu-IDEs PANI/Ni-Pc Chemical polymerization 150 ppm, 50% [155]
. In situ polymerization, o
Silk PPy Si0, NS template 100 ppm, 1.14% [108]
PP-woven fabric PANI/ MWCNTs In situ polymerization 100 ppm, 12.67% [112]
Methanol PE PPy Ink-jet 5000 ppm, 88% [156]
ethano PP-woven fabric PANI/ MWCNTs In situ polymerization 100 ppm, 8.37% [112]
PE PPy Ink-jet 5000 ppm, 68% [156]
Fabric PANI LBL 32.5 ppm, 65% [113]
PI/Cu-IDEs PANI/Cu-Pc Chemical polymerization 150 ppm, 32% [155]
Ethanol BOPET PCDTBT Spin coating 100 ppm, 1.8% [150]
. In situ polymerization, o
Silk PPy Si0, NS template 100 ppm, 0.84% [108]
PP-woven fabric PANI/ MWCNTs In situ polymerization 100 ppm, 10.45% [112]
Propanol PE PPy Ink-jet 5000 ppm, 55% [156]
Iso-propanol PI/Cu-IDEs PANI/Fe-Pc Chemical polymerization 150 ppm, 45% [155]
prop PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 6.97% [112]
n-butanol PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 8.91% [112]
Chlorof PE PPy Ink-jet 5000 ppm, 40% [156]
orotorm PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 14.5% [112]
. . In situ polymerization, o
Ethanediol Silk PPy Si0, NS template 100 ppm, 1.07% [108]
. In situ polymerization, o
Ether Silk PPy Si0, NS template 100 ppm, 0.47% [108]
Formaldehide PI/Cu-IDEs PANI/Zn-Pc Chemical polymerization 150 ppm, 260% [155]
B PE PPy Ink-jet 5000 ppm, 30% [156]
enzene PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 7.84% [112]
Xylene PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 11.03% [112]
. In situ polymerization, o
Cyclohexane Silk PPy Si0, NS template 100 ppm, 0.85% [108]
Trichloromethane Fabric PANI LBL 90 ppm, 150% [113]
Ethyl acetate Fabric PANI LBL 75 ppm, 5.5% [113]
. In situ polymerization, o
Acetyl acetone Silk PPy SiO, NS template 100 ppm, 3.85% [108]
Fabric PANI LBL 32.5 ppm, 45% [113]
Toluene . In situ polymerization, o
Silk PPy Si0, NS template 100 ppm, 0.24% [108]
PP-woven fabric PANI/MWCNTs In situ polymerization 100 ppm, 9.42% [112]
LPG PET PEDOT/PSS Spin coating 100 ppm, 79% [147]
DMF Silk PPy In situ polymerization, 100 ppm, 0.89% [108]

SiO;, NS template

Cg-concentration of the target gas, S-sensibility.

4. pH and Ions Sensors

There are multiple health problems that are correlated with pH changes in the human
organism, like mental health disorders, cardiovascular disease or cancer and diabetes. A
rapid and efficient treatment may be possible by means of early and real time detection of
pH variation [157]. The healing process of chronic wounds is correlated with their pH level.
Thus, the local pH determination in real time is important. Rahimi et al. [158], fabricated an
inexpensive flexible pH sensor array on a polymer-coated commercial paper (palette paper).
Each individual sensor consists of two screen-printed electrodes, the reference electrode
Ag/AgCl, and a WE carbon electrode coated with a PANI membrane. A highly stretchable
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(up to 135%) electrochemical pH sensor for wearable point-of care applications is reported
by the same group [159]. The sensor was fabricated by combining irreversible bonding
of the polyimide to an Ecoflex elastomeric substrate by salinization, followed by laser
carbonization of serpentine carbon traces, a low-cost technique, thus eliminating the need
for photolithographic micropatterning and nanomaterial deposition. These highly porous
carbonized 2D structures were permeated with PANI as the conductive filler, binding
and pH sensitive material. As the sensor is biocompatible, it can be used as a stretchable
pH sensor for wound infection monitoring. Following the same idea, Park et al. [160]
prepared a two-electrode configuration pH sensor consisting of an Ag/AgCl reference
electrode and a PANI nanofiber carbon array-based sensing electrode. The silver and the
carbon electrodes were prepared by a simple screen-printing process on PET substrate,
and PANI nanofibers were prepared through a dilute chemical polymerization method. To
increase the conductivity of the PANI film, Li et al. used dodecyl benzene sulfonic acid as
dopant [161]. The polyaniline film was electrospun on interdigitated electrodes etched on
polyimide film based on Micro-Electro-Mechanical System fabrication technologies.

In order to measure pH in small volumes of human fluid (sweat, saliva, tears, urine),
Yoon et al. [162] prepared a robust and self-healing pH sensor by weaving two carbon
fiber threats electrodes and coating it with a self-healing polymer (SHP). The pH sensing
fiber was prepared by electropolymerization of PANI and the reference electrode fiber
was prepared by coating the carbon fiber with an Ag/AgCl ink (Figure 6). Poly(1,4-
cyclohexanedimethanol succinate-co-citrate), the SHP, was able to successfully heal me-
chanical damages (efficiency up to 98% after 4 cycles of cutting and healing). Moreover, the
high flexibility and thinness of the pH sensor makes it eligible for incorporation in clothing,
resulting in a wearable pH sensing system.

V4 SHP
’ /
Coating with sensing : A
and reference materials Coating with SHPs -
.
_ PANI  Ag/AgCI
Carbon fiber thread Sensing Reference pH sensor cable

electrode electrode

Figure 6. Schematic representation of a pH sensor cable based on a PANI pH sensing electrode and
Ag/AgCl reference electrode, coated with a self-healing polymer. Adapted with permission from
Ref. [162]. Copyright © 2019 Elsevier.

Stretchable sensor arrays based on vertically aligned mushroom-like gold nanowires
on PDMS flexible substrate were used for the preparation of the ion and pH tattoo like
sensor. On a PANI layer, a polyvinyl chloride based selective membrane containing sodium
ionophore X (for Na* detection) and valinomycin (for the detection of K*) was added by
drop casting. The sensor was integrated with a flexible printed circuit board for a wireless
on-body detection of pH and ions [163].

Electrically conducting fiber electrodes prepared by wet spinning a PEDOT:PSS solu-
tion were coated with polyaniline. Different treatments of the polymeric fibers with DMSQO,
sulfuric acid and formic acid were analyzed. The optimal balance of electrical conductivity
and mechanical strength for a pH sensor was found for the fibers treated with DMSO [164].
Kim et al. [165] fabricated a microfiber-based substrate-free organic electrochemical tran-
sistor by wet-spinning (OECTs). The PEDOT:PSS microfibers used a sulfuric acid-based
coagulation medium together with a source-gate hybrid electrode forming a sensor to
perform real-time, repetitive measurements of the total cation concentrations in human
sweat samples.
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Mariani et al. [166] designed an electrochemically gated organic semiconductor pH
sensor, combining the robustness of a potentiometric-like transduction with the simple and
integrated geometry of thin polymeric films with a pH-sensitive layer (PEDOT:BTB). A
second polymeric layer acting as a charge transport layer allows a label-free detection of
pH and eliminates the need for an ion-selective membrane [167].

5. Biosensors

Extensive research has focused on the development of different types of biosensors,
for an array of applications, from detection of bio-threat risks and toxins in food to medical
diagnostics. Nanostructures increase the sensitivity of the sensors by increasing the surface
area. Using an electro-spun nylon fiber mat, a highly conductive copolymer Poly (EDOT
and 3-thiopheneethanol) was deposited by oxidative chemical vapor deposition, forming
a nanofiber mat. On the free -OH groups of the copolymer, avidin biomolecules were
covalently immobilized for the detection of biotin in nano-molar concentrations [168]. A
woven fiber electrochemical transistor for glucose detection has been fabricated based on
reduced graphene oxide sheets. Polypyrrole nanowires were incorporated into rGO sheets
by a facile in situ polymerization. The glucose sensors exhibited outstanding sensitivity
and selectivity, with a fast response time (0.5 s), a linear range of 1 nM to 5 uM, a low
detection concentration and good repeatability [169].

An enzymatic glucose sensor was printed on a disposable paper substrate via inkjet.
Two PEDOT:PSS printed layers were used as a reference, working and counter electrode.
The biological coating, containing glucose oxidase and the mediator, ferrocene, was printed
on the working electrode and on top of the sensor a layer of nanofilm to protect the
sensor [170]. Cai et al. [171] proposed a single-step modification of a nanostructured
(PANI)/glucose oxidase (GOD) enzyme on double-sided, screen-printed, flexible electrodes
doped with Prussian blue (PB). On a PET substrate, the WE (Carbon conductive ink with
the PB mediator) was printed on one face and the CE (Ag/AgCl) on the other. After an
electrochemical cleaning, PANI/GOD was added, crosslinked with glutaraldehyde and
fixed with PU membrane.

A multiplexed biosensor based on nanostructured conductive hydrogels was prepared
by using a multinozzle three-axis inkjet printing system. The printed multiplexed assays
can detect glucose, lactate, and triglycerides in real time with good selectivity and high
sensitivity, and worked reproducibly in both standard PBS and human serum samples [172].
3-dimensional stable porous laser-induced graphene on a PI flexible substrate was used
as a base for the preparation of glucose and pH sensor. A PEDOT:PSS layer was first
spray-coated to increase the electrode robustness and to deliver uniform electrical conduc-
tivity. Furthermore, Pt@Pd nanoparticles and glucose oxidase protected by a permselective
membrane were added for the detection of glucose, and PANI was added for the pH
detection [173]. Another method to prepare a multisensor is by weaving the sensing fibers
directly into an electrochemical fabric sensor (Figure 7). The sensors prepared by Wang
et al. were able to detect a variety of physiological signals such as glucose, Na*, K*, Ca?*
and pH in real time. The active materials were deposited directly on CNT fibers working
electrodes. For the glucose sensor, Prussian blue (PB) was used as a mediator; it was
electrodeposited and then the glucose oxidase was mixed in a chitosan gel and coated the
PB-fiber. PEDOT:PSS was used as an ion-to-electron transducer due to its large impedance
change to ion concentration, while polyaniline was used as a pH-sensing fiber, as its surface
charges due to protonation resulting in large zeta potential changes [174].

Luo’s group [175] prepared a free-standing all polymer electrochemical CEA-biosensor
based on a pentaerythritol ethoxylate-PPy (PEE-PPy) composite film. The PEE-PPy film
that was prepared electrochemically on a Pt-coated electrode and removed was used as
a free-standing working electrode. PPy doped with 2-naphthalene sulfonate was then
electropolymerized on the PEE-PPy, creating a sandwich structure [176], then gold nanopar-
ticles were deposed at a-0.4 V potential from HAuCl/KNOj solution. The AuNPs were
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then modified with carcinoembryonic antigen (CEA), and the PPy composite film-based
electrochemical biosensor had a CEA detection limit of 0.033 ng/mL.
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Figure 7. Electrochemical fabric Multisensor. Schematic illustration of weaving sensing fibers, based
on active materials deposed on carbon nanotube (CNT) fiber substrates (Reprinted with permission
from Ref. [174] Copyright © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

6. Temperature Sensors

A transparent, stretchable, gated temperature sensor device that presents high optical
transparency stretchability (up to 70%) was fabricated by Trung et al. [177]. The sensor was
prepared as a multilayer in a PDMS sandwich. First, a layer of (PEDOT:PSS)/PU composite
elastomeric conductor is used as the source, drain, and gate electrode material, then a layer
of PU is added as a dielectric gate, followed by a temperature-responsive channel layer of
reduced graphene oxide (rGO) dispersed in PU. Finally, a strain-sensing layer was formed
by a composite of silver nanowires AgNWs/PEDOT:PSS/PUD. This sensor showed high
sensitivity and was able to detect subtle changes in the strain and temperature of human
skin during movement. Sandwich-like PPy-rGO-PPy nano-hybrids were integrated in
gelatin hydrogel. Their preparation was based on a universal interface self-assembly reac-
tion in which a spontaneous reduction of graphene oxide and an oxidation polymerization
of pyrrole monomers were taking place at 100 °C under autogenous pressure. The skin-like
sensors, with excellent mechanical and electrical behavior, showed high sensibility in the
detection of temperature and motion of the human body [178].

By adding an elastomeric crosslinker, glycidoxypropyl trimethoxysilane (GOPS), and
a mechanical strengthener, nanofibrillated cellulose (NFC), a PEDOT:PSS hydrogel was
reinforced and used as a temperature-pressure dual sensor. To decrease the cross-tear that
this type of sensor usually suffers, the transport properties of the conducting aerogels
were finely tuned by its exposure to the vapor of high boiling point polar solvents—
dimethylsulfoxide [179]. To increase the lifetime of an organic temperature sensor that uses
PEDOT:PSS as the functional material, Rehman et al. encapsulated it with an atomically
thin layer of Al,O3 through spatial atmospheric atomic layer deposition [180].

A smart bandage, comprising a capacitive touch sensor, a temperature sensor and a
drug delivery system was prepared by Honda et al. [181] using large-scale lithography-free
processes on a Kapton substrate (Figure 8). The temperature sensor was screen printed
from a solution of PEDOT:PSS and CNT paste, and the wireless coil was formed from silver
ink, that integrated the capacitive touch sensors, which could detect wirelessly. The sensors,
microelectromechanical systems (MEMS) structure, and wireless coil are monolithically
integrated onto flexible substrates. The device incorporates touch and temperature sensors
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to monitor health, a drug-delivery system to improve health, and a wireless coil to detect
touch. This type of device that not only can detect but can take action by delivering
drugs when needed is a promising device for smart medicine. To improve this smart sensor
concept, a multiplexed wound monitoring sensor and an electrically controlled drug release
were both integrated onto a battery-free, wireless, and flexible platform. The electrode
array, based on a flexible PI substrate with serpentine shaped copper interconnections,
contained a temperature chip, a uric acid sensor (containing rGo/AuNPs coated with
polyvinyl butyral), a pH sensor (containing AuNPs and PANI), and a drug delivery system
based on PPY/cefazolin sodium film [182].

a b rug delivery
Dr live m) pump
Temperature sensor Ug delvery pump
e 2 __~Wireless coil

> Wireless coil

Touch sensor array

Drug desveryporp' Wireless coil
Drug delivery pump

sensor

Figure 8. Smart bandage with touch and temperature sensors, a wireless coil, and a drug delivery
pump. Schematics with (a) and without (b) a capacitive touch panel. Photos with (c) and without (d) a
capacitive touch panel. Reproduced with permission from Ref. [181]. Copyright © 2014 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

7. Humidity

One of the main problems in wound healing is the moisture content. To address this
issue at the wound level without disrupting it, Tessarolo et al. [182] designed a bandage
with an integrated moisture sensor. The moisture impedance sensor based on PE-DOT:PSS
screen printed a specific geometry onto a commercial bandage, with a directly integrated
RFID chip. The sensor showed real time variations over several orders of magnitude
between dry and wet states.

An inkjet printable conducting polyaniline was successfully deposited into an interdig-
itated pattern on a flexible, untreated polymeric substrate and used as a humidity sensor. A
direct synthesis of the conducting emeraldine salt phase of the polymer is achieved using
sulphonic acids as a dopant via a single-step chemical oxidative polymerization process.
At high humidity, the conductivity increases, probably due to a vapor-induced change
in the transfer of charge carriers between the polymer chains [183]. Zhao et al. unilat-
erally deposited PANI on hydrophobic poly(vinylidene fluoride)(PVDF) membrane as a
single-sided integrated flexible humidity sensor. The unique micro/nano structure gave
the sensor good air permeability, good humidity sensing, fast response, small hysteresis
and a stable response, even under bending deformation [184].

8. Conclusions and Perspectives

Conductive polymers have been increasingly studied, as they combine the advantages
of metals, as good conductors, with the advantages of plastics, such as low price, high
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mechanical flexibility and easy processing. Moreover, they present a better resistance to
chemical attacks compared to metals. Ongoing research to improve conductivity, flexibility
and transparency is taking place.

The rational design of the flexible sensors plays a tremendous role in their efficiency
and applications. Overall, the preferred method for the fabrication of conductive poly-
mers for flexible sensors is the in situ polymerization. Although it is a facile method to
incorporate different dopants, as counterions, metal oxides or different types of carbon
(from reduced graphene oxide to carbon nanotubes) on an array of substrates, it becomes a
challenge in terms of modifying the structure/nanostructure of the film or film composite.
Inkjet printing, a rapid, simple, flexible, low cost and high-resolution method, is also a
popular fabrication method. The advancement in ink chemistry and printer technology
as well as the possibility for mass production makes inkjet printing an attractive method
for an array of applications, offering a tunable macrostructure for sensors and biosensors.
Electrospinning methods offer the advantage of a tunable nano-structure of the sensor by
increasing the active surface area, and the sensitivity of the sensor is also increasing. Al-
though CP are used overall to increase the conductivity of the sensors, the electrochemical
method, a simple preparation method with fast response, is rarely used in the development
of the flexible electrodes.

Flexible sensors have the advantage of changing their form according to the human
body and to the device’s applications. To obtain flexibility and wearability, they are mainly
designed by incorporating the sensor electrode into a soft substrate. The tunable robustness,
low power consumption, real time mapping and analytical performance makes the flexible
sensors suitable for an array of applications. These advantages have been used to develop
many types of sensors and will certainly continue to make great strides in the years to
come for numerous applications. An extensive work was focused on piezoelectric and
gas based conductive polymers flexible sensors. Numerous types of flexible sensors, as
the ones mentioned in the review, require more attention from the conductive polymers
research community. However, some research is still required to make these devices
more biocompatible in order to be able to be use them inside the human body, and more
biodegradable in order to protect the environment.
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