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Abstract

:

Flexible sensing devices have attracted significant attention for various applications, such as medical devices, environmental monitoring, and healthcare. Numerous materials have been used to fabricate flexible sensing devices and improve their sensing performance in terms of their electrical and mechanical properties. Among the studied materials, conductive polymers are promising candidates for next-generation flexible, stretchable, and wearable electronic devices because of their outstanding characteristics, such as flexibility, light weight, and non-toxicity. Understanding the interesting properties of conductive polymers and the solution-based deposition processes and patterning technologies used for conductive polymer device fabrication is necessary to develop appropriate and highly effective flexible sensors. The present review provides scientific evidence for promising strategies for fabricating conductive polymer-based flexible sensors. Specifically, the outstanding nature of the structures, conductivity, and synthesis methods of some of the main conductive polymers are discussed. Furthermore, conventional and innovative technologies for preparing conductive polymer thin films in flexible sensors are identified and evaluated, as are the potential applications of these sensors in environmental and human health monitoring.
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1. Introduction


Flexible and wearable sensors have attracted significant attention for monitoring environmental conditions, human physical activity, health status, and diseases because of their high flexibility, great conformability, and low cost [1]. Emerging research in nanotechnology and materials science has recently yielded numerous materials for designing and developing flexible electronic sensors. Both inorganic and organic nanomaterials, such as metal oxides, metal nanoparticles/nanowires, carbon materials, and conductive polymers (CPs), have shown potential for integration into flexible electronic devices [2]. While traditional electronic materials, such as metals and metal oxides, have poor mechanical flexibility and very limited elasticity, CPs are considered the most promising materials for fabricating flexible sensors because of their outstanding features, such as availability, flexibility, low weight, and non-toxicity [3]. In addition, CPs are easily processed by simple solution-based methods such as spin coating, drop coating, shear coating, and dip coating, as well as advanced patterning techniques such as inkjet printing, screen printing, and three-dimensional printing. A CP film with high conductivity and mechanical flexibility can be used as flexible and stretchable electrodes or active materials in flexible and wearable devices for healthcare monitoring, temperature sensing, gas sensing, and food processing.



The most popular CPs used in flexible sensors are conjugated π-CPs, which contain delocalized π-electrons that can move freely within their unsaturated backbones to produce electrical pathways for mobile charge carriers [4]. Polyacetylene (PA), polythiophene (PT), poly [3,4-(ethylenedioxy)thiophene] (PEDOT), poly(o-phenylenediamine) (PoPDA), polypyrrole (PPy), and polyaniline (PANI) are well-known CPs that are commonly used in the construction and design of flexible electronic devices because they offer biocompatibility [5], favorable electrical and mechanical properties [6,7], and reliable electrochemical stability [8,9]. However, their patterning and deposition face limitations and challenges owing to their low solubility and poor meltability [10]. Many techniques have been employed to fabricate flexible CP thin films, but these often involve multistep processes, expensive equipment, low resolution, and risks to health and the environment [6,7,11,12]. Therefore, developing advanced techniques for the large-scale production of flexible electronic devices is important [13].



Understanding the unique features of flexible materials and their deposition technologies is critical for designing and fabricating flexible sensors [14]. This study provides a comprehensive overview of common CP materials, conventional and advanced patterning CP techniques, and promising applications of flexible CP sensors. The main aim of this study is to provide a critical update on the effective strategies that have been employed in the development of CP-based flexible sensors.




2. CPs and Their Properties for Flexible Devices


As mentioned previously, conjugated π-CPs have often been selected for fabricating flexible sensors based on their properties. Table 1 summarizes the structures, synthesis methods, properties, and applications of several common π-CPs.



2.1. Polyacetylene (PA)


PA, a linear polyene chain [–(HC=CH)n–], is an archetypal conjugated polymer exhibiting multifaceted properties and possessing many interesting features for developing electronic devices. These include good electrical conductivity, photoconductivity, gas permeability, supramolecular assembly formation, chiral recognition, helical graphitic nanofiber formation, and liquid crystallization [15,16]. PA has the simplest structure of organic polymers that can exhibit metal-like conductivity [17]. Owing to the repeated units of two hydrogen atoms in the chemical structure of PA, the chain can be easily decorated with pendant groups by replacing these hydrogen atoms with foreign molecules to form monosubstituted or disubstituted PAs [15]. The electrical conductivity of non-doped PAs depends strongly on their conformation, with values of 10−9 S·cm−1 and 10−6 S·cm−1 for cis- and trans-PA, respectively [18]. In contrast, PAs can achieve an almost metallic conductive level (104–105 S·cm−1) via p- or n-doping [19,20,21]. Although PA has promising conductive ability, its high instability, even at room temperature, and the difficulties in its processing have considerably limited its practical applications [22,23]. Compared to other CPs with lower electrical conductivity but better stability and processability, PA has rarely been used in designing and developing flexible devices.



Methods including catalytic and non-catalytic polymerization and precursor-assisted synthesis are used to prepare PA [24]. Of these, catalytic polymerization techniques, Ziegler−Natta or Luttinger catalysis, are commonly used to polymerize acetylene and other monomers to produce PA and oligomers such as cyclooctatetraene and vinyl acetylene [25]. The catalysts must have high solubility in organic solvents and high selectivity, such as Zeigler–Natta catalysts, which are a combination of Ti(0-n-C4H9)4 and (C2H5)3A1, to produce highly crystalline PA films [26]. Furthermore, these techniques allow the monitoring and observation of the structures of the final PA products with variations in the temperature and catalyst content. PA can also be synthesized by radiation polymerization approaches, such as glow discharge, ultraviolet, and Y-radiation [25]. Compared with polymerization catalysis, radiation polymerization methods can avoid using catalysts and solvents; thus, they are very promising techniques for the future development of PA. In the design and development of flexible devices, PA is often hybridized or doped with different materials, such as dihexadecyl hydrogen phosphate [27], quaternized cellulose NPs [28], and Au NPs [29], to improve their conductivity. PAs are also known as acetylene black or PA black, depending on the preparation method, and they are usually applied in electrochemical biosensors and bioelectrodes.




2.2. Polyaniline (PANI)


PANI is one of the most promising conjugated CPs, owing to its excellent environmental stability, high processability, high and tunable electrical conductivity, and optical properties [30]. The conductivity of PANI is highly dependent on the dopant concentration and pH; it can show metal-like conductivity at pH < 3 [31]. PANI occurs in the three different forms of leucoemeraldine [(C6H4NH)n], emeraldine [([C6H4NH]2[C6H4N]2)n], and pernigraniline [(C6H4N)n], based on the idealized oxidation states during the polymerization of the aniline monomers [32]. The pernigraniline base (blue/violet) is fully oxidized PANI, while the leucoemeraldine base (white/clear) is completely reduced, and emeraldine (salt-green/base-blue) is half of the oxidized PANI. PANI is conductive and more stable in the emeraldine state at room temperature. The pernigraniline and leucoemeraldine forms have poor conductivity even with doping. PANI conductivity depends significantly on the preparation method, and it can be modulated by submerging the emeraldine base in an aqueous acidic solution [33]. However, the emeraldine base state is poorly soluble owing to the stiff polymer backbone and the hydrogen bonding interactions between adjacent chains; thus, it is difficult to process. Moreover, it exhibits instability at the melt-processing temperature, which limits its practical applications. Therefore, functionalized PANI and alternative PANI derivatives are often used to develop flexible devices [34,35]. Owing to its low cost, good environmental stability, excellent optical and electrical properties, and good anticorrosion and mechanical properties, PANI has attracted much attention in the design and development of commercial technologies, especially flexible electronic devices, in various fields such as organic electronics [36], biosensors [37], chemical sensors [38,39], corrosion devices [40], photovoltaic cells [41], solar cells [42], organic light emitting diodes [43], and electrorheological materials [44]. Furthermore, PANI-based nanocomposites have undergone tremendous development via the regulation of electrical properties by protonation or charge-transfer doping. Owing to the controllability of the electrical, magnetic, mechanical, and thermal properties of CP–inorganic nanocomposites [45], PANI-based composites are considered one of the most important nanocomposite materials.



For PANI synthesis, the chemical oxidation method is the most common and straightforward; this uses a doping acid and a mixture of an oxidizing agent and a monomer precursor, in which the color change of the obtained solution to green confirms PANI formation [46,47]. Although the process is simple, such conventional methods have shown significant problems regarding the use of strong acids and oxidants, such as ammonium peroxydisulfate [48,49,50]. Moreover, this conventional technique only yields irregularly shaped PANI products. In order to obtain PANI nanostructures with diameters of <100 nm, different functional molecules have been introduced during the chemical polymerization, including surfactants, liquid crystals, polyelectrolytes, nanowire seeds, aniline oligomers, or organic dopants [51]. Such agents may work as templates to promote the self-assembly of ordered “soft templates” for forming PANI nanostructures. Moreover, a side-by-side electrospinning technique can prepare PANI nanofibers with enhanced mechanical and electrical properties [52].




2.3. Poly [3,4-(ethylenedioxy)thiophene] (PEDOT)


PEDOT is one of the most popular CPs because of its high conductivity, good air stability, optical transparency, and simple processing [53]. PEDOT crystals have monoclinic lamellar structures consisting of inclined π-stacks, in which the electrons are lighter than the holes [54]. The PEDOT structural model has a pseudo-orthorhombic unit cell with four monomers and one tosylate ion per cell; the lattice parameters a, b, and c are 14.0, 6.8, and 7.8 Å, respectively [55]. Owing to its advantageous properties, PEDOT has been broadly applied in the design of various flexible devices in bioelectronics and energy conversion and sensors [56,57]. Because PEDOT is hydrophobic, hydrophilic surfactant additives (i.e., poly(styrenesulfonate) (PSS)) must be used to improve its aqueous processability as a thin film [58]. Consequently, PEDOT:PSS, a water-soluble CP, can be obtained by incorporating positively charged conductive conjugated PEDOT with negatively charged insulating PSS [59]. In particular, the water-soluble long molecular chains of PSS interact with the insoluble short chains of PEDOT by Coulombic forces to form grains, which induces good water dispersion of PEDOT. Nano-sized PEDOT:PSS grains (30–50 nm) are composed of tangles containing several PEDOT segments and a single PSS chain. To improve the electrical conductivity of PEDOT:PSS, many processing methods and doping agents have been employed to remove excess PSS and induce phase separation or morphological rearrangement [60]. In these processes, polar solvents such as dimethyl sulfoxide (DMSO), ethylene glycol, and co-solvents [61] or acids such as chloroplatinic acid, sulfonic acid, and mineral acids [62,63,64] have been used to increase the conductivity of PEDOT:PSS films. Moreover, electrospinning has recently offered the possibility of producing flexible 1D PEDOT:PSS nanofibers with high conductivity [65].



In general, pristine PEDOT:PSS films show an inherent direct-current electrical conductivity (less than 1.0 S·cm−1) [66,67], while the modified films can show substantial improvements in conductivity of 2–3 orders of magnitude, reaching 4000 S·cm−1 owing to doping. In addition, PEDOT:PSS films possess a typical work function of 4.8–5.4 eV and are thus usually implemented as a p-type contact layer with fast charge transfer and injection, favored for optoelectronic use devices. Moreover, doped PEDOT:PSS films exhibit higher flexibility and stretchability than undoped films [68,69]. Such films are robust against mechanical shear, impact, bending, folding, twisting, and large tensile strains of over 100% [70,71]. In conclusion, PEDOT:PSS films with morphological evolution and structural rearrangement show high conductivity, flexibility, and stretchability [59].




2.4. Polypyrrole (PPy)


PPy is a heterocyclic positively charged CP containing N atoms in its oxidized form; however, its conductivity can be completely lost due to overoxidation [72]. In addition, PPy is more electroactive in organic electrolytes and aqueous solutions [73]. PPy is particularly interesting among the various CPs because its monomer (pyrrole) is easily oxidized, water-soluble, commercially available, lightweight, low-cost, and bio-compatible [74]. It also exhibits good environmental stability, high conductivity, and good redox properties [75]. Therefore, PPy has been considered in numerous applications ranging from biochemical to electrochemical energy devices [76,77,78]. Furthermore, PPy presents greater flexibility than most other CPs [78], and it can be combined with other nanostructured materials such as graphene or other carbon materials to form nanocomposites, which can show significantly enhanced properties owing to their improved ion diffusion rates and increased contact surface areas [79,80]. These outstanding features make PPy a promising candidate to meet the requirement of portable and flexible electronic devices [81,82].



PPy may be conductive because of its structure of alternating single and double bonds, which create some delocalization of electron density in the molecule [83]. However, pristine PPy is an insulator with a large bandgap energy (3.16 eV) [84]. To enhance PPy conductivity, chemical and electrochemical doping methods have been employed [85,86]. In these doping processes, PPy oxidation can remove a π-electron from the neutral polymer chain, causing its structure to change from benzenoid (aromatic) to quinoid [84,87]. Consequently, doping can convert PPy into an ionic complex comprising cations and incorporated counterions. Chemical and electrochemical polymerization methods are commonly used for PPy synthesis [81]. Recently, other advanced polymerization techniques, such as ultrasonic irradiation, vapor-phase polymerization, electrospinning, microemulsion, mechanochemical polymerization, and photopolymerization, have attracted interest in the preparation of highly conductive PPy [88,89].




2.5. Polythiophene (PT)


PT is an important CP owing to its simple structure, high stability, and various optoelectronic properties. PT and its derivatives in both undoped and doped states have gained great attention in sensing device applications due to the structural modification and solution processability [90]. Moreover, it also exhibits a selective barrier effect to specific molecules and high adsorption affinity on the electrode surface. The overall electronic properties can be tuned using side-chain groups or dopants with a band gap from 3 to 1 eV [91]. However, the polymerization and deposition of PT on large insulating substrates have remained a big challenge because of the high oxidation potential. Several methods have been widely used for the preparation of polymeric thin films from thiophene monomers, including chemical oxidation in solution, electrochemical oxidation, and oxidative chemical vapor deposition [92]. Among them, electrochemical oxidation polymerization is the most common technique due to the easy control of the polymerization degree [93]. Moreover, PT nanofiber structures can be obtained using electrospinning [94].



Poly(3-alkylthiophene)s (P3ATs) are one of the most important types of PTs because they present high electrical and thermal conductivity, processability, and environmental stability [95]. However, P3AT has a high price; thus, its practical applications are limited [96]. Within the P3AT family, regioregular poly (3-hexylthiophene) (P3HT), poly(3-pentylthiophene) (P3PT), and poly(3-butylthiophene) (P3BT) are well-known CPs that have been widely used in organic electronic sensing applications owing to a good balance between the solubility and electric properties. With the increase of alkyl chains, the degree of phase separation is gradually improved and a balanced hole/electron transport enables to be achieved [90,97,98,99].




2.6. Poly(o-phenylenediamine) (PoPDA)


PoPDA is recently considered a low-cost electroactive organic material and an attractive CP widely used in sensors, energy-conversion devices, and biomedical fields [100]. It exhibits good solubility, processibility, high electroactivity, and thermal stability [101]. PoPDA has a ladder-type CP with a phenazine-like structure, in which an o-phenylenediamine, an aniline derivative with an amino group at its ortho position, is polymerized in an aqueous hydrochloric acid medium (pH < 1) [102]. The molecular properties of PoPDA are remarkably different from PANI, which contains a 2,3-diaminophenazine repeat unit in a ladder-like fashion or an open PANI-like structure [103]. To enhance spectral, morphological, and photo physical properties, PoPDA can be doped by luminol to form luminol-doped PoPDA.



PoPDA can be prepared by similar methods to PANI, including (i) using an oxidizer to polymerize o-phenylenediamine at room temperature [104]; (ii) using a reprecipitation approach to prepare nano/micro-structured PoPDA by transferring the o-phenylenediamine from a “good” solvent to a “bad” solvent where the o-phenylenediamine precipitate due to its lower solubility. For the chemical oxidation method, using high redox potential reagents, i.e., FeCl3, AgNO3, HAuCl4, and (NH4)2S2O8, is required to form PoPDA structures. In the reprecipitation procedure, the formation of 1D structures is facilitated when transferring o-phenylenediamine from N-methyl pyrrolidone to water [105]. For the preparation of PoPDA nanofibers, direct electrospinning has been reported as a potential process [106].
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Table 1. Summarized structures, properties, synthesis methods, and applications of CPs for flexible devices.
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	CPs
	Structures
	Synthesis methods
	Properties
	Refs





	PA
	-Linear polyene chain and multifaceted properties.
	Ziegler−Natta catalysis, non-catalytic polymerization, and precursor-assisted synthesis.
	Good electrical conductivity, photoconductivity, gas permeability, supra-molecular assembly formation, chiral recognition, helical graphitic nanofiber formation, and liquid crystallization capability.
	[15,16,24,27,28]



	PANI
	Three different forms: leucoemeraldine, emeraldine, and pernigraniline.
	Chemical oxidation method, interfacial polymerization, and electrospinning.
	Leucoemeraldine (insulator), pernigraniline (insulator), and emeraldine salt (10−2–100 S/cm)
	[30,32,52,107]



	PEDOT
	A monoclinic lamellar structure consisting of inclined π-stacks.
	Chemical polymerization, electrochemical polymerization, and electrospinning.
	-The highest conductivity of 6259 S.cm−1 for thin films and 8797 S.cm−1 for single crystals.

-Ultra-low thermal conductivity, processability, non-toxicity and unique flexibility, water insolubility.
	[53,54,56,59]



	PEDOT:PSS
	PEDOT: PSS grains with a nano-size (30–50 nm).
	Chemical polymerization, electrochemical polymerization, and electrospinning.
	High conductivity, air stability, transparency, flexibility and intrinsic stretchability, and water insolubility.
	[61,63,64,65,68]



	PPy
	A heterocyclic and positively charged CP.
	Electro-polymerization, vapor-phase polymerization, electrospinning, microemulsion polymerization.
	Good environmental stability, high conductivity, and good redox properties.
	[76,77,78,108]



	PT
	Four different oligomeric structures (2-ring, 4-ring, 6-ring, and 8-ring).
	Chemical oxidation, electrochemical oxidation, oxidative chemical vapor deposition, and electrospinning.
	High stability, structural modification, and solution processability.
	[91,92,94,109]



	PoPDA
	A ladder polymer possessing a phenazine-like structure.
	Chemical oxidation, electrochemical

polymerization, electrospinning, and reprecipitation.
	Good solubility, processibility, high electroactivity, and thermal stability.
	[101,104,105,106]










3. Advanced Techniques for CP Deposition on Flexible Devices


3.1. Solution-Based Methods


Solution-based techniques for depositing CPs are the simplest and lowest-cost technologies for developing and designing flexible devices. In this set of approaches, the CP molecular crystallinity can be controlled by using high-boiling-point solvents or blends of good and poor solvents or by controlling physical force effects such as centrifugal, shear, and capillary forces [110]. In recent decades, various solution-processing techniques (i.e., spin coating, drop casting, bar coating, solution shearing, and printing) have been used for depositing CPs on flexible devices owing to their excellent stability, homogeneity, and ability to produce patterns without the “coffee ring” effect [109,111]. Figure 1a–c shows the microfluid molding, drop-casting, and spin-coating methods [112]. In microfluid molding, CP films are deposited in microchannels, yielding special U-shaped films on the microchannel walls (Figure 1a). The drop-casting technique involves the formation of CP thin films by first dropping a CP solution onto a flexible substrate, followed by solvent evaporation (Figure 1b). In this technique, the long duration and slow assembly of the CP film can improve the film crystallinity; however, the final films have low uniformity and many vacancies. Thus, drop-casting and laser-patterning techniques enable the fabrication of patterned flexible devices with high transparency (Figure 1d) [112]. In addition, plasma technology has been employed as an adhesion promoter between the polyethylene terephthalate (PET) substrate and the CP layer to improve the drop-casting technique [113]. Recently, Luo et al. developed a capillary action strategy to mediate CP chain self-assembly during drop-casting [114]. In this approach, a sandwich tunnel system was designed using functionalized glass spacers that induced capillary action to control the nanostructure, crystallinity, and charge transport properties of the CP films.



Spin coating is the most common technique in widespread use for fabricating and depositing CPs in flexible devices because of its simplicity, speed, and low cost (Figure 1c) [112]. In spin-coated devices, a polydimethylsiloxane (PDMS) encapsulation layer is often spin-coated layer by layer on the PET substrate. Then CP films are deposited on the substrate by spin-coating. However, the spin-coating method has several drawbacks, including material wastage, restriction to small-scale substrates, uncontrollable crystallinity, and high film thickness. Modifying the spin-coating method has been developed to save materials and obtain ultrathin films [115,116]. A simple spin-coating approach with on-the-fly dispensing was successfully developed to prepare ultrathin films (≤10 nm) [115]. In this method, the spin-coater motor uses a high rotation rate during solution drop-ping, which results in rapid solution spreading, and the static wetting balance on the hydrophobic substrate is broken by the tangential force. A novel off-center spin-coating method was also introduced to allow the growth of a highly aligned metastable structure of a blended solution [116]. In this spin-coating technique, the solution is dropped on the substrate away from the center of the spin coater. The centrifugal force can induce high orientation and phase separation in the film, leading to high CP mobility.



Dip coating is a simple, well-established, waste-free, low-cost, and low-energy consumption method and is a relatively common technique used both in laboratories and industrially [117]. This technique has three main steps: (i) the substrate is immersed in the CP solution for a sufficient time, (ii) a CP thin film covers the substrate while it is pulled up from the solution, and (iii) the dry CP thin film forms after solvent evaporation [118,119]. The film thickness in dip coating can be easily controlled by adjusting the CP solution viscosity and withdrawal speed [120]. However, obtaining homogeneous and ultrathin (<20 nm) films is difficult. To develop flexible devices, the roll-to-roll dip-coating process is often used, in which flexible substrates (e.g., polyimide film and PET) are used with a bath of low-viscosity CP solution. The flexible substrate is dipped and pulled out using a rotating roll (Figure 1e) [121]. With this process, the film thickness can be precisely modulated in the ultrathin range (10–80 nm) by varying the velocity and tuning the concentration of the CP solution, allowing the formation of ultrathin films with a length of >1 m and an area of 1000 cm2. Moreover, the roll-to-roll dip-coating technique can be used to prepare films with decreased elastic moduli and improved extensibility, which are necessary mechanical properties for stretchable and flexible devices. However, the process requires a large solution storage tank; thus, volatile and low-boiling-point solvents cannot be used.



Spray coating is a convenient, cost-effective, and industrially scalable deposition technique suitable for depositing CPs on 3D surfaces during low-temperature processing to create electronics [122,123]. A spray nozzle is set perpendicular to a flexible substrate, and the CP solution is directly sprayed onto the substrate, where it can form a very thin, dense, and stable film (Figure 1f) [124]. In general, the atomization process, in which tiny droplets are formed by the passage of the CP solution through the narrow orifice of the spray nozzle, is controlled by N2 air pressure [125] or an ultrasonic technique [126]. Ultrasonic spray coating is preferred owing to its simplicity, good transfer efficiency, cost-effectiveness, small droplets, and good reproducibility [127]. Several parameters can be manipulated to control the surface morphology of the film, including the air pressure, viscosity, solvent properties, N2 pressure, the distance between the nozzle and substrate, spray time, and spray temperature. It has been demonstrated that the spray coating method can produce high-quality CP thin films on flexible and 3D substrates [123]. An alternating spray deposition method was recently successfully developed to fabricate multicomponent films with distinct material properties from independent sources [128]. This method is based on the partial coverage of alternating donor and acceptor layers to construct an interpenetrating network of nanodomains, mimicking layer-by-layer deposition. Thus, alternating spray deposition can be applied to various material systems.



The solution shear-coating method is a simple, efficient, low-cost, and scalable technique for preparing oriented CP thin films for flexible devices [129]. In the solution-shearing process, the CP solution is dropped on a heated substrate, followed by dragging a shearing plate, and the CP thin film is obtained after solvent evaporation (Figure 1g) [109]. Owing to the interplay of the viscous force, capillary force, and Marangoni flow, the crystallinity, uniformity, and morphological features (i.e., pore size, pore shape, and film thickness) of CP films can be controlled [109]. This technique can be used to prepare nanoporous ultrathin films with pore sizes and thicknesses in the nanoscale range and to increase the charge-carrier mobilities of CP films because of the greater electron orbital overlap between the component molecules. Shear coating possesses several advantages, including (i) the CP concentration remains constant over a wide range of temperatures and coating times; and (ii) small amounts of CPs are used (~20 mL·cm−2 of the substrate) [130]. Thus, the shear coating can be used to develop high-performance, large-scale, low-cost CP flexible devices [131]. However, the technique remains limited by the required substrate surface, the surface roughness of the obtained CP films, and device-to-device variability.
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Figure 1. Some solution-based methods for the preparation of CP-based flexible devices: (a) Microfluid molding, (b) drop casting, (c) spin coating, (d) combination of drop casting and laser patterning (Reproduced with permission from ref [112]); (e) roll-to-roll coating of CP film onto a plastic substrate (Reproduced with permission from ref [121]); (f) spray-coating system for CP deposition (Reproduced with permission from ref [124]); (g) shear coating system (Reproduced with permission from ref [109]). 
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Several strategies have been developed to improve the performance of CP thin films obtained from solution-based deposition methods, such as the selection of appropriate solvents and the pretreatment of substrates [123]. Solvent type is a critical factor for the morphological formation and crystallization of CP thin films. A solvent with a higher boiling point induces a lower crystallization rate because the CP molecules self-organize into larger crystal domains after the longer time available before evaporation. To use high-boiling-point solvents, the substrate must be heated to optimize the deposition efficiency of CP thin films. However, the increased temperature could cause a Marangoni flow from the high-temperature zone (bottom) to the low-temperature zone (top), which might yield nonuniform CP thin films. To overcome this problem, a blended solvent system creates a countercurrent flow, compensating for the loss of molecules induced by the Marangoni flow [132].



The weak and unstable adhesion of CPs to substrates can lead to CP debonding or reduced reliability and efficacy of flexible devices [133]. Some methods have been reported to enhance CP adhesion, including the topological modification of substrates and electrodeposition. To achieve strong adhesion in flexible devices, a simple method has recently been applied to various wet CPs, including PE-DOT:PSS, PPy, and PANI, on diverse, flexible substrates, including glass, polyimide, PDMS, and indium tin oxide (ITO) (Figure 2) [134]. In this method, a hydrophilic polymer adhesive layer with nanoscale thickness was introduced for the pretreatment of the substrate; this layer not only provided strong substrate adhesion but also penetrated the polymer network. In addition to utilizing a broad range of substrate materials, such approaches can be implemented using different coating techniques. The results have indicated that owing to the strong and stable interfacial adhesion between CPs and different substrates, this method can be utilized for commercial CPs and is compatible with various other fabrication techniques, such as solvent casting and electrodeposition.




3.2. Printing Technologies


Currently, printing technologies are commonly used for depositing CPs in the fabrication of electronic devices. Compared to the above solution-based methods, these techniques offer several advantages, such as saving materials, depositing on large-area substrates, and accurate patterning. Many types of printing technologies can be used for deposing CPs; inkjet printing, screen printing, and 3D printing are widely employed for stretchable and flexible devices.



3.2.1. Inkjet Printing


Inkjet printing sometimes termed “direct-writing,“ is one of the most important technologies for designing highly stretchable and flexible devices owing to its precise deposition in well-defined patterns of picoliter-scale volumes of CP solutions [135]. The translation stages and ink dispensers used in inkjet printing can be controlled by a computer, facilitating the production of complex patterns. Due to this method’s mask- and contact-free direct-writing ability, inkjet printing decreases cost and CP material use, reduces waste, and minimizes contamination. In this method, an ink containing a CP solution is transported from the ink reservoir to the nozzle head, and an ejecting process then forms microdroplets. The printing step is performed as the ink droplets collide with the substrate at specific rates [136]. Printed patterns can be obtained by controlling the displacement of the substrate or the printhead, followed by evaporation and solidification. In general, the printed substrate requires high-temperature post-processing treatment, such as thermal annealing, sintering, or calcination, to remove solvents and increase adhesion. Inkjet printers can operate in two main modes: continuous or drop-on-demand (DOD) [137]. In continuous inkjet mode, the ink suspension is ejected from the nozzle as a liquid jet that is broken up into droplets by surface tension [138]. The DOD inkjet mode is commonly used for designing flexible devices owing to its high precision, small drop size, and flexibility [139]. The DOD mode often uses either piezoelectric or thermal actuators (Figure 3a) [137]. In DOD printing with piezoelectric actuators, an electric field induces the deformation of the piezoelectric actuator, which results in the formation and release of ink droplets. At a certain electric potential, the piezoelectric transducer causes a pressure wave that moves towards the nozzle and drives out the CP ink droplet. In DOD printing with thermal actuators, a Joule heating element placed near the nozzle is used to heat the CP ink solution and form bubbles of ink vapor, followed by routing out ink micro-droplets [138]. Because evaporation is used to create the ink droplet, the ink selected in this approach must have volatile components [138,140].



The inkjet printing technique has been successfully applied to develop and fabricate numerous CP-based flexible devices [12,141,142,143]. For instance, Wang et al. introduced electronic devices featuring micrometer-sized patterns of highly stretchable and transparent PEDOT:PSS using inkjet printing [12]. The high stretchability of PEDOT:PSS films requires the use of enhancers to create soft domains and achieve high fracture strain. The study by Wang et al. indicated that highly stretchable and conductive PEDOT films with high cycling stability could be obtained by incorporating various ionic additives, such as dioctyl sulfosuccinate sodium salt, sodium dodecylbenzenesulfonate, dodecylbenzenesulfonic acid, and ionic liquids. The enhanced conductivity and stretchability of the CP films were ascribed to a synergistic effect, in which the ionic additives can both have good solubility (in water and the PEDOT:PSS matrix) and function as effective dopants for PEDOT molecules owing to the highly acidic anions. Recently, the use of inkjet printing technologies in the development and design of flexible electronic devices has attracted considerable interest in flexible electronic skin (e-skin) platforms that can operate at low temperatures [141,144,145]. For instance, a printed high-sensitivity multifunctional artificial electronic whisker (e-whisker) sensor was successfully fabricated using printable nanocomposite PEDOT:PSS inks (Figure 3b) [145]. Moreover, multifunctional e-whisker arrays were developed by mapping 2D and 3D distributions based on inkjet printing.




3.2.2. Screen Printing


Screen printing has been considered a promising industrial deposition technique that can be scaled up by sheet-by-sheet or roll-to-roll processing [146]. In the screen-printing method, an ink suspension is directly transferred from a stenciled mesh to a target substrate (Figure 3c) [147]. The printing mechanism has three stages [148]: (i) the CP ink solution is flooded into a mesh; (ii) this mesh contacts the substrate under a downward force and the ink adheres to the substrate and the mesh owing to the interface free energy; (iii) the ink is deposited on the substrate by vertically pulling the mesh upward. This technique can produce pattern resolutions of at least 100 μm for various shapes and sizes within seconds. Moreover, owing to its over-printability, highly accurate alignment, registration marks, layer-by-layer deposition, and suitability for mass production, screen printing has been used extensively for the preparation of CP-based flexible devices [149,150,151]. However, the screen-printing process must meet four essential requirements [152]: (i) the conductive ink must interact well with the stretchable target substrate interface; (ii) the highly conductive ink must maintain its conductivity with strain up to 20%; (iii) high stability must be maintained over multiple uses; and (iv) sufficient thickness is necessary to allow precise control of the fabrication of reliable and small features. In practice, screen printing has often been utilized in combination with vapor-phase polymerization to produce printed devices at high resolution with the possibility of over-printing; this provides commercial devices using a cost-effective deposition technique [146].




3.2.3. 3D Printing


3D printing allows the fabrication of microscale structures in a programmable, facile, and flexible manner with freedom of design in 3D space, compared to other approaches [153,154]. In 3D printing, CP materials are deposited in a layer-by-layer manner using a movable nozzle, following a specific shape programmed by software (Figure 3d) [155]. Based on the method by which CPs are deposited, 3D printing follows one of two models: (i) fused-deposition modeling (FDM), which utilizes a melted filament of CP moved through a gear mechanism to a hot end, or (ii) direct ink writing (DIW), which uses a semi-melted CP filament that is deposited by the action of an applied current, air, pistons, or screws. 3D printing open a new level for the design and development of CP-based flexible devices because of its significantly reduced cost and ease of use [156]. However, the machines used in 3D printing can be more complex than conventionally machined parts. 3D printing has exhibited limited applicability of pristine CPs for specific 3D printers and optimized printing conditions. Moreover, to print and obtain the desired shape, the CPs used in both the FDM and DIW models must have specific rheological behaviors and viscosity values at different shear rates (<104 and 101 Pa·s at low and high shear rates, respectively) [157]. Thus, for 3D printing, most pristine CPs must be combined with other thermoplastics as composites or copolymers [158]. Furthermore, several factors must be optimized for printability when using CP composites, including the size and size distribution of CP fillers, printing temperature, printing speed, residence time, and printing bed temperature [156].



3D printing has been applied to fabricate stretchable CP electrodes for flexible and wearable devices. For instance, Yang et al. used the synergistic integration of carbon nanotubes (CNTs) and PEDOT:PSS to develop a stretchable electrode fabricated by DIW printing [159]. PEDOT:PSS/CNT composite ink was prepared by mixing PEDOT:PSS nanofibrils with a CNT suspension. This was freeze-dried to form a freestanding electrode. The device exhibited excellent deformability and flexibility, with a well-designed arc-shaped pattern. Yuk et al. developed a high-performance PEDOT:PSS ink for 3D printing based on a commercial PEDOT:PSS aqueous solution [155]. A simple method was used to endow this ink with the rheological properties of the pristine PEDOT:PSS solution, in which the 3D-printed CP structures could be converted into dry and hydrogel forms. PEDOT:PSS hydrogel ink has superior printability and allows the facile deposition of CP into high-resolution and high-aspect-ratio micro-structures.
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Figure 3. Schematics of (a) the inkjet printing process: piezoelectric mode and thermal mode (Reproduced with permission from ref [137]); (b) preparation of PEDOT:PSS/CNT film-based artificial electronic whisker using inkjet printing (Reproduced with permission from ref [145]); (c) the ink transfer process from screen to substrate and the three stages of screen printing (Reproduced with permission from ref [147]); (d) fabrication of a 3D-printable conducting polymer ink (Reproduced with permission from ref [155]). 
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4. Recent Applications of CP-Based Flexible Devices


CP-based flexible devices have been employed in various applications, including gas sensors, health-monitoring devices, strain and temperature sensors, and biosensors. Table 2 presents a summary of recent research on CP-based flexible sensors.



4.1. Gas Sensors


The development of flexible and wearable chemiresistive sensing devices has attracted significant attention. Due to their inherent flexibility and high conductivity, CPs are among the best candidates for designing such devices [160]. Moreover, CPs can work at room temperature, thus requiring minimal power and allowing their incorporation into small, flexible, wearable devices [161]. Therefore, several wearables, flexible, highly sensitive, and selective sensors have been successfully developed for various gases and vapors that are harmful to human health [162]. These devices were based on the incorporation of different CPs with flexible substrates, and they showed high sensitivity and selectivity for NH3 (5–1000 ppm) [163,164,165], NO [166], H2S [167], hydrazine [168], N2H4, CHCl3 [169], H2 [170], and volatile organic compounds (VOCs) [111]. In gas sensor devices based on CPs, the interaction of CPs and the gas analytes can be a chemical reaction or physical adsorption [171]. Chemical reactions can alter the doping levels and physical properties of the CP. Gases containing electron acceptors, such as NO2, I2, O3, and O2, are likely to oxidize CPs and increase their doping level because their electron affinities exceed those of the CPs. For example, the number of charge carriers in P3HT was found to increase after oxidative doping with NO2, thus reducing the resistance and increasing the conductivity of this CP [172]. PANI showed changes in its optical absorbance between 500 and 800 nm because of the oxidation and protonation of O3 gas. PANI and m-chloro-PANI both showed higher sensitivity than N-methyl-PANI due to the oxidation of its pernigraniline state [173]. In contrast, H2S, NH3, and N2H4 are electron-donating gases that de-dope CPs, resulting in increased resistance and reduced conductivity [109]. For non-reactive VOCs such as chloroform, acetone, aliphatic alcohols, benzene, and toluene, it has been supposed that weak physical interactions of CPs with these analytes can modify the CP resistance and conductivity: (i) ethanol and hexanol may be absorbed on dipentoxy-substituted polyterthiophene, changing the potential barrier of polyterthiophene grains [111]; (ii) swelling behavior increases the distance between PANI and PPy chains, leading to increased resistance when exposed to and absorbing chloroform, acetone, ethanol, acetonitrile, toluene, and hexane vapors [169]; and (iii) the diffusion of acetone into PPy intersegmental spaces damages the interactions between aromatic pyrrole rings, resulting in increased disorder and decreased conductivity [174]. In summary, portable, low-cost, and flexible CP-based chemiresistor devices have been designed and shown promising applications in the detection of numerous gases and vapors with high sensitivity and selectivity at low concentrations and fast response times.



Respiration monitoring, particularly via humidity sensing, is an important and easy approach to evaluating human health [175]. Human exhaled breath generally has a high relative humidity (>90%) that does not change under the impact of movement, environment, or season. Compared to other materials, CPs exhibit several advantages in the design of humidity sensors, including their easily modulated structures, facile processing, capacity for large-scale fabrication, and low cost. However, in humidity sensors for respiration, the materials must satisfy two major conditions: (i) high stability under long-term exposure to high-humidity conditions and (ii) fast response time (~1 s) due to the short time of a single respiratory cycle (3–4 s). Therefore, CPs are often modified or blended with other materials in composites to enhance their characteristics to suitable levels for flexible humidity sensors. It has been demonstrated that PANI and PPy show relatively good sensitivity to humidity due to the “proton effect” and their changed conductivities in the presence of H2O vapor [176]. Guo et al. developed composites of PANI nanofibers with spandex-covered yarns, which showed high stretchability and conductivity [177]. Owing to the unique spiral configuration and preservation of large prestrain, the use of the spandex-covered yarn resulted in a PANI nanofiber composite with stable conductivity at different elongations (even stretching up to 200%) and excellent cyclic performance. The stretchable humidity sensor based on the PANI nanofiber composite exhibited excellent sensing with good sensitivity, fast response, and good repeatability. In flexible humidity sensors based on CPs, expensive fabrication is a significant limitation for practical applications. To overcome this problem, a one-step method for the fabrication of flexible PPy humidity sensors was developed using simultaneous UV curing and in-situ photopolymerization [178]. In the synthesis process (Figure 4a), PPy polymerization can be achieved by the UV irradiation of monomers/oligomers. Flexible PPy films are then obtained by interpenetrating the insulating network with different flexible substrates (Figure 4b). This flexible PPy sensor showed remarkable sensing capabilities, making it a promising alternative to other humidity sensors owing to its printability, flexibility, and simple one-step fabrication.



Precise, convenient, and low-cost technology for monitoring and evaluating the status of food to avoid spoilage has gained great interest for consumers, storage purposes, and supply chains. In general, monitoring methods for food spoilage, especially that of meat, focus on the detection of total volatile basic nitrogen, including biogenic amines (BAs) and ammonia (NH3) [179]. BAs, such as putrescine and cadaverine, cause the bad odors of meat decomposition and are mainly formed through the decarboxylation of amino acids upon interaction with microbes; they are considered the most significant markers of meat spoilage [180]. However, conventional methods (i.e., chromatography, electrochemistry, chemiluminescence, and spectrometry) currently used to detect BAs [181] have highly limited practical applicability because of the shortcomings of bulky and expensive equipment, poor portability, and complex sample processing. Therefore, flexible chemiresistive gas sensors based on CPs are considered promising alternatives for determining BAs in foods [182]. Ma et al. developed a nanostructured PANI-based gas sensor with high sensitivity to the gases emitted from meat decomposition (Figure 4c) [183]. The PANI-based sensor was incorporated into the circuit of a near-field communication (NFC) tag with a sensitive switch to detect food spoilage using a smartphone (Figure 4d). It has been suggested that films of PANI and other CPs can be broadly employed to design intelligent sensors for food status monitoring applications in daily life, storage, and supply chains.
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Figure 4. (a) Schematic of UV light fabricating process and (b) image of a flexible PPy humidity sensor (Reproduced with permission from reference [178]). (c) The wireless badge for food spoilage detection based on PANI thin film and (d) the circuit of the modified NFC tag for detection of gases released from spoiled meat (Reproduced with permission from reference [183]). 
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4.2. Strain Sensors


Wearable and flexible strain sensors are essential components for various applications, such as healthcare monitoring, soft robots, and immersive gaming. These flexible sensing devices must have comfortable skin adhesion, high-accuracy monitoring capacity for human motion, and excellent durability. For the design of such strain sensors, the materials used must possess some unique features, including superior stretchability, excellent flexibility, a wide sensing range, high sensitivity, and the possibility of coating on elastomers, that is, PDMS and rubbers. Compared with metals or other semiconductors, CPs show several prominent advantages in stretchability, flexibility, environmental stability, and processability, making them suitable candidates for fabricating flexible and stretchable strain sensors. In addition to their high stretchability and good flexibility, CP-based flexible and stretchable strain sensors have recently attracted significant attention owing to their excellent durability, tunable strain-sensing behavior, and ease of processing [184]. Depending on the sensing mechanism, the efficiency of CP-based strain sensors can be influenced by factors including the CP nanoparticle shape and size dispersion, synthesis method, and interactions of CP particles with other polymer molecules [185]. Considering the above CP advantages, many studies have successfully developed CP-based strain sensors with good performance, wide workable strain ranges, high sensitivity, and good repeatability [186,187]. For example, a wearable PANI-based strain sensor that exhibited ultrahigh stretchability (1935%), good repeatability (>98%), and high responsivity to both strain (R > 0.9998) and flexion bending (R > 0.9994) was recently fabricated (Figure 5a) [188]. This sensor also possessed skin compliance, elasticity, and self-healing ability. Furthermore, PANI and other CPs can be scaled and processed in an environmentally friendly manner; thus, CPs have high potential utility for developing next-generation flexible strain sensors.



For practical application, flexible strain sensors must be fabricated economically on macroscale substrates. Mammalian-mimicking functional electrical devices have demonstrated great potential as technologies in robotics, wearable and health-monitoring systems, and human interfaces owing to the following advantages: (i) economical fabrication of macroscale devices on flexible substrates, (ii) high sensitivity, and (iii) multifunctionality. Recently, e-whiskers have been designed to detect strains effectively [189]. Based on these factors, Harada et al. introduced a fully printed multifunctional PE-DOT:PSS e-whisker array with high strain-sensing performance [145]. The e-whisker arrays were patterned by screen printing, which can be developed as an economical macroscale fabrication technique. In addition, the e-whisker arrays exhibited multifunctional ability by successfully mapping 2D and 3D distributions of the arrays. CP-based e-whisker arrays designed as fully printed, macroscale multifunctional devices are likely to be considered for developing low-cost, highly flexible, and stretchable electronics and robotics for strain detection.




4.3. Temperature Sensors


The accurate monitoring of physiological factors, particularly temperature, is critical in disease diagnosis and tracking of various medical conditions [190]. Developing flexible and stretchable sensors is a potential approach for enhancing the efficiency of monitoring dynamic and spatial variations in temperature. CPs are considered promising materials for designing and developing highly effective sensors with excellent flexibility and temperature sensitivity [191,192]. Another advantage of CPs over other materials in the design of temperature sensors is their ability to form patterns on various substrates by printing techniques without using photolithography. In temperature sensors, CPs may experience expansion and the separation of CP particles as the temperature increases, resulting in increased resistance, indicating a positive temperature coefficient. To improve the stimuli-response properties of CPs in flexible temperature sensors, CPs have been incorporated with other materials in composites to obtain better electrical properties upon exposure to the stimuli of interest [192,193]. A CP/reduced graphene oxide (rGO) composite-based temperature sensor was de-signed by patterning a composite on a flexible and stretchable substrate [194]. The sensor showed a temperature coefficient of resistance with a high responsivity of 0.008/°C, as well as good selectivity to temperature with respect to pressure and moisture. Such stretchable devices with meandering patterns have also demonstrated potential as healthcare-monitoring devices.



Developing transparent and stretchable temperature sensors based on gated structures and all-elastomeric materials simplifies the fabrication process while achieving a high yield and low cost. However, intrinsically transparent and stretchable devices containing multiple parts, that is, electrodes, gate dielectrics, active layers, and sensing materials, remain difficult to fabricate [195]. Thus, intrinsically transparent temperature sensors based on novel materials with high transparency and stretchability are promising. Trung et al. successfully developed an all-elastomeric transparent, stretchable gated temperature sensor array (Figure 5b) [196]. This temperature sensor array was further integrated with a strain sensor, yielding a platform that offers easy attachment to the human skin. Moreover, this sensor device makes novel use of a CP composite, which is intrinsically transparent, stretchable, and easily coated directly onto the transparent, stretchable substrate. The sensor showed high stretchability (a strain of 70%), resistance sensitivity to temperature (~1.34%/°C), and good stability (10,000 cycles). In recent years, flexible sensors have been fabricated using CP-based composite materials with skin-like mechanical properties [197]. Incorporating CPs with carbon materials such as graphene and its derivatives into conductive hydrogels has been a common and facile strategy for fabricating highly sensitive and conductive flexible temperature sensors [198,199]. For instance, sandwich-like PPy–rGO–PPy nanostructure-based gelatin hydrogels were prepared by a universal interface method, in which rGO and pyrrole monomers were polymerized at 100 °C [200]. This skin-like sensor showed excellent mechanical and electrical behavior with high sensitivity for detecting the temperature and motion of the human body. Similarly, e-skin, which mimics human skin functions in its flexibility and ability to sense pressure and temperature gradients, can be implemented in intelligent robots and next-generation wearable pressure and temperature sensors [201,202]. Kim et al. introduced a flexible sensor for e-skin applications that simultaneously detected pressure and temperature (Figure 5c) [141]. The sensor was constructed by the inkjet printing of a PEDOT:PSS/AgNP composite on silicone rubber or an elastomer substrate. Such a sensor with a 25-pixel bimodal sensor array exhibited a high sensitivity to temperature (0.32%/°C with the small temperature change of 0.5 °C).




4.4. Biosensors


Flexible and stretchable biosensors for point-of-care (POC) testing systems have become emergent technologies with potential applicability in customized personal health monitoring systems for the early detection and control of diseases [203,204,205]. Current strategies for developing flexible and stretchable biosensors have focused on synthesizing advanced materials with multifunctional properties that can operate as sensing elements [206,207]. Among these materials, CPs are candidates for fabricating flexible biosensors; they have been utilized as bioreceptors to detect different biomarkers [208,209]. Hence, the design and development of CP-based flexible and wearable biosensors may become one of the most vital strategies for the early detection of human diseases in the future, especially considering the pandemic of coronavirus disease [210].



The key CP-based flexible electronic biosensors include organic field-effect transistors (OFETs) and organic electrochemical transistors (OECTs), owing to their miniaturization, low cost, intrinsic flexibility, tunable conductivity, biocompatibility, and mass producibility [211]. Based on their properties, PPy, PANI, and PEDOT are widely used in flexible biosensors [206,207]. PEDOT:PSS is often employed as a CP active channel material in flexible OECT bio-sensors for detecting bacteria [212], cancer biomarkers [213], glucose [208], and DNA/RNA [214]. PEDOT:PSS flexible biosensors can be fabricated by incorporating OECTs into flexible microfluidic systems. For example, a flexible DNA biosensor was developed by integrating a flexible microfluidic system with an OECT consisting of a PE-DOT:PSS active layer and Au gate electrode (Figure 5d) [214]. The OECT was first obtained by patterning on a flexible PET substrate, which was then integrated with a PDMS-based microfluidic device on the top. Such flexible biosensors show high flexibility and excellent sensing performance with a low limit of detection (LOD) (1 nM). Therefore, CP-based OECTs in combination with microfluidic systems are a promising strategy for the fabrication of flexible, highly sensitive, low-cost, and disposable biosensors.



CP hydrogel-based devices have recently been considered ideal candidates for designing flexible biosensors for POC systems [215]. A robust and force-sensitive CP hydrogel was prepared by polymerizing polyacrylamide and PANI into swollen chitosan microspheres [216]. Owing to the novel microsphere structure, the stretchability and mechanical stability of the hydrogel system were enhanced up to a strain of 600%, and the hydrogel system was used for flexible and wearable biosensors. The PANI hydrogel microspheres exhibited a rapid response and long-term electrical stability, indicating their applicability for developing flexible and wearable biosensors.
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Figure 5. (a) Schematic demonstrating omnidirectional sensing capability and relative resistance change over time with the horizontal and vertical tensile stretching of a PANI-based strain sensor (Reproduced with permission from reference [188]); (b) schematic of a transparent, stretchable gated sensor array for strain and temperature detection (Reproduced with permission from reference [196]); (c) photograph of a flexible sensor array for measurement of pressure and temperature by touching the sensor with a pen (Reproduced with permission from reference [141]); (d) an OECT flexible biosensor integrated with a microfluidic system for DNA detection (Reproduced with permission from reference [214]). 
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Table 2. Summary of recent applications of conductive polymer-based flexible sensors.
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CPs

	
Applications

	
Substrate

	
Response

	
LOD

	
Response Time

	
Refs






	
Gas sensors




	
PEDOT:PSS

	
H2 sensor

	
Substrate-free

	
31.6%

	
0.25% H2

	
19s

	
[170]




	
PPy

	
NH3 sensor

	
PET

	
39.4%

	
10 ppb

	
36 s

	
[171]




	
PANI

	
Humidity sensing

	
Paper

	
99.2%

	
5%

	
18 s

	
[176]




	
PANI

	
Humidity sensing

	
Substrate-free

	
90%

	
20%

	
30 s

	
[177]




	
PPy

	
Humidity sensing

	
PDMS

	
180%

	
20%

	
4000 s

	
[178]




	
PANI

	
Food spoilage detection

	
-

	
225%

	
5 ppm NH3

	
112 s

	
[183]




	
PPy

	
n-butylamine gas sensor

	
Copper

interdigital electrode

	
8%

	
0.42 ppm

	
-

	
[217]




	
P3HT

	
NO2 sensor

	
Si/SiO2 wafer

	
98.98

	
10 ppm

	
100 s

	
[218]




	
PEDOT:PSS

	
H2S sensor

	
PET

	
62.4%

	
100 ppm

	
-

	
[219]




	
PPy

	
Dimethyl methylphosphonate sensor

	
Substrate-free

	
28%

	
0.1 ppb

	
100 s

	
[220]




	
PA

	
Food spoilage detection

	
Substrate-free

	
Changed color

	
100 ppm

	
10 min

	
[221]




	
P3BT

	
NH3 sensor

	
PET

	
17%

	
1 ppm

	
20 s

	
[222]




	
P3HT

	
NO2 sensor

	
Silicone wafer

	
30%

	
5 ppm

	
1 min

	
[223]




	
PoPDA

	
Humidity sensing

	
-

	
75%

	
11%

	
200 s

	
[224]




	
Strain sensors




	
PEDOT:PSS

	
Monitoring starch-based food processing

	
Substrate-free

	
300%

	
-

	
50min

	
[186]




	
PANI

	
Strain sensor

	
Substrate-free

	
640%

	
100% strain

	
3 s

	
[188]




	
PEDOT:PSS

	
Monitoring

human motions

	
PDMS

	
170%

	
1.6% strain

	
2 s

	
[225]




	
PANI

	
Monitoring

physical motions

	
Substrate-free

	
296%

	
1% strain

	
2 s

	
[226]




	
PANI

	
Monitoring pulse waves

	
Substrate-free

	
150%

	
1% strain

	
20 s

	
[227]




	
PANI

	
Detecting finger motion

	
Poly(vinylidene fluoride) membrane

	
25%

	
5.2% strain

	
40 s

	
[228]




	
PPy

	
Human breath detection

	
Polyurethane substrate

	
35%

	
10% elongation

	
-

	
[229]




	
PPy

	
Pressure sensor

	
PDMS

	
240%

	
5 kPa stress

	
1.3 s

	
[230]




	
PPy

	
Human motion detection

	
A filter paper

	
135%

	
30% strain

	
5 s

	
[231]




	
PEDOT:PSS

	
Strain-temperature dual sensor

	
PVA substrate

	
6%

	
1% strain

	
-

	
[232]




	
P3HT

	
Stretchable strain sensors

	
PDMS

	
50%

	
10% strain

	
20 s

	
[233]




	
Temperature sensors




	
PEDOT:PSS

	
Monitor surface temperature of human body

	
Polyurethane

	
1.34%/°C

	
22–38 °C

	
90 s

	
[196]




	
PEDOT:PSS

	
Detecting skin temperature

	
Polyimide substrate

	
0.03%/°C

	
30–45 °C

	
1 s

	
[199]




	
PPy

	
Detecting skin temperature

	
Substrate-free

	
1.288%/°C

	
35–40 °C

	
20 s

	
[200]




	
PPy

	
Detecting skin temperature

	
Polyvinylidene fluoride membrane

	
5.76%/°C

	
24–48 °C

	
0.33 s

	
[234]




	
PEDOT:PSS/PANI

	
Sensing human body temperature

	
PET substrate

	
0.803%/°C

	
35–40 °C

	
200 ms

	
[235]




	
PANI

	
Temperature sensor arrays

	
PET substrate

	
1.0%/°C

	
15–45 °C

	
1.8 s

	
[236]




	
PANI

	
e-skin temperature sensor

	
PDMS substrate

	
456%

	
36.5–42 °C

	
-

	
[237]




	
PPy

	
Photothermal conversion and thermosensing applications

	
Nonwoven fabric

	
20%

	
32–35 °C

	
30 s

	
[238]




	
P3HT

	
Photothermal sensor

	
Indium tin oxide

	
0.023 au/°C

	
25–75 °C

	
-

	
[239]




	
Biosensors

	

	

	

	




	
PEDOT:PSS

	
DNA detection

	
Hydrogel substrate

	
-

	
17 fM

	
-

	
[240]




	
PANI

	
Hepatitis E virus detection

	
Glassy carbon electrode

	
500%

	
0.8 fg/mL

	
-

	
[241]




	
PPy

	
Detection of microRNA-21

	
Glassy carbon electrode

	
-

	
78 aM

	
-

	
[242]




	
PEDOT

	
Detection of biomarkers in human serum

	
Glassy carbon electrode

	
28%

	
35.64 mU/mL

	
30 min

	
[243]




	
PANI

	
Detection of Escherichia coli DNA

	
Screen printed electrode

	
-

	
4 CFU/mL

	
70 min

	
[244]




	
PEDOT:PSS

	
Cancer biosensor

	
Whatman filter paper

	
-

	
4 ng/mL

	
-

	
[245]




	
PEDOT/PEG

	
Detection of alpha-fetoprotein

	
Glassy carbon electrode

	
30%

	
0.0003 fg/mL

	
-

	
[246]




	
PEDOT:PSS

	
Detection of cellular electrical signals

	
Indium tin oxide

	
10%

	
10 µV

	
2s

	
[247]




	
PA

	
Detection of protein

	
Hydrogel

	
Changed color

	
20nM

	
60 min

	
[248]




	
PA

	
Detection of E. coli

	
Polyurethane

	
Changed color

	
9 × 108 CFU/mL

	
0.5–3 min

	
[249]




	
PPy

	
Detection of Valproate

	
Screen-printed electrodes (SPEs)

	
8%

	
17.48 μM

	
8 min

	
[250]




	
P3HT

	
Protein biosensor

	
Glassy carbon electrode

	
2.3%

	
1 ng/mL

	
50 s

	
[251]




	
PoPDA

	
Cancer detection

	
Carbon electrode

	
-

	
8.4 × 10−8 ng/mL

	
8 min

	
[252]











5. Conclusions


Conductive polymers show flexibility in tuning their molecular structures and electrical and mechanical properties. They are readily solution-processable and patternable, allowing the fabrication of thin films on flexible substrates. Many solution-based processes have been used to prepare conductive polymer films; such methods offer advantages for the large-scale production of flexible devices. For optimization of the coating efficiency in solution-based methods, however, conductive polymers must be dissolved in appropriate solvents, and the substrate surface should be treated with additives to improve adhesion. Printing technologies such as inkjet printing, screen printing, and three-dimensional printing have been used as rapid, simple, flexible, low-cost, and high-resolution methods. These techniques can also save materials, deposit on large-area substrates, and achieve accurate patterning. With recent advances in ink chemistry, printing processes, and large-scale processability, printing technologies are considered promising for fabricating arrays of flexible sensors. Conductive polymer-based flexible sensors have been designed by incorporating conductive polymer sensor electrodes with soft substrates. Conductive polymer-based flexible array sensors are widely applied for many types of sensors and for detecting different analytes in various fields owing to their tunable robustness, low power consumption, real-time mapping ability, and good analytical performance. From this perspective, conductive polymer-based flexible sensors must adapt to certain requirements, such as simple and effective fabrication methods, fast responsivity (1–2 s), low cost, high sensitivity and present transparency, high stretchability, and good compatibility. Such devices can be designed as skin-like sensors using e-skin substrates that mimic human skin functions.







Author Contributions


Conceptualization, V.V.T.; writing—original draft preparation, V.V.T., S.L., D.L. and T.-H.L.; writing—review and editing, V.V.T., D.L. and T.-H.L.; visualization, V.V.T.; supervision, D.L. and T.-H.L.; project administration, D.L.; funding acquisition, D.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was financially supported by the National Research Foundation of Korea (NRF) grant funded by the Korean Government (MSIT) (NRF-2021R1A2C2004109).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gao, W.; Ota, H.; Kiriya, D.; Takei, K.; Javey, A. Flexible electronics toward wearable sensing. Acc. Chem. Res. 2019, 52, 523–533. [Google Scholar] [CrossRef]

	



Guo, X.; Li, J.; Wang, F.; Zhang, J.-H.; Zhang, J.; Shi, Y.; Pan, L. Application of conductive polymer hydrogels in flexible electronics. J. Polym. Sci. 2022, in press. [Google Scholar] [CrossRef]

	



Xu, S.; Shi, X.-L.; Dargusch, M.; Di, C.; Zou, J.; Chen, Z.-G. Conducting polymer-based flexible thermoelectric materials and devices: From mechanisms to applications. Prog. Mater. Sci 2021, 121, 100840. [Google Scholar] [CrossRef]

	



Nezakati, T.; Seifalian, A.; Tan, A.; Seifalian, A.M. Conductive polymers: Opportunities and challenges in biomedical applications. Chem. Rev. 2018, 118, 6766–6843. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, S.; Chen, Y.; Liu, H.; Wang, Z.; Ling, H.; Wang, C.; Ni, J.; Çelebi-Saltik, B.; Wang, X.; Meng, X.; et al. Room-temperature-formed PEDOT:PSS hydrogels enable injectable, soft, and healable organic bioelectronics. Adv. Mater. 2020, 32, 1904752. [Google Scholar] [CrossRef]

	



Feig, V.R.; Tran, H.; Lee, M.; Bao, Z. Mechanically tunable conductive interpenetrating network hydrogels that mimic the elastic moduli of biological tissue. Nat. Commun. 2018, 9, 2740. [Google Scholar] [CrossRef]

	



Liu, Y.; McGuire, A.F.; Lou, H.-Y.; Li, T.L.; Tok, J.B.-H.; Cui, B.; Bao, Z. Soft conductive micropillar electrode arrays for biologically relevant electrophysiological recording. Proc. Natl. Acad. Sci. USA 2018, 115, 11718–11723. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Liu, N.; McDowell, M.T.; Pasta, M.; Cui, Y. Improving the cycling stability of silicon nanowire anodes with conducting polymer coatings. Energy Environ. Sci. 2012, 5, 7927–7930. [Google Scholar] [CrossRef]

	



Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nature Mater. 2003, 2, 19–24. [Google Scholar] [CrossRef] [PubMed]

	



Wan, M. A template-free method towards conducting polymer nanostructures. Adv. Mater. 2008, 20, 2926–2932. [Google Scholar] [CrossRef]

	



Wang, S.; Xu, J.; Wang, W.; Wang, G.-J.N.; Rastak, R.; Molina-Lopez, F.; Chung, J.W.; Niu, S.; Feig, V.R.; Lopez, J.; et al. Skin electronics from scalable fabrication of an intrinsically stretchable transistor array. Nature 2018, 555, 83–88. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Zhu, C.; Pfattner, R.; Yan, H.; Jin, L.; Chen, S.; Molina-Lopez, F.; Lissel, F.; Liu, J.; Rabiah, N.I.; et al. A highly stretchable, transparent, and conductive polymer. Sci. Adv. 2017, 3, e1602076. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Cui, H.; Li, S.; Feng, X.; Aghassi-Hagmann, J.; Azizian, S.; Levkin, P.A. Facile Approach to conductive polymer microelectrodes for flexible electronics. ACS Appl. Mater. Interfaces 2021, 13, 21661–21668. [Google Scholar] [CrossRef] [PubMed]

	



Wen, N.; Zhang, L.; Jiang, D.; Wu, Z.; Li, B.; Sun, C.; Guo, Z. Emerging flexible sensors based on nanomaterials: Recent status and applications. J. Mater. Chem. A 2020, 8, 25499–25527. [Google Scholar] [CrossRef]

	



Lam, J.W.Y.; Tang, B.Z. Functional polyacetylenes. Acc. Chem. Res. 2005, 38, 745–754. [Google Scholar] [CrossRef]

	



Yashima, E.; Maeda, K.; Iida, H.; Furusho, Y.; Nagai, K. Helical polymers: Synthesis, structures, and functions. Chem. Rev. 2009, 109, 6102–6211. [Google Scholar] [CrossRef]

	



Shirakawa, H.; Louis, E.J.; MacDiarmid, A.G.; Chiang, C.K.; Heeger, A.J. Synthesis of electrically conducting organic polymers: Halogen derivatives of polyacetylene, (CH). J. Chem. Soc. Chem. Commun. 1977, 16, 578–580. [Google Scholar] [CrossRef]

	



Szuwarzyński, M.; Wolski, K.; Zapotoczny, S. Enhanced stability of conductive polyacetylene in ladder-like surface-grafted brushes. Polym. Chem. 2016, 7, 5664–5670. [Google Scholar] [CrossRef]

	



Shi, Y.; Peng, L.; Ding, Y.; Zhao, Y.; Yu, G. Nanostructured conductive polymers for advanced energy storage. Chem. Soc. Rev. 2015, 44, 6684–6696. [Google Scholar] [CrossRef] [PubMed]

	



Bujak, P.; Kulszewicz-Bajer, I.; Zagorska, M.; Maurel, V.; Wielgus, I.; Pron, A. Polymers for electronics and spintronics. Chem. Soc. Rev. 2013, 42, 8895–8999. [Google Scholar] [CrossRef] [PubMed]

	



Bhadra, S.; Khastgir, D.; Singha, N.K.; Lee, J.H. Progress in preparation, processing and applications of polyaniline. Prog. Polym. Sci. 2009, 34, 783–810. [Google Scholar] [CrossRef]

	



Pochan, J.M.; Pochan, D.F.; Rommelmann, H.; Gibson, H.W. Kinetics of doping and degradation of polyacetylene by oxygen. Macromolecules 1981, 14, 110–114. [Google Scholar] [CrossRef]

	



Masuda, T.; Tang, B.Z.; Higashimura, T.; Yamaoka, H. Thermal degradation of polyacetylenes carrying substituents. Macromolecules 1985, 18, 2369–2373. [Google Scholar] [CrossRef]

	



Namsheer, K.; Rout, C.S. Conducting polymers: A comprehensive review on recent advances in synthesis, properties and applications. RSC Adv. 2021, 11, 5659–5697. [Google Scholar] [CrossRef]

	



Shirakawa, H. The discovery of polyacetylene film: The dawning of an era of conducting polymers (Nobel lecture). Angew. Chem. Int. Ed. 2001, 40, 2574–2580. [Google Scholar] [CrossRef]

	



Shirakawa, H. Nobel Lecture: The discovery of polyacetylene film—the dawning of an era of conducting polymers. Rev. Mod. Phys. 2001, 73, 713–718. [Google Scholar] [CrossRef]

	



Hu, X.; Wang, P.; Yang, J.; Zhang, B.; Li, J.; Luo, J.; Wu, K. Enhanced electrochemical detection of erythromycin based on acetylene black nanoparticles. Colloids Surf. B Biointerfaces 2010, 81, 27–31. [Google Scholar] [CrossRef]

	



Li, M.; Qi, Y.; Ding, Y.; Zhao, Q.; Fei, J.; Zhou, J. Electrochemical sensing platform based on the quaternized cellulose nanoparticles/acetylene black/enzymes composite film. Sens. Actuators B Chem. 2012, 168, 329–335. [Google Scholar] [CrossRef]

	



Tsou, T.-Y.; Lee, C.-Y.; Chiu, H.-T. K and Au bicatalyst assisted growth of carbon nanocoils from acetylene: Effect of deposition parameters on field emission properties. ACS Appl. Mater. Interfaces 2012, 4, 6505–6511. [Google Scholar] [CrossRef]

	



Zare, E.N.; Makvandi, P.; Ashtari, B.; Rossi, F.; Motahari, A.; Perale, G. Progress in conductive polyaniline-based nanocomposites for biomedical applications: A review. J. Med. Chem. 2020, 63, 1–22. [Google Scholar] [CrossRef]

	



Wang, Y.; Levon, K. Influence of dopant on electroactivity of polyaniline. Macromol. Symp. 2012, 317–318, 240–247. [Google Scholar] [CrossRef]

	



Beygisangchin, M.; Abdul Rashid, S.; Shafie, S.; Sadrolhosseini, A.R.; Lim, H.N. Preparations, properties, and applications of polyaniline and polyaniline thin films—A review. Polymers 2021, 13, 2003. [Google Scholar] [CrossRef] [PubMed]

	



Blinova, N.V.; Stejskal, J.; Trchová, M.; Prokeš, J. Control of polyaniline conductivity and contact angles by partial protonation. Polym. Int. 2008, 57, 66–69. [Google Scholar] [CrossRef]

	



Malinauskas, A. Self-doped polyanilines. J. Power Sources. 2004, 126, 214–220. [Google Scholar] [CrossRef]

	



Bhadra, S.; Singha, N.K.; Khastgir, D. Dual functionality of PTSA as electrolyte and dopant in the electrochemical synthesis of polyaniline, and its effect on electrical properties. Polym. Int. 2007, 56, 919–927. [Google Scholar] [CrossRef]

	



Yakuphanoglu, F.; Şenkal, B.F. Electronic and thermoelectric properties of polyaniline organic semiconductor and electrical characterization of Al/PANI MIS Diode. J. Phys. Chem. C 2007, 111, 1840–1846. [Google Scholar] [CrossRef]

	



Pérez-Mitta, G.; Albesa, A.G.; Trautmann, C.; Toimil-Molares, M.E.; Azzaroni, O. Bioinspired integrated nanosystems based on solid-state nanopores: “iontronic” transduction of biological, chemical and physical stimuli. Chem. Sci. 2017, 8, 890–913. [Google Scholar] [CrossRef]

	



Sutar, D.S.; Padma, N.; Aswal, D.K.; Deshpande, S.K.; Gupta, S.K.; Yakhmi, J.V. Preparation of nanofibrous polyaniline films and their application as ammonia gas sensor. Sens. Actuators B Chem. 2007, 128, 286–292. [Google Scholar] [CrossRef]

	



Stamenov, P.; Madathil, R.; Coey, J.M.D. Dynamic response of ammonia sensors constructed from polyaniline nanofibre films with varying morphology. Sens. Actuators B Chem. 2012, 161, 989–999. [Google Scholar] [CrossRef]

	



Liao, G.; Li, Q.; Xu, Z. The chemical modification of polyaniline with enhanced properties: A review. Prog. Org. Coat. 2019, 126, 35–43. [Google Scholar] [CrossRef]

	



Bejbouji, H.; Vignau, L.; Miane, J.L.; Dang, M.-T.; Oualim, E.M.; Harmouchi, M.; Mouhsen, A. Polyaniline as a hole injection layer on organic photovoltaic cells. Sol. Energy Mater. Sol. Cells 2010, 94, 176–181. [Google Scholar] [CrossRef]

	



Gizzie, E.A.; Scott Niezgoda, J.; Robinson, M.T.; Harris, A.G.; Kane Jennings, G.; Rosenthal, S.J.; Cliffel, D.E. Photosystem I-polyaniline/TiO2 solid-state solar cells: Simple devices for biohybrid solar energy conversion. Energy Environ. Sci. 2015, 8, 3572–3576. [Google Scholar] [CrossRef]

	



Xu, R.-P.; Li, Y.-Q.; Tang, J.-X. Recent advances in flexible organic light-emitting diodes. J. Mater. Chem. C 2016, 4, 9116–9142. [Google Scholar] [CrossRef]

	



Tang, J.; Wen, X.; Liu, Z.; Wang, J.; Zhang, P. Synthesis and electrorheological performances of 2D PANI/TiO2 nanosheets. Colloids Surf. A Physicochem. Eng. 2018, 552, 24–31. [Google Scholar] [CrossRef]

	



Mallikarjuna, N.N.; Manohar, S.K.; Kulkarni, P.V.; Venkataraman, A.; Aminabhavi, T.M. Novel high dielectric constant nanocomposites of polyaniline dispersed with γ-Fe2O3 nanoparticles. J. Appl. Polym. Sci. 2005, 97, 1868–1874. [Google Scholar] [CrossRef]

	



Tang, S.-J.; Wang, A.-T.; Lin, S.-Y.; Huang, K.-Y.; Yang, C.-C.; Yeh, J.-M.; Chiu, K.-C. Polymerization of aniline under various concentrations of APS and HCl. Polym. J. 2011, 43, 667–675. [Google Scholar] [CrossRef]

	



Chiang, J.-C.; MacDiarmid, A.G. ‘Polyaniline’: Protonic acid doping of the emeraldine form to the metallic regime. Synth. Met. 1986, 13, 193–205. [Google Scholar] [CrossRef]

	



Ćirić-Marjanović, G.; Trchová, M.; Stejskal, J. Theoretical study of the oxidative polymerization of aniline with peroxydisulfate: Tetramer formation. Int. J. Quantum Chem. 2008, 108, 318–333. [Google Scholar] [CrossRef]

	



Zujovic, Z.D.; Zhang, L.; Bowmaker, G.A.; Kilmartin, P.A.; Travas-Sejdic, J. Self-assembled, nanostructured aniline oxidation products: A structural investigation. Macromolecules 2008, 41, 3125–3135. [Google Scholar] [CrossRef]

	



Stejskal, J.; Sapurina, I.; Trchová, M. Polyaniline nanostructures and the role of aniline oligomers in their formation. Prog. Polym. Sci. 2010, 35, 1420–1481. [Google Scholar] [CrossRef]

	



Long, Y.-Z.; Li, M.-M.; Gu, C.; Wan, M.; Duvail, J.-L.; Liu, Z.; Fan, Z. Recent advances in synthesis, physical properties and applications of conducting polymer nanotubes and nanofibers. Prog. Polym. Sci. 2011, 36, 1415–1442. [Google Scholar] [CrossRef]

	



Liu, W.; Zhong, T.; Liu, T.; Zhang, J.; Liu, H. Preparation and characterization of electrospun conductive Janus nanofibers with polyaniline. ACS Appl. Polym. Mater. 2020, 2, 2819–2829. [Google Scholar] [CrossRef]

	



Mantione, D.; Del Agua, I.; Sanchez-Sanchez, A.; Mecerreyes, D. Poly(3,4-ethylenedioxythiophene) (PEDOT) derivatives: Innovative conductive polymers for bioelectronics. Polymers 2017, 9, 354. [Google Scholar] [CrossRef]

	



Kim, E.-G.; Brédas, J.-L. Electronic Evolution of Poly(3,4-ethylenedioxythiophene) (PEDOT): From the isolated chain to the pristine and heavily doped crystals. J. Am. Chem. Soc. 2008, 130, 16880–16889. [Google Scholar] [CrossRef]

	



Wang, Y. Research progress on a novel conductive polymer–poly(3,4-ethylenedioxythiophene) (PEDOT). J. Phys. Conf. Ser. 2009, 152, 012023. [Google Scholar] [CrossRef]

	



Nie, S.; Li, Z.; Yao, Y.; Jin, Y. Progress in synthesis of conductive polymer poly(3,4-Ethylenedioxythiophene). Front. Chem. 2021, 9, 1137. [Google Scholar] [CrossRef]

	



Zhou, Y.; Liu, E.; Müller, H.; Cui, B. Optical electrophysiology: Toward the goal of label-free voltage imaging. J. Am. Chem. Soc. 2021, 143, 10482–10499. [Google Scholar] [CrossRef]

	



Yang, Y.; Deng, H.; Fu, Q. Recent progress on PEDOT:PSS based polymer blends and composites for flexible electronics and thermoelectric devices. Mater. Chem. Front. 2020, 4, 3130–3152. [Google Scholar] [CrossRef]

	



Fan, X.; Nie, W.; Tsai, H.; Wang, N.; Huang, H.; Cheng, Y.; Wen, R.; Ma, L.; Yan, F.; Xia, Y. PEDOT:PSS for flexible and stretchable electronics: Modifications, strategies, and applications. Adv. Sci. 2019, 6, 1900813. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, J.; Xu, Q.; Chu, C.-W.; Yang, Y.; Li, G.; Shinar, J. On the mechanism of conductivity enhancement in poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) film through solvent treatment. Polymer 2004, 45, 8443–8450. [Google Scholar] [CrossRef]

	



Kim, Y.H.; Sachse, C.; Machala, M.L.; May, C.; Müller-Meskamp, L.; Leo, K. Highly conductive PEDOT:PSS Electrode with optimized solvent and thermal post-treatment for ITO-free organic solar cells. Adv. Funct. Mater. 2011, 21, 1076–1081. [Google Scholar] [CrossRef]

	



Wu, F.; Li, P.; Sun, K.; Zhou, Y.; Chen, W.; Fu, J.; Li, M.; Lu, S.; Wei, D.; Tang, X.; et al. Conductivity enhancement of PEDOT:PSS via addition of chloroplatinic acid and its mechanism. Adv. Electron. Mater. 2017, 3, 1700047. [Google Scholar] [CrossRef]

	



Wang, C.; Sun, K.; Fu, J.; Chen, R.; Li, M.; Zang, Z.; Liu, X.; Li, B.; Gong, H.; Ouyang, J. Enhancement of conductivity and thermoelectric property of PEDOT:PSS via acid doping and single post-treatment for flexible power generator. Adv. Sustain. Syst. 2018, 2, 1800085. [Google Scholar] [CrossRef]

	



Zhang, L.; Yang, K.; Chen, R.; Zhou, Y.; Chen, S.; Zheng, Y.; Li, M.; Xu, C.; Tang, X.; Zang, Z.; et al. The role of mineral acid doping of PEDOT:PSS and its application in organic photovoltaics. Adv. Electron. Mater. 2020, 6, 1900648. [Google Scholar] [CrossRef]

	



Bessaire, B.; Mathieu, M.; Salles, V.; Yeghoyan, T.; Celle, C.; Simonato, J.-P.; Brioude, A. Synthesis of continuous conductive PEDOT:PSS nanofibers by electrospinning: A conformal coating for optoelectronics. ACS Appl. Mater. Interfaces 2017, 9, 950–957. [Google Scholar] [CrossRef]

	



Fan, X.; Xu, B.; Liu, S.; Cui, C.; Wang, J.; Yan, F. Transfer-printed PEDOT:PSS electrodes using mild acids for high conductivity and improved stability with application to flexible organic solar cells. ACS Appl. Mater. Interfaces 2016, 8, 14029–14036. [Google Scholar] [CrossRef] [PubMed]

	



Diah, A.W.M.; Quirino, J.P.; Belcher, W.; Holdsworth, C.I. Investigation of the doping efficiency of poly(styrene sulfonic acid) in poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonic acid) dispersions by capillary electrophoresis. Electrophoresis 2014, 35, 1976–1983. [Google Scholar] [CrossRef] [PubMed]

	



Xia, Y.; Sun, K.; Ouyang, J. Solution-processed metallic conducting polymer films as transparent electrode of optoelectronic devices. Adv. Mater. 2012, 24, 2436–2440. [Google Scholar] [CrossRef]

	



Kim, N.; Kee, S.; Lee, S.H.; Lee, B.H.; Kahng, Y.H.; Jo, Y.-R.; Kim, B.-J.; Lee, K. Highly conductive PEDOT:PSS nanofibrils induced by solution-processed crystallization. Adv. Mater. 2014, 26, 2268–2272. [Google Scholar] [CrossRef]

	



Kim, N.; Kang, H.; Lee, J.-H.; Kee, S.; Lee, S.H.; Lee, K. Highly conductive all-plastic electrodes fabricated using a novel chemically controlled transfer-printing method. Adv. Mater. 2015, 27, 2317–2323. [Google Scholar] [CrossRef]

	



Oh, J.Y.; Kim, S.; Baik, H.-K.; Jeong, U. Conducting polymer dough for deformable electronics. Adv. Mater. 2016, 28, 4455–4461. [Google Scholar] [CrossRef] [PubMed]

	



Fang, L.; Zhao, L.; Liang, X.; Xiao, H.; Qian, L. Effects of oxidant and dopants on the properties of cellulose/PPy conductive composite hydrogels. J. Appl. Polym. Sci. 2016, 133, 43759. [Google Scholar] [CrossRef]

	



Wolszczak, M.; Kroh, J.; Abdel-Hamid, M.M. Some aspects of the radiation processing of conducting polymers. Radiat. Phys. Chem. 1995, 45, 71–78. [Google Scholar] [CrossRef]

	



Bi, S.; Hou, L.; Lu, Y. Multifunctional sodium alginate fabric based on reduced graphene oxide and polypyrrole for wearable closed-loop point-of-care application. Chem. Eng. J. 2021, 406, 126778. [Google Scholar] [CrossRef]

	



Sadki, S.; Schottland, P.; Brodie, N.; Sabouraud, G. The mechanisms of pyrrole electropolymerization. Chem. Soc. Rev. 2000, 29, 283–293. [Google Scholar] [CrossRef]

	



Xia, J.; Chen, L.; Yanagida, S. Application of polypyrrole as a counter electrode for a dye-sensitized solar cell. J. Mater. Chem. 2011, 21, 4644–4649. [Google Scholar] [CrossRef]

	



Thadathil, A.; Pradeep, H.; Joshy, D.; Ismail, Y.A.; Periyat, P. Polyindole and polypyrrole as a sustainable platform for environmental remediation and sensor applications. Mater. Adv. 2022, 3, 2990–3022. [Google Scholar] [CrossRef]

	



Yang, P.; Mai, W. Flexible solid-state electrochemical supercapacitors. Nano Energy 2014, 8, 274–290. [Google Scholar] [CrossRef]

	



Qian, T.; Yu, C.; Wu, S.; Shen, J. A facilely prepared polypyrrole–reduced graphene oxide composite with a crumpled surface for high performance supercapacitor electrodes. J. Mater. Chem. A 2013, 1, 6539–6542. [Google Scholar] [CrossRef]

	



Tang, Q.; Chen, M.; Yang, C.; Wang, W.; Bao, H.; Wang, G. Enhancing the energy density of asymmetric stretchable supercapacitor based on wrinkled CNT@MnO2 cathode and CNT@polypyrrole anode. ACS Appl. Mater. Interfaces 2015, 7, 15303–15313. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Li, H.; Wang, Z.; Zhu, M.; Pei, Z.; Xue, Q.; Huang, Y.; Zhi, C. Nanostructured polypyrrole as a flexible electrode material of supercapacitor. Nano Energy 2016, 22, 422–438. [Google Scholar] [CrossRef]

	



Li, Y.; Gao, Y.; Lan, L.; Zhang, Q.; Wei, L.; Shan, M.; Guo, L.; Wang, F.; Mao, J.; Zhang, Z.; et al. Ultrastretchable and wearable conductive multifilament enabled by buckled polypyrrole structure in parallel. NPJ Flex. Electron. 2022, 6, 42. [Google Scholar] [CrossRef]

	



Mahun, A.; Abbrent, S.; Bober, P.; Brus, J.; Kobera, L. Effect of structural features of polypyrrole (PPy) on electrical conductivity reflected on 13C ssNMR parameters. Synth. Met. 2020, 259, 116250. [Google Scholar] [CrossRef]

	



Le, T.-H.; Kim, Y.; Yoon, H. Electrical and electrochemical properties of conducting polymers. Polymers 2017, 9, 150. [Google Scholar] [CrossRef]

	



Ramanavičius, A.; Ramanavičienė, A.; Malinauskas, A. Electrochemical sensors based on conducting polymer—polypyrrole. Electrochim. Acta 2006, 51, 6025–6037. [Google Scholar] [CrossRef]

	



Minisy, I.M.; Bober, P.; Acharya, U.; Trchová, M.; Hromádková, J.; Pfleger, J.; Stejskal, J. Cationic dyes as morphology-guiding agents for one-dimensional polypyrrole with improved conductivity. Polymer 2019, 174, 11–17. [Google Scholar] [CrossRef]

	



Tran, V.V.; Nu, T.T.V.; Jung, H.-R.; Chang, M. Advanced photocatalysts based on conducting polymer/metal oxide composites for environmental applications. Polymers 2021, 13, 3031. [Google Scholar] [CrossRef]

	



Manickavasagan, A.; Ramachandran, R.; Chen, S.-M.; Velluchamy, M. Ultrasonic assisted fabrication of silver tungstate encrusted polypyrrole nanocomposite for effective photocatalytic and electrocatalytic applications. Ultrason. Sonochem. 2020, 64, 104913. [Google Scholar] [CrossRef]

	



Ali Mohsin, M.E.; Shrivastava, N.K.; Arsad, A.; Basar, N.; Hassan, A. The Effect of pH on the preparation of electrically conductive and physically stable PANI/sago blend film via in situ polymerization. Front. Mater. 2020, 7, 20. [Google Scholar] [CrossRef]

	



Chaudhary, A.; Pathak, D.K.; Tanwar, M.; Yogi, P.; Sagdeo, P.R.; Kumar, R. Polythiophene–PCBM-based all-organic electrochromic device: Fast and flexible. ACS Appl. Electron. Mater. 2019, 1, 58–63. [Google Scholar] [CrossRef]

	



Kaloni, T.P.; Giesbrecht, P.K.; Schreckenbach, G.; Freund, M.S. Polythiophene: From fundamental perspectives to applications. Chem. Mater. 2017, 29, 10248–10283. [Google Scholar] [CrossRef]

	



Thanasamy, D.; Jesuraj, D.; Konda Kannan, S.K.; Avadhanam, V. A novel route to synthesis polythiophene with great yield and high electrical conductivity without post doping process. Polymer 2019, 175, 32–40. [Google Scholar] [CrossRef]

	



Chen, R.; Chen, S.; Zhou, Y.; Wei, Z.; Wang, H.; Zheng, Y.; Li, M.; Sun, K.; Li, Y. Unsubstituted polythiophene film deposited via in-situ sequential solution polymerization for chemo-/electrochromism. Macromolecules 2020, 53, 4247–4254. [Google Scholar] [CrossRef]

	



Serrano-Garcia, W.; Bonadies, I.; Thomas, S.; Guarino, V. P3HT loaded piezoelectric electrospun fibers for tunable molecular adsorption. Mater. Lett. 2020, 266, 127458. [Google Scholar] [CrossRef]

	



Agbolaghi, S.; Zenoozi, S. A comprehensive review on poly(3-alkylthiophene)-based crystalline structures, protocols and electronic applications. Org. Electron. 2017, 51, 362–403. [Google Scholar] [CrossRef]

	



Lu, G.; Tang, H.; Qu, Y.; Li, L.; Yang, X. Enhanced electrical conductivity of highly Crystalline polythiophene/insulating-polymer composite. Macromolecules 2007, 40, 6579–6584. [Google Scholar] [CrossRef]

	



Gadisa, A.; Oosterbaan, W.D.; Vandewal, K.; Bolsée, J.-C.; Bertho, S.; D’Haen, J.; Lutsen, L.; Vanderzande, D.; Manca, J.V. Effect of alkyl side-chain length on photovoltaic properties of poly(3-alkylthiophene)/PCBM bulk heterojunctions. Adv. Funct. Mater. 2009, 19, 3300–3306. [Google Scholar] [CrossRef]

	



Wang, H.-J.; Tzeng, J.-Y.; Chou, C.-W.; Huang, C.-Y.; Lee, R.-H.; Jeng, R.-J. Novel polythiophene derivatives functionalized with conjugated side-chain pendants comprising triphenylamine/carbazole moieties for photovoltaic cell applications. Polym. Chem. 2013, 4, 506–519. [Google Scholar] [CrossRef]

	



Razzell-Hollis, J.; Fleischli, F.; Jahnke, A.A.; Stingelin, N.; Seferos, D.S.; Kim, J.-S. Effects of side-chain length and shape on polytellurophene molecular order and blend morphology. J. Phys. Chem. C 2017, 121, 2088–2098. [Google Scholar] [CrossRef]

	



Li, X.-G.; Huang, M.-R.; Duan, W.; Yang, Y.-L. Novel multifunctional polymers from aromatic diamines by oxidative polymerizations. Chem. Rev. 2002, 102, 2925–3030. [Google Scholar] [CrossRef] [PubMed]

	



Jadoun, S.; Riaz, U.; Yáñez, J.; Pal Singh Chauhan, N. Synthesis, characterization and potential applications of Poly(o-phenylenediamine) based copolymers and nanocomposites: A comprehensive review. Eur. Polym. J. 2021, 156, 110600. [Google Scholar] [CrossRef]

	



Losito, I.; Palmisano, F.; Zambonin, P.G. o-Phenylenediamine electropolymerization by cyclic voltammetry combined with electrospray ionization-ion trap mass spectrometry. Anal. Chem. 2003, 75, 4988–4995. [Google Scholar] [CrossRef]

	



Ullah, H.; Shah, A.-u.-H.A.; Ayub, K.; Bilal, S. density functional theory study of poly(o-phenylenediamine) oligomers. J. Phys. Chem. C 2013, 117, 4069–4078. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, G.; Wang, J.; Chu, J.; Wang, F.; Hu, Z.; Song, Z. Revisiting the structure and electrochemical performance of poly(o-phenylenediamine) as an organic cathode material. ACS Appl. Mater. Interfaces 2022, 14, 27968–27978. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, K.; Ma, S.; Bi, H.; Chen, D.; Han, X. Morphology controllable fabrication of poly-o-phenylenediamine microstructures tuned by the ionic strength and their applications in pH sensors. J. Mater. Chem. A 2014, 2, 19208–19213. [Google Scholar] [CrossRef]

	



Mehrani, Z.; Ebrahimzadeh, H.; Asgharinezhad, A.A. Synthesis and characterization of a poly(p-phenylenediamine)-based electrospun nanofiber for the micro-solid-phase extraction of organophosphorus pesticides from drinking water and lemon and orange juice samples. J. Sep. Sci. 2018, 41, 3477–3485. [Google Scholar] [CrossRef] [PubMed]

	



Bandgar, D.K.; Navale, S.T.; Nalage, S.R.; Mane, R.S.; Stadler, F.J.; Aswal, D.K.; Gupta, S.K.; Patil, V.B. Simple and low-temperature polyaniline-based flexible ammonia sensor: A step towards laboratory synthesis to economical device design. J. Mater. Chem. C 2015, 3, 9461–9468. [Google Scholar] [CrossRef]

	



Pang, A.L.; Arsad, A.; Ahmadipour, M. Synthesis and factor affecting on the conductivity of polypyrrole: A short review. Polym. Adv. Technol. 2021, 32, 1428–1454. [Google Scholar] [CrossRef]

	



Tran, V.V.; Jeong, G.; Kim, K.S.; Kim, J.; Jung, H.-R.; Park, B.; Park, J.-J.; Chang, M. Facile strategy for modulating the nanoporous structure of ultrathin π-conjugated polymer films for high-performance gas sensors. ACS Sens. 2022, 7, 175–185. [Google Scholar] [CrossRef] [PubMed]

	



Yang, J.; Zhao, Z.; Wang, S.; Guo, Y.; Liu, Y. Insight into high-performance conjugated polymers for organic field-effect transistors. Chem 2018, 4, 2748–2785. [Google Scholar] [CrossRef]

	



Cheon, H.J.; Shin, S.Y.; Tran, V.V.; Park, B.; Yoon, H.; Chang, M. Preparation of conjugated polymer/reduced graphene oxide nanocomposites for high-performance volatile organic compound sensors. Chem. Eng. J. 2021, 425, 131424. [Google Scholar] [CrossRef]

	



Tan, P.; Wang, H.; Xiao, F.; Lu, X.; Shang, W.; Deng, X.; Song, H.; Xu, Z.; Cao, J.; Gan, T.; et al. Solution-processable, soft, self-adhesive, and conductive polymer composites for soft electronics. Nat. Commun. 2022, 13, 358. [Google Scholar] [CrossRef] [PubMed]

	



Popelka, A.; Bhadra, J.; Abdulkareem, A.; Kasak, P.; Spitalsky, Z.; Jang, S.W.; Al-Thani, N. Fabrication of flexible electrically conductive polymer-based micropatterns using plasma discharge. Sens. Actuator A Phys. 2020, 301, 111727. [Google Scholar] [CrossRef]

	



Luo, C.; Kyaw, A.K.K.; Perez, L.A.; Patel, S.; Wang, M.; Grimm, B.; Bazan, G.C.; Kramer, E.J.; Heeger, A.J. General strategy for self-assembly of highly oriented nanocrystalline semiconducting polymers with high mobility. Nano Lett. 2014, 14, 2764–2771. [Google Scholar] [CrossRef]

	



Zhang, F.; Di, C.-a.; Berdunov, N.; Hu, Y.; Hu, Y.; Gao, X.; Meng, Q.; Sirringhaus, H.; Zhu, D. Ultrathin film organic transistors: Precise control of semiconductor thickness via spin-coating. Adv. Mater. 2013, 25, 1401–1407. [Google Scholar] [CrossRef]

	



Yuan, Y.; Giri, G.; Ayzner, A.L.; Zoombelt, A.P.; Mannsfeld, S.C.B.; Chen, J.; Nordlund, D.; Toney, M.F.; Huang, J.; Bao, Z. Ultra-high mobility transparent organic thin film transistors grown by an off-centre spin-coating method. Nat. Commun. 2014, 5, 3005. [Google Scholar] [CrossRef]

	



Wen, Y.; Xu, J. Scientific importance of water-processable PEDOT–PSS and preparation, challenge and new application in sensors of its film electrode: A review. J. Polym. Sci. Part A: Polym. Chem. 2017, 55, 1121–1150. [Google Scholar] [CrossRef]

	



Ceratti, D.R.; Louis, B.; Paquez, X.; Faustini, M.; Grosso, D. A new dip coating method to obtain large-surface coatings with a minimum of solution. Adv. Mater. 2015, 27, 4958–4962. [Google Scholar] [CrossRef] [PubMed]

	



Wu, K.; Li, H.; Li, L.; Zhang, S.; Chen, X.; Xu, Z.; Zhang, X.; Hu, W.; Chi, L.; Gao, X.; et al. Controlled growth of ultrathin film of organic semiconductors by balancing the competitive processes in dip-coating for organic transistors. Langmuir 2016, 32, 6246–6254. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Z.; Wang, C.; Deng, W.; Achille, M.T.; Jie, J.; Zhang, X. Meniscus-guided coating of organic crystalline thin films for high-performance organic field-effect transistors. J. Mater. Chem. C 2020, 8, 9133–9146. [Google Scholar] [CrossRef]

	



Runser, R.; Root, S.E.; Ober, D.E.; Choudhary, K.; Chen, A.X.; Dhong, C.; Urbina, A.D.; Lipomi, D.J. Interfacial drawing: Roll-to-roll coating of semiconducting polymer and barrier films onto plastic foils and textiles. Chem. Mater. 2019, 31, 9078–9086. [Google Scholar] [CrossRef]

	



Hsu, H.-W.; Liu, C.-L. Spray-coating semiconducting conjugated polymers for organic thin film transistor applications. RSC Adv. 2014, 4, 30145–30149. [Google Scholar] [CrossRef]

	



Carey, T.; Jones, C.; Le Moal, F.; Deganello, D.; Torrisi, F. Spray-coating thin films on three-dimensional surfaces for a semitransparent capacitive-touch device. ACS Appl. Mater. Interfaces 2018, 10, 19948–19956. [Google Scholar] [CrossRef]

	



Bose, S.; Keller, S.S.; Alstrøm, T.S.; Boisen, A.; Almdal, K. Process optimization of ultrasonic spray coating of polymer films. Langmuir 2013, 29, 6911–6919. [Google Scholar] [CrossRef]

	



Tobiska, S.; Kleinebudde, P. Coating uniformity: Influence of atomizing air pressure. Pharm. Dev. Technol. 2003, 8, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Lang, R.J. Ultrasonic atomization of liquids. J. Acoust. Soc. Am. 1962, 34, 6–8. [Google Scholar] [CrossRef]

	



Pham, N.P.; Burghartz, J.N.; Sarro, P.M. Spray coating of photoresist for pattern transfer on high topography surfaces. J. Micromech. Microeng. 2005, 15, 691–697. [Google Scholar] [CrossRef]

	



Chen, L.-M.; Hong, Z.; Kwan, W.L.; Lu, C.-H.; Lai, Y.-F.; Lei, B.; Liu, C.-P.; Yang, Y. Multi-source/component spray coating for polymer solar cells. ACS Nano 2010, 4, 4744–4752. [Google Scholar] [CrossRef] [PubMed]

	



Guo, S.; Lu, Y.; Wang, B.; Shen, C.; Chen, J.; Reiter, G.; Zhang, B. Controlling the pore size in conjugated polymer films via crystallization-driven phase separation. Soft Matter 2019, 15, 2981–2989. [Google Scholar] [CrossRef]

	



Becerril, H.A.; Roberts, M.E.; Liu, Z.; Locklin, J.; Bao, Z. High-performance organic thin-film transistors through solution-sheared deposition of small-molecule organic semiconductors. Adv. Mater. 2008, 20, 2588–2594. [Google Scholar] [CrossRef]

	



Giri, G.; Verploegen, E.; Mannsfeld, S.C.B.; Atahan-Evrenk, S.; Kim, D.H.; Lee, S.Y.; Becerril, H.A.; Aspuru-Guzik, A.; Toney, M.F.; Bao, Z. Tuning charge transport in solution-sheared organic semiconductors using lattice strain. Nature 2011, 480, 504–508. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Peng, B.; Ji, X.; Pei, K.; Chan, P.K.L. Marangoni-effect-assisted bar-coating method for high-quality organic crystals with compressive and tensile strains. Adv. Funct. Mater. 2017, 27, 1703443. [Google Scholar] [CrossRef]

	



Ouyang, L.; Wei, B.; Kuo, C.-c.; Pathak, S.; Farrell, B.; Martin, D.C. Enhanced PEDOT adhesion on solid substrates with electrografted P(EDOT-NH2). Sci. Adv. 2017, 3, e1600448. [Google Scholar] [CrossRef]

	



Inoue, A.; Yuk, H.; Lu, B.; Zhao, X. Strong adhesion of wet conducting polymers on diverse substrates. Sci. Adv. 2020, 6, eaay5394. [Google Scholar] [CrossRef]

	



Tekin, E.; Smith, P.J.; Schubert, U.S. Inkjet printing as a deposition and patterning tool for polymers and inorganic particles. Soft Matter 2008, 4, 703–713. [Google Scholar] [CrossRef]

	



Singh, M.; Haverinen, H.M.; Dhagat, P.; Jabbour, G.E. Inkjet printing—process and its applications. Adv. Mater. 2010, 22, 673–685. [Google Scholar] [CrossRef] [PubMed]

	



Maleki, H.; Bertola, V. Recent advances and prospects of inkjet printing in heterogeneous catalysis. Catal. Sci. Technol. 2020, 10, 3140–3159. [Google Scholar] [CrossRef]

	



de Gans, B.-J.; Duineveld, P.C.; Schubert, U.S. Inkjet printing of polymers: State of the art and future developments. Adv. Mater. 2004, 16, 203–213. [Google Scholar] [CrossRef]

	



Maleki, H.; Bertola, V. TiO2 nanofilms on polymeric substrates for the photocatalytic degradation of methylene blue. ACS Applied Nano Materials 2019, 2, 7237–7244. [Google Scholar] [CrossRef]

	



Raut, N.C.; Al-Shamery, K. Inkjet printing metals on flexible materials for plastic and paper electronics. J. Mater. Chem. C 2018, 6, 1618–1641. [Google Scholar] [CrossRef]

	



Kim, K.; Jung, M.; Kim, B.; Kim, J.; Shin, K.; Kwon, O.-S.; Jeon, S. Low-voltage, high-sensitivity and high-reliability bimodal sensor array with fully inkjet-printed flexible conducting electrode for low power consumption electronic skin. Nano Energy 2017, 41, 301–307. [Google Scholar] [CrossRef]

	



Jung, S.; Sou, A.; Banger, K.; Ko, D.-H.; Chow, P.C.Y.; McNeill, C.R.; Sirringhaus, H. All-Inkjet-Printed, All-air-processed solar cells. Adv. Energy Mater. 2014, 4, 1400432. [Google Scholar] [CrossRef]

	



Ganji, M.; Kaestner, E.; Hermiz, J.; Rogers, N.; Tanaka, A.; Cleary, D.; Lee, S.H.; Snider, J.; Halgren, M.; Cosgrove, G.R.; et al. Development and translation of PEDOT:PSS microelectrodes for intraoperative monitoring. Adv. Funct. Mater. 2018, 28, 1700232. [Google Scholar] [CrossRef]

	



Honda, W.; Harada, S.; Arie, T.; Akita, S.; Takei, K. Wearable, human-interactive, health-monitoring, wireless devices fabricated by macroscale printing techniques. Adv. Funct. Mater. 2014, 24, 3299–3304. [Google Scholar] [CrossRef]

	



Harada, S.; Honda, W.; Arie, T.; Akita, S.; Takei, K. Fully Printed, Highly sensitive multifunctional artificial electronic whisker arrays integrated with strain and temperature sensors. ACS Nano 2014, 8, 3921–3927. [Google Scholar] [CrossRef]

	



Brooke, R.; Wijeratne, K.; Hübscher, K.; Belaineh, D.; Andersson Ersman, P. Combining vapor phase polymerization and screen printing for printed electronics on flexible substrates. Adv. Mater. Technol. 2022, 7, 2101665. [Google Scholar] [CrossRef]

	



Zavanelli, N.; Yeo, W.-H. Advances in screen printing of conductive nanomaterials for stretchable electronics. ACS Omega 2021, 6, 9344–9351. [Google Scholar] [CrossRef]

	



Kapur, N.; Abbott, S.J.; Dolden, E.D.; Gaskell, P.H. Predicting the behavior of screen printing. IEEE Trans. Compon. Packag. Manuf. Technol. 2013, 3, 508–515. [Google Scholar] [CrossRef]

	



Yu, H.; Han, H.; Jang, J.; Cho, S. Fabrication and optimization of conductive paper based on screen-printed polyaniline/graphene patterns for nerve agent detection. ACS Omega 2019, 4, 5586–5594. [Google Scholar] [CrossRef]

	



Cao, X.; Lau, C.; Liu, Y.; Wu, F.; Gui, H.; Liu, Q.; Ma, Y.; Wan, H.; Amer, M.R.; Zhou, C. Fully screen-printed, large-area, and flexible active-matrix electrochromic displays using carbon nanotube thin-film transistors. ACS Nano 2016, 10, 9816–9822. [Google Scholar] [CrossRef] [PubMed]

	



Sinha, S.K.; Noh, Y.; Reljin, N.; Treich, G.M.; Hajeb-Mohammadalipour, S.; Guo, Y.; Chon, K.H.; Sotzing, G.A. Screen-printed pedot:pss electrodes on commercial finished textiles for electrocardiography. ACS Appl. Mater. Interfaces 2017, 9, 37524–37528. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Tong, K.; Pei, Q. A water-based silver-nanowire screen-print ink for the fabrication of stretchable conductors and wearable thin-film transistors. Adv. Mater. 2016, 28, 5986–5996. [Google Scholar] [CrossRef]

	



Truby, R.L.; Lewis, J.A. Printing soft matter in three dimensions. Nature 2016, 540, 371–378. [Google Scholar] [CrossRef]

	



Yuk, H.; Zhao, X. A new 3D printing strategy by harnessing deformation, instability, and fracture of viscoelastic inks. Adv. Mater. 2018, 30, 1704028. [Google Scholar] [CrossRef]

	



Yuk, H.; Lu, B.; Lin, S.; Qu, K.; Xu, J.; Luo, J.; Zhao, X. 3D printing of conducting polymers. Nat. Commun. 2020, 11, 1604. [Google Scholar] [CrossRef]

	



Gnanasekaran, K.; Heijmans, T.; van Bennekom, S.; Woldhuis, H.; Wijnia, S.; de With, G.; Friedrich, H. 3D printing of CNT- and graphene-based conductive polymer nanocomposites by fused deposition modeling. Appl. Mater. Today 2017, 9, 21–28. [Google Scholar] [CrossRef]

	



Bedell, M.L.; Navara, A.M.; Du, Y.; Zhang, S.; Mikos, A.G. Polymeric systems for bioprinting. Chem. Rev. 2020, 120, 10744–10792. [Google Scholar] [CrossRef]

	



Zhang, Y.; Shi, G.; Qin, J.; Lowe, S.E.; Zhang, S.; Zhao, H.; Zhong, Y.L. recent progress of direct ink writing of electronic components for advanced wearable devices. ACS Appl. Electron. Mater. 2019, 1, 1718–1734. [Google Scholar] [CrossRef]

	



Yang, J.; Cao, Q.; Tang, X.; Du, J.; Yu, T.; Xu, X.; Cai, D.; Guan, C.; Huang, W. 3D-Printed highly stretchable conducting polymer electrodes for flexible supercapacitors. J. Mater. Chem. A 2021, 9, 19649–19658. [Google Scholar] [CrossRef]

	



Lange, U.; Roznyatovskaya, N.V.; Mirsky, V.M. Conducting polymers in chemical sensors and arrays. Anal. Chim. Acta 2008, 614, 1–26. [Google Scholar] [CrossRef] [PubMed]

	



Lange, U.; Mirsky, V.M. Chemiresistors based on conducting polymers: A review on measurement techniques. Anal. Chim. Acta 2011, 687, 105–113. [Google Scholar] [CrossRef] [PubMed]

	



An, B.W.; Shin, J.H.; Kim, S.-Y.; Kim, J.; Ji, S.; Park, J.; Lee, Y.; Jang, J.; Park, Y.-G.; Cho, E.; et al. Smart sensor systems for wearable electronic devices. Polymers 2017, 9, 303. [Google Scholar] [CrossRef]

	



Kumar, L.; Rawal, I.; Kaur, A.; Annapoorni, S. Flexible room temperature ammonia sensor based on polyaniline. Sens. Actuators B Chem. 2017, 240, 408–416. [Google Scholar] [CrossRef]

	



Bai, S.; Zhao, Y.; Sun, J.; Tian, Y.; Luo, R.; Li, D.; Chen, A. Ultrasensitive room temperature NH3 sensor based on a graphene–polyaniline hybrid loaded on PET thin film. Chem. Commun. 2015, 51, 7524–7527. [Google Scholar] [CrossRef]

	



Kuberský, P.; Syrový, T.; Hamáček, A.; Nešpůrek, S.; Stejskal, J. Printed flexible gas sensors based on organic materials. Procedia Eng. 2015, 120, 614–617. [Google Scholar] [CrossRef]

	



Gusain, A.; Joshi, N.J.; Varde, P.V.; Aswal, D.K. Flexible NO gas sensor based on conducting polymer poly [N-9′-heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)] (PCDTBT). Sens. Actuators B Chem. 2017, 239, 734–745. [Google Scholar] [CrossRef]

	



Duc, C.; Boukhenane, M.-L.; Wojkiewicz, J.-L.; Redon, N. Hydrogen sulfide detection by sensors based on conductive polymers: A review. Front. Mater. 2020, 7, 215. [Google Scholar] [CrossRef]

	



Thomas III, S.W.; Swager, T.M. Trace hydrazine detection with fluorescent conjugated polymers: A turn-on sensory mechanism. Adv. Mater. 2006, 18, 1047–1050. [Google Scholar] [CrossRef]

	



Virji, S.; Huang, J.; Kaner, R.B.; Weiller, B.H. Polyaniline nanofiber gas sensors:  Examination of response mechanisms. Nano Lett. 2004, 4, 491–496. [Google Scholar] [CrossRef]

	



Zhu, Z.; Liu, C.; Jiang, F.; Liu, J.; Liu, G.; Ma, X.; Liu, P.; Huang, R.; Xu, J.; Wang, L. Flexible fiber-shaped hydrogen gas sensor via coupling palladium with conductive polymer gel fiber. J. Hazard. Mater. 2021, 411, 125008. [Google Scholar] [CrossRef]

	



Armitage, B.I.; Murugappan, K.; Lefferts, M.J.; Cowsik, A.; Castell, M.R. Conducting polymer percolation gas sensor on a flexible substrate. J. Mater. Chem. C 2020, 8, 12669–12676. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, B.; Huang, L.; Huang, W.; Wang, Z.; Zhu, W.; Chen, Y.; Mao, Y.; Facchetti, A.; Marks, T.J. Breath figure-derived porous semiconducting films for organic electronics. Sci. Adv. 2020, 6, eaaz1042. [Google Scholar] [CrossRef] [PubMed]

	



Ando, M.; Swart, C.; Pringsheim, E.; Mirsky, V.M.; Wolfbeis, O.S. Optical ozone-sensing properties of poly(2-chloroaniline), poly(N-methylaniline) and polyaniline films. Sens. Actuators B Chem. 2005, 108, 528–534. [Google Scholar] [CrossRef]

	



Do, J.-S.; Wang, S.-H. On the sensitivity of conductimetric acetone gas sensor based on polypyrrole and polyaniline conducting polymers. Sens. Actuators B Chem. 2013, 185, 39–46. [Google Scholar] [CrossRef]

	



Dai, J.; Zhao, H.; Lin, X.; Liu, S.; Liu, Y.; Liu, X.; Fei, T.; Zhang, T. Ultrafast response polyelectrolyte humidity sensor for respiration monitoring. ACS Appl. Mater. Interfaces 2019, 11, 6483–6490. [Google Scholar] [CrossRef] [PubMed]

	



Mahlknecht, J.; Wuzella, G.; Lammer, H.; Khalifa, M. A smart functional surfactant activated conductive polymer coated on paper with ultra-sensitive humidity sensing characteristics. Mater. Adv. 2022, 3, 1804–1815. [Google Scholar] [CrossRef]

	



Guo, Y.-N.; Gao, Z.-Y.; Wang, X.-X.; Sun, L.; Yan, X.; Yan, S.-Y.; Long, Y.-Z.; Han, W.-P. A highly stretchable humidity sensor based on spandex covered yarns and nanostructured polyaniline. RSC Adv. 2018, 8, 1078–1082. [Google Scholar] [CrossRef]

	



Razza, N.; Blanchet, B.; Lamberti, A.; Pirri, F.C.; Tulliani, J.-M.; Bozano, L.D.; Sangermano, M. UV-printable and flexible humidity sensors based on conducting/insulating semi-interpenetrated polymer networks. Macromol. Mater. Eng. 2017, 302, 1700161. [Google Scholar] [CrossRef]

	



Shalaby, A.R. Significance of biogenic amines to food safety and human health. Food Res. Int. 1996, 29, 675–690. [Google Scholar] [CrossRef]

	



Naila, A.; Flint, S.; Fletcher, G.; Bremer, P.; Meerdink, G. Control of biogenic amines in food—existing and emerging approaches. J. Food Sci. 2010, 75, R139–R150. [Google Scholar] [CrossRef]

	



Sun, X.; Agate, S.; Salem, K.S.; Lucia, L.; Pal, L. Hydrogel-based sensor networks: Compositions, properties, and applications—A review. ACS Appl. Bio Mater. 2021, 4, 140–162. [Google Scholar] [CrossRef]

	



Güntner, A.T.; Weber, I.C.; Pratsinis, S.E. Catalytic filter for continuous and selective ethanol removal prior to gas sensing. ACS Sens. 2020, 5, 1058–1067. [Google Scholar] [CrossRef]

	



Ma, Z.; Chen, P.; Cheng, W.; Yan, K.; Pan, L.; Shi, Y.; Yu, G. Highly sensitive, printable nanostructured conductive polymer wireless sensor for food spoilage detection. Nano Lett. 2018, 18, 4570–4575. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Yu, Q.; Cui, X.; Dong, M.; Zhang, J.; Wang, C.; Fan, J.; Zhu, Y.; Guo, Z. An overview of stretchable strain sensors from conductive polymer nanocomposites. J. Mater. Chem. C 2019, 7, 11710–11730. [Google Scholar] [CrossRef]

	



Pu, J.-H.; Zha, X.-J.; Zhao, M.; Li, S.; Bao, R.-Y.; Liu, Z.-Y.; Xie, B.-H.; Yang, M.-B.; Guo, Z.; Yang, W. 2D end-to-end carbon nanotube conductive networks in polymer nanocomposites: A conceptual design to dramatically enhance the sensitivities of strain sensors. Nanoscale 2018, 10, 2191–2198. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, L.; Li, J.; Yue, S.; He, H.; Ouyang, J. Biocompatible blends of an intrinsically conducting polymer as stretchable strain sensors for real-time monitoring of starch-based food processing. Adv. Funct. Mater. 2021, 31, 2102745. [Google Scholar] [CrossRef]

	



Zhou, K.; Dai, K.; Liu, C.; Shen, C. Flexible conductive polymer composites for smart wearable strain sensors. SmartMat 2020, 1, e1010. [Google Scholar] [CrossRef]

	



Lu, Y.; Liu, Z.; Yan, H.; Peng, Q.; Wang, R.; Barkey, M.E.; Jeon, J.-W.; Wujcik, E.K. Ultrastretchable conductive polymer complex as a strain sensor with a repeatable autonomous self-healing ability. ACS Appl. Mater. Interfaces 2019, 11, 20453–20464. [Google Scholar] [CrossRef]

	



Takei, K.; Yu, Z.; Zheng, M.; Ota, H.; Takahashi, T.; Javey, A. Highly sensitive electronic whiskers based on patterned carbon nanotube and silver nanoparticle composite films. Proc. Natl. Acad. Sci. USA 2014, 111, 1703–1707. [Google Scholar] [CrossRef]

	



Ghassemi, P.; Pfefer, T.J.; Casamento, J.P.; Simpson, R.; Wang, Q. Best practices for standardized performance testing of infrared thermographs intended for fever screening. PLoS ONE 2018, 13, e0203302. [Google Scholar] [CrossRef]

	



Lee, H.; Choi, T.K.; Lee, Y.B.; Cho, H.R.; Ghaffari, R.; Wang, L.; Choi, H.J.; Chung, T.D.; Lu, N.; Hyeon, T.; et al. A graphene-based electrochemical device with thermoresponsive microneedles for diabetes monitoring and therapy. Nature Nanotech. 2016, 11, 566–572. [Google Scholar] [CrossRef] [PubMed]

	



Doshi, S.M.; Thostenson, E.T. Thin and flexible carbon nanotube-based pressure sensors with ultrawide sensing range. ACS Sens. 2018, 3, 1276–1282. [Google Scholar] [CrossRef]

	



Song, W.; Lee, J.-K.; Gong, M.S.; Heo, K.; Chung, W.-J.; Lee, B.Y. Cellulose nanocrystal-based colored thin films for colorimetric detection of aldehyde gases. ACS Appl. Mater. Interfaces 2018, 10, 10353–10361. [Google Scholar] [CrossRef]

	



Dan, L.; Elias, A.L. Flexible and stretchable temperature sensors fabricated using solution-processable conductive polymer composites. Adv. Healthcare Mater. 2020, 9, 2000380. [Google Scholar] [CrossRef]

	



Bae, S.-H.; Lee, Y.; Sharma, B.K.; Lee, H.-J.; Kim, J.-H.; Ahn, J.-H. Graphene-based transparent strain sensor. Carbon 2013, 51, 236–242. [Google Scholar] [CrossRef]

	



Trung, T.Q.; Ramasundaram, S.; Hwang, B.-U.; Lee, N.-E. An all-elastomeric transparent and stretchable temperature sensor for body-attachable wearable electronics. Adv. Mater. 2016, 28, 502–509. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Wu, H.; Allec, S.I.; Wong, B.M.; Nguyen, D.-S.; Wang, C. A highly stretchy, transparent elastomer with the capability to automatically self-heal underwater. Adv. Mater. 2018, 30, 1804602. [Google Scholar] [CrossRef] [PubMed]

	



Gan, D.; Han, L.; Wang, M.; Xing, W.; Xu, T.; Zhang, H.; Wang, K.; Fang, L.; Lu, X. Conductive and tough hydrogels based on biopolymer molecular templates for controlling in situ formation of polypyrrole nanorods. ACS Appl. Mater. Interfaces 2018, 10, 36218–36228. [Google Scholar] [CrossRef]

	



An, B.W.; Heo, S.; Ji, S.; Bien, F.; Park, J.-U. Transparent and flexible fingerprint sensor array with multiplexed detection of tactile pressure and skin temperature. Nat. Commun. 2018, 9, 2458. [Google Scholar] [CrossRef]

	



Yang, X.; Cao, L.; Wang, J.; Chen, L. Sandwich-like polypyrrole/reduced graphene oxide nanosheets integrated gelatin hydrogel as mechanically and thermally sensitive skinlike bioelectronics. ACS Sustainable Chem. Eng. 2020, 8, 10726–10739. [Google Scholar] [CrossRef]

	



Sun, Q.; Seung, W.; Kim, B.J.; Seo, S.; Kim, S.-W.; Cho, J.H. Active matrix electronic skin strain sensor based on piezopotential-powered graphene transistors. Adv. Mater. 2015, 27, 3411–3417. [Google Scholar] [CrossRef]

	



Hammock, M.L.; Chortos, A.; Tee, B.C.-K.; Tok, J.B.-H.; Bao, Z. 25th Anniversary article: The evolution of electronic skin (e-skin): A brief history, design considerations, and recent progress. Adv. Mater. 2013, 25, 5997–6038. [Google Scholar] [CrossRef]

	



Gao, W.; Emaminejad, S.; Nyein, H.Y.Y.; Challa, S.; Chen, K.; Peck, A.; Fahad, H.M.; Ota, H.; Shiraki, H.; Kiriya, D.; et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration analysis. Nature 2016, 529, 509–514. [Google Scholar] [CrossRef]

	



Park, S.; Wang, G.; Cho, B.; Kim, Y.; Song, S.; Ji, Y.; Yoon, M.-H.; Lee, T. Flexible molecular-scale electronic devices. Nature Nanotech. 2012, 7, 438–442. [Google Scholar] [CrossRef]

	



Trung, T.Q.; Lee, N.-E. Flexible and stretchable physical sensor integrated platforms for wearable human-activity monitoringand personal healthcare. Adv. Mater. 2016, 28, 4338–4372. [Google Scholar] [CrossRef]

	



Xu, M.; Obodo, D.; Yadavalli, V.K. The design, fabrication, and applications of flexible biosensing devices. Biosens. Bioelectron. 2019, 124–125, 96–114. [Google Scholar] [CrossRef]

	



Yang, Y.; Yang, X.; Tan, Y.; Yuan, Q. Recent progress in flexible and wearable bio-electronics based on nanomaterials. Nano Res. 2017, 10, 1560–1583. [Google Scholar] [CrossRef]

	



Liao, C.; Mak, C.; Zhang, M.; Chan, H.L.W.; Yan, F. Flexible organic electrochemical transistors for highly selective enzyme biosensors and used for saliva testing. Adv. Mater. 2015, 27, 676–681. [Google Scholar] [CrossRef]

	



Weng, B.; Morrin, A.; Shepherd, R.; Crowley, K.; Killard, A.J.; Innis, P.C.; Wallace, G.G. Wholly printed polypyrrole nanoparticle-based biosensors on flexible substrate. J. Mater. Chem. B 2014, 2, 793–799. [Google Scholar] [CrossRef] [PubMed]

	



Tran, V.V.; Tran, N.H.T.; Hwang, H.S.; Chang, M. Development strategies of conducting polymer-based electrochemical biosensors for virus biomarkers: Potential for rapid COVID-19 detection. Biosens. Bioelectron. 2021, 182, 113192. [Google Scholar] [CrossRef]

	



Bhalla, N.; Pan, Y.; Yang, Z.; Payam, A.F. Opportunities and challenges for biosensors and nanoscale analytical tools for pandemics: COVID-19. ACS Nano 2020, 14, 7783–7807. [Google Scholar] [CrossRef]

	



He, R.-X.; Zhang, M.; Tan, F.; Leung, P.H.M.; Zhao, X.-Z.; Chan, H.L.W.; Yang, M.; Yan, F. Detection of bacteria with organic electrochemical transistors. J. Mater. Chem. 2012, 22, 22072–22076. [Google Scholar] [CrossRef]

	



Kumar, S.; Kumar, S.; Pandey, C.M.; Malhotra, B.D. Conducting paper based sensor for cancer biomarker detection. J. Phys. Conf. Ser. 2016, 704, 012010. [Google Scholar] [CrossRef]

	



Lin, P.; Luo, X.; Hsing, I.-M.; Yan, F. Organic electrochemical transistors integrated in flexible microfluidic systems and used for label-free DNA sensing. Adv. Mater. 2011, 23, 4035–4040. [Google Scholar] [CrossRef]

	



Rong, Q.; Lei, W.; Liu, M. Conductive hydrogels as smart materials for flexible electronic devices. Chem. Eur. J. 2018, 24, 16930–16943. [Google Scholar] [CrossRef] [PubMed]

	



Duan, J.; Liang, X.; Guo, J.; Zhu, K.; Zhang, L. Ultra-stretchable and force-sensitive hydrogels reinforced with chitosan microspheres embedded in polymer networks. Adv. Mater. 2016, 28, 8037–8044. [Google Scholar] [CrossRef]

	



Akbarinejad, A.; Ghoorchian, A.; Kamalabadi, M.; Alizadeh, N. Electrospun soluble conductive polypyrrole nanoparticles for fabrication of highly selective n-butylamine gas sensor. Sens. Actuators B Chem. 2016, 236, 99–108. [Google Scholar] [CrossRef]

	



Kwon, E.H.; An, H.; Park, M.B.; Kim, M.; Park, Y.D. Conjugated polymer–zeolite hybrids for robust gas sensors: Effect of zeolite surface area on NO2 sensing ability. Chem. Eng. J. 2021, 420, 129588. [Google Scholar] [CrossRef]

	



Liu, L.; Jiang, Y.; Jiang, J.; Zhou, J.; Xu, Z.; Li, Y. flexible and transparent silver nanowires integrated with a graphene layer-doping PEDOT:PSS film for detection of hydrogen sulfide. ACS Appl. Electron. Mater. 2021, 3, 4579–4586. [Google Scholar] [CrossRef]

	



Kim, W.; Lee, J.S. Freestanding and flexible β-MnO2@carbon sheet for application as a highly sensitive dimethyl methylphosphonate sensor. ACS Omega 2021, 6, 4988–4994. [Google Scholar] [CrossRef]

	



Nguyen, L.H.; Naficy, S.; McConchie, R.; Dehghani, F.; Chandrawati, R. Polydiacetylene-based sensors to detect food spoilage at low temperatures. J. Mater. Chem. C 2019, 7, 1919–1926. [Google Scholar] [CrossRef]

	



Tan, H.; Chu, Y.; Wu, X.; Liu, W.-J.; Zhang, D.W.; Ding, S.-J. High-performance flexible gas sensors based on layer-by-layer assembled polythiophene thin films. Chem. Mater. 2021, 33, 7785–7794. [Google Scholar] [CrossRef]

	



Yang, Y.; Katz, H.E. Hybrid of P3HT and ZnO@GO nanostructured particles for increased NO2 sensing response. J. Mater. Chem. C 2017, 5, 2160–2166. [Google Scholar] [CrossRef]

	



Zhou, T.; Wu, S.; Cai, J.; Ruan, W. Rapid humidity sensors based on poly(o-phenylenediamine-co-aniline) spherical nanoparticles. Polym. Bull. 2020, 77, 1095–1105. [Google Scholar] [CrossRef]

	



Roh, E.; Hwang, B.-U.; Kim, D.; Kim, B.-Y.; Lee, N.-E. Stretchable, transparent, ultrasensitive, and patchable strain sensor for human–machine interfaces comprising a nanohybrid of carbon nanotubes and conductive elastomers. ACS Nano 2015, 9, 6252–6261. [Google Scholar] [CrossRef]

	



Fang, Y.; Xu, J.; Gao, F.; Du, X.; Du, Z.; Cheng, X.; Wang, H. Self-healable and recyclable polyurethane-polyaniline hydrogel toward flexible strain sensor. Compos. B. Eng. 2021, 219, 108965. [Google Scholar] [CrossRef]

	



Kang, S.; Rachim, V.P.; Baek, J.H.; Lee, S.Y.; Park, S.M. A flexible patch-type strain sensor based on polyaniline for continuous monitoring of pulse waves. IEEE Access 2020, 8, 152105–152115. [Google Scholar] [CrossRef]

	



Yu, G.-F.; Yan, X.; Yu, M.; Jia, M.-Y.; Pan, W.; He, X.-X.; Han, W.-P.; Zhang, Z.-M.; Yu, L.-M.; Long, Y.-Z. Patterned, highly stretchable and conductive nanofibrous PANI/PVDF strain sensors based on electrospinning and in situ polymerization. Nanoscale 2016, 8, 2944–2950. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Li, H.; Zhong, W.; Zhao, Q.; Wang, D. Stretchable conductive polypyrrole/polyurethane (PPy/PU) strain sensor with netlike microcracks for human breath detection. ACS Appl. Mater. Interfaces 2014, 6, 1313–1319. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Jiang, C.; Han, W. Extending the pressure sensing range of porous polypyrrole with multiscale microstructures. Nanoscale 2020, 12, 2081–2088. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Wu, S.; Cui, J.; Yang, L.; Wu, K.; Chen, X.; Sun, D. Highly stretchable and sensitive strain sensor based on polypyrrole coated bacterial cellulose fibrous network for human motion detection. Compos. B. Eng. 2021, 211, 108665. [Google Scholar] [CrossRef]

	



Xu, S.; Fan, Z.; Yang, S.; Zuo, X.; Guo, Y.; Chen, H.; Pan, L. Highly flexible, stretchable, and self-powered strain-temperature dual sensor based on free-standing PEDOT:PSS/carbon nanocoils–poly(vinyl) alcohol films. ACS Sens. 2021, 6, 1120–1128. [Google Scholar] [CrossRef]

	



Kim, H.-J.; Thukral, A.; Yu, C. Highly sensitive and very stretchable strain sensor based on a rubbery semiconductor. ACS Appl. Mater. Interfaces 2018, 10, 5000–5006. [Google Scholar] [CrossRef]

	



Veeralingam, S.; Badhulika, S. Bi2S3/PVDF/Ppy-based freestanding, wearable, transient nanomembrane for ultrasensitive pressure, strain, and temperature sensing. ACS Appl. Bio Mater. 2021, 4, 14–23. [Google Scholar] [CrossRef]

	



Song, J.; Wei, Y.; Xu, M.; Gao, J.; Luo, L.; Wu, H.; Li, X.; Li, Y.; Wang, X. Highly sensitive flexible temperature sensor made using PEDOT:PSS/PANI. ACS Appl. Polym. Mater. 2022, 4, 766–772. [Google Scholar] [CrossRef]

	



Hong, S.Y.; Lee, Y.H.; Park, H.; Jin, S.W.; Jeong, Y.R.; Yun, J.; You, I.; Zi, G.; Ha, J.S. Stretchable active matrix temperature sensor array of polyaniline nanofibers for electronic skin. Adv. Mater. 2016, 28, 930–935. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Zhao, T.; Guan, H.; Zhong, T.; He, H.; Xing, L.; Xue, X. A self-powered temperature-sensitive electronic-skin based on tribotronic effect of PDMS/PANI nanostructures. J. Mater. Sci. Technol. 2019, 35, 2187–2193. [Google Scholar] [CrossRef]

	



Zang, X.; Ma, H.; Sun, Y.; Tang, Y.; Ji, J.; Xue, M. Integrated polypyrrole-based smart clothing with photothermal conversion and thermosensing functions for wearable applications. Langmuir 2022, 38, 9967–9973. [Google Scholar] [CrossRef] [PubMed]

	



Maddali, H.; Tyryshkin, A.M.; O’Carroll, D.M. Dual-mode polymer-based temperature sensor by dedoping of electrochemically doped, conjugated polymer thin films. ACS Appl. Electron. Mater. 2021, 3, 4718–4725. [Google Scholar] [CrossRef]

	



Daǧcı Kıranşan, K.; Topçu, E. Conducting polymer-reduced graphene oxide sponge electrode for electrochemical detection based on DNA hybridization. ACS Appl. Nano Mater. 2020, 3, 5449–5462. [Google Scholar] [CrossRef]

	



Chowdhury, A.D.; Takemura, K.; Li, T.-C.; Suzuki, T.; Park, E.Y. Electrical pulse-induced electrochemical biosensor for hepatitis E virus detection. Nat. Commun. 2019, 10, 3737. [Google Scholar] [CrossRef] [PubMed]

	



Tian, L.; Qian, K.; Qi, J.; Liu, Q.; Yao, C.; Song, W.; Wang, Y. Gold nanoparticles superlattices assembly for electrochemical biosensor detection of microRNA-21. Biosens. Bioelectron. 2018, 99, 564–570. [Google Scholar] [CrossRef]

	



Han, R.; Wang, G.; Xu, Z.; Zhang, L.; Li, Q.; Han, Y.; Luo, X. Designed antifouling peptides planted in conducting polymers through controlled partial doping for electrochemical detection of biomarkers in human serum. Biosens. Bioelectron. 2020, 164, 112317. [Google Scholar] [CrossRef]

	



Shoaie, N.; Forouzandeh, M.; Omidfar, K. Voltammetric determination of the Escherichia coli DNA using a screen-printed carbon electrode modified with polyaniline and gold nanoparticles. Microchim. Acta 2018, 185, 217. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, S.; Umar, M.; Saifi, A.; Kumar, S.; Augustine, S.; Srivastava, S.; Malhotra, B.D. Electrochemical paper based cancer biosensor using iron oxide nanoparticles decorated PEDOT:PSS. Anal. Chim. Acta 2019, 1056, 135–145. [Google Scholar] [CrossRef] [PubMed]

	



Cui, M.; Song, Z.; Wu, Y.; Guo, B.; Fan, X.; Luo, X. A highly sensitive biosensor for tumor maker alpha fetoprotein based on poly(ethylene glycol) doped conducting polymer PEDOT. Biosens. Bioelectron. 2016, 79, 736–741. [Google Scholar] [CrossRef] [PubMed]

	



Alfonso, F.S.; Zhou, Y.; Liu, E.; McGuire, A.F.; Yang, Y.; Kantarci, H.; Li, D.; Copenhaver, E.; Zuchero, J.B.; Müller, H.; et al. Label-free optical detection of bioelectric potentials using electrochromic thin films. Proc. Natl. Acad. Sci. USA 2020, 117, 17260–17268. [Google Scholar] [CrossRef] [PubMed]

	



Jung, S.-H.; Jang, H.; Lim, M.-C.; Kim, J.-H.; Shin, K.-S.; Kim, S.M.; Kim, H.-Y.; Kim, Y.-R.; Jeon, T.-J. Chromatic biosensor for detection of phosphinothricin acetyltransferase by use of polydiacetylene vesicles encapsulated within automatically Generated immunohydrogel beads. Anal. Chem. 2015, 87, 2072–2078. [Google Scholar] [CrossRef]

	



Bhattacharjee, A.; Clark, R.; Gentry-Weeks, C.; Li, Y.V. A novel receptor-free polydiacetylene nanofiber biosensor for detecting E. coli via colorimetric changes. Mater. Adv. 2020, 1, 3387–3397. [Google Scholar] [CrossRef]

	



Yuan, Y.; Li, T.; Ye, Z.; Feng, Y.; Chen, Z.; Wang, Y.; Sun, Y.; Wu, H.; Yang, Z.; Wang, Y.; et al. A one-step electropolymerized biomimetic polypyrrole membrane-based electrochemical sensor for selective detection of valproate. Front. Bioeng. Biotechnol. 2022, 10, 851692. [Google Scholar] [CrossRef] [PubMed]

	



Deng, H.-M.; Xiao, M.-J.; Chai, Y.-Q.; Yuan, R.; Yuan, Y.-L. P3HT-PbS nanocomposites with mimicking enzyme as bi-enhancer for ultrasensitive photocathodic biosensor. Biosens. Bioelectron. 2022, 197, 113806. [Google Scholar] [CrossRef] [PubMed]

	



Khumngern, S.; Thavarungkul, P.; Kanatharana, P.; Bejrananda, T.; Numnuam, A. Molecularly imprinted electrochemical sensor based on poly(o-phenylenediamine-co-o-aminophenol) incorporated with poly(styrenesulfonate) doped poly(3,4-ethylenedioxythiophene) ferrocene composite modified screen-printed carbon electrode for highly sensitive and selective detection of prostate cancer biomarker. Microchem. J. 2022, 177, 107311. [Google Scholar] [CrossRef]








[image: Polymers 14 03730 g002 550] 





Figure 2. Strong adhesion of CP on different substrates. (a) An amine-functionalized substrate with a hydrophilic polymer adhesive layer, (b) A substrate with an adhesive layer in a wet environment, (c) A polyimide substrate with a polyurethane adhesive layer, (d) Weak and unstable adhesion without the adhesive layer, and (e) A polyimide substrate without the adhesive layer (Reproduced with permission from ref [134]). 
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