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ABSTRACT: Stretchable electronics that can elongate elastically as well as flex are crucial to a 

wide range of emerging technologies, such as wearable medical devices, electronic skin, and soft 

robotics. Critical to stretchable electronics is their ability to withstand large mechanical strain 

without failure while retaining their electrical conduction properties, a feat significantly beyond 

traditional metals and silicon-based semiconductors. Herein, we present a review of the recent 

advances in stretchable conductive polymer nanocomposites with exceptional stretchability and 

electrical properties, which have the potential to transform a wide range of applications, including 

wearable sensors for biophysical signals, stretchable conductors and electrodes, and deformable 

energy harvesting and storage devices. Critical to achieving these stretching properties are the 

judicious selection and hybridization of nanomaterials, novel microstructure designs, and facile 

fabrication processes, which are the focus of this review. To highlight the potentials of conductive 

nanocomposites, a summary of some recent important applications is presented, including 

COVID-19 remote monitoring, connected health, electronic skin for augmented intelligence, and 

soft robotics. Finally, perspectives on future challenges and new research opportunities are also 

presented and discussed. 
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1. Introduction  

Stretchable electronics are attracting increasing attention because of their broad potential 

applications in soft robots, personalized healthcare systems, human-machine interfaces, and 

flexible energy storage devices.1-5 More recently, as a new solution to identify infected individuals 

with COVID-19, soft wearable sensors have been placed on the suprasternal notch of human body 

to capture data on altered heart rate, respiration rate and heart rate. It provides a promising 

approach for non-invasive early screening of COVID-19 infections.6 Critical to these applications 

are stretchable and flexible sensors, electric interconnects, and energy storage devices. Existing 

semiconductor-based electronics have low elastic limit (less than 1%).7 Reducing their thickness 

can make them more flexible but not stretchable and may degrade their mechanical integrity. There 

is now a growing demand for elastically stretchable electronics to enable sensors, actuators, and 

electric interconnects to undergo large mechanical strain, such as stretching, twisting, and high 

degree bending.  

One effective method for manufacturing stretchable electronic devices is to make conventional 

conductive materials into certain two-dimensional (2D) or three-dimensional (3D) patterns that 

achieve stretch by bending and deflection of thin wires. For example, conductive gold and indium 

tin oxide thin films have been deposited on elastomeric substrates in the shape of spiral and 

serpentine.8-10 Apart from these 2D interconnected networks, buckling-guided 3D assembly of out-

of-plane helical and arc-shaped structures with high-order fractal designs have also been found to 

significantly improve the elastic limits of the conductive interconnects.11,12 While the above-

mentioned strategies can greatly improve the apparent stretchability and robustness of conductive 

networks against mechanical deformations, the inherent rigidity and low stretchability of the 

constituent materials often results in mechanical/electrical failure owing to stress concentrations 

that cause microcracks and disconnections.  

Another approach is to create new electrically conductive composite materials that are stretchable, 

with tunable electric conductivities to serve as either sensors or conductors. This is typically 

achieved by creating a conductive network in an elastic polymer matrix, exploiting potential 

synergistic effects between the polymer matrix and conductive network to achieve highly tunable 

electrical and mechanical properties. By selecting different polymers and designing conductive 

networks into different topologies and microstructures, it is possible to tailor the conductive 
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properties of the composite materials to suit different applications including wearable sensors, 

stretchable conductors and electrodes, and flexible energy harvesting and storage devices.13-15 The 

most commonly studied elastic polymer matrix include silicon rubbers (polydimethylsiloxane 

(PDMS) and Ecoflex), styrene-ethylene-butylene-styrene (SEBS), and thermoplastic polyurethane 

(TPU), while conductive nanofillers include carbon nanomaterials (graphene, carbon nanotubes, 

carbon nanofibers, and carbon blacks), metal nanowires (silver nanowires, copper nanowires, and 

gold nanowires), liquid metals, and conductive polymers and their derivatives.  

In this review, we examine the recent advances in conductive nanocomposites for stretchable 

electronic devices through material selection, microstructural design, and novel fabrication 

processes. Comparing with some recent reviews focusing on specific stretchable matrix materials16 

or conductive nanofillers,17 this review thoroughly summarizes the current state-of-the-art 

conductive nanomaterials and microstructure design for fabrication of stretchable conductive 

nanocomposites, with particular focus on their wide range of potential applications. We will firstly 

summarize the elastic matrix and conductive materials that have been used for manufacturing 

stretchable conductive nanocomposites, followed by the introduction of microstructural design of 

the conductive network in the nanocomposites. The different manufacturing process are then 

introduced. Potential applications of the stretchable conductive nanocomposites are presented, 

including wearable physical sensors such as strain/pressure sensors and temperature sensors, 

biosensors, soft robotics, energy harvesting and storage devices. The final section discusses 

remaining challenges and future opportunities for the next-generation stretchable electronics.  

 

2. Stretchable matrix/substrates 

The mechanical properties of a conductive polymer nanocomposite such as Young’s modulus and 

tensile strengths are mainly determined by its elastomer matrix. To enable the stretchability of the 

nanocomposites and to maintain stable conductive networks under large deformations, 

thermosetting elastomers, thermoplastic elastomers, and hydrogels have been widely used as the 

matrix or substrates to combine with different conductive nanofillers. The different inter- and 

intramolecular interactions including chemical, physical, and ionic crosslinking commonly exist 

in the different elastomers are illustrated in Figure 1. These interactions endow the elastomers high 
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elasticity even more than 1000% strain, making them ideal candidates for the applications of 

stretchable nanocomposites in stretchable electronics. 

 

Figure 1. Schematics of the representative elastic polymer matrix/substrates for stretchable 

electronics. Reprinted in part with permission from ref. 13. Copyright "RSC" 2019.  

 

2.1 Thermosetting polymers 

Thermosetting polymers such as PDMS and Ecoflex silicon rubbers are the most widely utilized 

elastic matrix/substrates for fabrication of stretchable electronics due to their outstanding 

mechanical properties, thermal stability, optical properties, chemical resistance, and 

biocompatibility. By mixing the liquid prepolymer and curing agent, the resulting cured elastic 

PDMS and Ecoflex with Young’s modulus range from 200 kPa to 3 GPa and failure strain as high 

as 1000% can find wide applications for stretchable electronics.16,18 The strong covalent bonds 

after cross-linking reaction between polymer chains within PDMS and Ecoflex endow them with 

excellent mechanical properties and chemical stability. Meanwhile, by adjusting the ratio between 

prepolymer and crosslinker and/or the crosslinking temperature, their mechanical properties such 

as Young’s modulus and failure strain can be adjusted accordingly. In addition, the elastomers can 

also be designed to have other functionalities such as self-healing, self-adhesion, and self-cleaning 

properties. The self-healing property allows the restoration of function of electronic devices after 

damage or fracture during the repeating stretching and compression process. Taking the example 

of PDMS, a few extra functionalities such as self-healing and self-adhesion properties have been 

introduced into PDMS to endow them with additional benefits for advanced stretchable electronics. 
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Self-healing property of PDMS allows the restore of function of electronic devices after damage 

or fracture during the repeating stretching and compression process. Different strategies have been 

proposed to introduce the self-healing capability to PDMS by manipulating their dynamic 

equilibrium of the crosslinking networks and percolation pathways.19-21 Wu and coworkers 

reported a highly stretchable conductive composite with self-healing capability based on the 

double-network matrix of PDMS and polyborosiloxane (PBS) and conductive nanofiller of silver 

nanowires.21 As shown in Figure 2(a), for this double-network composite, PDMS with a strong 

chemically cross-linked network provides good stretchability and mechanical robustness while the 

supramolecular interactions within PBS render the composite electrode with excellent self-healing 

property. As such, this composite electrode can achieve a very low bulk resistivity of 0.002 Ω/cm 

and restore 100% of its initial conductivity after cutting. The self-healing property of PDMS can 

also be achieved by embedding other dynamic interactions. For example, by grafting amino groups 

onto PDMS networks, the reversible multiple hydrogen bonds and imine bonds enable the self-

healing at room temperature to restore the mechanical and electrical properties within the 

nanocomposites of MXenes and amino PDMS.19 Through the reversible dynamic imine bond 

within PDMS networks, the autonomous self-healing can rapidly and efficiently take place even 

at harsh conditions such as in water and at temperature below -20 ˚C.22  

The capability of stretchable electronic devices to be conformally attached onto human skin like 

medical tapes offers new opportunities for new generation of epidermal electronics.23-25 As one of 

the most utilized substrates and matrices for stretchable electronics, the self-adhesion of elastic 

PDMS can be achieved by controlling the crosslinking process of PDMS. By simply adding a 

small amount of surfactant Triton X25 or a polymer with functional amine groups (ethoxylated 

polyethylenimine (PEIE))24 into the mixture of the prepolymer and curing agent of PDMS, the 

cross-linking reaction was partially inhibited, and heterogeneous cross-linked system can be 

achieved. The reduced crosslinking reaction leads to a low crosslinking density and a large fraction 

of unreacted prepolymer chains, which makes the resulting PDMS more stretchable and 

conformable (Figure 2(b)). This method is very appealing because it does not introduce significant 

changes in the crosslinking protocol of PDMS, and hence it can be easily adopted by other 

researchers.  
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Figure 2. (a) Self-healing conductive composites based on PDMS network. Reprinted with 

permission from ref. 21. Copyright "RSC" 2019; (b) Epidermal strain sensor with self-adhesion of 

PDMS by adding small amount of PEIE. Reprinted with permission from ref. 24. Copyright "John 

Wiley and Sons" 2016.  

 

2.2 Thermoplastic polymers 

Although most of the matrix and substrates for the stretchable electronics are based on thermosets 

such as PDMS and Ecoflex, thermoplastics like TPU and SEBS present several advantages like 

the ease of manufacturing by injection molding and 3D printing.26-31 Soft thermoplastic elastomers 

based on relatively weak physical cross-links exhibit different physical properties from 

thermosetting elastomers with strong chemical cross-linking. Thermoplastic polymers like TPU 

and SEBS do not require additional crosslinking reactions and they can be easily processed in 

solution form. Although their relatively weak physical crosslinking within polymer chains are not 

favorable for long-term thermal stability and chemical resistance in some cases, they have been 

increasingly employed to fabricate various stretchable electronic materials.32 Conductive inks 

containing conductive nanoparticles and thermoplastic elastomers in volatile solvents are the most 

commonly used inks to print stretchable electronics by various printing technologies and the 

formulations of the conductive inks can be customized to meet different electromechanical 

requirements. By adding conductive silver flakes into the TPU solution with acetone and DMF, 
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ultra-stretchable conductors with different patterns exhibiting electrical conductivity of 1000 S/cm 

and stretchability of 1600% have been produced by a 3D printer using 200 µm nozzle. Lee and 

coworkers developed an extremely stretchable and healable conductive nanocomposite based on 

thermoplastic elastomer PUA with conductive liquid metal and silver flakes.33 The resulting 

stretchable conductor shows a stretchability of 2500% and an initial conductivity of 6250 S/cm 

and a triboelectric nanogenerator (TENG) device has been fabricated based on this stretchable 

conductor.33 Additionally, the reversible supramolecular hydrogen bonding within the 

thermoplastic elastomer enables the recovery of their energy-harvesting performance after damage 

caused by external mechanical forces.  

Stretchable and conductive filaments comprising thermoplastic polymers and conductive 

nanoparticles have been developed for 3D printable stretchable electronics, which offers a high 

degree of freedom for the customization of electrical products such as sensors and conductive 

circuits with complicated geometries and precisely prescribed microarchitectures to fulfill 

individual requirements.26-30,34,35 To fabricate a personalized wearable therapeutic device, a 3D 

printed intelligent glove comprising stretchable sensors, signal processors, and actuators have been 

developed by integrating silicon-integrated circuits into 3D printed customized architectures by 

fused deposition modeling (FDM) printing.36 The developed smart gloves can deliver 

programmable heat and implement a photodetection platform tailored to individual conditions and 

body. Although 3D printing endows precise microstructure control of the stretchable electronic 

devices, the availability of cheap and reliable 3D printing material with high stretchability and 

conductivity will be crucial to fulfill the potential of 3D printing for customized soft electronics. 

 

2.3 Hydrogels 

Soft and biocompatible hydrogels are becoming popular candidates for fabricating stretchable 

electronics due to their easily modulated mechanical properties, tunable functionalization, and 

diverse raw materials/chemicals. Due to the high content of water, hydrogels exhibit flexibility 

like natural tissue but generally suffer from weakness and brittleness. The conductivity of 

hydrogels generally originates from either ion or electron transport. As for the electrically 

conductive hydrogels, electron-conducting nanomaterials such as carbon nanomaterials, metal 

nanowires, conductive polymers have been directly doped or blended into hydrogel matrix.3,37-41 
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Appropriate interactions between conductive nanomaterials and hydrogel polymer matrix are 

required to achieve stable and uniform distribution of the conductive agents within the hydrogel 

matrix, which determines the ultimate electrical conductivity and mechanical property of the 

resulting hydrogels. On the other hand, as for the ionically conductive hydrogels, materials such 

as metallic salts and ionic liquids which can produce free ions in water have been widely utilized 

to prepare ion-conducting hydrogels. The high mobility of ions in water provides conductive 

pathway for the hydrogels. Because of their excellent optical transparency, ease of fabrication, and 

outstanding electrochemical property, most of the reported conductive hydrogels for flexible 

electronics are based on ion-conducting hydrogels.40,42,43 To tailor their mechanical properties and 

introduce other functionalities such as self-healing and anti-freezing/anti-dehydration properties, 

tough hydrogels with largely improved Young’s modulus and superior failure strain up to 2300% 

have been developed by combining other interactions such as ion-polymer complexation and 

hydrogen bonding.44,45 These high-performance hydrogels are idea for the applications of 

stretchable and biocompatible skin-electronic applications such as stretchable neural interfaces, 

wearable light-emitting diodes (LEDs), and epidermal sensors.44-50 By directly patterning highly 

conductive liquid metals on hydrogels through magnetic field, the resulting flexible and stretchable 

electronics demonstrated potential applications as wearable sensors, flexible wireless 

communication, and soft actuators.46    

The similarities of mechanical and physiological properties between hydrogels and biological 

tissues have driven the development of more compatible and stable hydrogels as matrix and 

substrate materials for bioelectronics and devices. Zhao and coworkers have reported a new set of 

biocompatible and tough hydrogel matrices that can effectively integrate stretchable conductors 

and rigid electronic components.50 A stretchable light-emitting diode (LED) array connected by 

stretchable wires has been encapsulated in this transparent and robust hydrogel matrix and the LED 

array shows stable brightness under multiple cycles of high stretch. Apart from that, a smart wound 

dresser which combines temperature sensors and drug delivery channels has been patterned into 

the hydrogel matrix and the on-demand release of various drugs can be triggered by the measured 

temperatures at different locations.   

 

2.4 Stretchable textile 
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Specialty textiles, which are stretchable, breathable, lightweight, and comfortably worn on human 

body, are an ideal platform to integrate various electronics for the development of next-generation 

wearable technologies (e-textiles).51,52 A broad spectrum of raw materials including wool, cotton, 

and synthetics (nylon, polyester, etc.) are good candidates for weaving stretchable textile substrates, 

which can then host active electronical components.53,54 Because of their high flexibility, durability, 

stability, and human compatibility, smart wearable electronic devices based on textiles have been 

exploited by major market leaders such as Google, DuPont, and Adidas. The resultant e-textiles 

offer promising applications like energy harvesting, physical sensing, and chemical sensing for 

healthcare, entertainment, and sports and fitness tracking. 

Techniques to endow textiles with electrical conductivity for e-textile applications can be 

categorized into functionalizing yarns and ink-printing on textiles. Yarns of the nonconductive 

textiles can be functionalized with conductive coatings by sputtering, dip coating, vacuum 

filtration, electroless plating, and evaporative deposition depending on the nature of the conductive 

materials.52,55-58 Hu and coworkers reported a highly conductive graphene e-textile (36.2 S m−1) 

based on a simple and cost-effective dip-coating of hybrid copper particle-functionalized graphene 

(Figure 3(a)).59 The Cu particles were added into the conductive ink of graphene to improve the 

electrical conductivity and mechanical property of the textile. The resulting e-textile with excellent 

electrical conductivity, mechanical flexibility, breathability, and wash-resistance was utilized to 

fabricate a multi-functional tactile sensor. As shown in Figure 3(b), Shahariar and co-workers 

developed a conformal inkjet printing process to produce a conductive network from particle-free 

reactive silver ink on textile without altering the appearance and inherent property of the original 

textile.56 The printed fibers can maintain their high electrical conductivity under severe bending 

and wash conditions, which is important to achieve reliable electrical performance of e-textile 

products. Smart e-textiles have the capability of detecting different stimuli including strain, force, 

temperature, and biomarkers by integrating different types of sensors based on the measurements 

of resistance, capacitance, and voltage.60  



10 
 

 

Figure 3. Conductive e-textiles based on different coating methods. (a) Graphene e-textile 

fabricated by a simple dip-coating of hybrid copper particle-functionalized graphene. The 

graphene e-textile can be rapidly manufactured in large-scale. Reprinted with permission from ref. 
59. Copyright "RSC" 2020; (b) Highly conductive e-textile by inkjet printing of particle-free 

reactive silver ink. The conductivity of the e-textile can be maintained under multiple wash process. 

Reprinted with permission from ref. 56. Copyright "ACS" 2019. 

 

3. Conductive fillers 

The conductive materials that have been used for developing stretchable conductive 

nanocomposites include conductive metal nanowires/nanoparticles and carbon nanomaterials. 

Other conductive materials such as liquid metals, conductive polymers, and their hybrids have also 

been investigated. These conductive nanofillers determine the electrical conductivity of the 

stretchable conductive nanocomposites and hence their ultimate applications.  

3.1 Carbon based nanofillers 

Conductive carbon nanomaterials have been attracting significant attention for stretchable 

conductive nanocomposites due to their excellent electrical conductivity, outstanding mechanical 

fatigue resistance, good chemical/thermal stability, and relatively low cost. Up to now, carbon 
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nanotubes (CNTs), carbon nanofibers (CNFs), carbon blacks (CBs), and graphene are the most 

popular carbon-based conductive nanofillers for stretchable conductive nanocomposites.61-70  

CBs are the oldest allotrope of carbon and they have been widely employed as additives in 

commercialized conductive composites for energy-storage devices, such as lithium ion battery, 

supercapacitor, and lithium sulfur battery, due to their outstanding mechanical strength, high 

electrical conductivity, excellent chemical stability, and relatively low cost.71-74 CBs significantly 

contribute to the durability and cyclability of cathodes in lithium-ion battery by filling the free 

spaces between the particles of active materials. Conductive inks have been prepared by combining 

CBs and cellulose acetate to print high-performance conductive tracks, which show high stability 

under cyclic folding up to 20 000 cycles.75 These printed conductive tacks/patterns can be used to 

construct 3D paper-based electrochemical cells, flexible and foldable electronic circuits, and 

wearable sensors.  

CNTs have a high aspect ratio of lattice-like tubular structure comprising periodic honeycomb 

graphene network with covalently bonded carbon atoms. There are generally two types of CNFs, 

namely, single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). SWCNTs comprise 

a single graphene layer rolled up into a cylinder, while MWCNTs consist of two or more concentric 

cylindrical shells of multi-graphene layers coaxially around a central core. The excellent electric 

conductivity, high aspect ratio, and mechanical robustness of CNTs make them promising 

candidates to fabricate stretchable conductors. As conductive fillers with a high aspect ratio, one-

dimensional CNTs are more effective than zero-dimensional CBs to achieve high electrical 

conductivity at relatively lower filler concentrations. By creating wavy or spring-like 

microstructures through buckling strategy and pre-stretching elastomeric substrate, stretchable 

conductors based on the well-aligned CNTs exhibit electrical conductivity of 2,200 S/cm under 

150% strain and they have been applied as stretchable electrodes for highly sensitive capacitive 

pressure sensors with excellent optical transparency.76-78 Compared with CNTs, CNFs have similar 

cylindrical nanostructures but larger diameter and length arranged as stacked cones, cups or plates. 

The relatively less oriented nanostructure of CNFs results in more defects, which leads to lower 

electrical and mechanical properties. Nevertheless, the relatively cheaper price of CNFs and 

compromised but still excellent electrical conductivity and mechanical strength makes them good 

candidate for tough nanocomposites and soft strain sensors.64,66,79-82 
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2D carbon nanosheets such as graphene and its derivatives have been widely employed as 

conductive fillers to fabricate stretchable composite materials for soft and flexible electronics due 

to their excellent electrical property, high surface area, good optical transparency, and outstanding 

mechanical property.39,83-85 In the past decade, the fast development and progress of large-scale 

and cost-effective production of graphene with high quality by chemical vapor deposition (CVD) 

and chemical exfoliation have paved the way for the further application of graphene for flexible 

and stretchable electronics. 3D porous conductive networks of graphene such as graphene aerogels 

and graphene foams with large surface area and outstanding electrical conductivity have been 

designed to incorporate polymer matrix for flexible and stretchable strain sensors and 

supercapacitors.62,86-89   

 

3.2 Metal nanowires 

Although carbon-based conductive nanofillers have good chemical stability and fatigue resistance, 

their intrinsically low electrical conductivity remains a major obstacle for stretchable electronics 

where high conductivity is required. Metal-based nanofillers such as silver, gold, and copper 

nanowires with various aspect ratios are emerging as viable conductive nanofillers for conductive 

nanocomposites because of their inherently high electrical conductivity. Stretchable conductors 

with high electrical conductivity are essential components for foldable electronic devices such as 

foldable mobile phones.90 By design and synthesis of ultralong AgNWs around 500 µm, a new 

type of highly stretchable and highly conducting metal electrode with very low sheet resistance 

and stretchability up to 460% has been developed by Lee and co-workers.90  It out-performed other 

stretchable conductors based on carbon-based nanomaterials such as CNTs and graphene due to 

their excellent electrical conductivity and high aspect ratio, which is essential to simultaneously 

achieve high electrical conductivity and good mechanical compliance. Transparent stretchable 

conductors based on other metal nanowires such as gold nanowires and copper nanowires have 

also been developed for stretchable electronic circuits and transistors.91 Apart from their high 

electrical conductivity, the good dispersibility and processability of these metal nanowires in many 

solvents/solutions further facilitate their subsequent fabrication of electronic devices.  
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3.3 Liquid metals 

Liquid metals exhibit high electrical conductivity and fluid-like deformability at room temperature, 

which makes them an ideal candidate for the application of stretchable electronics. Recently, metal 

alloys based on gallium have been developed to offer additional exciting properties including good 

processability, nontoxicity, and self-healing capability.46,67,84,92 By incorporating droplets of liquid 

metals into soft polymer matrix, stretchable conductive nanocomposites have been developed for 

the applications of transducers for sensing, actuation, transistors, and energy harvesting.46,92,93 For 

example, by adding liquid metals and a small amount of nanosized graphene into soft PDMS 

matrix, a highly conductive and stretchable conductor with a continuous conductive pathway has 

been fabricated by a simple mechanical compressing process.84 Apart from the application of 

stretchable conductors, liquid metals have also been employed to prepare stretchable 

nanocomposites with high dielectric constant by embedding droplets of liquid metals within an 

elastomer, which shows significant enhancement for dielectric elastomer actuator and energy-

harvesting transducer.92 Meanwhile, to apply them for sophisticated electronic devices, liquid 

metals have been patterned into various electronic components such as stretchable interconnected 

circuits for transistors and sensors by printing and lithography.  

 

3.4 Conductive polymers  

Conductive polymers such as poly(3,4-ethylenedioxythiophene) (PEDOT), polyanilines (PANI), 

and polypyrrole (PPy) are attractive materials for the applications of stretchable electronics 

because of their high specific capacity, high electrical conductivity, excellent electrochemical 

activity, and good mechanical flexibility.17,94-96 One of the most widely utilized stretchable 

conductive nanocomposites based on conductive polymers, hydrogels of poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), are attracting increasing 

attention for the applications of soft bioelectronic interface for sensing and stimulation because of 

their tissue-like mechanical properties, good biocompatibility, and water-rich nature.96,97 Unlike 

conventional hydrogels lacking electronic conductivity, PEDOT:PSS hydrogels can provide both 

ionic and electronic conductivity, making them a promising candidate for the emerging soft 

bioelectronic devices. By crosslinking PEDOT:PSS suspension at mild room temperature, Zhang 

and coworkers demonstrated a new strategy to obtain injectable conductive PEDOT:PSS hydrogels, 
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which can be used to fabricate injectable conductors within human tissue, which paves the way for 

further biomedical applications.97  

 

3.5 Hybrid nanofillers 

Apart from the above-mentioned single component conductive nanofillers, high-performance 

conductive nanocomposites with hybrid nanofillers have been reported to improve their electrical 

and mechanical properties through synergistic effect between different nanofillers.37,61,85,98-102 

Comparing with single component nanofillers, it is beneficial to combine the merits of two 

different nanofillers to collectively tailor the performance of conductive nanocomposites with 

hybrid nanofillers. To boost the synergistic effect, the structure and property of hybrid nanofillers 

are usually dissimilar to each other. For example, by dispersing hybrid of 1D AgNWs and 2D 

graphene nanosheets into a stretchable PDMS matrix, a conductive network can be formed at a 

low percolation concentration of 0.159 vol% and the resulting conductive nanocomposites can 

achieve a high electrical conductivity of 1230 S/m.38 On the other hand, nanocomposites with 

single component nanofillers exhibit much lower conductivity of 3.255 S/m for 2D graphene and 

950 S/m for 1D AgNWs, respectively. Strain sensor based on this conductive nanocomposite with 

hybrid nanofillers shows excellent stability and wide strain sensing range (100%) and can be used 

to monitor the movements of the prosthetic finger. Hybrid conductive nanocomposites have also 

been utilized to improve the energy storage performance of structural supercapacitors.103 By 

surface modification of carbon fiber electrodes with both vertical graphene and manganese dioxide, 

the areal capacitance of the assembled structural supercapacitors can be increased more than 2 

times comparing with the ones with single nanomaterial. The presence of conductive vertical 

graphene on carbon fiber provides additional surface area to accommodate manganese dioxide 

nanoparticles. The synergistic effect between conductive and porous vertical graphene and 

electrochemically active manganese dioxide is the key to achieve high power density of the 

resulting supercapacitors.  

As discussed above, the conductivity of stretchable nanocomposites is mainly determined by the 

conductive nanofillers/nanomaterials embedded within the stretchable matrix. Based on the 

intrinsic conductivity of different nanomaterials, Figure 4 summarizes the conductivity and 

ultimate potential applications of polymer nanocomposites based on carbon nanomaterials, metal 
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nanomaterials and conductive polymers. Metal-based nanomaterials show higher conductivities 

than carbon nanomaterials and conductive polymers. Meanwhile, comparing with 0D 

nanoparticles and 2D nanosheets, 1D shaped nanomaterials of nanotubes and nanowires having 

high aspect ratios exhibit the highest conductivities because of their ease of forming conductive 

networks within elastic matrices. The stretchable nanocomposites with higher conductivity are 

favorable for stretchable conductors while the ones with relatively lower conductivities are good 

for applications of strain sensors.  

 

Figure 4. Conductivity of polymer nanocomposites based on different conductive nanomaterials 

and their potential applications. Reprinted with permission from ref. 13.  Copyright "RSC" 2019. 

 

4. Microstructure Design of Conductive Networks in Nanocomposites 

The electrical conductivity and ultimate applications of conductive nanocomposites are closely 

related to the microstructure of their conductive networks. Two types of conductive networks, i.e., 

percolation network and segregation network, are usually constructed to form electrical pathways 

within composite materials. As for the percolation network, the conductive nanofillers are 

randomly and homogeneously dispersed throughout the entire elastic matrix and a minimum 
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volume fraction of conductive nanofillers, which is denoted as percolation threshold, is required 

to form the electrical pathway. On the other hand, a segregated network concentrates conductive 

nanofillers in certain area within the matrix, increasing the probability of conductive nanofillers 

forming a conducting network at relatively low content of nanofillers.  

4.1 Percolation network  

To form a continuous conductive pathway within an insulating elastic matrix, the percolation 

threshold for conductive nanofillers with spherical morphology like carbon blacks is about 10–20 

vol%, which agrees well with the value predicted by classical percolation theory.104 The high 

loading of stiff nanofillers leads to poor processability due to high viscosities and inferior 

mechanical performance because of aggregation of nanofillers at high content. Therefore, 

effectively lowering the percolation threshold without affecting electrical properties is critical to 

fabricate high-performance conductive nanocomposite materials. Several parameters of 

conductive nanofillers, including their aspect ratio, dimensional size, surface wettability, size 

distribution, and the contact resistance between individual nanofillers can be used to tailor the 

corresponding electrical property.   

By manipulating the aspect ratio and surface property of silver nanowires, Kim and co-workers 

reported highly conductive and stretchable nanocomposites based on ultralong gold-coated silver 

nanowires and they can achieve conductivity of 41,850 S/cm (maximum of 72,600 S/cm) and 

stretchability of 266% (maximum of 840%) (Figure 5(a)).105 Comparing with zero-dimensional 

nanofillers and 1D nanofillers with low aspect ratios, the high aspect ratio of this ultralong silver 

nanowire (length of 100 µm and diameter of 140 nm) results in an ultralow percolation threshold 

of 0.37 vol%. Meanwhile, by surface deposition of a thin layer of Au, the oxidation of silver 

nanowires can be greatly prevented, and hence the contact resistance between silver nanowires can 

be improved. The resulting conductive nanocomposites are biocompatible and highly conductive 

and stretchable, which can be used to fabricate wearable and implantable soft bioelectronic devices 

to monitor electrophysiological signals.  

One of the major challenges to developing stretchable conductive nanocomposites based on 

percolation network is to properly incorporate conductive nanofillers into stretchable matrix to 

achieve desirable mechanical strength and electrical conductivity. The presence of high loading of 

conductive nanofillers is critical to achieve high electrical conductivity but leads to poor 
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processability and inferior stretchability. To overcome this issue, Wu and co-workers develop 

highly conductive and stretchable nanocomposites based on PVA hydrogels and AgNWs with a 

bilayer structure, which shows high stretchability up to 500% strain and electrical conductivity of 

185 S/cm.49 The new bilayer structure comprises a top layer of thin and conductive PVA/AgNWs 

with high concentration of AgNWs to realize high conductivity, while the bottom layer is made of 

high concentration of PVA to render the nanocomposite mechanically resilient and highly 

stretchable. This new structural design can simultaneously endow the nanocomposite materials 

with both high electric conductivity and mechanical property and a biocompatible strain sensor 

has been fabricated based on this stretchable conductive nanocomposite to detect human joint 

movements and facial expression.  
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Figure 5. Stretchable conductive nanocomposites based on different microstructures of conductive 

networks. (a) Conductive percolation network of Ag–Au nanowires decorated with hexylamine 

within SBS matrix. Reprinted with permission from ref. 105. Copyright " Springer Nature" 2018; 

(b) Conductive segregated network of MXene within natural rubber matrix by vacuum-assisted 
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filtration approach. The nanostructure of the Conductive segregated network and their electrical 

conductivity. Reprinted with permission from ref. 106. Copyright "Elsevier" 2019. 

 

4.2 Segregation network 

By forming segregated networks within stretchable matrix, conductive nanocomposites can 

achieve much higher conductivity at significantly lower nanofiller contents. Instead of being 

randomly dispersed throughout the entire matrix, the conductive nanofillers are selectively located 

at the interfaces of domains of matrix materials, which lower the percolation threshold 

significantly below that pertinent to conventional percolation networks. Depending on fabrication 

strategies, segregated conductive networks can be formed during the construction of 

nanocomposites107-109 or pre-formed as porous skeletons and then backfilled with a stretchable 

matrix.61,62,87,110   

By forming conductive segregated network of MXene within a natural rubber matrix, Yu and 

coworkers developed a highly conductive and stretchable nanocomposite with electrical 

conductivity of 1400 S/m and stretchability up to 1000% strain (Figure 5(b)).106 As both the 

MXene nanosheets and natural rubber nanoparticles are negatively charged, the electrostatic 

repulsion forces between the conductive nanofillers and matrix nanoparticles ensure a uniform 

mixed aqueous suspension, which can then be used to construct stretchable conductive 

nanocomposites by a simple vacuum-assisted filtration method. The MXene nanosheets are 

selectively located at the interfaces of natural rubber nanoparticles to form well-defined and 

electrically conductive pathways, which provide the resulting nanocomposites excellent electrical 

conductivity and electromagnetic interference shielding performances. Furthermore, the good 

flexibility and stretchability of the highly conductive nanocomposites make them excellent 

candidates for wearable electronics. 

Another popular strategy to construct stretchable conductive nanocomposites with segregated 

networks is based on backfilling pre-formed porous conductive networks with a stretchable 

matrix.63,87 This involves pre-forming a three-dimensional conductive porous skeleton and then 

infuse a stretchable polymer into the 3D scaffold to yield a composite of stretchability. This 

strategy is especially suitable for stretchable elastomers (such as silicone rubber) made by cross-
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linking thermosetting resins. By freezing drying an aqueous dispersion of graphene oxide, a 3D 

interconnected conductive network of graphene can be obtained after reduction of the porous 

skeleton of graphene oxide.62 After filling the pores with PDMS, the resulting stretchable and 

conductive nanocomposites can be used as wearable strain sensors. The cellular microstructures 

of the graphene networks can be simply tailored by changing the concentration of aqueous 

dispersion of graphene oxide and the freezing temperature, which in turn can adjust the sensing 

performance of the strain sensors in terms of their sensitivity and sensing range. This method 

provides an effective approach to control the microstructure of segregated conductive networks to 

tailor the performance of the stretchable conductive nanocomposites.  

 

5. Manufacturing Processes 

Depending on the type of the conductive networks and the stretchable matrix materials, stretchable 

conductive nanocomposites can be manufactured by different processes such as dry/solution 

mixing, casting, hot compaction, and in-situ cross-linking/polymerization.13,104 The manufacturing 

process can strongly influence the morphology of the conductive networks and hence greatly affect 

their conductivity and stretchability. In the following, we will review recently developed 

manufacturing processes for stretchable conductive nanocomposites. 

 

5.1 Dry/solution mixing 

Direct dry mixing of conductive nanofillers and stretchable polymer matrix is a facile and efficient 

method to fabricate stretchable conductive nanocomposites because it can be easily scaled-up for 

mass production in the industry. During the dry mixing process in the solid state, the conductive 

nanofillers are wrapped onto the surface of the polymer granules and segregated conductive 

networks are then formed by subsequent hot compaction molding. The dispersion quality of the 

conductive nanofillers determines the electrical conductivity of the nanocomposites, with uneven 

dispersion and aggregates at high loading of nanofillers causing deterioration of the electrical and 

mechanical performance of the resulting stretchable conductive nanocomposites. To improve the 

dispersion quality, solution mixing with the aid of sonication has been adapted to achieve high 

level of conductivity at low concentration of conductive nanofillers. Feng and co-workers have 
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developed a simple and mass production strategy to fabricate stretchable conductive 

nanocomposites with a segregated conductive network by the solution mixing strategy.111 By 

solution mixing of powder-like elastomer polymer SEBS and graphene under sonication, 

conductive graphene nanoplatelets are effectively and uniformly attached onto the surfaces of 

SEBS granules. Hot-pressing the dried SEBS particles with graphene results in highly stretchable 

and conductive nanocomposites, which can be utilized as strain sensors.    

5.2 In-situ crosslinking/polymerization 

Conductive hydrogels with excellent biocompatibility and skin-like mechanical properties are 

ideal candidates for bioelectronic interfacing with the human body and electronic functionalities 

for wearable devices. In-situ crosslinking and polymerization is a common strategy to prepare 

stretchable conductive nanocomposites based on hydrogels because the precursors for 

polymerizations are usually monomers in liquid state.17,47,48,96,97 This is especially important for 

certain bioelectronic applications where localized formation of conductive networks within bulk 

hydrogels is strongly preferred to develop complex patterning of conducting polymer hydrogels.112 

To improve the mechanical robustness of the stretchable conductive hydrogels, several recent 

studies have focused on tough double-network hydrogels where a conductive polymer network 

interpenetrates a polymer network to synergistically impart both mechanical robustness and 

electronic conductivity.113,114 For example, Zheng and coworkers have developed a highly tough 

and conductive hybrid hydrogel based on polyion complex/polyaniline with double networks.113 

The conductive network of polyaniline is embedded into the matrix of polyion complex through 

phytic acid, and the resulting hydrogel with 65 wt% water can achieve electrical conductivity of 

0.7 S/m and stretchability of 395% strain. Simple patterning of the conductive hydrogel with 

alternating conductive/nonconductive patterns can be carried out by selective polymerization of 

aniline monomers under stencil masks to fabricate wavy gel circuits and multichannel sensor 

arrays. By utilizing the hybrid hydrogels as strain sensor, subtle human motions such as 

swallowing, and finger bending can be effectively detected.  

5.3 3D printing 

Compared with traditional manufacturing processes such as mixing, casting, and extrusion, 3D 

printing provides additional control over the geometries and microstructures of stretchable 

conductive devices to satisfy certain specific requirements.35,115-119 The development of 3D 
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printable materials with high stretchability and electrical conductivity is the key to fully realizing 

the potential of 3D-printed flexible electronic devices. Liquid metals have been used to directly 

print 3D interconnections with high resolution and high stretchability under ambient conditions by 

Park and coworkers.120 Through fine nozzles with an inner diameter from 10 to 40 µm, 

hydrophobic surface treatment of the nozzles greatly facilitates the ejection of narrow metallic 

filaments and a minimum printing line width of 1.9 µm has been achieved. Different free-standing 

3D conductive structures can be achieved by relocating the preprinted patterns on substrates. 

Moreover, these free-standing 3D conductive structures can be encapsulated with stretchable 

polymers to fabricate stretchable electronic devices. Apart from liquid metals, Lewis and 

coworkers have developed a hybrid 3D printing technology based on conductive TPU by 

alternative pick‐and‐place of conductive layer and insulting elastomeric layer within a single 3D 

printing platform (Figure 6(a)).118 Highly conductive silver flakes have been added into the pure 

TPU ink to produce the conductive filaments. Stretchable electrical components can be fabricated 

on arbitrary surfaces with different shapes and sizes by this hybrid 3D printing method. For 

example, soft sensor arrays have been fabricated by patterning the insulating matrix and 

conductive filaments. PDMS is one of the most common stretchable polymers for biomedical and 

soft robotics. However, due to their viscoelastic flowability and long curing time,121-124 it is 

particularly challenging to directly 3D print stretchable electronics using PDMS. To overcome the 

problem of 3D printing of PDMS, Zhong and co-workers added solid PDMS sub-microbeads and 

conductive nanofiller of graphene into PDMS precursor to develop a conductive nanocomposite 

ink, which featured thixotropic and self-supporting viscoelasticity to enable 3D printing of strain 

sensors with excellent performance (Figure 6(b)).122 These 3D-printed flexible electronic devices 

can be applied widely in the fields of personal wearable devices, prosthetic organs for the disabled, 

and human-computer interfaces.  
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Figure 6. Stretchable electronics based on 3D printing. (a) Hybrid 3D printing of sensor array by 

direct ink writing of silver traces on stretchable TPU matrix. Reprinted with permission from ref. 
118. Copyright "John Wiley and Sons" 2017; (b) Outline of the fabrication of strain sensors by 

direct ink writing of PDMS submicrobead/graphene nanocomposite ink. Reprinted with 

permission from ref. 122. Copyright "Elsevier" 2019. 

 

6. Applications 

Stretchable conductive nanocomposite materials with outstanding electrical and mechanical 

properties can find wide applications in the areas of wearable sensors, stretchable conductors, and 

flexible energy harvesting and storage devices. For physical sensors such as strain sensors and 

pressure sensors to achieve high sensitivity, their electric responses, such as impedance, 

capacitance, or electrical voltage, need to demonstrate significant changes when subjected external 

deformations/forces. By contrast, stretchable conductors are required to attain stable electrical 

signals for transistors and energy harvesting and storage devices, and hence need to maintain 

constant high electrical conductivity under mechanical deformations such as stretching, shearing, 
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and bending. The completely different electrical behaviors of sensors and conductors in response 

to the applied external mechanical forces require different designs of conductive networks within 

stretchable nanocomposites.66 

 

6.1 Wearable Strain and Pressure Sensors 

Stretchable conductive nanocomposite materials have been widely employed to fabricate high-

performance physical sensors to detect different mechanical deformations/forces such as strain, 

pressure, and shear force due to their excellent electrical and mechanical properties together with 

good processibility and low-cost. When subjected to mechanical deformation, the conductive 

network within the elastic matrix undergoes geometrical changes (stretching, separation of 

conductive particles, microcrcking, etc.), causing variations in electrical resistance, which can be 

correlated with the external mechanical forces. This is due to the vast the difference in the strains 

within the matrix phase and the conductive fillers. Wearable physical sensors can detect both small 

strains (such as pulse and heart beating) and large deformations (such as joint movements), which 

are closely related to individuals’ physiological conditions. As such, wearable physical sensors are 

promising for the applications of human health monitoring, rehabilitation, sports performance 

training, and COVID 19 monitoring.125-129 Wearable sensors based on stretchable conductive 

nanocomposites have demonstrated capability and feasibility to detect mechanical strain, pressure, 

and temperature indicating various physiological signals related to an individual’s health 

conditions such as respiration rates, heart rates, muscle tension, joint movements, and body 

temperature.  

Methods for detecting or monitoring physiological signals can be categorized into two groups. 

Firstly, sensors are used to detect events, such as the number of breaths and heart beats per minute. 

Secondly, sensors are used to quantify pressure, strain, or body temperature up to a certain 

precision. For detecting events, the sensor’s maximum signal must be greater than the standard 

deviation of the noise by a confidence factor. In other words, the limit of detection (𝐿𝐿𝐿𝐿𝐿𝐿) of a 

given sensor is dictated by its signal-to-noise ratio (SNR),  

𝐿𝐿𝐿𝐿𝐿𝐿 =
𝑍𝑍

𝑆𝑆𝑆𝑆𝑆𝑆
                                                                              (1) 
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where 𝑆𝑆𝑆𝑆𝑆𝑆 =𝜇𝜇(𝑆𝑆)/𝜎𝜎(𝑆𝑆 − 𝜇𝜇(𝑆𝑆)) denotes the ratio of average signal, 𝜇𝜇(𝑆𝑆), to the standard deviation 

of the noise, 𝜎𝜎(𝑆𝑆 − 𝜇𝜇(𝑆𝑆)), where 𝑆𝑆 denotes the signal of the sensor over a time interval.130 The 

parameter Z depends on the confidence level; for a typical 95% confidence, 𝑍𝑍 = 1.645.131 In this 

case, sensors with either linear or nonlinear responses to external stimuli are acceptable. 

Maximizing the signal-to-noise ratio (SNR) is the key to designing sensors for event detection. It 

is worth noting that sensors with high sensitivity may exhibit high noise level, so merely 

maximizing sensitivity may not lead to lower detection limit.  

For quantitative determination of mechanical strain, pressure, or body temperature, sensors ideally 

need to be linear and have high signal to noise ratio; the ratio between the change of a sensor’s 

response and the external stimulus is defined as the sensitivity. For example, the sensitivity of a 

linear piezoresistive sensor is given by 𝑘𝑘 = ∆𝑆𝑆/(𝑆𝑆0𝜀𝜀),  where 𝑆𝑆0  denotes the initial electric 

resistance, ∆𝑆𝑆 change in the resistance caused by an applied strain of 𝜀𝜀. In this case, at an applied 

strain 𝜀𝜀 the sensor signal and noise are the average and standard deviation of the sensor signal 𝑆𝑆 =

𝑆𝑆(𝑡𝑡) over time. The smallest strain that can be detected is therefore given by 

𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑍𝑍

𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑘𝑘
                                                                              (2) 

which indicates that the precision or resolution of a strain sensor depends on both the SNR and the 

sensitivity or gauge factor 𝑘𝑘. To achieve a high precision, it is necessary to maximize the product 

of SNR and 𝑘𝑘 of the sensor.  

Different strategies have been developed to design wearable strain sensors with high sensitivity 

and broad linear sensing range. Among them, strain sensors based on conductive carbon 

nanomaterials have received intensive interests due to their excellent mechanical and electrical 

properties. For resistive strain sensors, highly conductive segregated conductive networks have 

been fabricated by freezing dry method with 3D conductive carbon nanomaterials such as graphene 

and carbon nanofibers (CNFs).62,132,133 The resultant strain sensors were employed to monitor 

human motions and bio-signals such as wrist pulses, respiration rates, joint movements, and facial 

expressions, which are closely related to individual health conditions.  

Comparing with 3D conductive networks, microcrack-based strain sensors with conductive thin 

films are appealing due to their ease of manufacturing and high sensitivity. To overcome their 
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small sensing range and non-linearity response, the present authors recently developed a new 

method of broadening the linear sensing range of microcrack-based strain sensors by bridging the 

microcracks with conductive nano-sized fibers.134 The resulting sensors has been demonstrated, as 

shown in Figure 7, to be capable of providing real-time high precision measurement of bio-signals 

such as wrist pulse and joint movements by attaching them to different parts of human body 

including wrist, face, neck, and joints. Long-term monitoring of physiological signs including 

heart rates, blood pressures, respiratory rates, body temperatures, and galvanic skin response of 

older people and individuals with chronic conditions can provide critical information needed for 

diagnosis, monitoring, predictive treatment, and prevention of diseases, bringing major benefits to 

the growing healthcare industry. Through a wireless remote health monitoring system, the vital 

information related to an individual’s health conditions can be transmitted to a mobile phone or 

local area network for data analysis and processing, where an alarm message can be sent to the 

emergency service center or family members to provide immediate assistance to patients in case 

of an incident. Although wearable physical strain/pressure sensors are critical to the deployment 

of these smart remote monitoring system, other challenges remain, including flexible batteries, 

data security, medical regulatory approvals, and human-centered designs, before such systems are 

taken up at large scale.  
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Figure 7. Physical strain sensor for human health monitoring: (a) Sketch of a nano-toughing crack-

based strain sensor based on PEDOT and CNFs to monitor different bio-signals including wrist 

pulse (b), respiration (c), forehead movement (d), finger bending (e), and swallowing (f). The SNR 

were 4.96 for (b), 9.37 for (c), 17.11 for (d), and 8.31 for (f), respectively. Reprinted with 

permission from ref. 134. Copyright "RSC" 2020.  
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The COVID-19 pandemic has suddenly increased the awareness of and demand for wearable 

sensors for healthcare, particularly in relation to the potential for remote tracking and diagnosis of 

infections, not only in the hospital but also in primary care and in-home settings. Specifically, there 

is a growing evidence that wearable physical sensors that track, record, and monitor biomedical 

signals and link patients to care providers in novel methods have the potential to save lives, and 

significantly reduce healthcare costs. Wearable strain/pressure sensors with the capability to 

continuously track individual’s physiological parameters such as respiration rate, heart rhythm, 

and cough frequency and intensity can provide an effective measurement to tackle COVID-19.129 

Many metrics derived from physiological signs, including heart rates and respiration rates, can 

serve as potential markers of COVID-19 infection and can be measured by wearable 

strain/pressure sensors. By integrating multiplexed physical sensors into a smart mask, several 

physical parameters associated with COVID-19 symptoms, including heart rate and blood pressure, 

can be simultaneously monitored in real-time, which can minimize the exposure of frontline 

healthcare staff to infected patients and also help track the progress of the recovering patients.135 

As shown in Figure 8(a) and (b), comparing with the commercial wearable electronic devices such 

as AppleWatch and FitBit, measurements of respiratory biomarkers including frequency and 

intensity of cough, respiratory rate, and respiratory effort, captured directly from the thorax by soft 

and stretchable skin-interfaced sensors, are likely to have  higher accuracy and higher information 

yield.129 Together with wireless data transmittance and cloud data management, wearable health 

sensing and monitoring technology can provide a feasible solution to tackle the COVID-19 

pandemic.   

 

6.2 Skin-interfaced temperature sensors 

Stretchable conductive nanocomposites have also demonstrated great potential as wearable 

temperature sensors. The detection of temperature can be realized by measuring the sensors’ 

electric resistance and capacitance under strain.136-140 Wearable temperature sensors can monitor 

a wide range of health conditions, including cardiovascular diseases, pulmonary diagnostics, and 

other syndromes. Apart from these applications, accurate and continuous detection of the body 

temperature can also aid the diagnosis and recovery monitoring of COVID-19 symptoms.129 The 
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stiffness (or softness) of conductive nanocomposites can be designed to match human skin or other 

biological tissues, enabling the sensors to be comfortably worn directly on skin for accurate real-

time monitoring of body temperature. By designing the material combination and sensors’ 

geometry, the detection limits and thermal conductivity can be engineered to provide precise and 

accurate monitoring of body temperature.141 

Although the electrical conductivity of stretchable conductive nanocomposites is intrinsically 

sensitive to temperature, their temperature sensitivity is typically low. By controlling the 

microcrack density and geometry in conductive nanocomposites, the temperature sensitivity of 

wearable sensors, which is given by 𝑘𝑘𝑇𝑇 = ∆𝑆𝑆/(𝑆𝑆0∆𝑇𝑇), can be enhanced significantly.136,139,142,143 

The sensitivity of the PEDOT:PSS-PDMS sensors has been improved from 0.001 to 0.042 °C–1 by 

adjusting the microcrack morphology of PEDOT:PSS through different processing methods.133 

The density and average length of microcracks strongly influenced the temperature sensitivity 

shown in Figure 9(a). Higher temperature sensitivity could be achieved by larger crack density and 

greater crack length.139 As shown in Figure 9(a), the average crack lengths and density of pre-

stretched PEDOT: PSS sensors increased with the pre-stretching strain. The surface morphologies 

of the substrates over which PEDOD:PSS sensors were made also affect the sensitivity - rougher 

substrate led to shorter cracks with higher density while acid treatment could increase the crack 

density. Sensors based on PEDOT:PSS on a PDMS substrate with a rough surface and an acid 

treatment have been found to be capable of precise detection of skin temperature at a high 

resolution of 0.1 °C,139 which corresponds to the smallest temperature change that can be measured 

by the sensor, similar to Equation (2) except the gauge factor is replaced with temperature 

sensitivity, 

∆𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑍𝑍

𝑆𝑆𝑆𝑆𝑆𝑆 × 𝑘𝑘𝑇𝑇
                                                                                  (3) 

Again, the detection limit of wearable temperature sensors depends on both the temperature 

sensitivity and the signal-to-noise ratio, which may be strongly influenced by other factors, such 

as mechanical stretch of the sensors.  
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 Reprinted with permission from 

ref. 144. Copyright "RSC" 2019; (c) Relative changes in the electrical resistance, indicating 

excellent strain‐insensitivity under various tensile stresses induced by lateral strains. Reprinted 

with permission from ref. 145. Copyright "John Wiley and Sons" 2020; (d) Photographs showing 

the frozen hydrogel and the Gly-organo-hydrogel withstood 180° twist deformation after storing 

at −18 °C for 24 h; Gly-organo-hydrogel can be stretched to 660% strain after cooling at −18 °C 

for 24 h; Temperature response with various strains and sensitivity of Gly-organo-hydrogels. 

Reprinted with permission from ref. 146. Copyright "ACS" 2020.  
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Another challenge facing stretchable temperature sensors is their cross-sensitivities due to the 

response to undesired physical stimuli such as strain and pressure. To solve this problem, 

researchers have fabricated some circuit-based temperature sensors via printing conductive 

nanocomposites. Zhu and co-workers employed local conditioning and error-suppression circuits 

to offset the stretchable temperature sensor’s undesired strain effect.147 Lubineau and co-workers 

moved away from the thermistors and explored the Seebeck effect in nanoparticle-based printed 

circuits.144 This circuit was printed with SWCNTs/AgNWs ink on the PDMS substrate, which 

provided the sensor with good stretchability, as the Figure 9(b) shows. The authors used the voltage 

induced by the Seebeck effect to infer temperature changes instead of the typical resistance in 

conventional thermistors. The SWCNTs/AgNWs circuit exhibited a temperature sensitivity of 37 

μV °C−1 over the strain range of 0 to 40% with good strain insensitivity. This sensor also showed 

excellent repeatability between different samples, indicating high tolerance to manufacturing 

defects.  

Fiber-based wearable temperature sensors, which can be integrated into multifunctional textiles, 

have also been studied as one of the strain-suppression strategies.145,148,149 For instance, Nae-Eung 

Lee and co-workers proposed a free-standing reduced graphene oxide/polyurethane composite 

fiber.150 The author engineered this fiber into a serpentine structure on a PDMS substrate or a 

stretchable fabric to suppress the external strain. Jihyun Lee and co-workers demonstrated a strain-

insensitive fiber sensor taking advantage of the compressed micro-wrinkles.145 As shown in Figure 

9(c), the wrinkles were formed by dip-coating a thin layer of PU on a pre-stretched Spandex fiber. 

After casting a conductive PEDOT/CNT layer onto the wrinkled surface, the fiber sensor exhibited 

high sensitivity (≈ 0.93% °C‐1) with negligible strain response up to 60% strain. The strain 

tolerance was increased to 180% strain when the fiber sensor was knitted into a soft fabric. The 

authors also integrated the fiber sensor into a smart glove with a wireless transmitter to 

continuously monitor the ambient temperature without deformation‐induced interference under 

numerous dynamic gestures.  

Apart from these elastomer-based nanocomposites, conductive ionic hydrogels are also good 

candidates for strain-insensitive temperature sensors.146,151-155 Ionic hydrogels display excellent 

stretchability, good transparency, and liquid-like transport behavior, which provides them with 
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intrinsically low strain sensitivity. Wu and co-workers reported a self-healable PAM/carrageenan 

DN organo-hydrogel with good strain insensitivity up to 50% strain or under twist or bending 

deformations (Figure 9(d)).146 By replacing some of the water in the DN hydrogel with the glycerol, 

the temperature sensitivity could be improved from 0.063 °C‐1 to 0.19 °C‐1. In addition to the 

sensitivity enhancement, the glycerol helped the organo-hydrogel maintain good stretchability 

(660% strain) without freezing at −18 °C.  

Having a relatively low sensitivity for temperature but a high cross-sensitivity for strain is a key 

factor affecting the precision of wearable temperature sensors and their applications. As discussed 

above, structure engineering has been proved effective in improving the temperature sensitivity of 

sensors by reducing the interference of mechanical stretch. Other techniques have also been 

proposed to tackle this issue, such as post-processing156 and circuit off-setting.144,147 

 

6.3 Smart tactile gloves for human-machine interface 

Human hands can weigh and identify diverse objects in terms of their shape, stiffness, weight, 

surface friction, tendency to slip, etc., by applying appropriate amount of force and sensing the 

movement during manipulation and grasp tasks. However, modern robots currently lack such 

capabilities. To mimic the sense of touch and grasping functions of human hands, smart gloves 

with tactile sensing capabilities offer a promising solution to enable robots to interact and 

communicate with the environment. Smart tactile gloves which mimic or even surpass the 

perception of human hands can find wide applications in human-machine collaborations, advanced 

prosthetics, physical rehabilitations, and clinical restoration of hand functions. In this regard, 

stretchable strain/pressure sensors based on conductive nanocomposites have been sewn or 

integrated into smart gloves to provide sensing capabilities for different scenarios of human 

machine interactions.  

Slippage is a very common phenomenon, and it usually occurs when the applied grasping force is 

not sufficient to generate a friction force greater than the weight of the object. Since soft and brittle 

objects may be deformed or damaged when the contact force between robotic hands and objects 

exceeds a certain limit, it is critical to adaptively control the gripping force depending on the 

weight of the object and its surface friction properties. The gripping force should be sufficient to 
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lift, without slippage, but not too high to damage the object, which means the weight and surface 

friction properties of an object need to be determined in situ in order to apply just the right gripping 

force. Several tactile sensors with high sensitivity and flexibility to detect slippage for stable 

grasping and manipulation have been reported. Using a milling method, rapid manufacturing of 

all‐elastomer mechanoreceptive skins with both normal and shear force sensing capability has been 

demonstrated by Charalambides and Bergbreiter.157 As shown in Figure 10(a), two conductive 

structure features denoted as ‘pillar’ and ‘pad’ have been prepared by reusable molds based on 

conductive nanocomposites of PDMS and CNTs. Under different directional loads, ‘pillar’ and 

‘pad’ came into physical contact with each other, inducing changes in electrical contact resistance 

depending on the directional forces. A robot skin comprising 12 contact resistance taxels and a 

total of 41 electrical leads was manufactured into the size of an adult human hand, which can 

achieve 3‐axis force sensing and slip detection over a large area. Conductive nanocomposites with 

liquid metals have been used to fabricate sensing gloves which can maintain capacitive sensing 

functionality under extreme mechanical deformations.158 The highly stretchable capacitive sensors 

showed excellent linear relationship between capacitance and the applied loads, which is desirable 

for various wearable electronics and soft robotics applications. The smart gloves can detect hand 

motions and quantify the gesture of the proximal interphalangeal joint, which was demonstrated 

by griping styrofoam balls with two different sizes; the bending angles of the PIP joint are clearly 

identified by the distinct capacitive responses shown in Figure 10(b). 

Smart gloves with integrated sensors also offer potential to identify the stiffness of objects and 

recognize hand gestures. Machine learning technologies have been used for object 

recognition.159,160 By embedding a force-sensitive conductive nanocomposite film into a custom-

knit glove, a smart tactile glove with 548 sensors uniformly distributed was made to identify 

objects and estimate weights by analyzing the tactile patterns of grasping with the aid of deep 

convolutional neural networks (Figure 10(c)).160 The study showed that by grasping the same 

object with different poses, different accuracies of classification could be obtained because the 

griping pose of a specific object can activate different regions of a human hand. This smart glove 

provided new insights for designing the next generation prosthetics, robot grasping tools, and 

human–robot interfaces. More recently, to better understand the sense of natural touch, a nanomesh 

capacitive pressure sensor with nanoporous structure has been directly mounted onto human 

fingertip to measure finger manipulation without detectable effects on human sensation (Figure 
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10(d)). Quantitative assessment of the effects of the sensor on human sensation showed that the 

ultrathin nanomesh sensors had minimal effect on sensory feedback from the finger during object-

grasping tasks. This new type of sensors with imperceptible operation and excellent durability 

provides new opportunities to precisely monitor pressures of finger manipulation in natural states 

and new insights into the sense of natural touch.   

 

Figure 10. Smart gloves based on resistive/capacitive tactile sensors: (a) A mechanoreceptive skin 

for contact and slip detection in robotic grasping and the working mechanisms. Reprinted with 

permission from ref. 157. Copyright "John Wiley and Sons" 2019; (b) A liquid metal–elastomer 

soft composites for piezoresistive motion sensing. Reprinted with permission from ref. 158. 

Copyright "ACS" 2019; (c) A scalable tactile piezoresistive glove for learning the signatures of 

the human grasping with the convolutional neural network. Reprinted with permission from ref. 
161. Copyright "AIP" 2020; (d) Ultrathin nanomesh pressure sensor with compliant nanoporous 

structure for monitoring finger manipulation without sensory interference. Reprinted with 

permission from ref. 162. Copyright "AAAS" 2020. 
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Figure 11. 3D printing of integrated soft robots: (a) 3D printing of tactile sensor based on 

conductive nanocomposites. Reprinted with permission from ref. 115. Copyright "John Wiley and 

Sons" 2017; (b) Soft robot perception using embedded soft sensors. Reprinted with permission 

from ref. 163. Copyright "AAAS" 2019; (c) Soft gripper by 3D printing to grasp different targets of 

real food materials including spaghetti, ohitashi, and higiki in soft containers and fried chicken, 

salmon, and omelet with different shapes. Reprinted with permission from ref. 164. Copyright 

"Elsevier" 2020; (d) Wearable soft robotic gloves. Reprinted with permission from ref. 165. 

Copyright "Elsevier" 2015. 

 

Soft robots are now attracting intense research interests because of their potential to provide safer 

and more robust interactions with human and the environments compared to their stiff 

counterparts.166-168 Soft robots composed of easily deformable materials such as hydrogels and 

flexible polymers are physically resilient and durable and have the ability to passively adapt to 



36 
 

their environment. Such unique feature greatly facilitates their potential applications in the areas 

of biomedical devices, rehabilitation, field exploration, and human-machine interface.117,169-171 

However, the large deformation of soft robots poses significant challenges on-board electronics 

such as sensors, actuators, energy storage, electrical interconnects, and biomimetic 

functionality.172-174 It is also challenging to fabricate complex soft robots such as robotic hands 

embedded with tactile sensors. Recent advances in 3D printing technology and printable soft 

materials have enabled the development of soft robots with complex structures, delicate 

functionality, and sophisticated capabilities.  

The introduction of sensors into soft robots will make them observable and intelligent, and the 

feedback of sensor data will help soft robots make decisions in real-time. To enable soft robots to 

sense their own deformation and motion state, the applied forces, and different environmental 

conditions, it is necessary to advance direct 3D printing of stretchable and soft sensors which can 

be incorporated into the soft robots.29,115,174-177 Guo and co-workers demonstrated a 3D printable 

stretchable tactile sensor based on conductive nanocomposite ink under mild ambient 

conditions.115 By mixing conductive silver particles with a highly stretchable silicone elastomer at 

different ratios, the resultant silicone ink can achieve adjustable viscosities and electrical 

conductivities needed for 3D printing of tactile sensors. Through a custom-built 3D printing setup 

with multi-material printing capability, tactile sensors containing a base layer, two electrodes, a 

sensing layer, an isolating layer, and a sacrificial supporting layer can be printed in a one-pot 

process (Figure 11(a)). The printed sensors can detect and differentiate human motions, including 

finger pressing and bending, and bio-signals such as radial pulse. The proof-of-concept 3D printing 

approach allows high-performance tactile sensors to be directly integrated into bodies of complex 

soft robots and provides new possibilities for developing intelligent soft robots with tactile sensing 

capabilities. Apart from stand-alone stretchable tactile sensors by 3D printing, soft resistive strain 

sensors based on conductive nanocomposites of PDMS and CNTs have been directly embedded 

into soft finger actuator to predict the deformation and force during the actuation.163 As shown in 

Figure 11(b), with three partially independent soft strain sensors, theoretical models have been 

developed and tested for three different conditions of actuation:  free motion of the finger, contact 

at the fingertip, and contact at a location along the finger. This system was reported to be able 

estimate the applied force and deformation interacting between the soft actuated system and 

external objects, offering opportunities for human-robot interaction and soft wearable robotics.  
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Soft grippers, one of the most widely studied soft robots, can provide remarkable dexterity with 

improved robotic manipulation performance due to their excellent adaptability and compliance 

during grasping tasks. Soft grippers enable robots to grasp various objects with different shapes, 

sizes, and positions without explicit knowledge of those properties because of their excellent 

passive compliance property, which allows robots to interact with delicate and fragile target 

objects safely and effectively in different environments. As shown in Figure 11(c), by 

simultaneously 3D printing multiple soft to hard materials, a soft gripper with large initial opening 

has been fabricated by a simple prestress process.164 The wide initial opening space ensures a large 

contact area during grasping, which improves the adaptability of the gripper in a simple and 

compact system. The soft gripper has been used to successfully pick and place different food 

materials, including half a boiled egg, soft bread, fried chicken, paper food container with red 

beans, orange, and hot dog. Apart from food handling, soft grippers have also been widely used 

for medical surgery devices and limb prostheses.178    

Another interesting soft robot is the wearable soft robotic glove.165,179 People with partial or total 

paralysis of all four limbs and trunk experience limited hand functions, which may lead to lifelong 

dependence on others to perform essential activities of daily living and greatly reduce their quality 

of life. With the emergence of reliable and effective soft robotic devices, soft robotic gloves which 

can actively support hand functions and daily living tasks have been developed to provide 

rehabilitation and assistance for people with debilitating hand impairments. As shown in Figure 

11(d), with the assistance of 3D printing, wearable soft robotic gloves with soft fiber-reinforced 

actuator have been fabricated and mounted to the dorsal side of the hand.165,178 The integrated 

actuator can be programmed to perform a range of motions, including bending, extending, extend-

twist, and bend-twist movements, which allow controlling the finger flexion and extension and 

hence help fulfill specific finger motion patterns for people with limited hand function.    
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6.4 Stretchable energy harvesting devices: stretchable/flexible TENG and PENG 

Self-sustainable power supply is highly desirable for wireless and wearable electronic devices such 

as fitness trackers and wearable sensors. As one of the most abundant energy sources, vibration 

energy persistent in the environment can be harvested by different mechanisms such as 

piezoelectric and triboelectric effects. Energy harvesting systems based on piezoelectric 

nanogenerators (PENGs) and triboelectric nanogenerators (TENGs) can scavenge electrical 

energy from vibration, wind, acoustic, friction and even body motions to power electronic devices. 

PENGs make use of piezoelectric effect to convert the mechanical stress within the piezoelectric 

material into electrical power, while TENGs can effectively harvest energy from contacting 

motions based on a coupling effect of contact electrification and electrostatic induction. Due to 

their high efficiency, low cost, and light weight, PENGs and TENGs have received broad interests 

and have been proven effective in harvesting mechanical energies that are ubiquitous in nature but 

wasted in our everyday life. Nanogenerators have found broad applications in the areas of human 

motion monitoring, wearable sensing technology, smart humanoid robot, and human‐machine 

interfaces.37,180-185 

To increase the output power density of TENGs, nanoparticles with high dielectric constant have 

been added into the triboelectric friction layer to enhance their triboelectric charge density.180,186,187 

Nanocomposite materials incorporating different functional nanofillers such as metal 

nanoparticles, CNTs, and inorganic nanoparticles with polymer matrices have been used to 

enhance the charge-attracting or charge-trapping capability of TENGs.187,188 As shown in Figure 

12(a), adding monolayer titania nanoparticles into friction layer of TENGs with polyvinylidine 

difluoride (PVDF) film yielded a 50-fold enhancement in the maximum instantaneous output 

power of the TENGs compared to the pure PVDF-based TENGs.180 The nanoparticles with high 

dielectric constant dramatically increase the electron capture capability of the friction layer during 

the electrification process and therefore enhance the output power density of TENGs. These recent 

findings demonstrate that bulk composition modification of triboelectric materials is an efficient 

way to improve performance of the TENGs by doping functional nanofillers. 
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Figure 12. TENGs based on flexible nanocomposites: (a) Enhanced TENGs based on flexible and 

transparent monolayer titania nanocomposite films. Reprinted with permission from ref. 180. 

Copyright "Elsevier" 2018; (b) All-in-one TENGs based on porous conductive nanocomposites of 

CNTs and PDMS. Reprinted with permission from ref. 37. Copyright "John Wiley and Sons" 2017. 
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Most of the reported TENGs are based on the contact-and-separation of two discrete triboelectric 

layers. The triboelectric charges are typically stored on the surface of the triboelectric layers, with 

the interior volume of the tribolayers contributing little to the energy harvesting efficiency. To 

address the this issue, an all-in-one TENG based on a stretchable porous conductive 

nanocomposite comprising CNT network and PDMS has been reported by Zhu and co-workers.37 

As shown in Figure 12(b), the TENG is highly stretchable and has a sponge-like microstructure 

with densely packed cavities. Each of the cavities can be treated as a TENG unit. Under mechanical 

forces such as compression and stretching, the contact electrification between CNTs and PDMS 

within the cavities induces the flow of electrons in the external circuit. This all-in-one TENG 

simplifies the device structure and enables energy harvest applicable to various mechanical 

interactions, which provides a good solution to harvesting energy from body motions for wearable 

electronics.   

 

6.5 Stretchable energy storage devices 

To supply power for wearable electronic devices, flexible and stretchable energy storage systems 

like supercapacitors and batteries have been designed and constructed to withstand various levels 

of mechanical deformations such as compression, stretching, bending, or even twisting that the 

wearable devices may experience during practice. To achieve this, components in the energy 

storage devices such as electrodes, electrolytes, and current collectors should be electrochemically 

sustainable and mechanically robust to prevent the degradation of electrochemical efficiency under 

different mechanical deformations. One straightforward method to realize stretchability for these 

components is to implement stretchable nanocomposite materials combining soft polymer and 

rigid functional nanofillers.  

As one of the core components, the electrode plays a critical role in the electrochemical 

performances of supercapacitors and batteries. Typically, electrodes made by coating conductive 

slurries on metals are rigid and stiff, which results in the delamination from the current collector 

under mechanical deformations and hence deterioration of electrochemical performance. 

Therefore, it is very important to explore and design stretchable electrodes for flexible energy 



41 
 

storage systems. As shown in Figure 13(a), a stretchable supercapacitor based on a high-

performance nanocomposite electrode comprising 2D hybrid nanosheets of MXene and reduced 

graphene oxide has been recently reported by Cao and co-workers.68 Due to the strong interaction 

and excellent mechanical flexibility of the hybrid thin film, the nanocomposite electrode has been 

found to provide superior electrochemical properties and mechanical robustness. Comparing with 

pure MXene film, the addition of 50% reduced graphene oxide can significantly inhibit the 

formation of microcracks during the stretching-relaxation process. The composite electrodes 

exhibit good electrochemical and mechanical stability under cyclic uniaxial (up to 300%) and 

biaxial (200% × 200%) strains. The assembled symmetric supercapacitors based on this stretchable 

electrode can maintain their electrochemical performance up to 300% strain. As for the stretchable 

batteries, by controlling the internal architecture of multi-layered conductive nanocomposites at 

multiple scales, stretchable electrode can achieve conductivity of 1.57 × 104 S/m in both the lateral 

and transversal directions under 300% strains.189 To overcome the limitations of single-layered 

conductive nanocomposite thin films, such as low conductance and stretchability, a new multi-

layered  hierarchical nanocomposite film has been designed based on the gradient assembly of 

negatively charged gold nanoparticles and positively charged elastic polyurethane (PU). The 

content of conductive gold nanoparticles can be adjusted in different layers throughout the 

conductor, and hence the micro- and macroscale structure and property of the composite can be 

controlled. The electrode based on this multi-layered conductive nanocomposite has been 

employed to construct a stretchable aqueous rechargeable lithium-ion battery, which exhibits 

stable power under exceptionally high rates of strain (Figure 13(b)). The results demonstrate that 

hierarchical multiscale engineering of composite materials is an efficient way to design stretchable 

conductors for future energy conversion and storage devices.  



42 
 

 

Figure 13. Flexible and stretchable energy storage systems: (a) MXene and reduced graphene 

oxide composite electrodes for stretchable supercapacitors. Reprinted with permission from ref. 68. 

Copyright "ACS" 2020; (b) Stretchable batteries with gradient multilayer conductors made from 

nanocomposite of multiple layers of gradient assembled polyurethane. Reprinted with permission 

from ref. 189. Copyright "AAAS" 2019. 

 

6.6 Bioelectronic devices 

Bioelectronic devices which can interface and communicate with human body are recently 

attracting increasing attention for potential therapeutic applications such as electrical stimulation, 

neural interfaces for robotic prostheses, and cardiac pacemakers.14,105,190,191 To overcome the 

mismatch of mechanical properties between implanted electronic devices and biological tissues, 

stretchable conductive nanocomposites with excellent mechanical compliance, biocompatibility, 

and outstanding electrical property have been designed to effectively conform and interact with 

human tissues.14,190 As discussed in Section 2.3, hydrogels are good candidates for bioelectronic 

devices because of their similarity to biological tissues. To promote the recovery of damaged 

nerves by electrical stimulation, Zhao and co-workers developed a stable ionic circuits based on 
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conductive nanocomposite hydrogel with salt and hydrophilic polymer (poly(ethylene glycol), 

PEG).192 Comparing with conventional electrodes based on metal and carbon nanomaterials, the 

hydrogel electrode was fully compatible with biological tissues and could precisely deliver 

programmed electrical signals with significantly reduced issue damage. Apart from conductive 

hydrogels, implantable neural microelectrodes integrating conductive composite materials of 

polymer and metal have been developed to carry out neural recording and simultaneous 

optogenetic stimulation.193 The resulting composite multielectrode fiber probes are highly flexible 

and much smaller than traditional recording electrodes, enabling better compliance with brain 

tissue and single-neuron recording.  

 

7. Conclusions and Outlook 

In this review article, we have examined recent advances in conductive nanocomposites for 

stretchable electronics from the material design and application viewpoints. New stretchable and 

soft electronic devices and systems based on conductive nanocomposite are attractive because of 

vast choices of conductive nanomaterials and simple fabrication processes. To achieve desirable 

electrical conductivity and stretchability, a wide range of conductive nanofillers, including carbon- 

and metal-based nanomaterials have been embedded into stretchable matrices to develop high-

performance conductive nanocomposites for stretchable electronics, including sensors, electrodes, 

energy harvesting and storage devices. Carbon-based conductive nanofillers have outstanding 

mechanical properties, fatigue resistance, and excellent chemical/thermal stability, which make 

them excellent candidates for flexible energy storage devices where harsh chemical and thermal 

conditions are usually required. Because of their high electrical conductivities, optical 

transparency, and high aspect ratios, metal nanowires are popular for emerging applications in 

transparent physical sensors and stretchable conductors. Synergistic improvement of stretchability 

and conductivity of nanocomposite materials have been achieved by hybridization of conductive 

nanofillers with 0D, 1D, and 2D structures.  

Several challenges remain in conductive nanocomposites for stretchable electronics. Additional 

integration strategy is required to join stretchable electronics with other electronic components 

such as power supply, data acquisition and transmission units. Stable and durable interconnections 

between soft electronic devices and conventional rigid electronics are critical to fulfilling their 
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potentials under various mechanical deformations. To this end, highly stretchable and conductive 

nanocomposites which can be directly soldered or bonded onto commercial electronic components 

are desirable for practical and wider applications of new stretchable electronic devices. Moreover, 

advanced fabrication techniques such as 3D printing, which are capable of multimaterial printing, 

are promising to fabricate advanced soft electronics with complex structures and multiple 

functionalities. By combining unique structures, new functionalities, and advanced fabrication 

methodologies, conductive nanocomposite materials are expected to have a significant impact on 

the next generation stretchable electronic devices. 
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