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Abstract

The recent advent of stretchable gas sensors demonstrates their capabilities to detect not only 

gaseous biomarkers from the human body but also toxic gas species from the exposed 

environment. To ensure accurate gas detection without device breakdown from the mechanical 

deformations, the stretchable gas sensors often rely on the direct integration of gas-sensitive 

nanomaterials on the stretchable substrate or fibrous network, as well as being configured into 

stretchable structures. The nanomaterials in the forms of nanoparticles, nanowires, or thin-films 

with nanometer thickness are explored for a variety of sensing materials. The commonly used 

stretchable structures in the stretchable gas sensors include wrinkled structures from a pre-strain 

strategy, island-bridge layouts or serpentine interconnects, strain isolation approaches, and their 

combinations. This review aims to summarize the recent advancement in novel nanomaterials, 

sensor design innovations, and new fabrication approaches of stretchable gas sensors.
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1. Introduction

Recent developments of various gas sensing technologies have made it possible to detect 

gaseous biomarkers not only from the human body but also from the exposed environment. 

For example, a simple breath acetone sensor based on Si-doped WO3 can accurately monitor 

body fat burning rates to provide real-time personalized and immediate exercise feedback 

[1]. With activated alumina powder as a filter to fast and highly selectively detect isoprene, 

the breath marker detected by this versatile sensor can be used to inform high blood 
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cholesterol levels, influenza, endstage renal disease, muscle activity, lung cancer, and liver 

disease with advanced fibrosis [2]. Integration of multiple gas sensors in a small footprint 

array also has the capability to simultaneously detect various biomarkers with high 

precision, including acetone, ammonia, isoprene, carbon dioxide, and relative humidity 

released by respiration and skin below parts-per-million (ppm) levels [3,4]. The sensor array 

can be easily integrated into hand-held or drone-carried detectors to track the unique volatile 

chemical characteristics of trapped people for accelerated rescue work. In addition to the 

gaseous biomarkers from the metabolism of the human, hazardous gases in the exposed 

environment can also result in health issues when the exposure is beyond certain 

concentrations [5]. For instance, nitrogen dioxide (NO2) frequently results in adverse 

respiratory health issues such as chronic bronchitis, emphysema, and irritation [6]. Studies 

also reveal a significant association between long-term NO2 exposure and mortality due to 

heart failure and dysrhythmia [7,8]. As another example, formaldehyde, as one of the most 

important air pollutants in homes, is reported to be related to sick building syndrome, central 

nervous damage, and immune system disorders [9]. Furthermore, hydrogen sulfide (H2S) is 

believed to cause a sore throat, cough, and eye irritation at a level of 10 ppm, and even be 

lethal for humans when the concentration is above the 700 ppm-level [10]. Other common 

hazardous gas compounds include acetone, methanol, toluene, sulfur dioxide (SO2), 

ammonia (NH3), and many others [11-13]. Corresponding gas sensors have also been 

reported for air quality monitoring (e.g., a highly selective hand-held gas sensor for 

methanol detection [1,14]).

Though the above gas sensors already exhibit excellent characteristics (e.g., high accuracy, 

fast response and recovery, good selectivity, low power consumption, small size, and low 

cost [15]), they are not easy to be miniaturized into a wearable form due to the need for a 

bulky electrochemical workstation [16]. The rising of stretchable electronics for monitoring 

of health-related parameters [17-22] has also led to the rapid development of stretchable gas 

sensors for continuous and real-time monitoring of the gaseous biomarkers from the human 

and dangerous gases in the exposed environment. With the advantages of real-time, 

continuous monitoring of relevant biomarkers, these stretchable gas sensors have the 

potential to provide very early medical diagnosis, significantly increasing the chances of 

successful treatment for widespread diseases such as lung cancer and melanoma, while 

decreasing the overall treatment costs [23]. Also, recurrent monitoring of important 

biomarkers with early interventions can help prevent the development of chronic illnesses 

such as asthma and circulatory system disorders [23]. In addition to the exhaled breath, 

stretchable gas sensors can also be applied to analyze skin hydration [24-26] and sweat 

composition [27,28].

From a material perspective, due to the dosimetric change of electrical resistance upon 

surface adsorption of gaseous analytes, a wide range of metal oxides with different chemical 

compositions and structures [29] have been reported as gas sensing materials with tunable 

sensitivity and selectivity [30]. The applications of metal oxide gas sensors include detecting 

explosives [31], the leakage of gaseous hazards [30-33] monitoring vehicle gas emission 

[34,35], among others. One of the most concerning aspects of the metal oxide-based gas 

sensors is their high working temperatures (e.g., 400° C, 250° C, and 200°C for SnO2, CuO, 

and NiO, respectively) to ensure good sensitivity and fast gas desorption. However, high 
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temperature is intrinsically not suitable for wearable sensing devices as the highest 

temperature that human skin can tolerate is around 43°C [36]. Thus, the wearable gas sensor 

is required to either have a thermal mitigation strategy to suppress the heat conduction to 

human skin or operate at reduced working temperature, at the same time, maintaining its gas 

sensing performance. Because of the response from the metal oxide to a wide range of gas 

molecules, most metal oxide gas sensors show compromised selectivity.

Carbon-based materials and transition metal dichalcogenides (TMD) in their 2D forms have 

been gaining momentum in the gas sensors due to their enhanced electron transfer [37], 

light-matter interaction [38], and surface-to-volume ratio [39]. The ultrathin thickness of 2D 

materials makes them ideal candidates for flexible gas sensors due to their large specific 

surface area and decent thickness close to the Debye length [40,41]. Thus far, the 

demonstrated gas or chemical vapor sensors have explored graphene [42], carbon nanotube 

(CNT), reduced graphene oxide (rGO) [43], as well as TMDs that include molybdenum 

disulfide (MoS2) [44,45], molybdenum diselenide (MoSe2) [46], tungsten sulfide (WS2) 

[47]. Known as “synthetic metal,” conducting polymers such as polyaniline (PANI) 

[32,42,48], polypyrrole [49], and polythiophene [50] have been widely investigated on their 

gas sensing properties. Compared with other sensing materials, conducting polymers show 

advantages of high sensitivity and fast response rates at room temperature [51], which makes 

them attractive for wearable gas sensors. Other notable gas-sensitive materials also include 

layered group III-V semiconductor-based materials (e.g., GaS [52] and GaSe [53]) and 

semiconducting materials (e.g., black phosphorus [54] and silicon [55]), and composites that 

blend multiple types of sensing materials’ [13,56,57].

The development of stretchable gas sensors often relies on the direct integration of 

nanomaterials on a stretchable substrate or porous network, as well as being configured into 

a stretchable structure (Fig. 1). Other than silicone elastomers (e.g., polydimethylsiloxane 

(PDMS), Ecoflex) and textiles that are most frequently used for wearable electronics [58], 

the polyurethane (PU) elastomer with a comparable Young's modulus [59-61] and its 

electrospun forms of fibers or foams [62,63] also represent another promising substrate 

materials. Easy integration with these stretchable substrates has also led to extensive 

investigations of the aforementioned four types of sensing materials in the forms of 

nanoparticles, nanowires, or thin-films with nanometer thickness [64]. The synthesis of 

metal oxides with various nano geometries is extensively investigated [65], whereas TMD 

and carbon-based 2D materials can be fabricated through either chemical vapor deposition 

or mechanical exfoliation [66]. In addition to direct coating, chemical or electrochemical 

deposition can easily prepare thin films of conducting polymers [67]. A combination of 

these gas-sensitive nanomaterials with stretchable substrates or stretchable structures results 

in a new class of stretchable gas sensors, which can be placed onto the human body without 

device breakdown from mechanical deformations to inform the health conditions. This 

review aims to summarize the recent advancement in novel nanomaterials, sensor design 

innovations, and new fabrication techniques of stretchable gas sensors. The selected 

challenges (e.g., deconvolution of multiple gaseous species in a mixture) discussed in this 

review also represent a fraction of possibilities and opportunities for future development.
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2. Direct deposition of gas-sensitive materials on stretchable substrates

2.1. Gas-sensitive materials on stretchable thin films

The most straightforward method to prepare stretchable gas sensors is to directly deposit 

gas-sensitive materials on soft elastomeric substrates such as silicone polymers. However, 

the stretchability of the resulting gas sensors is limited. Upon stretching, cracks often occur 

in the gas-sensitive thin films due to the rigid nature of most types of sensing materials (e.g., 

metal oxides, TMDs, and some conducting polymers). When the contact between cracked 

plates or regions is maintained during stretching, the device can still remain functional. One 

method is to explore the good adhesion between the cracked plates and soft elastomers, such 

as between zinc oxide (ZnO) plates and PDMS. The fabrication of this microtectonic ZnO-

based stretchable gas sensor relies on the low adhesion of platinum (Pt) to the silicon 

substrate [68]. After a Pt layer is deposited on the silicon substrate, high-temperature ZnO 

films are sputtered and then peeled off with Pt using PDMS. Removing the Pt layer with 

reactive ion etching results in a ZnO-based stretchable gas sensor (Fig. 2a). The photography 

shows a transparent and twisted device without electrodes (Fig. 2b). When brittle oxide thin 

films are incorporated into the elastomeric substrate, the ZnO layer forms micrometer-sized 

plates with overlap that could slide over each other, as indicated by the microtectonic 

morphology of the ZnO surface (Fig. 2b). Due to the high adhesion to the elastomer, the 

microtectonic ZnO plates form a large functional surface and maintain electrical contact 

upon stretching. The fabricated sensor is able to sense both H2 and NO2 gases at room 

temperature in situ under sequential exposure to zero air, hydrogen, and nitrogen dioxide in 

a test chamber (Fig. 2c-i). The exposure of the sensor to H2 results in a rapid drop in 

resistance and an exponential reverse recovery, whereas its exposure to NO2 leads to a 

resistance increase with higher sensitivity, followed by a soft quadratic recovery (Fig. 2c-ii). 

Because the sensor exhibits opposite resistance changes when exposed to the two test gases 

(H2 and NO2), this characteristic could be used to distinguish these two gases under 

sequential exposure. However, it would still be challenging to deconvolute the two in a 

mixture as the combined responses may cancel either other. When the sensor is stretched to 

5%, its sensitivity diminishes, though the response characteristics remain. High stability in 

the sensor response is observed in both relaxed and stretched states over multiple exposure 

cycles. The stretchable ZnO/PDMS gas sensor also exhibits larger sensitivity and faster 

response/recovery rates when compared to the rigid ZnO/silicon sensor. This superior 

sensing performance is attributed to the highly gas permeable nature of PDMS and the 

unique microtectonic morphology of the ZnO plates on PDMS, which both lead to an 

increased exposed surface area for gas sensing (Fig. 2c-iii). It should be noted that the 

demonstrated response process at room temperature is relatively short, when compared to its 

response curve at an elevated temperature of 100° C (Fig. 2c-iii). Thus, the room 

temperature response may be much slower. Nevertheless, this biocompatible gas sensor 

shows the potential to replace the current expensive hydrogen breath tests for in vitro 
detection of food intolerances.

To avoid device failure when stretched over a large tensile strain, gas-sensitive materials in 

the form of nanowires or nanoflakes have been investigated because of their robust 

conductive pathways preserved by the numerous junctions between nanowires/flakes [68]. 
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For example, the bilayer conducting PANI consisting of planar PANI and aligned nanowires 

array is fabricated on a thin PDMS substrate through chemical bath deposition (Fig. 3a-i) 

[74]. Cracks are observed in the PANI thin film layer, whereas nanowires either cluster on 

top of the PANI film or bridge the gaps between cracked PANI islands (Fig. 3a-ii). Such a 

structure helps maintain the electrical conductivity of the PANI when the tensile strain is 

applied up to 100% (Fig. 3a-iii). The microstructural change of the PANI film is observed 

under a scanning electron microscope (SEM). As the tensile strain increases from 0% to 

80%, the PANI thin film is fractured with increased crack and ridge density. However, the 

PANI islands are still interconnected through PANI nanowires in the gap (Fig. 3b). The 

sensitivity of the stretchable PANI gas sensor to CH4 is examined under different tensile 

strain states (Fig. 3c). The conductivity of PANI significantly drops when exposed to CH4 

due to the deprotonation of PANI from its conducting emeraldine salt form to insulating 

emeraldine base form. It is interesting to note an increased sensitivity when the stretchable 

PANI sensor is stretched from 0% to 30% strain. A possible origin for such a phenomenon 

might be the exposure of fresh PANI upon stretching. However, an increase in the noise level 

is also observed as the sensor is stretched, which may cause the inaccurate reading of the gas 

concentration and compromise the limit of detection. Furthermore, the sensor could not be 

used to detect the gas concentration when the applied tensile strain is also changing during 

the gas concentration measurement as the sensor cannot differentiate the signal between the 

two. As a colorless and odorless volatile organic gas, CH4 is frequently found in coal mines 

to cause potential safety issues. The burning or inhalation of CH4 can also cause severe 

explosion or suffocation. Hence, the stretchable CH4 gas sensors are of vital importance for 

safety and health monitoring.

Different from the above example that exploits nanowire array, nanofiber network (FN) is 

also highly desirable to enable mechanically flexible/stretchable properties in the gas 

sensors. Compared to electrospinning, the more cost-effective and efficient blow spinning 

technology prepares indium-gallium-zinc oxide (IGZO) FN on stretchable poly [styrene-b 

(ethylene-co-butylene)-b-styrene] (SEBS) substrates to result in a multifunctional sensor 

(Fig. 4) [75]. The highly stretchable conducting composite polystyrene sulfonate (PEDOT: 

PSS) used as the electric contacts in the sensor remains functional under various stretching 

deformation (Fig. 4a). The gas sensor is capable of detecting NO2 gas and exhaled breath 

vapors. Its dynamic response to 20 ppm NO2 demonstrates fast response and recovery rates 

of less than 50 s (Fig. 4b). The device is also highly selective to NO2 in the presence of other 

nonoxidating gases (e.g., 20 ppm NH3, 104 ppm CO2, and 103 ppm H2) (Fig. 4c). However, 

it should be noted that the normalized resistance change varies significantly and without a 

monotonic trend as the tensile strain is applied. When used as a temperature sensor, the 

IGZO FN exhibits a linear dependence on the temperature and higher sensitivity than the 

previously reported temperature sensors made of IGZO films, graphene (oxide)/polymer 

films, and P3HT/PDMS films (Fig. 4d). With a rapid current response to exhaled breath gas 

within 2 s, the sensor distinguishes different respiratory states from exhaled gas after 

physical activities (Fig. 4e). When breathing at a slow rate (~3–4 breaths min−1), the current 

recovers to its initial value (~40 nA). In contrast, the current cannot fully recover and 

remains at a high level (300–6000 nA) of a normal respiratory rate (~15 breaths min−1). For 

the jogging test, the IGZO FN device responds with an ~8 times increase in saturation 
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current to reach ~5 × 104 nA, which is mainly due to the increased respiratory temperature 

and water vapor after exercise. The current change is also only 2–3 times of the minimum 

inhaling current of ~1.6 × 104 nA during rapid breathing. The wearable sensor can also 

detect human alcohol consumption. When tested at a slow breathing rate, the saturation 

current after drinking a 200 mL beer is 50% lower than that when not drinking, and the 

current change during inhaling and exhaling is 10–20 times lower than that without alcohol.

2.2. Gas-sensitive materials on stretchable textiles or porous templates

Besides stretchable thin films, stretchable textiles with entangled or interconnect fibers also 

provide some extent of stretchability due to the rotation of fibers upon stretching. The 

integration of sensing components on conductive fibers, yarns, and fabrics in clothes 

represents a new class of wearable electronics called electronic textiles (E-textiles). A simple 

and most commonly employed method for fabricating a textile-based stretchable gas sensor 

is to dip-coat gas-sensitive materials onto fibers by immersing the fibers in a well-dispersed 

solution of sensing material. Because of the highly porous fibrous materials with ample 

residing sites for dispersed sensing materials, the resulting stretchable gas sensor with high 

sensitivity from this facile fabrication process shows great potential for wearable gas 

detection when integrated onto clothes.

While the commonly used carbon-based materials (e.g., CNT, graphene, and rGO) have been 

explored in flexible and wearable E-textiles [76-78], the relatively weak adsorption strength 

between gas molecules and carbon-based materials often causes degraded gas sensing 

performance. One possible solution to this problem is to apply functionalization to the 

carbon-based materials for enhanced gas adsorption ability and tunable selectivity. For 

instance, the use of rGO/ZnO composite enhances sensitivity in the resulting stretchable gas 

sensing E-textile, where either commercial cotton threads (CT) or elastic threads (ET) is 

coated with rGO/ ZnO composite (Fig. 5a) [69]. Because the adhesion at the material 

interface is critical for the gas sensor to survive large deformation, (3-Aminopropyl)-

triethoxysilane (APTES) has been explored as an adhesive layer between different materials. 

Briefly, the threads are firstly dip-coated with APTES (Fig. 5a-i) followed by GO dip 

coating (Fig. 5a-ii). Covalent bonding between the amino groups in APTES and carboxyl 

groups enhances the adhesion of GO onto the APTES coated fibers (inset, Fig. 5a-ii). 

Chemical reduction of GO into rGO (Fig. 5a-iii), followed by the dip-coating of APTES-

ZnO, finishes the fabrication of the gas sensor (Fig. 5a-iv). SEM images indicate a uniform 

coating of rGO on both types of threads and subsequent successful attachment of ZnO onto 

rGO-coated cotton threads (Fig. 5b). The functionalized threads that can further be woven 

into the fabrics in a designed pattern (Fig. 5c-i) exhibit relatively small changes for a 

bending radius as small as 0.1 cm (Fig. 5c-ii) or a twisting angle as large as of 3600° (Fig. 

5c-iii). The gas sensor can also be stretched to a tensile strain up to 100%, but the 

stretchinginduced shift of sensitivity is observed to be significant due to the large change in 

the resistance of the fibers from strain (Fig. 5c-iv). Knotting the gas sensing threads onto 

fabrics can further form an array of gas sensors (Fig. 5d). After obtaining a linear sensitivity 

from the rGO/ZnO sensor knotted by two sensing threads to NO2 (Fig. 5d-i), a 4 × 4 sensor 

array is fabricated by knotting 4 perpendicular and 4 horizontal threads with each other (Fig. 

5d-ii) stitched onto clothes (Fig. 5d-iii). The simultaneous NO2 detection from multiple gas 
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sensors promotes data reliability by minimizing the possible error from a single sensor, each 

with an experimentally demonstrated limit of detection of 100 parts-per-billion (ppb) (Fig. 

5d-iv). Breakage or fracture of fibers can frequently happen due to the limited mechanical 

strength. However, knotting the broken fibers into each other can repair the gas sensor for 

further use, making the fiber-based gas sensor suitable for scalable gas sensing application.

Other than the commercial threads with a diameter in the micrometer range, textile-like fiber 

structures with a muchreduced diameter and increased specific surface area can also be 

prepared through an electrospinning process. By a simple ultrasonic-assisted dip-coating 

process (Fig. 6a), electrospun polyurethane (PU) nanofibers decorated with acidified carbon 

nanotubes (ACNTs) present good endurance to a maximum tensile strain of 100% (Fig. 6b) 

[60]. The sensitivity of the ACNTs-PU sensor to a relative humidity of 59% is observed to 

gradually increase with the increasing strain level (Fig. 6c), which is mainly caused by the 

increased hydrophilicity of the fiber surface upon stretching. Therefore, the relative humidity 

sensor with stretching-dependent sensitivity may only work at a given strain level to ensure 

accurate humidity measuring. After incorporating the fibrous sensor in a facemask, the 

sensing curves with different frequencies and magnitudes can be used to distinguish mouth 

from nose breathing, due to the lower breath frequency and more humid exhalation from the 

mouth breathing (Fig. 6d). The stretchable gas sensor is also capable of detecting different 

types of volatile organic compounds (VOCs), including methanol, heptane, acetone, toluene, 

and tetrahydrofuran (Fig. 6e). Though the sensor response to methanol is higher than those 

from the other VOCs and relative humidity, the interfering from the others cannot be 

ignored, especially when the target gas such as methanol is at a lower concentration. VOCs 

from human breath are important gaseous biomarkers of various types of diseases, including 

amoebic dysentery, intestinal bacterial infections, and cancer [79]. The non-invasive 

diagnosis of lung cancers and other diseases may be achieved by detecting the VOCs from 

human breath, when the limit of detection of the gas sensor is promoted to ppb level [80].

Similar to the textile structure, the 3D stretchable fibrous structure (e.g., sponges) is also 

suitable to serve as a template to integrate the sensing materials for stretchable gas sensors. 

As a representative example, silver nanowire (AgNW) and rGO can be dip-coated on the 

porous and interconnected PU sponges to yield a stretchable NO2 gas sensor (Fig. 7a) [70]. 

As indicated in the SEM images of the PU sponge before and after the dip-coating process, 

the rGO/AgNW is successfully coated, where AgNW ensures continuous conductive 

pathways and moderate resistance (Fig. 7a). The sensitivity of the stretchable rGO/AgNW-

PU gas sensor to NO2 remains almost unchanged as the tensile strain is increased to 30%, 

but it increases significantly when the strain is further increased to 60% (Fig. 7b). This result 

indicates inaccurate detection when the strain is above 30%, as suggested by the authors. 

However, it could contribute to enhanced sensitivity and possibly lower limit of detection 

when the strain of 60% remains unchanged. Different from the oxidizing NO2 gas, reducing 

gases such as acetone and ethanol donate electrons to rGO, causing a decrease of charge 

carriers (holes) and an increase of resistance (Fig. 7c, d). Compared to NO2, the response 

curves of the rGO/AgNW-PU sensor to acetone and ethanol are associated with a higher 

level of noise, less accuracy, and different stretching-dependent sensitivity. Nevertheless, the 

stretchable rGO/AgNW-PU sensor exhibits good selectivity to NO2 over VOCs (Fig. 7e).
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3. Exploration of stretchable structures

3.1. Wrinkled structures created by the pre-strain strategy

Flexible thin-film materials can be rendered stretchable when they form a wrinkled structure 

by the pre-strain strategy. Briefly, after bonding the flat thin film on a uniaxially or biaxially 

prestrained soft elastomer, the release of the pre-strain transform the thin stiff film into a 3D 

buckled structure as the elastomer returns to its initial shape [81]. This simple strategy is 

directly applicable to 2D materials because of their extremely small thickness to enable easy 

bending and twisting during the formation of buckled structures. Because 2D materials 

cannot be easily synthesized on the soft polymeric substrate, they are firstly transferred from 

their growth substrate to the target soft substrate via the technique of transfer printing 

[82-84]. The low adhesion energy between 2D materials and silicone elastomer such as 

PDMS [85] has led to the use of a sacrificial layer to assist the transfer process.

Applying the uniaxial pre-strain strategy creates a crumpled quantum dot (CQD) sensing 

layer on the elastomeric substrate to result in a fully stretchable and humidity-resistant gas 

sensor (Fig. 8a) [71]. First, a rectangle-shaped VHB acrylic 4910 elastomer film is 

uniaxially stretched along one in-plane direction. Next, the graphene papers are dry 

transferred onto the substrate as electrodes due to their good intrinsic stretchability and low 

sheet resistance of ~200 Ω/sq. PbS CQDs are then deposited on the prestrained substrates as 

a functional sensing layer. The fabricated sensor can attach to a finger joint as the hand is in 

a “rock” and “paper” state. The sensor is also reversibly stretchable from wrinkled to flat 

states for repeated tensile cycling (Fig. 8b). Furthermore, the sensor has fast response and 

reversible recovery kinetics for 50 ppm NO2 for uniaxial tensile strains of 0%, 44.4%, 

54.5%, 61.5%, and 66.7% (Fig. 8c-i). Although the sensor remains functional to NO2 of to 5 

ppm, 10 ppm, 30 ppm, 50 ppm, 60 ppm, 80 ppm, and 100 ppm when stretched up to 90%, 

its sensitivity decreases compared to its counterpart without uniaxial tensile strain (Fig. 8c-

ii). In addition to the negligible changes at the repeated uniaxial tensile strain (1000 times 

for 20% stretching) (Fig. 8c-iii), the sensor also highlights a humidity-resistant capability 

with a small variation in the response as the range of relative humidity increases from 0 to 

86.7% for both 0 and 61.5% tensile strain (Fig. 8c-iv). The humidity-resistant capability of 

the gas sensor comes from the micro- and nano-scale hierarchical crumpled structures in the 

PbS CQD films, as evidenced by the increased static contact angles from 91.08° to 117.05° 

as the pre-strain increases from 0 to 61.5%. The combination of quantum dots with a 

crumpled layer provides a pathway for on-body wearable gas sensors due to their low 

working temperature and high sensitivity.

The application of the pre-strain strategy can also go from uniaxial to biaxial to prepare a 

biaxially stretchable chemiresistive WS2-based humidity sensor on PDMS (Fig. 9a) [86]. 

The 2D WS2 is first fabricated by sulfurization of W on the SiO2/Si substrate and transferred 

to the intermediate PMMA substrate by etching the underlying SiO2 layer. After attaching 

the PMMA/WS2 laminate onto biaxially prestrained PDMS, etching away the PMMA by 

acetone accomplishes the assembly of WS2/PDMS. Graphene interdigitated electrode (IDE) 

can be added on top of the WS2 layer using the same PMMA-assisted transfer printing. The 

release of the pre-strain applied to PDMS results in a biaxially wrinkled structure for both 

Yi et al. Page 8

Trends Analyt Chem. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the WS2 layer and graphene IDE, yielding a stretchable humidity sensor that is functional 

under stretched, relaxed, and compressed states on the human wrist (Fig. 9b). In addition to 

an approximately identical response upon bending (Fig. 9c i-ii), the biaxially wrinkled WS2 

humidity sensor is also able to detect exhaled breath as a tensile strain increases from 0% to 

40% (Fig. 9c iii-iv). The fast response rate and high sensitivity demonstrate the potential of 

the sensor for mask-free monitoring of human breath. Without a systematic characterization, 

the large fluctuation in the signal possibly comes from the resistance change in the sensor 

upon stretching or the variation in the exhaled breath.

3.2. Island-bridge layouts or serpentine connections

Besides the pre-strain strategy, the more advanced island-bridge layout is commonly 

explored for stretchable gas sensors, where the functional or sensing components fabricated 

on rigid islands are interconnected through serpentine conductive bridges. The serpentine 

bridges can unfold to follow the stretching deformation and accommodate the strain applied 

to the device system, while protecting the device components on rigid islands [72,86,87]. As 

an implementation of such a strategy, a multifunctional stretchable sensor system including a 

NO2 gas sensor in the island-bridge layout is demonstrated, which is also self-powered by an 

array of micro-supercapacitors (MSCs) (Fig. 10a) [72]. The entire system consists of an 

array of nine MSCs, a radio frequency power receiver for charging the MSCs, and multiple 

sensors (Fig. 10b). In addition to a multi-walled carbon nanotube (MWNT)/SnO2 NW 

sensor to detect both NO2 and UV light, the sensing system also includes a fragmentized 

graphene foam sensor to detect biosignals (e.g., repeated human voice, pulse, and motion). 

These components on a single stretchable substrate are interconnected by embedded liquid 

metal. The NO2 gas sensor shows a stable and almost unchanged response to NO2 of 200 

ppm even as the uniaxial tensile strain increases to 50%, demonstrating the mechanical 

stability of the integrated sensor system (Fig. 10c). Integrated with wirelessly rechargeable 

MSCs to power the sensors, this system demonstrates a great potential for self-powered NO2 

sensors and bioenvironmental monitors without a wired connection. However, it should be 

noted that the output voltage of the MSCs gradually decreases with time to result in a 

gradually decreased response to NO2 gas over time.

A similar island-bridge layout has also been applied to a patterned-graphene NO2 gas sensor 

powered by a polyaniline-wrapped MWNT (PWMWNT) micro-supercapacitor (MSC) 

integrated on a soft Ecoflex substrate (Fig. 11a) [87]. Because of the serpentine conductive 

Au bridges, the MSC and graphene gas sensors placed on a soft Ecoflex with embedded 

rigid SU-8 array can be stretched up to a maximum biaxial strain of 40% without causing 

device failure (Fig. 11b). Because of the significantly higher Young's Modulus of 4.1 GPa in 

SU-8 compared to that of silicone rubber of sub-MPa level [88], the rigid SU-8 islands 

isolate the large deformation from the underlying Ecoflex substrate and ensure a negligible 

deformation to protect the MSC and gas sensor. The evaluation of the graphene gas sensor to 

NO2 under an increasing tensile strain from 0% to 50% also exhibits a gradually decreased 

sensitivity (Fig. 11c). It is noteworthy to point out that the decreased sensitivity may come 

from the continuous discharge of the MSC array during consecutive NO2 exposures rather 

than the strain itself. Such a signal drift of gas sensors to the same concentration of target 

gas can also be attributed to the aging effect of the sensor [89] by environmental factors 
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(e.g., humidity [90] and temperature [91]) and irreversible adsorption of gas molecules [92]. 

In the case of severe signal drifting that causes inaccurate measurement of target gas species, 

a drift compensation process for the data such as orthogonal signal correction is necessary to 

ensure valid readout of gas sensors by removing non-correlated variance [93]. The biaxially 

stretchable gas sensor can serve as a wireless body-attachable environmental monitor to 

detect NO2 gas pollution.

Without directly using a stiff island, serpentine interconnects can also be applied to result in 

a stretchable gas sensor based on exfoliated 2D MoSe2 with the sensing layer encapsulated 

by polyimide (PI) layers to locate at the neutral-mechanical plane (Fig. 12a) [94]. Positioned 

at the neutral mechanical plane, the sensing layer would experience a significantly lower 

level of strain upon bending [95]. After the fabrication of the MoSe2-based gas sensor, the 

Au serpentine mesh connects the sensor to circuits on a flexible printed circuit board 

(flexible PCB) for data acquisition and processing, which further allows for conformal 

attachment on the forearm (Fig. 12bc). In addition to the exemplary n-type sensing curve of 

MoSe2 (i.e., increased resistance and decreased current) to different concentrations of NO2 

(Fig. 12d), the gas sensor also highlights a nearly same sensitivity in the detection of NO2 

and NH3 even when a tensile strain of 30% is applied (Fig. 12e). The result demonstrates 

superior mechanical stability and robustness of the stretchable gas sensor with the designs of 

serpentine interconnects and neutral mechanical plane. With the low-energy Bluetooth 

module embedded in the PCB, the sensing data can be transferred to an Android-based 

application and uploaded to the cloud. The capability of the sensor to detect NO2 and NH3 

makes it suitable to protect asthma patients from the exacerbation of the respiratory system.

3.3. Strain isolation and its combination with serpentine structures

As evidenced by the aforementioned stretchable gas sensors, the effect of strain transduced 

from the substrate can play an important role in the sensitivity of gas sensors. Therefore, 

isolating the strain from the substrate provides an effective solution to the stretching-

dependent sensitivity for a stretchable gas sensor. Placement of a strain isolation structure 

(e.g., a stiff [96] or soft [97] inclusion) between the sensing material and the underlying soft 

elastomeric substrate can help reduce the strain in the sensing layer as the substrate is 

stretched. As an example, the selective coating of rigid SU-8 around the gas-sensitive 

material (i.e., graphene/AgNW decorated with polypyrrole (PPy)) on a PDMS substrate 

forms a stretchable gas sensor with enhanced mechanical robustness (Fig. 13a) [98]. After 

transferring the chemical vapor deposition (CVD)-synthesized graphene onto the AgNWs on 

the PDMS, decorating PPy in the sensing region allows the gas sensor to sensitively and 

reversibly detect a nerve gas stimulant - dimethyl methylphosphonate (DMMP). The 

fabricated graphene-based field-effect transistor (FET) sensors exhibit different transfer 

characteristics in accordance to surface coating conditions (Fig. 13b). The PPy bonds to the 

graphene and target gas DMMP through π-π and hydrogen bondings, respectively. Without 

using the serpentine bridges, blending 2D materials with high aspect ratio conductive 1D 

materials such as metal NWs [99-101] also provides conductive, stretchable interconnects, 

which helps prevent failure of 2D materials caused by crack-induced open circuits. Pairing 

the graphene/ PPy gas sensor with a Bluetooth module enables wireless communication to 

monitor DMMP in real-time. Besides a fast response rate and a relatively linear sensitivity as 
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the concentration of DMMP increases from 5 to 25 ppm (Fig. 13c), the hybrid graphene-PPy 

gas sensor also exhibits a good selectivity to DMMP against various organic gas molecules 

(Fig. 13d). The improved selectivity over that of pristine CVD-graphene [102] possibly 

comes from the higher chemical reactivity of PPy doped graphene. Because of the 

stretchable graphene/AgNW conductor and the strain isolation from the SU-8, only a 

negligibly small signal drifting occurs in the gas sensor response as it is stretched up to 20% 

(Fig. 13e). The integration of the gas sensor with a Bluetooth system and inductive antenna 

enables the immediate use of the gas sensor as smart Internet of things (IoTs) for 

environmental monitoring.

The strain isolation with a stiff inclusion can also be combined with serpentine interconnects 

for a stretchable gas sensor. The serpentine interconnects fabricated by a simple laser cutting 

of Au coated PI thin film can connect the gas-sensitive region to an external measurement 

setup on a soft elastomeric substrate with a rigid glass surface inclusion (Fig. 14) [103]. The 

gas-sensitive region explores interdigitated electrode (IDE) (with a gap of 80 μm between 

fingers) with drop-casted gas-sensitive nanomaterials (e.g., rGO/MoS2 composites with 

controlled specific surface areas synthesized by a confined space solvothermal method). 

Besides bending and twisting (Fig. 14a), the gas sensor can also be stretched to 20% (Fig. 

14b), with a very small variation in the sensitivity to NO2 of different concentrations (Fig. 

14c). A slight increase in the sensitivity and improvement in the calculated limit of detection 

is also observed at lower NO2 concentrations upon stretching, possibly due to the strain 

effect on the nanomaterials. During a cyclic deformation test for a tensile strain of 20%, the 

resistance fluctuation is less than 1%, which is much smaller than the 6% response from 

NO2 of 2 ppm to indicate a limited effect from the tensile strain of 20% (Fig. 14d). Though 

the response to 10 ppb NO2 is small (i.e., ~0.1%), the rGO/MoS2 gas sensor exhibits a high 

signal-to-noise ratio for ultrasensitive detection of NO2 at ultralow concentrations (Fig. 14e). 

A good sensitivity against other common interfering gases is also observed in the rGO/MoS2 

gas sensor (Fig. 14f). The stretchable gas sensor with good selectivity, high sensitivity, and 

stretchability is suitable to detect NO2 in the environment.

Compared to the conventional gas sensors with IDE and a separate heater, a novel laser-

induced graphene (LIG) gas sensing platform can be prepared by a simple laser scribing 

process to significantly reduce the manufacturing complexity (Fig. 15a) [73]. The highly 

porous LIG with high specific surface areas in the sensing region can integrate various low-

dimensional carbon-based or metal oxide nanomaterials to allow for highly sensitive 

detection of gases. The serpentine LIG interconnect can also be selectively coated with a 

thin film of metal (e.g., Ag) to significantly reduces its resistance. Because of the drastic 

resistance difference, the measurement voltage can easily induce self heating from a local 

Joule heating effect in the sensing area, which eliminates the need for a separate heater. 

While the sensitive nanomaterials (e.g., rGO/ MoS2, rGO, MoS2, or ZnO/CuO core/shell) 

are dispersed in the sensing region are the laser scribing, the nanomaterial precursor can also 

be applied on the PI substrate before the laser scribing. Nevertheless, the self-heating effect 

in the sensing region can easily increase the operating temperatures from 20 to 80°C (Fig. 

15b). The dynamic response from the rGO/MoS2-LIG gas sensor to NO2 from 0.2 to 5.0 

ppm indicates a monotonically increased response and a wide detection range for air quality 

monitoring and exhalation detection (Fig. 15c). Because of the existing PI beneath the LIG 
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and the serpentine interconnection, the gas sensor can withstand a uniaxial tensile strain of 

20% that corresponds to the maximum strain on the skin surface (Fig. 15d). Different from 

the selectivity for the rGO/MoS2 (Fig. 15e), the ZnO/CuO core/shell on the LIG gas sensing 

platform exhibits a different selectivity (Fig. 15f), which could enable the electronic nose to 

deconvolute multiple gaseous components in a mixture. Other than the demonstrated strain 

isolation strategies, kirigami patterning [104] of the substrate and self-similar interconnect 

patterns [105] can also be applied to further enhance the strain isolation effect and reduce 

the resistance change in the LIG sensing region. When the strain-induced resistance change 

needs to be considered for the detection of target gases at ultralow concentrations, the 

concept from the electronic nose may also be applied to deconvolute the gas response from 

the strain. The facile and cost-effective fabrication method provides a novel gas sensing 

platform to enable stretchable gas sensors for various healthcare and environmental 

applications.

4. Applications of stretchable gas sensors

As a non-invasive medical monitoring and diagnostic method, the analysis of gaseous 

biomarkers starts to gain momentum for early diagnosis of various types of diseases. Among 

over 2600 gaseous biomarkers mostly from a single secretion pathway [23], there are 

already more than 10 biomarkers from the exhaled human breath (or skin perspiration) being 

used for disease diagnostics (Table 1). The commonly investigated gas species include 

acetone, ammonia, 2-butanone, ethanol, H2S, NO, CO, H2, NO2, ethylene, menthone, 

styrene, trimethylamine, among others. A wide range of diseases has also been investigated, 

including diabetes [106], liver failure [107], helicobacter pylori [108], alcohol/cigarette 

consumption [109], asthma [110], lung injury [111], ovarian cancer [112], and chronic 

kidney disease [113]. The demonstrated success of stretchable gas sensors captures the 

gaseous biomarkers generated from metabolic processes in the exhaled breath or skin 

perspiration for non-invasive, portable, and personalized health monitoring and disease 

screening [114]. Electronic-nose based on metal oxide gas sensors [115], laser spectroscopy 

[116], gas chromatography-mass spectrometry (GC-MS) [117], and selected ion flow tube-

mass spectrometry (SIFT-MS) [118] has already been applied for breath analysis. The GC-

MS and SIFT-MS based methods are especially popular for identifying trace-VOCs due to 

their reliable identification and accurate quantification of a wide range of substances [118]. 

It is worth pointing out that practical analysis of breath or skin perspiration [23] requires the 

gas sensor to have both high selectivity and sensitivity. The former requirement comes from 

the fact of the significantly large number of gaseous biomarkers in the complex mixture, 

whereas the latter results from the exceptional low concentration of the target biomarkers 

(i.e., ~ ppb level). The demonstrated stretchable gas sensors have already shown the 

capability to detect NO2 [68,69,73,75,103], methane [74], and NH3 [94] down to 1.2 ppb 

[73], 10000 ppm [74], and 20 ppb [94], respectively. However, extensive efforts are still 

needed to detect more gaseous biomarkers with ultralow concentrations for the disease 

diagnostics. Furthermore, testing of the existing (stretchable) gas sensors still relies on a 

single type of calibration gas with known concentration, which is significantly different from 

the real complex gas mixture with multiple components.
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Other than the biomarker detection, the stretchable gas sensor also highlights its potential in 

environmental air quality monitoring and industry safety, because their required detection 

limits are higher than the biomedical applications. For example, the demonstrated detection 

limit of 1.2 ppb to NO2 is already well below the average NO2 concentration of 50 ppb in 

the atmosphere [119]. Similarly, the demonstrated detection limit of 10000 ppm to methane 

is also below the lower and upper explosive limits of 5% and 15% (or 50000 ppm and 

150000 ppm) in the air [120]. Therefore, the stretchable gas sensors can be readily applied 

for NO2 detection and methane explosion alarm. Furthermore, some other gas species as 

environmental air pollution pose concerns to cause adverse health consequences. For 

instance, the excessive exposure to SO2, O3, and CO (average concentrations of 6 ppb, 32 

ppb, and 770 ppb, respectively in the atmosphere [121]) can cause asthma, abnormal 

respiratory function, and chronic obstructive pulmonary disease [122].

5. Conclusion and future prospective

In this review, we present a glance over the state-of-the-art of the stretchable gas sensors for 

gaseous biomarker detection. These stretchable gas sensors are realized by integrating 

various gas-sensitive nanomaterials with soft elastomeric substrates and stretchable 

structures. Different stretchable strategies have shown their success in suppressing the effect 

of strain for accurate measurement. The representative strategies include direct deposition of 

gas-sensitive nanomaterials on stretchable thin film and porous templates (e.g., fabrics, 

sponges, or fibrous network), wrinkled structures from the pre-strain design, island-bridge 

layouts and serpentine interconnects, and various strain solation approaches. The 

performance of these stretchable gas sensors exhibits high sensitivity and selectivity, rapid 

response/recovery, and ultralow limit of detection. Because of these highperformance 

characteristics, they can accurately and continuously detect gaseous biomarkers from the 

human body, helping establish a direct pathway between health conditions and volatile 

biomarkers produced by the metabolism from the human. At the same time, these sensors 

can also detect potential harmful gases for environmental monitoring, industry safety, and 

military countermeasures.

Though a variety of nanomaterials has been applied for stretchable gas sensors, there is still 

a wide range of gas-sensitive nanomaterials commonly used in rigid gas sensors that are not 

explored in their stretchable counterparts. Besides the demonstrated 2D materials, many 

others (e.g., MXene [139], black phosphorus [140], WSe2 [141], ReS2 [142]) and their 

doped or decorated derivatives [143] have yet to be integrated into the stretchable gas 

sensors. Mixed metal oxides with low working temperatures and conducting polymers with 

good long-term stability may also provide distinct selectivity, high sensitivity, fast responses, 

and wide detection limits for a new class of stretchable gas sensors. The Schottky diode 

contacts, heterojunctions, and changed chemical composition within mixed oxides can lead 

to a remarkable change in the sensor sensitivity. For example, SnO2–CuO porous nanotube 

gas sensor shows enhanced sensitivity and response rate to H2S compared to SnO2 gas 

sensors, possibly due to the synergistic effects and the significantly increased surface area 

[144]. Mixed-valence phases in molybdenum and tungsten oxide also exhibit enhanced 

sensitivity and selectivity to CO2, with a tunable sensing performance by adjusting the ratio 

of molybdenum and tungsten [145]. In addition to the exploration of new sensing materials, 

Yi et al. Page 13

Trends Analyt Chem. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



room temperature sensing can also be achieved by the application of UV illumination. For 

example, the surface of metal oxides can be activated upon the UV excitation for room 

temperature sensing of various types of gas species [146] such as NO2 [147], ethanol [148], 

and formaldehyde [149].

However, the material innovation itself may not be sufficient for the long-lasting challenge 

in the selectivity for chemiresistive or other types of gas sensors. The interference from other 

gas molecules in the sensor response to the target gas may limit the practical application of 

stretchable gas sensors because the ambient environment is always a mixture of multiple gas 

species. Efforts to address this grand challenge have led to the use of highly selective 

membranes [150] or catalytic filters [151], power laws-based analysis, and artificial neural 

networks (ANNs). By utilizing the extra molecular properties of the target analyte, the filter 

can significantly improve the selectivity of the gas sensor. For example, placement of a 

microporous zeolite membrane ahead of the nonspecific SnO2-based sensors results in 

highly selective detection of formaldehyde [150]. This simple yet effective method allows 

for the accurate detection of formaldehyde with a concentration of 30 ppb at a relative 

humidity of 90% without interfering from 1 ppm ammonia, acetone, isoprene, or ethanol. 

Moreover, the coating of a nanoporous hydrophobic layer such as metal-organic framework 

(MOF) ZIF-8 over the gas-sensitive materials can effectively reduce the influence of 

humidity [152]. The facile design in the structure and property of MOF systems also allows 

them to selectively filter other types of gas molecules based on their size, shape, and 

chirality [153]. Therefore, MOF-based gas sensors have demonstrated excellent selectivity to 

NH3, H2, and H2S [153-155]. Furthermore, hydrophilic and hydrophobic compounds [14] 

can be separated by an adsorptive packed bed column with polar nanostructured alumina, 

similar to the gas chromatography (GC) column. This design provides a highly selective 

detection of isoprene at a concentration of 5 ppb at 90% RH, although concentrations of 

methanol, ammonia, and acetone are much higher (e.g., 4–8 times) [2]. On the other hand, 

nonpolar adsorbents such as Tenax TA can separate molecules by molecular weight and 

chemical functional groups. They are widely used in air sampling, where heavy molecules 

are retained longer than lighter ones due to stronger adsorption by van-der-Waals forces 

[156]. While powerful, the application of catalytic filters and highly selective membranes is 

limited to a limited range of target gas species.

Power laws have been demonstrated to successfully explain the correlation between the 

response of gas sensors and the partial pressure (or concentration) of oxidizing/reducing 

gases [157]. Briefly, the response of a gas sensor can be expressed as a function of the 

partial pressure of target gas species Sgas = 1 + a ∗ Pgas
Patm

b
, where Sgas is the response of the 

gas sensor, a and b are the coefficients to be determined by measuring the responses of the 

sensor at different partial pressures of target gas species (i.e., Pgas and Patm). The response 

of a gas sensor to multiple gas species can then be expressed as the product of the responses 

to individual gas species due to their individual state functions [158], i.e., S total = 

Sgas 1*Sgas 2*Sgas 3for three gaseous components in the mixture as an example. By building 

an array of three gas sensors, the response from the three sensors can be obtained as: Sj, Gas_i 

= 1+ [aij *(PGas_i/Patm)bij], where i = 1, 2, 3 represents the type of sensing material, and j = 
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1, 2, 3 represents the type of gas species. After determining the constants aijand bij(i, j = 1, 2, 

3) from the sensor responses to various concentrations of individual gas species, the 

response of each gas sensor to the gaseous mixture can be expressed as 

Si, total = Πj = 1
3 1 + aji ∗ PGasj

Patm

bji
. For a mixture of the three predetermined gas species 

with unknown concentrations, the three unknown gas concentrations (i.e., PGas1/ Patm, PGas2/

Patm, and PGas3/Patm) can be solved from the above equations.

Though power laws-based analysis can provide a quick and convenient method to determine 

gas concentrations from a mixture, a compromised accuracy [159] may hinder its application 

in scenarios where high accuracy is required. Errors of 7.12% and 22% are reported by the 

literature when gas sensor arrays are used to determine the concentration of NO2 and CO 

within a mixture [159]. Such errors may come from the sensor instability, fitting inaccuracy, 

or possible reaction between the gases, which are difficult to prevent. As an alternative, 

ANNs provide a potential solution to detect the gas mixture. Compared to power law-based 

analysis, the ANNs-based model requires a much larger data set for the training of the 

model. However, the ANNs-based model can yield more accurate results (e.g., prediction 

error < 0.8 ppm with gas concentration ranging from 5 to 500 ppm) [160]. It is noteworthy 

that the number of neurons in the output (or input) layer of the ANNs model is determined 

as the number of gas species (or sensors). The number of neurons in the hidden layer can be 

determined through iterative testing of the ANNs for the most accurate layer configuration 

[161]. The convergence of novel stretchable gas sensors and big data analytics may offer a 

paradigm shift not only for the accurate deconvolution of multiple gaseous specious from the 

mixture, but also for large-scale and individualized correlation between the data and health. 

Nevertheless, the combination of novel gas-sensing nanomaterials, innovative device 

integration strategies, and big data analytics can lead to great strides in the burgeoning field 

of stretchable gas sensors for practical applications.
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Fig. 1. Stretchable gas sensors enabled by direct integration of gas-sensitive nanomaterials onto 
the stretchable substrate (template) or by the exploration of stretchable structures.
The stretchable substrate template in the former can be thin films (with a microtectonic 

sensing layer), textiles, porous (fibrous) structures. Reprinted with permissions from Refs. 

[68-70]. The commonly used stretchable structures in the latter include wrinkled surfaces, 

island-bridge layouts, strain isolation layers, or their combinations as in the stretchable laser-

induced graphene (LIG) gas sensing platform. Reprinted with permissions from Refs. 

[71-73].
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Fig. 2. Stretchable microtectonic ZnO-based gas sensor.
(a) The fabrication process of the stretchable gas sensor. After depositing a 50 nm-thick Pt 

layer on the Si wafer, ZnO thin film is sputter-deposited at 250°C, followed by peeling off of 

the ZnO/Pt layer with polydimethylsiloxane (PDMS). Removal of the Pt layer by reactive 

ion etching and release of the device from the wafer complete the fabrication process. (b) 
Optical image of the transparent and twisted microtectonic ZnO device and false-color 

scanning electron microscope (SEM) image of the surface-cracked microtectonic surface of 

ZnO. (c) Testing of the gas sensors in (i) a controlled gas flow test chamber. (ii) 
Microtectonic sensor response to H2 and NO2 in relaxed and stretched states at room 

temperature (shaded areas for an exposure of 80 s). (iii) Comparison of hydrogen sensing 

performance between a stretchable microtectonic ZnO/PDMS gas sensor and a rigid ZnO/Si 

sensor at an elevated temperature of 100°C. Reprinted with permission from Ref. [68].
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Fig. 3. Stretchable methane (CH4) sensor based on the polyaniline (PANI) nanowire array.
(a) The formation process of the PANI nanowire array through (i) a chemical oxidation 

polymerization process. (ii) SEM images of the PANI nanowire array on a PDMS substrate, 

with the high-magnification SEM image of the nanowire shown in the inset. (iii) The plot of 

the relative resistance change versus strain for the PANI nanowire array. (b) SEM images of 

the PANI nanowire array film under different strains of 0%, 40%, and 80%. (c) Time-

dependent response and recovery curves of the PANI nanowire array-based sensor exposed 

to CH4 gas under a tensile strain of 0%, 10%, and 30%. Reprinted with permission from 

Ref. [74].
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Fig. 4. Schematic and sensing performance of an indium-gallium zinc oxide (IGZO) nanofiber 
network (FN) sensor on a poly[styrene-b-(ethylene-co-butylene)-b-styrene] (SEBS) substrate.
(a) Schematic of the stretchable IGZO FN sensor and (b) its current response to 20 ppm 

NO2 for an applied tensile strain of 0%, 10%, and 50%, along with (c) its selectivity to 20 

ppm NO2 against 20 ppm NH3, 1000 ppm H2, and 10,000 ppm CO2. (d) Comparison of the 

sensitivity of the temperature sensor with literature reports. (e) The current response from 

the IGZO FN sensor exposed to exhaled gas during respiration. Reprinted with permission 

from Ref. [75].

Yi et al. Page 24

Trends Analyt Chem. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. Stretchable NO2 sensor weavable onto cloths.
(a) Schematic diagram of the fabrication process for reduced graphene oxide (rGO)/ZnO 

hybrid fibers. (b) SEM images of rGO/ET and rGO/CT sensors and rGO/ZnO CT sensors 

with a coating time of 3 h and 4 h. ET: elastic thread; CT: cotton thread. (c) Deformation test 

of rGO/ZnO CT sensors and rGO/ZnO ET sensors that (i) can be woven onto fabric to form 

a designed pattern. (ii) The relative resistance change of rGO/ZnO CT and ET sensors versus 

the bending radius, with pictures of the sensor bent at different radii shown in the inset. (iii) 
Sensor response for a twist angle up to 3600° in 2 ppm NO2. (iv) rGO/ZnO ET gas sensor 

response and relative resistance change as a function of tensile strain when exposed to 4 ppm 

NO2. (d) Scalable application of CT/ET sensors for NO2 detection. (i) Gas sensor response 

from an integrated sensor by knotting the fractured CT sensor together. The inset shows the 

image of the knotted CT sensor. (ii) Optical image of a 4 × 4 ET sensor array network that is 

stitched onto the dressings. (iii) Gas sensing properties of selected units in the 4 × 4 gas 

sensor array. Reprinted with permission from Ref. [69].
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Fig. 6. Stretchable volatile organic compounds (VOCs) detector based on an electrospun fiber 
network structure.
(a) Schematic demonstration of the preparation process of the conductive nanofiber 

composite (CNC) (left) and its sensing mechanisms for humidity and chemical vapors 

(right). (b) SEM images of CNC fibers under a tensile strain of 0%, 30%, 50%, and 100%. 

(c) The response of the CNC fiber sensor to a relative humidity of 59% at different strains. 

(d) Photograph of a breathing mask with CNC-based humidity sensor incorporated inside 

the mask and its sensing response to nose breath and mouth breathing. (e) Chemical vapor 

sensing of the CNC-based sensor to different types of VOCs at a fixed concentration of 30 

ppm. Reprinted with permission from Ref. [60].
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Fig. 7. Stretchable gas sensor fabricated on a porous sponge template.
(a) Schematic to show the fabrication process of rGO/silver nanowires (AgNWs)-PU 

composites. SEM images of the PU sponge before and after the coating of rGO/AgNW. 

Stretching-dependent responses of rGO/AgNW-PU composite to (b) NO2, (c) acetone, and 

(d) ethanol at different concentrations. (e) Comparison of responses of rGO/AgNW-PU 

composite to NO2 of 10 ppm, ethanol of 10 ppm, and acetone of 10 ppm at a tensile strain of 

0%, 30%, and 60%. Reprinted with permission from Ref. [70].
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Fig. 8. Fully stretchable and humidity-resistant quantum dot wrinkled gas sensors from a 
uniaxial pre-strain strategy.
(a) Schematic to show the fabrication process of the fully stretchable gas sensor and (b) its 

stretchable demonstration, with photographs of the gas sensor attached on the finger joint 

with “paper” and “rock” states and under repeated tensile cycling. (c) Responses of the 

stretchable gas sensor (i) created by different level of pre-strains (i.e., 0%, 44.4%, 54.5%, 

61.5%, and 66.7%), (ii) to different concentrations of NO2 at a uniaxial tensile strain of 0% 

(black) or 90% (red), (iii) after different times of repeated stretching of 20% (pre-strain of 

54.5%); (iv) at different relative humidity created by a pre-strain of 0% (black) or 61.5% 

(red). Note: NO2 of 50 ppm is used in the above testing unless otherwise specified. 

Reprinted with permission from Ref. [71].
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Fig. 9. Stretchable humidity sensor based on wrinkled WS2 from the biaxial pre-strain strategy.
(a) The fabrication process of the 2D WS2-based stretchable gas sensor. After the deposition 

of an ultrathin W film on the SiO2/Si substrate, sulfurization ofW results in WS2 thin film, 

followed by peeling off with PMMA. After the transfer of the WS2 thin film and then the 

patterned graphene onto a biaxially pre-stretched PDMS substrate, the release of the pre-

strain yields a transparent, stretchable WS2 humidity sensor. (b) Image of the WS2 humidity 

sensor in stretched, relaxed, and compressed states with the corresponding humidity 

response, respectively. (c) The (i, ii) flexible and (iii, iv) stretchable demonstrations of the 

biaxially wrinkled WS2 sensor. (i) The current response of the sensor in flat and bent states 

(images of the sensor shown in the insets) and (ii) the dynamic response from the sensor 

over multiple cycles. (iii) The stretched WS2 humidity sensor and (iv) its humidity response 

for a tensile strain of 0, 20%, and 40%. Reprinted with permission from Ref. [86].
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Fig. 10. Multifunctional stretchable sensor system integrated with a radio frequency (RF) 
rechargeable micro-supercapacitor (MSC) array.
(a) Photograph and (b) circuit diagram of the sensor system consisting of an MSC array, an 

RF power receiver, a strain sensor, an ultraviolet (UV)/NO2 gas sensor. (c) Characterization 

of the NO2 gas sensor based on multi-walled carbon nanotube (MWNT)/SnO2 NW hybrid 

film to NO2 of 200 ppm, with (i) its current and (ii) resistant responses for a tensile strain of 

0%, 20%, and 50%, along with (iii) the current response under a dynamic stretching up to 

50% followed by a release. Reprinted with permission from Ref. [72].
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Fig. 11. Biaxially stretchable graphene NO2 sensor powered by MSC on a soft Ecoflex substrate 
with an embedded SU-8 island array.
(a) The layout of (center) biaxially stretchable device consisting of polyaniline-wrapped 

MWNT (PWMWNT) MSC array, graphene gas sensor. serpentine interconnects between 

device islands, all on the Ecoflex substrate with an embedded stiff SU-8 array. (b) Optical 

image of the device system under a biaxial tensile strain of 40%. (c) Dependence of Igas-Iair 

(left y-axis) and sensitivity (right y-axis) of the gas sensor for consecutive exposure to NO2 

as the tensile strain increases from 0 to 50%. Reprinted with permission from Ref. [87].

Yi et al. Page 31

Trends Analyt Chem. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 12. Stretchable MoSe2-based NO2 sensor with a serpentine Au mesh connected to built-in 
signal processing circuits.
(a) 3D schematic, optical image, and fabrication process of the MoSe2-based gas sensor with 

serpentine Au mesh encapsulated between polyimide (PI) layers to be positioned at the 

neutral mechanical plane. (b) Block diagram of the circuit design for data processing and 

delivery. (c) Optical images of the assembled device with the gas sensor connected to a 

flexible PCB under the bandage (1: voltage divider; 2: amplifier; 3: microcontroller). 

Current responses of the gas sensor to (d) NO2 of different concentrations and (e) tensile 

strain from 0 to 30% (left: NO2; right: NH3). Reprinted with permission from Ref. [94].
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Fig. 13. Stretchable dimethyl methylphosphonate (DMMP) gas sensor with strain isolation 
around the gas sensing region based on graphene/AgNW decorated with polypyrrole (PPy).
(a) Schematic of the graphene channel decorated with PPy (left) with π-π stacking 

interaction (red box), which can bond to DMMP through a hydrogen bonding (blue box). (b) 
The surface coating conditions of the graphene channel can affect the transfer characteristics 

of the field-effect transistor (FET) sensors. Responses of the stretchable graphene/PPy gas 

sensors to (c) DMMP of different concentrations, (d) DMMP as compared to other gaseous 

vapors (e.g., acetone, methanol, water, and tetradecane, all of 20 ppm), and (e) a tensile 

strain up to 20% for a DMMP concentration of 5, 10, and 15 ppm. Reprinted with 

permission from Ref. [98].
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Fig. 14. Stretchable rGO/MoS2-based gas sensor with serpentine interconnects on a soft 
substrate with a rigid glass surface inclusion.
(a) Optical images of the gas sensor conformed to the hand upon bending to the fist and 

twisting. (b) Pictures showing the gas sensor stretched to a tensile strain of 0%, 10%, and 

20%, and (c) its responses to NO2 from 0.5 to 2.5 ppm before and after a tensile strain of 

20% to indicate an improvement in the calculated limit of detections. (d) Resistance 

variation during a 20% cyclic strain test. (e) The measurement of the gas sensor to NO2 of 

10 ppb with an excellent signal-to-noise ratio of 35.4. (f) The selectivity of the stretchable 

rGO/MoS2 gas sensor. Reprinted with permission from Ref. [103].
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Fig. 15. Stretchable laser-induced graphene (LIG) gas sensing platform.
(a) Schematic to show the fabrication process of the LIG gas sensing platform. After 

creating a porous LIG pattern on a PI film by laser scribing, the LIG/PI composite is 

transferred to a soft substrate, followed by coating the serpentine regions with conductive 

metal and drop-casting of gas-sensitive nanomaterials in the sensing region. Responses of 

the stretchable LIG gas sensing platform with small petal rGO/MoS2 nanoflowers (b) at 

various temperatures from self-heating, (c) to NO2 from 0.2 to 5 ppm at 60°C, and (d) 
before and after a uniaxial tensile strain of 20% at room temperature (black) and 40°C (red). 

The selectivity of the (e) rGO/MoS2 and (f) ZnO/CuO on the LIG gas sensing platform to a 

wide range of gaseous molecules. Note: 1 ppm NO2 is used in the testing unless otherwise 

specified. Reprinted with permission from Ref. [73].
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