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nanotubes,[16,17] and 2D materials.[18–20] 
For example, metal oxides such as SnO2, 
ZnO, TiO2, WO3, In2O3, Fe2O3, and CuO 
have been widely studied as channel 
materials due to their high sensitivity to 
specific gas molecules, easy production, 
and cost-effectiveness.[21–26] Also, 2D 
materials, including graphene, transition 
metal dichalcogenides (TMDs), boron/
carbon nitride, and black phosphorus 
(BP), have been considered to be poten-
tial chemical sensing materials because 
of their unique electrical and surface 
properties.[27–32] In particular, their large 
surface-to-volume ratio leads to a high 
density of adsorption sites, easily tunable 
bandgap when changing the number 
of layers, and various active sites (e.g., 
at vacancies, edges, basal planes, and 
defects) for realizing highly selective 
molecular adsorption.[33–35] However, 
despite the intensive efforts in this field, 
the development of channel materials 

with long-term stability (mechanical and chemical robust-
ness) as well as high selectivity and sensitivity is still very lim-
ited to be realized for practical use of flexible chemiresistor 
sensor.

Recently, ionic liquids (ILs) have been suggested as a prom-
ising chemiresistor sensor material due to their several signifi-
cant advantages. First of all, ILs are endowed with negligible 
vapor pressure, wide potential windows, and nonflammability 

Ultrastable sensing characteristics of the ionic chemiresistor skin (ICS) that 
is designed by using an intrinsically stretchable thermoplastic polyurethane 
electrolyte as a volatile organic compound (VOC) sensing channel are 
described. The hierarchically assembled polymer electrolyte film is observed 
to be very uniform, transparent, and intrinsically stretchable. Systematic 
experimental and theoretical studies also reveal that artificial ions are evenly 
distributed in polyurethane matrix without microscale phase separation, 
which is essential for implementing high reliability of the ICS devices. The 
ICS displays highly sensitive and stable sensing of representative VOCs 
(including toluene, hexane, propanal, ethanol, and acetone) that are found in 
the exhaled breath of lung cancer patients. In particular, the sensor is found 
to be fully operational even after being subjected to long-term storage or 
harsh environmental conditions (relative humidity of 85% or temperature of 
100 °C) or severe mechanical deformation (bending to a radius of curvature 
of 1 mm, or stretching strain of 100%), which can be an effective method to 
realize a human-adaptive and skin-attachable biosensor platform for daily use 
and early diagnosis.

Sensors

Chemiresistor sensors for the early diagnosis of human dis-
eases and detection of chemicals in the environment have 
attracted considerable attention in recent years due to their 
simple, inexpensive, rapid, portable, power efficient, and 
highly sensitive sensing properties.[1–4] Various sensing 
materials for chemiresistors have been explored, including 
metal oxides,[5–7] monolayer-capped metal particles,[8–11] 
metal nanowire,[12–14] conducting polymers,[15] carbon 
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and have proved to be stable sensing materials.[36,37] Also, unlike 
chemiresistor sensors based on metal oxides, IL-based chemire-
sistor sensors can be operated at room temperature due to their 
sustainably high conductivity levels.[38,39] In addition, it is rela-
tively easy to derive efficient IL pairs because there are many 
types of both cationic and anionic ILs with a wide range of 
chemical structures, which can potentially form different inter-
actions with different gases and hence bind target gases with 
high selectivity.[40,41] However, IL-based devices show a critical 
limitation: poor stability due to liquid flow in the external 
environment, especially when the device as a result becomes 
mechanically deformed. This fluidic nature of ILs that gener-
ates signal fluctuations in response to mechanical stress.[42,43] 
Although solid-state polymer electrolytes that are formed by 
combining polymer matrix with ILs can be used to enhance the 
stability of the devices, many polymers are poorly miscible with 
ILs, particularly at the concentrations of ILs high enough for 
realizing a high conductivity.[44,45] It is therefore very important 
in sensor research to carry out rational designs of solid-state 
polymer electrolyte films so that they exhibit good mechanical 
and environmental stability as well as high conductivity during 
operation. Moreover, in addition to being made mechanically 
stable, films used for wearable devices also need to be stretch-
able. Skin-attachable electronics with high stretchability enables 
excellent interaction with the human body to monitor signals in 
ways that bypass limitations of traditional technologies.[46,47] In 
fact, all components of wearable devices need to be intrinsically 
stretchable and mechanically robust.[48,49]

Herein, we provide the first report of an ultrastable, highly 
sensitive, and deformable chemiresistor sensor skin using an 
ion channel formed by a stretchable thermoplastic polyure-
thane matrix, namely ionic thermoplastic polyurethane (i-TPU), 
as a solid-state polymer electrolyte. The i-TPU electrolyte was 
formed as a result of the noncovalent interaction, between 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide ([EMIM]+[TFSI]−) and TPU matrix, to form that cation–
anion pairs were then loaded into the TPU matrix. Our ionic 
chemiresistor skin (ICS) with the i-TPU electrolyte displayed an 
ultrastable response (accurate base line recovery and low signal 
noise) and negative electronic signal to five volatile organic com-
pounds (VOCs), specifically toluene, hexane, propanal, ethanol, 
and acetone. Different molecular interactions made between 
i-TPU and the different VOCs resulted in different levels of ion 
conductivity for the ILs embedded in the TPU matrix. The limit 
of detection (LOD) of the ICS device for toluene gas was 1 ppm 
with a sensitivity level of 1.6%. More importantly, the sensor 
was found to be fully operational even after being subjected to 
harsh environmental conditions (relative humidity (RH) of 85% 
or temperature of 100 °C) or severe mechanical deformation 
(bending to a radius of curvature of 1 mm or a stretching strain 
of 100%). We believe that this ultrastable, highly sensitive, and 
stretchable ICS has potential to serve as a human-adaptive, 
skin-attachable biosensor platform, capable of detecting chemi-
cally diverse analytes for early diagnosis of disease and for envi-
ronmental protection purposes.

Figure 1a shows a schematic illustration of the fabrica-
tion ICS with stretchable i-TPU electrolyte as a VOC sensing 
channel. The details of the method used to fabricate the i-TPU 
material and of the process used to fabricate the device are 

described in the Experimental Section. The i-TPU electrolyte 
film was formed as a result of the noncovalent interaction of 
([EMIM]+[TFSI]−) cation–anion pairs with TPU matrix, which 
made the ion pairs of ILs were loaded into the TPU matrix. The 
ILs, which served as a plasticizer, in the TPU matrix partially 
enabled the intercalation of IL ions between hard segments 
and binding of IL ions to soft or hard segments of the TPU. 
Furthermore, most of the ions were expected to become located 
in the nanoscale free volume of the TPU film, which has been 
shown to be formed by soft and hard segments.[50] Support for 
this concept was derived from the results of various character-
izations shown in Figure 2, and discussed below. In order to 
assess the capabilities of the ICS devices in detecting the var-
ious VOCs, the devices were loaded into the in-house-fabricated 
customized VOC reaction chamber that included multiarray 
systems and that was connected to a gas control system and to 
a multiplexing data-acquisition module as shown in Figure 1b. 
The simultaneously generated resistance sensing signals from 
separated channels were stably and reproducibly recorded with 
a constant bias supplement. During the measurements, the 
flow rates of N2 (reference gas) and VOCs into the chamber 
were maintained at 400 sccm. Each VOC was injected into the 
chamber over the course of 5 min, followed by 20 min of N2 
purging before the next VOC injection. The temperature of the 
sensing chamber for the thermal stability test was controlled by 
using a mounted heating plate. Detailed information about the 
gas control system is provided in Figure S1 in the Supporting 
Information.

The hierarchically assembled i-TPU electrolyte films were 
observed to be very uniform, transparent, and intrinsically 
stretchable (see Figure 2a). The i-TPU electrolyte films, regard-
less of IL concentration, were also shown using UV–vis spec-
troscopy to be highly transparent, specifically ≈90% transparent 
to 550 nm wavelength light (Figure S2, Supporting Informa-
tion). In general, stretchable electronic devices contain various 
materials with different Young’s modulus (E) values, from 
fluids (Pa–kPa) to elastic materials (MPa) to hard and brittle 
materials (GPa).[51] To be mechanically compatible with bio-
logical tissues for skin-attachable electronics, all components 
of a chemiresistor should display a low modulus (≈MPa) with 
high flexibility and high stretchability.[52] In order to explore the 
mechanical properties of i-TPU electrolyte films, their stress–
strain curves were obtained. For all of the i-TPU films, i.e., with 
the various IL concentrations, the stress–strain curves showed 
linear trends without saturation, and no specific deformation 
behavior was observed even up to 800% strain, as shown in 
Figure 2b. In particular, the i-TPU film with 60 wt% IL showed 
an E of ≈3.6 MPa, comparable to that of a typical PDMS film 
(E ≈1–2 MPa). Based on this result, we expect the i-TPU film 
to be a very effective solid-state polymer electrolyte and to con-
tribute to the ability to produce a well-defined stretchable ICS 
(see Table S1 in the Supporting Information for details).

In order to understand the internal microstructure of the 
i-TPU electrolyte film, Raman spectroscopy, Differential Scan-
ning Calorimeter (DSC), and the X-ray diffraction (XRD)  
analyses were carried out. The Raman spectra revealed the distri-
butions in the TPU matrix of the ILs with various concentrations. 
The average of the Raman spectra taken from each of the various 
samples (i.e., having different concentrations of the IL in the 
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TPU matrix) showed the signature peaks of [EMIM]+[TFSI]− and 
TPU (see Figure S3 and Table S2, Supporting Information).[53]  
The Raman maps (5 µm × 5 µm) show the intensity ratio of 
anion to TPU and cation to TPU at different composition of 
ILs, respectively (Figure 2c). The Raman intensities of anion 
and cation of ILs are obtained from intensity of SO2 symmetric 
stretching of anion centered at 1146 cm−1, and intensity of 
antisymmetric stretching, C–C stretching, (N)CH2 stretching, 
and CH3(N)CN stretching of cation centered at 1433 cm−1, 
respectively, while that of TPU is achieved from intensity of 
polyester(CO) and urethane amide (CO) of TPU centered 
at 1740 cm−1. It should be noted that the Raman peaks cor-
responding to the IL anions and cations were observed in the 
whole scanned region with a uniform intensity ratio, and that 
the intensity ratio was found to increase as the relative amount 
of IL in the sample was increased. This results showed that 
[EMIM]+[TFSI]− was evenly distributed in the TPU matrix 
without microscale phase separation regardless of how much IL 
was in the TPU matrix. In addition, DSC curves (see Figure S4,  
Supporting Information) show the inner microstructure change 
of TPU upon various amount of IL. The neat TPU exhibits the 
glass transition temperature (Tg) of −34.8 °C and endothermic 
melting of crystalline domains (Tm) of 165.2 °C. With increasing 

the concentrations of IL into TPU, the Tg and Tm show a shift 
toward lower temperature, which is due to the plasticizer effect 
of IL.[54] The detail on plasticizing effect on IL will be discussed 
below. Figure 2d shows the XRD profile of a neat TPU film and 
i-TPU films with different concentrations of [EMIM]+[TFSI]− to 
further elucidate the internal structure change upon addition 
ILs into TPU. The neat TPU shows a weak and broad crystal-
line XRD reflections at 2θ ≈ 19.79° (d-spacing = 4.48 Å), which 
is resulted from the hard segment crystalline domains in the 
TPU.[55] After incorporating ILs into the TPU, the peak posi-
tions at 19.79° are slightly decreased as increasing ionic concen-
tration (20 wt%: 19.63°, 40 wt%: 19.28°, and 60 wt%: 19.16°).  
Obviously, these observations indicated that some ions went 
inside the hard segment and partially plasticized the crystalline 
domains of the TPU matrix. This interpretation in turn would 
further suggest that the ion pairs were mainly located in the free 
volume derived from the soft and hard segments of the i-TPU 
and were partially intercalated between the hard segments.

To further understand the molecular interaction between 
the TPU chain and the ion pairs, a density functional theory 
(DFT) calculation was performed (Figure 2e). The partially posi-
tive charged atoms in the TPU were selected for the possible 
binding sites for [TFSI]−, and the partially negative charged 
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Figure 1. Schematic description of the individual ICS and VOC reaction chamber that we assembled and used. a) Schematic illustrations of the  
individual ICS based on a TPU polymer matrix with the ionic liquid consisting of [EMIM]+ and [TFSI]− (top). Detailed schematic structures of TPU 
(and the soft and hard segments forming blocks along the TPU polymer backbone) (purple), [EMIM]+ (red), and [TFSI]− (blue) (bottom). b) Schematic 
diagram of the customized VOC reaction chamber connected with a gas control system and data acquisition module.
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atoms in the TPU were selected for the possible binding sites 
for [EMIM]+. The two different configurations, i.e., parallel (—) 
and perpendicular (ǀ) binding positions on the TPU for each 
ion, were also considered. However, we did not consider the 

sites at the end of the TPU chain as possible binding sites of 
the IL to avoid the end effect of the TPU. The average binding 
energies of [TFSI]− for the hard and soft segments of the 
TPU were calculated using DFT to be −0.511 and −0.457 eV, 

Adv. Mater. 2018, 1706851

Figure 2. Basic characterizations of the synthesized i-TPU sensing material. a) Photographic of the highly transparent i-TPU material with 60 wt% IL. 
b) Stress–strain curves for i-TPU materials with various concentrations of the ionic liquid. c) Raman intensity ratio maps for various compositions: maps of 
I(anion)/I(TPU) and I(cation)/I(TPU) are shown in the top and bottom rows, respectively. Scale bar: 1 µm. d) XRD patterns of i-TPU materials with different 
concentrations of ionic liquid. e) DFT calculations for the possible binding sites of [EMIM]+[TFSI]− ion pairs with two configurations on the TPU chain.
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respectively, while the average binding energies of [EMIM]+ 
for these segment were calculated to be −0.021 and −0.006 eV, 
respectively (see Figure 2e and Table S3, Supporting Informa-
tion). Thus, [TFSI]− was determined to contribute more to the 
molecular interactions with the TPU chain than was [EMIM]+. 
This result might have been due to the strong electronegative 
components such as F, O, and N in [TFSI]−. By carrying out 
a Mulliken electronic population analysis, it was verified that 
the electronegative atoms in [TFSI]− can split a large amount of 
partial charge with the neighboring C and S atoms, hence pro-
viding a strong interaction with the TPU as shown in Table S4  
in the Supporting Information. Therefore, ILs could plas-
ticize over the hard and soft segments of the TPU. Note that 
this strong interaction nature of IL enfeebles the intermo-
lecular interaction between TPU and IL so as to enhance the 
segmental motion of TPU. Also, the higher binding energies 
of [TFSI]− with TPU indicated an especially important role for 
[TFSI]− in partially plasticizing the crystalline domains. The 
computational details of the DFT simulations are described in 
the Experimental Section.

The dynamic sensing responses of the ICS devices were 
investigated by using the home-made gas-sensing channel 
with multiarray systems (see above and Experimental Section).  
Figure 3a shows the resistive response (∆R/Rb) of the ICS 
(60 wt% i-TPU electrolytes) with sequential exposure to five 
VOCs each at a concentration of 1000 ppm at room tempera-
ture. Rb and ∆R denote the baseline resistance of the sensors 
measured in a pure N2 stream and the change in resistance 
resulting from the exposure to the VOCs, respectively. The 
VOCs in this work were selected as representatives of the main 
categories of compounds (aromatic compounds, aliphatic 

hydro carbons, aldehydes, alcohols, and ketones) found in the 
exhaled breath of lung cancer patients.[56] We firstly assessed 
the sensing performance of the VOC as a function of the con-
centration of the IL in the TPU matrix (Figure S6, Supporting 
Information). Dynamic sensing behavior of ICS shows that 
the sensing responses are very stable. In particular, the devices 
with 60 wt% i-TPU display highly stable performance with the 
accurate baseline recovery, due to the trade-off between electric 
conductivity and mechanical stability. It is important to note 
that an IL-based sensing device without TPU was not stable 
to fully and rapidly recover the baseline signal after ceasing 
flow of the VOC and instead flowing N2 gas, due to the flu-
idic property of the ILs. All of these VOCs yielded electrical 
signals indicative of stable and negative responses in the ICS, 
which were related to the change in the ionic conductivity of 
the i-TPU electrolyte as a result of exposure of the sensor to 
the VOC, but the shapes of these signals differed for the dif-
ferent VOCs. Furthermore, from the resistance behaviors in 
Figure 3a, we extracted the sensitivity of the sensor for each 
VOCs, where the sensitivity was defined as the steady state 
value of the sensing response (∆R/Rb) after exposure to the 
target gas at room temperature. This ICS is greatest sensitive 
to toluene (≈10%), and the sensitivities are not much different 
for hexane (6.18%), propanal (6.12%), and ethanol (7.62%). On 
the other hand, the sensitivity to acetone gas is relatively as 
low as 1.91%. The response time τ90% (time it takes to reach 
the 90% value of the minimum resistance level) was extracted 
from Figure 3a, and shows not much difference with toluene 
(13 s), hexane (16 s), propanal (15 s), ethanol (18 s), and ace-
tone (20 s). In addition, Figure S7 in the Supporting Informa-
tion exhibits the similar gas sensitivity regardless of the i-TPU 
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Figure 3. Dynamic sensing behavior of the ICS to VOCs, and the sensing mechanism of the ICS. a) Response of the ICS to each target VOC (toluene, 
hexane, propanal, ethanol, and acetone) at a concentration of 1000 ppm, showing the ultrastable and negative gas-sensing properties of the sensor. 
b) The ICS response to toluene gas in the range 1 to 1000 ppm. Inset shows the response of the ICS to the toluene gas at a concentration of 1 ppm. 
c) Schematic illustration of a proposed mechanism of the sensing of target VOCs by the i-TPU sensing channel. The VOCs would according to this 
mechanism affect the ionic conductivity of ILs confined by the soft and hard segments of the TPU matrix, resulting in a negative resistance change of 
the sensing channel.
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channel thickness, but some thickness effect on the response 
time.

To determine the LOD of the ICS, the sensing responses 
to toluene at various concentrations from 1 to 1000 ppm were 
measured as shown in Figure 3b. As a whole, the change in 
resistance tended to increase as the concentration of the 
injected toluene gas was increased. Interestingly, the ICS 
showed an obvious change in resistance at a concentration of 
toluene as low as 1 ppm (inset of the Figure 3b), indicative of a 
very low LOD for this sensor (inset of the Figure 3b).

A possible mechanism for how the ICS sensed the var-
ious VOCs is illustrated in Figure 3c. The negative electrical 
responses to all of the VOCs indicated that in each case, the 
resistance of the device decreased as a result of the interac-
tion between the IL in the i-TPU channel and the VOC, and 
hence the ionic conductivity of the [EMIM]+[TFSI]− channel was 
enhanced.[57] The change in the ionic conductivity for i-TPU 
after exposure to VOCs (1000 ppm of toluene, hexane, and 
acetone, respectively) was analyzed in more detail using elec-
trochemical impedance spectroscopy (Figures S5 and S8, Sup-
porting Information). As shown in Figure S8 in the Supporting 
Information, ∆σ/σi increased for each type of VOCs. Further-
more, the amount of increase for each VOCs corresponded to 
that of ∆R/Rb shown in Figure 3a. The effects of IL viscosity 
and diffusivity on ionic conductivity can be explained using 
Equations (1) and (2).[57] According to Seddon,[58] the viscosity 
of a mixture of an IL and dissolved VOC gas as a function of 
the concentration of the dissolved VOC gas can be written as

a
exps

csη η χ= −

 


  (1)

where ηs and η are the viscosities of the pure [EMIM]+[TFSI]− 
and VOC-dissolved IL at 20 °C, χcs is the mole fraction of 
the VOC, and a is a constant for the specific IL. The relation 
between viscosity and diffusivity can be expressed from the 
Stokes–Einstein equation

D
k T

r6
B

πη
=  (2)

where D is the diffusion coefficient of the charged ions, k is 
the Boltzmann constant, T is the absolute temperature, and η 
is the viscosity of the IL.[59] Dissolution of a VOC into an IL 
would tend to result in a decrease in the viscosity of the IL with 
this decrease inducing an increase in the IL diffusivity and 
hence also ion conductivity.[60,61] Therefore, the marked differ-
ence between the shapes of the electrical signals we observed 
for the different VOCs was attributed to the different degrees 
of change in [EMIM]+[TFSI]− ionic conductivity caused by the 
different VOCs (Figure 3c).

In order to investigate the stability of the ICS device, we 
measured its response (∆R/Rb) to toluene gas (1000 ppm) after 
storing it under ambient, high humidity, or high-temperature 
robust conditions for specified periods of time (Figure 4). In 
ambient conditions, the magnitude of the response of the device 
to the toluene gas changed negligibly over the course of a month 
(Figure 4a), indicative of the high long-term stability of the ICS. 
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Figure 4. The ability of the ICS to sense the VOC toluene at 1000 ppm was found to be ultrastable in a variety of environments. a) The resistive response 
(∆R/Rb) of the ICS stored under ambient conditions for a month. b) Response of the ICS stored at 85% relative humidity for 24 h. c) Responses of 
ICS stored at various temperatures up to 100 °C. d) Responses of the ICS subjected to various numbers of thermal cycles with the temperature raised 
from °45 to 125 °C in 0.5 h in each cycle.
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Moreover, as shown in Figure 4b, the magnitude of the response 
of our ICS to the toluene under the harsh relative humidity of 
85% was both very stable for 24 h and similar to the magnitude 
of the response at ambient conditions. The sensing response at 
different humidity (30%, 60%, and 85%) levels after storage the 
devices for 24 h is described in Figure S9 in the Supporting Infor-
mation. Both the long-term stability and environmental robust-
ness of the sensor were attributed to the water and air resistance 
of the i-TPU electrolyte. The stability of the sensor performance 
to specifically high RH conditions was attributed to the relatively 
poor miscibility of [EMIM]+[TFSI]− with water, with this poor 
miscibility resulting from [EMIM]+[TFSI]− being more hydro-
phobic than most conventional ionic liquid.[62] In addition, the 
high hydrophobicity and low O2 permittivity of the TPU matrix[63] 
also benefited the durability of our solid-state i-TPU electrolyte 
in the presence of water and oxygen, and hence the resistance of 
the ICS to the environment and the stability of its performance.

The effect of temperature on the long-term stability of the 
chemiresistor-type VOC sensor is another important factor to 
consider, since not only may the surrounding conditions for 
measuring sensor characteristics differ from the user’s external 
thermal environment, but also the response of the device can be 
severely affected by a change in the gas permittivity to the i-TPU 
channel. Thus, the magnitude of the response of our ICS to  
the 1000 ppm toluene gas was measured under various tempera-
ture conditions, including 25, 50, and even the extremely high value 
of 100 °C (Figure 4c and Figure S10, Supporting Information).

The magnitudes of response at the different temperatures 
differed a bit, but the device was able to bear the high tempera-
ture (100 °C) and still show high sensitivity. We also examined 
the effect of thermal aging on the sensing performance by car-
rying out a thermal cycling test. As shown in Figure 4d, no sig-
nificant change in the capability of the ICS device to sense the 
toluene gas was observed as a result of 125 cycles of increasing 
the temperature from −45 to 125 °C within 0.5 h.

Fabrication of wearable or skin-attachable VOC sensors is 
critically important in the field of real-time health monitoring 
and early diagnosis of diseases. This monitoring requires 
intrinsically deformable sensing materials that show high 
mechanical stability,[48,49] including high flexibility (even to a 
bending radius of millimeters) and high stretchability (up to 
a strain of 100%), while maintaining the sensing capabilities. 
When these requirements are satisfied, wearable VOC sensors 
for humans are worthy of use. However, many of the flexible 
and stretchable VOC sensors fabricated to date contain fragile 
sensing components, such as metal oxides, 2D materials, etc. 
Therefore, in order to overcome such problems, new sensing 
materials displaying high homeostasis as well as high per-
formance are required. Our ICS was designed based on an 
intrinsically stretchable i-TPU sensing material, which might 
potentially be the core of a flexible and stretchable VOC sensor. 
Figure 5a shows the magnitude of the response of our ICS 
device to the 1000 ppm toluene gas when the device was bent to 
various extents, i.e., radii of curvature. Our device, even when 
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Figure 5. The ability of the ICS to sense the VOC toluene at 1000 ppm was found to be ultrastable even after the device was subjected to severe mechanical 
deformations. a) The resistive responses (∆R/Rb) of the ICS subjected to various degrees of bending, i.e., radii of curvature. b) Photograph of the VOC 
sensor on a polyethylene terephthalate substrate wrapped around a glass pipette with a radius of 1 mm. Scale bar is 2 mm. c) Response of the ICS subjected 
to various extents of stretching. d) Photographs of an unstrained freestanding VOC sensor (top) and one stretched by 100% (bottom). Scale bar is 2 mm.
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bent quite severely to a radius of curvature of 1 mm, showed 
a nearly identical magnitude of response to the toluene gas as 
did the unbent device, i.e., no electrical degradation occurred. 
This result was attributed to the superior elasticity of the i-TPU 
electrolyte even under extreme mechanical stimuli as discussed 
above and shown in Figure 2. Figure 5b shows a photograph of 
the ICS device fabricated on a 50 µm thick polyethylene tereph-
thalate substrate, indicating the device to be flexible enough to 
be wrapped around a glass pipette to a bending radius of 1 mm.

In order to eventually implement a stretchable ICS device, 
a freestanding deformable ICS with the i-TPU electrolyte was 
fabricated using only solution processes (Figure S11, Sup-
porting Information), followed by embedding stretchable Ag 
nanowire electrodes into the i-TPU film via a transfer method-
ology. The detailed procedure is described in the Experimental 
Section. Figure 5c shows the magnitude of the response of our 
ICS device to the toluene gas when the device was stretched 
to various extents. Our device even when stretched by 50% or 
100% showed nearly the same magnitude of response to the 
toluene gas as did the unstretched device. This result was attrib-
uted to the large resilience of the i-TPU electrolyte. Figure S12 
in the Supporting Information shows the resistive response to 
various VOCs with multiple cycles (0, 100, 250, and 500) after 
stain of 50%. Figure 5d shows photographs of an unstrained 
freestanding semitransparent ICS with Ag nanowire elec-
trodes embedded into the i-TPU electrolyte, and one stretched 
by 100%. Due to the functional stability of our ICS to changes 
in various external stimuli such as humidity, temperature, and 
mechanical stress, we expect that ultrastable, highly sensi-
tive, and stretchable ICS that can effectively detect VOCs will 
become one of the representative platforms for skin-attachable 
health monitors.

In summary, we developed an ultrastable, highly sensitive, 
and stretchable ICS using an intrinsically stretchable i-TPU 
electrolyte as a sensing channel, while maintaining the unique 
IL properties. The VOC sensor was found to be capable of stably 
monitoring the five representative VOCs, specifically toluene, 
hexane, propanal, ethanol, and acetone. Moreover, due to the 
properties of the i-TPU polymer electrolyte we used, the sensor 
was shown to be able to robustly bear various environmental 
and mechanical conditions, and to still exhibit high-magnitude 
electrical responses to the toluene VOC. In particular, the high 
flexibility and stretchability of the device can allow it to adap-
tively interface with living tissue. We expect that VOC sen-
sors made of the intrinsically stretchable i-TPU material that 
we used will be effective for the stable monitoring of VOCs, 
including when implemented as a human-interactive wearable 
device.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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