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ABSTRACT: A highly sensitive and flexible gas sensor that can detect a wide range of
chemicals is crucial for wearable applications. However, conventional single resistance-based
flexible sensors face challenges in maintaining chemical sensitivity under mechanical stress and
can be affected by interfering gases. This study presents a versatile approach for fabricating a
micropyramidal flexible ion gel sensor, which accomplishes sub-ppm sensitivity (<80 ppb) at
room temperature and discrimination capability between various analytes, including toluene,
isobutylene, ammonia, ethanol, and humidity. The discrimination accuracy of our flexible
sensor is as high as 95.86%, enhanced by using machine learning-based algorithms. Moreover,
its sensing capability remains stable with only a 2.09% change from the flat state to a 6.5 mm
bending radius, further amplifying its universal usage for wearable chemical sensing.
Therefore, we envision that a micropyramidal flexible ion gel sensor platform assisted by
machine learning-based algorithms will provide a new strategy toward next-generation
wearable sensing technology.
KEYWORDS: ion gel, VOCs sensor, flexible, machine learning, strain compensation

1. INTRODUCTION
Flexible electronics have recently fascinated academia and
industry due to their emerging applications in health care
monitoring, environmental monitoring, Internet-of-Things
(IoT), electronic skin, and robotics.1−4 Rapid industrialization
and urbanization in recent decades have also given rise to
several environmental issues affecting the quality of air that we
breathe in and out daily. Air pollution is a critical problem that
harms human and animal health as an invisible poison. Volatile
organic compounds (VOCs), commonly used in household
products as well as industrial processes, have contributed
mainly to air pollution in most indoor places.5,6 As VOCs can
evaporate into the gaseous phase at room temperature, the
concentration of indoor VOCs is recorded much higher than
that of outdoor VOCs, raising concerns for human health
through inhalation and skin contamination.7 Besides that,
ammonia (NH3) gas is a hazardous substance that harms the
human body if exposed to more than the safe level (25 ppm for
8 h or 35 ppm for 10 min). Detecting NH3 in human breath
can also be a biomarker for disease diagnosis.8,9 Besides
detecting VOCs and other toxic gases, monitoring humidity is
indispensable in the medical industry and environmental
monitoring.10,11 Therefore, it is necessary to develop sensors
detecting multiple analytes.12 If sensors are flexible, stretchable,
and bendable, they can be integrated into wearable
applications in various fields.13,14

Conventional inorganic material-based sensors are typically
fabricated from rigid materials, such as metal, metal oxides, or

inorganic semiconductors, restricting the flexibility of devi-
ces.15,16 In addition, the sensing performance of metal oxide
material-based gas sensors strongly depends on the working
temperature.17 The TiO2, SnO2, CuO, WO3, and NiO
materials have exhibited sensing performance in a wide range
of gas concentration detection at a temperature of about 200−
500 °C, which is inappropriate for medical, environmental, and
indoor sensing applications.18,19 Two-dimensional (2D)
materials, such as graphene, graphene oxide, MXene, and
transition metal dichalcogenide monolayers, have been used to
fabricate flexible electronic devices.20−25 A multifunctional self-
powered sensor based on MXene/MOF framework-derived
CuO performed an excellent response to NH3 gas with Vg/Va
= 24.8 @ 100 ppm.26 An MXene/NH2−MWCNT-based
formaldehyde sensor showed a great sensing response with an
extremely low detection limit (10 ppb).27 Nonetheless, either
growing large-scale 2D materials on flexible substrates or
avoiding damage during the transfer process from the initial
growth substrate to the target substrate and their stability poses
numerous challenges. In addition, the selectivity of 2D
materials such as MoS2 to gases is still limited.28 Polymers,
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such as polyethylene terephthalate, polyimide, and poly-
(dimethylsiloxane), are used as the sensor substrate to perform
the flexibility.29,30 A flexible sensor employing nanocomposite
of reduced graphene oxide−tin oxide−poly(vinylidene fluo-
ride) tertiary showed remarkable selectivity to H2 with a limit
of detection of 100 ppb.31 However, complicated multi-
processes are required to attach the sensing material to those
flexible substrates.32,33 Besides that, the limitation in
discriminating multiple analytes with a single sensor platform
inhibits the broadening of their practical applications.34

Combining ionic liquid (IL) with a polymeric framework to
fabricate a free-standing ionic gel structure not only
immobilizes the IL but also maintains high ionic conductivity,
high thermal and mechanical stability, nonvolatility, and
nonflammability.35,36 Owning to their outstanding properties,
IL-based polymer composites have been used in various
electronic applications and multidisciplinary sciences.37,38 1-
Ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide
[EMIM+][TFSI−] was dissolved into dibutyl adipate to
fabricate a conductive poly(vinyl chloride) gel-based wearable
strain sensor showing excellent electrical and mechanical
properties with over 6000 cycles of 100% strain.39 [EMIM+]-
[TFSI−] embedded into the TPU matrix-based sensor
exhibited sensitivity with various VOCs and short response
times (from 13 to 20 s). However, due to the high
hydrophobicity of TPU, the sensitivity to humidity is
prohibited.40 The membrane fabricated from methacrylate-
based IL and free IL 1-ethyl-3-methylimidazolium bistriflimide
with poly(ethylene glycol) diacrylate (PEGDA) polymer-
ization cross-linker and 2-hydroxy-2-methylpropiophenone
(HOMPP) exhibited a remarkable selectivity to gases.41 The
photo-induced radical polymerization approach possesses
dominant advantages, especially in the gel formation time,
from less than 1 second to a few minutes.
This work presents a flexible ionic gel-based sensor

performing multianalyte sensing and strain-compensation
capability. The mixture of [EMIM+][TFSI−] ionic liquid,
PEGDA monomer, and HOMPP photoinitiator was deposited
onto an inverted pyramid silicon mold and was cured with a
UV light source. The silver nanowires were introduced as the
interdigitated electrode (IDE) structure. The sensor showed a
great response to multiple analytes, even at the strain
condition. Finally, output signal data were collected, and
data processing was performed using machine learning-based
algorithms to discriminate the analytes and predict their
concentration.

2. MATERIALS AND METHODS
2.1. Material. Silicon wafer ([100], p-type, highly doped) was

purchased from ITASCO. Potassium hydroxide (BioXtra, ≥84%,
KOH basis), poly(ethylene glycol) diacrylate (average Mn 700,
PEGDA), 2-hydroxy-2-methylpropiophenone (97%, HOMPP), and
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMIM, TFSI) were purchased from Sigma−Aldrich. The suspension
of AgNWs was purchased from SG FLXIO Co., Ltd.
2.2. Inverted Pyramid Silicon Mold Fabrication. The

fabrication of the inverted pyramid silicon mold is depicted in Figure
S1 (Supporting Information). A 1.5 cm × 1.5 cm diced silicon
substrate was cleaned by sonicating in baths of acetone and
isopropanol for 10 min, followed by an oxygen plasma treatment
(O2 flow of 5 sccm, power of 25 W, and working pressure of 5 × 10−1

torr) to eliminate the surface contaminants. The square arrays with a
square size of 10 μm × 10 μm and a gap of 10 μm between adjacent
patterns were patterned onto the substrate. First, the negative DNR-

L300 photoresist was spin-coated onto the silicon substrate at a speed
of 3000 rpm for 30 s, followed by soft baking at 90 °C for 60 s. After
UV exposure using a conventional contact photolithography system,
the pattern was developed by dipping the PR-coated substrate into the
AZ 300 MIF Developer for 25 s and then rinsing it under the DI
water stream. The successful pattern was confirmed by using an
optical microscope. A Cr layer with a thickness of 30 nm was
deposited onto the substrate patterned with square arrays as the mask
for the etching process using an electron beam evaporator with an
evaporation rate of 1.5 Å/s to achieve a continuous and highly dense
Cr layer, followed by the lift-off process, which involved dipping the
substrate into MR-REM 700 remover solution at 80 °C for 2 h. After
the lift-off process, the substrate was immersed in a 30% wt KOH
solution at 80 °C for 11 min to perform the etching process and
fabricate an inverted pyramid silicon mold. Finally, the Cr layer was
removed with a Cr etchant solution.
2.3. Device Fabrication. A stainless steel shadow mask was

designed to fabricate the interdigitated electrode structure with an
electrode width and distance of 300 μm. The IDE structure of silver
nanowires (AgNWs) was deposited onto the pyramid silicon mold
using the spray coating method. During the spraying process, the
substrate was placed onto the hot plate at 60 °C to accelerate the
evaporation rate of the IPA solvent in the AgNW suspension. A
premixture of PEGDA and HOMPP (weight ratio of 2:1) was mixed
with [EMIM+][TFSI−] ion-pair at varying weight ratios using the
stirring bar. Then, the mixture was introduced onto the substrate by
drop-casting and stamping with another glass substrate and 55 μm
thickness Kapton tape as spacers. UV light curing (354 nm, 150 mJ/
cm2) was exposed to form the ionic gel structure. The glass substrate
was then manually peeled off, leaving behind the ionic gel sensor
formed under the pyramid structure with the embedded AgNW IDE
structure as the electrodes, as shown in Figure S2 (Supporting
Information).
2.4. Resistance Measurement for Gas Sensing. The sensing

system is illustrated in Figure S3. Target VOCs and nitrogen gas
(balance gas) were introduced into the sensing chamber via a mass
flow controller (MFC) system with a total flow of 400 sccm. The
concentration of target VOCs was calculated based on the following
equation

[ ] =
+

× [ ]V
V V

conc concobj
VOC

N VOC
VOC

2 (1)

where [conc]obj, [conc]VOC, VVOC, and VNd2
are the objective

concentration of VOCs exposed into the sensing chamber, the
concentration of VOC gas in the cylinder, the volumetric flow rate of
the VOCs, and the volumetric flow rate of the balance N2 gas,
respectively. The relative vapor pressure of VOCs (p/p0) was
adjusted by performing the bubbling system mixing the saturated
vapor with N2 gas at the certain ratio determined by the MFC system.
N2 gas was exposed to the chamber to stabilize before the gas-sensing
experiment. A certain bias voltage was applied to the sensor, and the
resistance change was recorded with a Keithley 2636B source meter
mode. The response was defined as follows42

= ×S
R R

R
100%0

0 (2)

where R and R0 are the resistance recorded from the sensing device
with and without exposing analytes, respectively.
2.5. Data Processing Algorithms. Principal component analysis

and random forest-based algorithms in the scikit-learn module were
conducted to analyze the extracted sensing data, including
concentration, resistance, response curve slopes, response, and gas
type.43 The input data were divided into training and testing datasets
(70:30) to evaluate the accuracy of the process. Python v3.8.12 on
Visual Studio 2022 was utilized for this process.
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3. RESULTS AND DISCUSSION
3.1. Pyramid Ionic Gel Synthesis, Device Morphology,

and Structure Characteristics. Figure 1a shows the
schematic illustration of the flexible pyramidal structure-
based device fabricated with an ionic gel film and AgNW
IDE structure. PEGDA and HOMPP were utilized as a cross-
linker and photoinitiator, respectively. [EMIM+][TFSI−] was
used as an ionic liquid of the ionic gel due to the high mobility
of EMIM+.44 [EMIM+][TFSI−] with various weight composi-
tions from 10% to 70% was added to the prepared mixture of
PEGDA and HOMPP (2:1). Under ultraviolet (UV) exposure,
the flexibly patterned structure shape with PEGDA and
HOMPP can be maintained, as depicted in Figure 2a. In
addition, the IDE structure was introduced with AgNWs
(about 25 μm in length) to maintain the elastic properties of
the overall structure. AgNWs were spray-coated onto the
inverted pyramid silicon mold to produce the IDE electrodes,
as shown in Figure 2a,b. After drop-casting the ionic gel onto
the AgNW IDE electrode, the electrolyte was patterned with
UV irradiation. The thickness of the ionic gel layer was

controlled through the Kapton tape spacer and the stamping
glass. The pyramid array of patterned ionic gel was successfully
fabricated in the areas with and without the AgNW IDE
structure, as shown in Figure 2c−f. Due to outstanding
conductivity and bendability, AgNW material was utilized to
fabricate electrodes in flexible electronics.45,46 As can be seen
in Figure 2d, the free-standing pyramidal ionic gel sensor was
bent on an optical fiber with a radius of 400 μm, indicating the
great flexibility of the device. SEM and AFM images depicted
in Figures S4a−d and S5, respectively, show the uniform
pyramid structure with a length and width of 10 μm and a
height of 7 μm, approximately. Figure 2e,f shows the SEM
images of the pyramid structure in the area with and without
AgNWs, respectively. As shown in Figure 2e, the AgNWs were
embedded into the ionic gel structure at the micropyramidal
structure area, while outside the micropyramidal structure, the
AgNWs were partially covered on the ionic gel surface. In
addition, Figure 2f exhibits the rugged surface of the
micropyramidal structure. Therefore, the analyte adsorption
area is further enlarged.

Figure 1. (a) Schematic illustration of a flexible pyramidal structure device with silver nanowire and exposed various VOCs. (b) Prototype of the
proposed patched breathanalyzer application with flexible and VOC sensing for a machine learning model. (c) Structural illustration of the
pyramidal ionic gel-based sensor. (d, e) Schematic illustration of the working mechanism for the [EMIM+][TFSI−] sensor.
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Figure 2. (a) Digital image of the sensor device. (b−c) Microscopic images. (d−f) FE-SEM images were obtained from the fracture of the flexible
ion-gel film with a silver nanowire and assisted optical fiber of 40 μm.

Figure 3. (a, b) Response of the sensor to gases at room temperature. (c) Selectivity of the sensor to gases at 40 ppm.
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In addition, surface functional groups of samples were
characterized via FT-IR analysis. The FT-IR spectra of
[EMIM+][TFSI−] liquid and ionic gel samples at room
temperature with the ratio of ionic liquid from 0 to 70% are
shown in Figure S6a. The [EMIM+][TFSI−] liquid spectra
depict strong adsorption bands due to the mode of in-plane
imidazole stretching and CH3(N) stretching (1574 cm−1),47

O−S−O stretching (1350 cm−1), C-ethyl (methyl) stretching
(1183 cm−1), CF3 stretching (1132 cm−1), S−N−S stretching
(1054 cm−1),48 H−C−C−H bending and C−S stretching
(790 cm−1), CF3 and CH3 bending (738 cm−1),47 and O−S−
O antisymmetric bending (613 cm−1).49 Besides that, the
adsorption bands of PEGDA and HOMPP (0% of IL)
attributed to −CH stretching (2868 cm−1), C�O stretching
(1731 cm−1), C�C symmetric stretching (1676 cm−1), C�
CH2 twisting (1446 cm−1), and C−O−C bonding (1094
cm−1).50 There is no peak at about 800 and 1400 cm−1,
indicating the high degree of polymerization of PEGDA.51 The
weak adsorption peak of [EMIM+][TFSI−] at 3162 cm−1 is
attributed to the aliphatic C−H modes of the CH3 group
bonded to the [EMIM] ring. The peak at 2980 cm−1 is due to
the C−H stretching modes of C atoms in the ring.50 As can be
seen in Figure S6b, the adsorption intensities of [EMIM+]-
[TFSI−] vibrational modes increase with the increase of the
ILs ratio in the fabrication components (0−70%).
3.2. Gas-Sensing Performance of Ionic Gel Sensors.

The response of the ionic gel sensor is determined by
observing the relative resistance variation (ΔR/R0) of the
sensor upon exposure to the analytes at room temperature. R0
and ΔR represent the resistance in a pure N2 stream and the
resistance change with the exposure of analytes, respectively.
Figure S7a exhibits the response of sensors fabricated from
different IL component ratios (10−70%, wt) with various
applied bias voltages (1−1.75 V). With the increase of the IL
ratio, the response of the sensor to gas tends to increase and
reach the peak at 50% ILs as the number of ions is sufficient.
Then the response decreases with the increase of ILs to 70%
due to the low viscosity of the ionic gel.52 The sample with
50% ILs exhibits the highest response at the applied bias
voltage of 1.5 V. Hence, the sensor with 50% ILs was used for
further investigations. Besides that, a planar ionic gel sensor
without the pyramidal structure was fabricated as the reference
sample to determine the enhancement of the pyramidal
structure in gas-sensing performance. As shown in Figure S7b,
the sensor exhibits a negative response to gas exposure. The
planar structure-based sensor performs a response of 18% to
toluene 40 ppm, while the pyramidal structure-based sensor
performs 80%, indicating the enhancement of the pyramidal
structure to gas-sensing performance. With the pyramidal
structure, the sensing surface area exposed to gases is
significantly widened, enhancing the absorption of gas
molecules into the ionic gel. Consequently, the response of
the sensor was improved. Notably, AgNWs could not perform
the sensing ability to gases with a concentration below 3%.53

Therefore, AgNWs merely play the role of the electrodes and
have a negligible contribution to the gas-sensing performance
of the device.
Figures 3a and S8 show the dynamic response of the ionic

gel sensor to different concentrations of toluene, isobutylene,
ammonia, ethanol, and humidity at room temperature. The
negative resistance variations of the sensor were observed
during the exposure to gases. The response tends to increase
gradually with the increase of gas concentrations from 2.5 to

40 ppm, as shown in Figure 3b. The sensor exhibits linear
responses to toluene and ammonia gas concentration up to 30
ppm, and then the responses tend to be saturated. Figure S8
shows the response of the sensor to ethanol and humidity at
different concentrations (in the range of 2.4−76 ppm), which
are formed using a bubbler system, and the exposure
concentration was confirmed using a commercial sensor
(BME680; Bosch). The resistance decreases with the increase
in relative humidity, which is consistent with the previous
report.35 As a large number of water molecules are introduced,
the sensor displays saturation behavior with analyte concen-
trations over 40%. As shown in Figure S9, the response curves
of the sensor to toluene and ammonia can be expressed as the
linear regression mathematical equation of y = 3.4098x +
6.4001 and y = 1.6039x − 1.1518, respectively, where y and x
are the response of the sensor and the concentration of gases,
respectively. The limit of detection (LOD) can be determined
as LOD = 3 × (No/S), where No = 0.0392 and S are the noise
and the slope of the curve, respectively (Figure S9, Table S1,
and Supporting text).54,55 The calculated LODs of the sensor
in toluene and ammonia detection are 34 and 73 ppb,
respectively. These susceptible responses of the ionic gel
sensor indicate the capability of detecting gases in the
environment. Moreover, the exceptional resilience of the
resistance parameter by exposing balance gas (N2) after
introducing analytes demonstrates the high reliability of the
sensor. However, as depicted in Figure S10, the stability of the
ionic gel sensor gradually decreases with time. The sensing
performance decreased by about 20% after 7 days of storage in
the ambient condition. It can be attributed to the absorption of
ambient gases and the oxidization of AgNWs in the ambient
environment. In addition, the selectivity of the ionic gel sensor
commonly determined by comparing the response of the
sensor to gases, as depicted in Figure 3c, is low, in consistency
with the previous study.40 Hence, further work is crucial in
order to improve the selectivity performance of the ionic gel
sensor.
3.3. Selectivity Enhancement with Principal Compo-

nent Analysis and Random Forest Classifier. Artificial
intelligence techniques were used to improve the selectivity of
the ionic gel sensor. Data were extracted from the sensing
curve of the sensor for analytes, including response, initial
slope, saturated slope, electrical current, exposed gas
concentration, and gas type. The absorption of different
analytes by the sensing material strongly depends on their
chemical and physical characteristics. The typical approach to
determining the selectivity is commonly based on the
maximum change in resistance or conductance of the sensor
toward analytes. Since this feature exhibited a low importance
weight compared with other coefficients of the response
curves, the selectivity based on the maximum change in
resistance is inadequate. The features related to the analyte
adsorption period showed a four-order higher importance
weight than the maximum change in resistance in terms of
analyte discrimination using machine learning algorithms. The
slopes of the response curves at the analyte adsorption period
not only are the alternative features of those fitting coefficients
but also simplify the process using the exponential fitting
method.56 Therefore, the relationship between response,
slopes, and other parameters is valuable information that can
be used to discriminate analytes. The principal component
analysis (PCA) technique performs the dimensional reduction
process. Figure 4a,b shows the correlation between compo-
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nents corresponding to gases. In the two-dimensional PCA
plot, the scattering of ammonia gas has a top-left to right-
bottom orientation with increasing gas concentration, humidity
is located in a left-to-right orientation, while the scattering of
VOC gases (toluene, isobutylene, and ethanol) is distributed in
a different direction. As can be seen in the three-dimensional
PCA plot, the scattering areas of ammonia, humidity, and
VOC group are distinguishable.
Subsequently, random forest classifier and regressor

algorithms were used to improve selectivity and predict gas
concentration. Random forest is a multiadvantage, high-
accuracy machine learning-based classifier integrated into a
single sensor platform.57,58 Figure 4c exhibits the confusion
matrix result from the random forest classifier algorithm
analysis. The sensor integrated with machine learning can
classify various analytes (ammonia, ethanol, humidity,
isobutylene, and toluene) with accuracy scores of 95.86%.
Besides that, Figure 4d demonstrates the high accuracy of the
prediction (92.35%). Most points indicating the predicted
concentration versus the actual concentration are scattered
along the diagonal line. Since the chemical and physical
characteristics of analytes strongly impact their adsorption and
desorption behavior through mass, adsorption, and desorption
activation energy of analytes,56 extracting the adsorption/
desorption information through the curve slopes and the other

parameters is worth data to enhance the selectivity feature of
the sensor. The results express the automatic detection and
prediction capability of the sensor without human operation.
3.4. Flexible and Strain-Compensated VOC Sensing.

Figure 5a depicts the resistance change of the ionic gel sensor
to cyclic bending of the sensor at different radii, from 15 to 6.5
mm. The experiment was conducted at ambient conditions
with a temperature of 25 °C and a humidity of 50%. The
negative resistance changes increase from 21% to 94% with
decreases in the bending radius from 15 to 6.5 mm,
respectively, as shown in Figure 5b. Besides that, remarkable
resilience is observed after releasing the sensor back to its
original state. In order to evaluate the strain-compensation
performance of the sensor, the resistance change of the sensor
was recorded with the human exhaling breath under a bending
state at different radii and compared with the initial flat state.
The human exhaling contains high humidity, resulting in a
negative resistance change, as exhibited in Figure 5c. The
background resistance gradually increases with the decrease in
bending radius, as depicted by the blue dashed line in Figure
5c, which is consistent with the results shown in Figure 5a. The
response of the sensor to the analyte is not related to the
bending radius, as shown in Figure 5d. The response of the
sensor in bending status is almost the same as the flat state by

Figure 4. (a, b) 2D and 3D principal component analysis plots, respectively. (c) Normalized confusion matrix of a random forest classifier and (d)
gas concentration detection.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c02570
ACS Appl. Mater. Interfaces 2023, 15, 26138−26147

26143

https://pubs.acs.org/doi/10.1021/acsami.3c02570?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02570?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02570?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c02570?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c02570?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the compensation. The results indicate the effectiveness of the
sensor in bending strain-compensation performance.
In order to determine the response of the sensor in actual

environmental conditions, an experiment monitoring ethanol
in exhaling breath was conducted at ambient conditions.
Ethanol with different concentrations (from 0 to 30%) was
prepared. As depicted in Figure S12, the response was
recorded during exhaling after gargling with prepared ethanol
solutions.59 The response gradually increases from 40 to 56%
with the increase in ethanol concentration from 0 to 30%,
respectively. As shown in Figure S12c,d, the slope of the slow-
response region increases with the increase in ethanol
concentration in exhaling breath. The sensor exhibits the
lowest response but the highest saturation speed at an ethanol
concentration of 0%. The increase in the slope of the slow-
response region is consistent with the response time exhibited
in Figure S12e. At low concentrations of ethanol, the sensor
quickly reaches the saturation value. Without ethanol
(concentration of 0%), the sensor reaches saturation value
after about 2 s, while at the concentration of 30%, it takes
about 6.5 s, indicating that more time is necessary to dissolve

gas molecules at higher concentrations into the IL. In addition,
Figure S12e also depicts the recovery time of the sensor after
exposure to ethanol in the exhaling breath. The recovery time
increases with the increase in ethanol concentration.
3.5. Sensing Mechanism. When the sensor is exposed to

analytes, negative responses are recorded due to the increase in
conductance of the sensor. The sensing mechanism of the ion
gel sensor is based on the miscibility of the analytes into the
ILs. Interactions such as dipole orientation, induction, or
hydrogen bonding can simultaneously occur, thereby affecting
the physicochemical characteristics of the ILs.60 Among others,
IL viscosity change is the most relevant factor directly resulting
in conductivity, diffusion coefficient, and charge transfer rate
changes. The relationship between conductivity and viscosity is
shown in the following equation61

= [ + ]yF d
N FW

r r
6

( ) ( )2

A

c c
1

a a
1

(3)

where σ and η are conductivity and viscosity, respectively. NA,
ra, rc, ζa, ζc, FW, F, and d are the Avogadro number, the anion
and cation radius, the microviscosity factors, formula weight,

Figure 5. (a) Real-time strain-response of narrow radius from 15 to 6.5 mm. (b) Resistance change with different bending radii. (c) Response and
strain-response of narrow radius from 15 to 7.5 mm for exhale sensing in ambient conditions. Inset is the zoom-in of the exhaling curve. (d)
Comparison of response at various radii to human exhaling breath with and without strain compensation (room temperature: 25 °C, relative
humidity: 50%).
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Faraday constant, and density, respectively. Equation 3 exhibits
the inverse proportional dependence between the conductivity
σ and the viscosity η of ILs. Besides that, the Seddon’s
equation shows the change in viscosity of ILs after dissolving
gases as follows62

= i
k
jjj y

{
zzza

exps
cs

(4)

where η, ηs, χcs, and a are the viscosity of the pure IL and gas-
dissolved IL at 20 °C, the mole fraction of the dissolved gas,
and the constant for specific IL, respectively. When IL absorbs
gas, the dissolved gas molecules prevent ions from interacting,
reducing IL viscosity and increasing the number of free ions, as
depicted in Figure 1e. Consequently, the conductivity rises
with gas exposure.
In situ FTIR spectra of the ionic gel exposed to ethanol for

different durations were recorded, as depicted in Figure S13.
The O−H stretching vibrational mode in the wavenumber area
of about 3500 cm−1, the C−H stretching mode at 2974 and
2874 cm−1 peak intensity enhancements, and the appearance
of a new peak of the C−C−O symmetric stretching vibrational
mode at the wavenumber of 879 cm−1 indicate the absorption
of ethanol molecules into IL.63 Besides that, the peak intensity
decreases at the wavenumbers of 1350, 1333, 1134, 1056, 789
cm−1 (correlated to [EMIM]), 1184 and 850 cm−1 (correlated
to [TFSI]),47−49 indicating the solvation of [EMIM+][TFSI−].
As ethanol molecules dissolve, enhance the ion solvation, and
inhibit the interaction between ions, the peak intensity of
[EMIM+][TFSI−] decreases.64,65

4. CONCLUSIONS
In summary, the flexible pyramidal structure-based sensor has
been fabricated with [EMIM+][TFSI−] ionic gel, PEGDA, and
HOMPP as a cross-linker and photoinitiator, respectively. The
sample with ILs 50% shows a more extraordinary sensing
performance than the lower or higher IL components. The
sensor exhibits a susceptible response to analytes such as
ammonia, toluene, isobutylene, ethanol, and water, with linear
responses in the concentration range of 2.5−40 ppm at room
temperature. The limit of detection is estimated at 30−80 ppb.
The response time is about 2−6.5 s. The selectivity of the
sensor to analytes is carried out using principal component
analysis and random forest-based algorithms with high
accuracy of over 95%. Subsequently, the analyte concentration
is predicted with an accuracy of over 92%. In addition, the
sensor exhibits effectiveness in bending strain-compensation
performance with bending radii in the range of 15−6.5 mm.
The sensitive response of the sensor (39.8−56.4%) detects
ethanol in exhaling breath with concentrations of 0−30%,
indicating the practical application potential of the micro-
pyramidal flexible ion gel sensor platform. In future work, the
simultaneous exposure of analytes and structural deformation
will be investigated to enhance the practical application of the
ionic gel sensors.
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