
Results in Engineering 21 (2024) 101805

Available online 19 January 2024
2590-1230/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Kirigami-inspired gas sensors for strain-insensitive operation 

Jeonhyeong Park a, Hyeoncheol Lim a, Junwoo Yea a, Chaehyun Ryu a, Soon In Jung a, 
Runia Jana a, Kyung-In Jang a, Hohyun Keum b,**, Hoe Joon Kim a,* 

a Department of Robotics and Mechatronics Engineering, Daegu Gyeongbuk Institute of Science & Technology (DGIST), Daegu, 42988, South Korea 
b Digital Health Care R&D Department, Korea Institute of Industrial Technology (KITECH), Cheonan, 31056, South Korea   

A R T I C L E  I N F O   

Keywords: 
Kirigami 
Gas sensor 
Flexible 
Functionalization 

A B S T R A C T   

Wearable electronics for the Internet of Things (IoT) have spurred interest in optimizing stretchable substrates, 
electrodes, and sensing materials. Specifically, wearable gas sensors are valuable for real-time monitoring of 
hazardous chemicals. For wearable gas sensors, a stable operation under mechanical deformation is required. 
Here, we introduce strain-insensitive Kirigami-structured gas sensors decorated with titanium dioxide (TiO2) 
functionalized carbon nanotubes (CNTs) for NO2 sensing. The Kirigami-shaped substrate is used to ensure me-
chanical stability when stretched. The developed device shows only a 1.3 % change in base resistance under 80 % 
strain. In addition, the impact of electro-thermal properties at various strain levels is analyzed to aid the un-
derstanding of the device’s performance. The CNT-TiO2 composite induced alterations in p-n heterojunctions, 
improving the measurement sensitivity by approximately 250 % compared to a bare CNT sensor. Additionally, 
the sensors exhibited a 10-fold faster desorption rate due to the enhanced photocatalytic effect of TiO2 under UV 
exposure. Remarkably, the Kirigami-structured gas sensors maintained stable and repetitive sensing operation 
even under 80 % strain, which would be enough to be used in various wearable applications.   

1. Introduction 

The emergence of the Internet of Things (IoT) has brought 
advancement in wearable technologies owing to applicability in daily 
life. In particular, there is growing attention towards environmental and 
industrial fields as wearable technologies allow real-time onsite moni-
toring of various safety-related parameters [1–3]. Specifically, wearable 
chemical sensors play a part in various forms, such as smart clothes, 
eyeglasses, and electronic skins [1], for leakage monitoring of harmful 
gases to identify workplace hazards. Advanced wearable gas sensors 
should have flexibility, stretchability, and respectful sensing 
performances. 

Polymeric substrates have been widely used for wearable gas sensors 
as they are flexible, stretchable, and low-cost [4]. Furthermore, elasto-
meric substrates, like polydimethylsiloxane (PDMS) and Ecoflex, are 
biocompatible, enabling them to be interfaced with either human skins 
or body-worn textiles [5–10]. Paper substrates can also be utilized as 
they are eco-friendly and lightweight [11]. However, various fabrication 
methods, such as spin coating, drop-casting, and vacuum filtration, 

should be considered due to the high surface roughness and porosity of 
paper substrates [12–14]. In general, the mechanical properties of 
wearable gas sensors largely depend on the flexibility and stretchability 
of the sensor substrate. 

As conventional electrode materials, such as metal, are rigid, it is 
important to suggest new electrode materials or innovative designs for 
wearable gas sensors. Several works have overcome the rigidity of metal 
electrodes. Failure of metal electrodes due to large strain can be alle-
viated by geometrically engineering the electrode formation. Wavy/ 
serpentine [15,16] and crumpled structures [17] have been widely 
studied for excellent stretchability and minimizing the strain effect. 
Another approach is to use intrinsic conductors. Conventional thin film 
electrodes are brittle and solid and easily lose electrical connection 
when stretched due to crack formation and film delamination. Liquid 
metal is one of the electrode candidates as they are intrinsically 
deformable and retain good conductivity while strained [18,19]. 

Moreover, liquid metal provides the mechanical and electrical re-
quirements to build mechanically deformable sensors [20]. However, 
using liquid metals requires high costs as there should be a passivation 
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fabrication process for biosafety issues. Ag nanowires (NW) are also used 
for stretchable electronics and can be coated via rather simple spray 
coating and electrospinning. However, Ag NWs have low stretchability 
and cannot withstand large deformations [21]. The aforementioned 
conducting materials generally possess a trade-off between stretch-
ability and electrical stability. Therefore, there is much need to develop 
a novel approach to configuring electrodes in stretchable gas sensors. 

Sensing materials should be carefully selected to ensure stable gas 
detection while maintaining the flexible and stretchable nature of the 
sensor substrates. Carbon-based nanomaterials have been widely 
explored owing to room temperature sensing ability and unique elec-
trical and mechanical properties [22–24]. Particularly, carbon nano-
tubes (CNTs) have drawn much attention for flexible and stretchable gas 
sensors [25] as they can be deposited on flexible and stretchable 

substrates via a simple immersion coating method [26]. CNTs exhibit 
excellent gas sensing ability due to their semiconducting properties and 
high surface area. Additionally, chemically functionalized CNT-based 
gas sensors have been studied to address reusability and selectivity 
[23,27,28]. For example, nanostructured metal oxide materials, such as 
SnO2 [29], WO3 [30], ZnO [31], In2O3 [32], and TiO2 [33], have been 
reported to be candidates for novel semiconducting gas sensors. TiO2 is a 
well-known functional material since it works as a photocatalyst [34, 
35], accelerating the recovery time of gas sensors at room temperature. 

Although the components mentioned above are configured harmo-
niously with flexible and stretchable sensors, electrical resistance 
severely changes when stretching the devices. For conventional gas 
sensors, interdigitated electrode (IDE) structures have been generally 
utilized due to the high contact area and intact sensing materials [36, 

Fig. 1. (a) Fabrication process including PI film spin coating and curing, laser cutting, a spray coating, and the metallization step. (b) Sol-gel synthesis process for 
TiO2 functionalization. 
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37]. However, when IDE-based gas sensors are strained up to 50 %, the 
electrical conductance dramatically decreases [20]. Various unique ar-
chitectures have been proposed to minimize the strain effect, such as 
mogul [38] and 3D-micropatterned PDMS structures [39]. However, 
they still show a significant increase in resistance change under strain. 
Such strain-dependent modulation of sensor resistance is inevitable, yet 
it needs to be studied as the reliability and stability of flexible and 
stretchable gas sensors are crucial. 

The present work introduces Kirigami structure-based CNT gas sen-
sors to address the mechanical deformation effect and validate chemical 
functionalization on CNTs for gas sensing performance. As the Kirigami 
structure, inspired by Japanese traditional paper cutting art, is one of the 
new classes for easily deformable and adjustable frameworks, it can be 
applied to various emerging flexible and stretchable gas sensing plat-
forms. Specifically, it can minimize stress localization by applying uni-
axial strain. In addition, we demonstrate the TiO2 functionalization to 
improve further sensing performances, namely measurement sensitivity 
and response/recovery time. Through unique design and functionali-
zation, we analyze the dependency of sensing parameters of gas sensors 
as a function of strain. Our results show that effective sensor design is 
important for developing flexible and stretchable gas sensors. 

2. Experimental section 

2.1. Device fabrication 

Fig. 1(a) depicts the fabrication process of Kirigami structure-based 
sensors. First, the process begins with spin-coating (SPIN-3000D, 
MIDAS SYSTEM, Korea) of polyimide (PI) liquid (VTEC PI-1388, 
STANDARD SYSTEM) to achieve a 50-μm-thick PI film. The spin- 
coating process is set at a speed of 300 RPM with an acceleration of 5 
s for the initial 10 s of spinning, followed by another spin at 500 RPM for 
60 s. Setting the acceleration time is crucial to effectively spread the PI 
liquid on the sacrificial substrate due to its high viscosity. It is soft-baked 
at 150 ◦C for 5 min to remove any solvent. 

Following the first baking process, PI film is cured at 150 ◦C for 30 
min, and another curing is implemented at 220 ◦C for 4 h. The cured PI 
film is then Kirigami-patterned using a carbon dioxide (CO2) laser cut-
ting machine (VLS4.60, Universal Laser System, USA). To eliminate dirt 
caused by laser cutting processing, Kirigami patterned PI substrates are 
thoroughly rinsed with an isopropyl alcohol (IPA) solution. Subse-
quently, sensing material immersion, bare MWCNT, and TiO2 func-
tionalized MWCNT are spray-coated at the air flow rate of 0.15 mL/s for 
2 min with a shadow mask. Additionally, a 100-nm-thick gold layer is 
sputter-deposited on each side of the device to form conducting contact 
pads for wiring. Each unit frame of the Kirigami structure is 2 × 10 mm2, 
and the distance between each side of the gold electrodes is 12 mm. 

2.2. Materials preparation 

Functionalizing metal oxide materials on CNT strongly contributes to 
its gas-sensing performance [40,41]. Particularly, TiO2 is one of the 
well-known metal oxide materials for gas sensing applications and can 
be synthesized through a rather simple sol-gel process [42,43]. Fig. 1(b) 
shows the overall process of sol-gel synthesis. Before the synthesis pro-
cess, 2g of MWCNT powder (Diameter: 8–13 nm, Length: 50~150 μm, 
JEIO, Korea) should be acid-treated to make functional groups on CNT 
outer walls, such as hydroxyl, carboxyl, and carbonyl groups [44] owing 
to ester bonding formation [45] between TiO2 and CNT. MWCNT is 
boiled in 100 mL of 70 % aqueous nitric acid (HNO3 Sigma-Aldrich, 
USA) at 80 ◦C for 6 h with moderate stirring. This functionalized CNT 
powder is washed with DI water several times to remove acid residuals 
and dried above 100 ◦C in the convection oven. The acid-treated CNT is 
characterized using a Fourier Transform Infrared Spectroscopy (FT-IR, 
Thermo Scientific/Nicolet Continuum, USA). 

1:10 mass ratio of the purchased titanium (IV) isopropoxide (TTIP, 

Sigma-Aldrich, USA) and IPA solution are mixed, followed by adding 
acid-treated CNT to make 0.2 wt% CNT solution 1, as shown in Fig. 1(b) 
[42]. For solution 2, HNO3 and DI water are mixed until it reach pH 2. 
Next, solution 1 is added dropwise to solution 2 while vigorously stir-
ring. The resulting colloidal solution is stirred continuously for 2 h to 
form a sol. Following such a sol formation, the final solution is aged for 
24 h in an ethylene glycol bath at 80 ◦C and exposed to air for another 
24 h at ambient temperature to produce a gel. The final samples are then 
calcined to obtain the crystalline structure of TiO2 [46] in the furnace at 
400 ◦C for 2 h. For the characterization of TiO2, we have utilized a 
Raman spectrometer (Nanobase XperRAM, Korea) and an X-ray 
Diffractometer (XRD, Malvern Panalytical/Empyrean, UK). 

2.3. Gas sensing experiment 

Fig. 2 shows the experimental setup for nitrogen dioxide gas sensing. 
The experiment is performed inside the vacuum probe station with dry 
nitrogen (N2) and nitrogen dioxide (NO2) gases introduced at room 
temperature. The chamber pressure is maintained at around 660 mTorr 
using a purge valve controller. The gas flow rate of 100 sccm with 20 
ppm NO2 concentration (N2 80 sccm, N2/NO2 20 sccm) is introduced, 
while the characterization of various NO2 concentrations is carried out 
under changing gas flow rates. Furthermore, the Kirigami structure- 
based sensor is placed above the surface to exclude the effect of any 
conduction heat transfer. To recover the sensors, ultraviolet (UV) illu-
mination is employed as it is an efficient method for TiO2 functionalized 
CNT gas sensors. NO2 sensing time is implemented in 7 min. During the 
NO2 gas sensing experiment, the electrical resistance of the sensors is 
recorded every 500 ms. 

3. Results and discussion 

The functional groups on CNT walls accomplish chemical bonding 
between CNT and TiO2. Thus, the purchased CNT powder is needed to be 
acid-treated using 70 % aqueous HNO3. Fig. 3(a) represents FT-IR 
spectra for pristine CNT (P.CNT) and acid-treated CNT (A.CNT) pow-
ders. Both powders show peaks ranging from 1992 to 2119 cm− 1, 
originating from CNT [47]. For A.CNT powder, functional groups are 
confirmed by a peak of C–O, C=OH, and C=O stretching at a broad band 
below 2000 cm− 1 [48,49]. Furthermore, O–H stretching vibration in the 
3200~3600 cm− 1 range is shown due to hydroxyl groups [48]. 

To investigate the crystalline structure of TiO2 and differentiate its 
types, the synthesized TiO2 is characterized using XRD and Raman 
spectra, as shown in Fig. 3(b–c). The characteristics peaks of the anatase 
TiO2 phase (25◦, 48◦, 55◦, 62◦,68◦, and 70◦) are present [50,51], which 
is favorable for photocatalytic operation compared to other phases [52]. 
Fig. 3(c) shows the Raman spectroscopy at room temperature for TiO2 
decorated CNT (T.CNT) and pristine CNT (P.CNT) samples. The peaks at 
149, 391, 519, and 640 cm− 1 represent Raman active vibrations (Eg, B1g, 
A1g, and Eg, respectively), 1346, 1580, and 2673 cm− 1 represent the 
major peaks of CNT corresponding to D, G, and 2D peaks respectively. 
Fig. 3(d) represents X-ray photoelectron spectroscopy (ESCALAB 250Xi, 
Thermo Fisher Scientific, US) of the T.CNT composite. Specifically, 
oxygen-containing C–O functional groups at 286.6eV are detected on the 
CNT surface, which works for ester bonding formation [53]. Further-
more, the high resolution of anatase TiO2 particles at 465.2eV and 
459.5eV with symmetry can be attributed to Ti 2p1/2 and Ti 2p3/2, 
respectively [54,55]. Transmission electron microscope (TEM, Thermo 
Fisher Scientific, US) micrographs also confirm that TiO2 particles are 
well decorated on CNT outer walls by ester chemical bonding, as shown 
in Fig. 3(e). Fig. 3(f) shows scanning electron microscope (SEM, Hita-
chi/SU8020, Japan) micrographs and the elemental coloring mapping 
via energy-dispersive X-ray spectroscopy (EDS). Elementals mapped in 
upper Fig. 3(f) correspond to pristine carbon in P⋅CNT. In the case of T. 
CNT samples, all the elements, such as carbon, oxygen, and titanium, are 
well present in a wide raster of samples, as shown in below Fig. 3(f). 
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Fig. 2. Experimental setup for nitrogen dioxide gas detection with stretching Kirigami structured gas sensors. UV illumination is implemented while measuring the 
sensor resistance across the GPIB connection. 

Fig. 3. (a) FT-IR characterization and comparison between pristine CNT (P.CNT) and acid-treated CNT (A.CNT). (b) XRD analysis of anatase TiO2. (c) Raman analysis 
of pristine CNT (P.CNT) and TiO2 decorated CNT (T.CNT). (d) XPS characterization of T.CNT. (e) TEM and (f) SEM micrographs and elemental color mapping of EDS 
for P.CNT and T.CNT. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 4(a) demonstrates stretchability in serial-connected Kirigami 
devices. The employed Kirigami structure follows a traditional and 
widely adopted design. Specifically, our design falls into the category of 
ribbon Kirigami, utilizing cut-only techniques and comprising 

interconnected void rectangles [56], as illustrated in Fig. S1 in the 
Supplementary Material. Moreover, this metastructure, inspired by 
ribbon-type Kirigami, exhibits remarkable properties, including a stiff-
ness reduction by a factor of approximately 30 and an increase in 

Fig. 4. (a) The digital images of the Kirigami structured sensors as a function of tensile strain ranging from 0 to 80 %. (b) Stress-strain characteristics, and (c) the 
normalized resistance change with varying the strain for the fabricated sensors. (d) The measured temperature coefficient of resistance (TCR) as a function of tensile 
strain. (e) TCR comparison between P.CNT and T.CNT while applying the strain. SEM micrographs on T.CNT regions for (f) initial and (g) 80 % stretched state of 
Kirigami structure. 
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ultimate strain by a factor of 2 [57]. To begin with the Kirigami mech-
anism, the initial regime stays in-plane of elementary plates. However, 
the Kirigami structure starts deforming out-of-plane, accompanied by 
rotation of certain angles at about 1 % transition strain. Such 
out-of-plane deformation allows Kirigami patterned substrates to enter 
the soft regimes [58], and each unit plate of Kirigami patterns uniaxially 
stretches up to 80 %. 

To characterize the mechanical properties of Kirigami patterns, we 
have measured stress as a function of strain using a dynamic mechanical 
analyzer (DMA, TA Instruments/DMA850, USA), as shown in Fig. 4(b). 
Once the Kirigami substrate stretches, there is a small in-plane 

deformation. However, when it starts twisting at certain angles, it rea-
ches transition and bends out-of-plane, meaning that it has certainly 
altered from the hard to soft regime. The transition occurs when the 
energies of the soft and hard regimes become equal [58]. Thus, in a soft 
regime, stress remains consistent despite applying uniaxial strain. When 
the deformation localized at the tips of Kirigami patterning exceeds 60 % 
strain, the structure hardens, and its stress increases again, called the 
final or third regime. Additionally, the thickness of as-deposited sensing 
materials is sub-μm, so it does not degrade the device’s mechanical 
properties. 

Fig. 4(c) shows the electrical resistance of sensors under strain from 

Fig. 5. The electrical sensor resistance with varying NO2 concentrations at different stretched states, and the change in sensor resistance at 20 ppm fixed NO2 
concentration for 0–80 % strain for (a,b) P.CNT sensors, and (c,d) T.CNT sensors. 
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0 to 80 %. The measured initial resistance of P.CNT and T.CNT sensors is 
10.79 kΩ and 249.77 kΩ, respectively. TiO2-decorated CNT sensors 
show higher electrical resistance due to the formation of p-n hetero-
junctions [59]. However, there is a consistent trend in the normalized 
change in electrical resistance for both sensors. For example, when they 
stretch up to 80 %, the normalized resistance change is about 1.3 %. 
Furthermore, when a Kirigami patterned substrate is deformed to 
three-dimensional space under the stretching, the bending strain 
strongly depends on the thickness and bending radius of the Kirigami 
structured film [60]. Here, the bending strain (ε) is expressed using 
Equation (1), where d is the film thickness, and R is the bending radius. 

ε= d/2R (1) 

As substrate thickness is proportional to bending strain, it is sug-
gested to control the thickness of substrates to minimize the bending 
strain affecting the resistance change. Additionally, there is an overall 
linear dependency in the normalized resistance change at varying uni-
axial strains. However, the slopes of the normalized change in resistance 
for both the sensors alter from 0.03 to 0.015 owing to the softening of 
Kirigami architecture at transition. 

Fig. 4(d) represents the electro-thermal property characterization of 
the fabricated Kirigami devices as a function of uniaxial strain. Since 
CNT exhibits p-type semiconducting properties, its temperature coeffi-
cient of resistance (TCR) decreases when heated. As we can see from the 
Figure, the ΔR/R has decreased for T.CNT compared to P.CNT as a 
whole. It can be attributed to the chemical and heat treatments CNTs 
undergo in T.CNT instead of the TiO2, as it behaves as an n-type semi-
conducting material and would show an opposing trend if taken part. 
However, TCR is an intrinsic property of the material and varies due to 
the strain effect [61]. The fabricated Kirigami structure can minimize 
the change in TCR as a function of strain, as shown in Fig. 4(e). We have 
carried out the characterization of pre and post-strained sensing mate-
rial morphologies through SEM images, and it is confirmed that the 
structure of T.CNT remains consistent without crack formation, as 
shown in Fig. 4(f and g). 

Fig. 5 shows the sensor response as a function of NO2 gas concen-
tration at strain rates of 0, 40, and 80 %. NO2 target gas is introduced 
into the vacuum gas chamber while flowing N2 purging gas, as indicated 
in bright green and blue color, respectively in Fig. 5. Fig. 5(a–b) shows 
the measurement results for P.CNT sensors. In Fig. 5(a), there is a minor 
increase in initial electrical resistance at each stretched state owing to 
the distinctive mechanical deformation of the Kirigami structure. It is 
also observed that the sensor output depends on the NO2 concentrations. 
Although the gas sensors are strained up to 80 %, the gas sensing is 
perfectly carried out as a function of different NO2 concentrations by 
utilizing the ultraviolet (UV) light-induced photo desorption method. 
The 254 nm wavelength UV light source is employed as it is sufficient to 
detach gas molecules even under the low intensity of 50 μW/cm2 [62]. 
For cyclic measurements, the gas detection at 20 ppm NO2 is imple-
mented, and the equivalent changes of electrical resistance of the P.CNT 
gas sensors are measured at about 40 Ω regardless of the strain rates. 

Under UV illumination, the recovery of the P.CNT sensor differs at 
different strain rates. Kirigami structure deforms into out-of-plane while 
stretching, and this mechanical deformation reduces the view factor of 
UV illumination. Specifically, the UV light source used for recovery is 
perpendicularly placed above the Kirigami structured gas sensors. As the 
view factor of UV radiation depends on area, distance, and the angles 
facing between the surface normals, the view factor of UV radiation 
significantly decreases, thus increasing the recovery time for largely 
strained sensors. Although our Kirigami-based P.CNT gas sensors can 
detect NO2 at room temperature, the recovery time of sensor resistance 
and rather low sensitivity need to be addressed. 

Fig. 5(c) shows the performance of Kirgiami structured T.CNT gas 
sensors at various NO2 gas concentrations. T.CNT gas sensors also 
exhibit a slight increase in the initial electrical resistance as a function of 
strain. Fig. 5(d) shows the cyclic gas sensing under 20 ppm of NO2 of T. 

CNT sensors at 0, 40, and 80 % strain rates. Compared to unfunction-
alized P.CNT sensors, the T.CNT sensors exhibit about tenfold 
improvement in the recovery time at 80 % strain due to the addition of 
TiO2. When UV light illuminates the sensors, the photo-generated holes 
(h+) in the valence band diffuse to the TiO2 surface [63,64]. The holes 
combine with electrons from NO2

− (ads) [65], as shown in Equation (3) 
and (4): 

hν → e− + h+ (3)  

h+ +NO−
2 (ads)→NO2(g) (4) 

Ultimately, it accelerates the NO2 gas desorption from the sensing 
material surfaces. This process leaves excessive electrons in the con-
duction band, reducing the surface’s depletion regions. Through this 
mechanism, the electrical resistance of T.CNT gas sensors returns to the 
initial resistance within a relatively short time, even though UV light is 
activated with the lower view factor. As a result, TiO2 functionalization 
improved the sensor performances in measurement sensitivity and re-
covery time. 

Fig. 6 summarizes the gas-sensing performance of the fabricated 
devices. First, the sensitivity (slope) is defined as (|ΔR/R0| × 100)/Gas 
concentration, where R0 is the initial resistance before detecting NO2 
gas, and ΔR is the change in resistance. To acquire the sensitivity of P. 
CNT and T.CNT gas sensors, the normalized resistance change as a 
function of NO2 gas concentrations is plotted, as shown in Fig. 6(a). The 
calculated sensitivities from the measurements are about 0.02 %/ppm 
and 0.05 %/ppm for P.CNT and T.CNT sensors, respectively. T.CNT 
sensors exhibit about 250 % improvement in the calculated sensitivity 
compared to P.CNT sensors owing to the heterostructure of CNT and 
TiO2 [59]. For example, a depletion region exists at the heterojunction of 
TiO2 nanoparticles and CNT, and another is created at the crossing 
points between two TiO2-coated CNTs. When the sensors are exposed to 
NO2 gas molecules, they are attached to the surface of TiO2, creating a 
new depletion region. Then, the adsorbed NO2 extracts electrons from 
the TiO2 due to its highly oxidizing nature, modifying the width of the 
depletion layer at the surface of TiO2, altering the depletion layer at the 
p-CNT/n-TiO2 junction, thus modifying the sensors’ whole resistance. 

Furthermore, we define the response at a specific gas concentration 
using (ΔR/R0) × 100. At each cyclic sensing for 20 ppm of NO2 gas, the 
responses show no significant differences even under 80 % stretching 
state for all the sensors, as shown in Fig. 6(b). It is confirmed that our 
sensors show good reliable, and repetitive measurements under me-
chanical deformation. Fig. 6(c) exhibits the calculated sensitivities of 
Kirigami-structured P.CNT and T.CNT sensors as a function of increasing 
strain. The sensitivities of both sensors remain consistent throughout 
measurements, meaning that Kirigami structure-based gas sensors are 
independent of device stretching. In addition, we analyze the limit of 
detection (LOD) of the developed Kirigami gas sensors using the 
following Equation [66]: LOD (ppb) = 3 × (Rrms/Sensitivity), where 3 is 
the signal-to-noise ratio, and Rrms is root-mean-square (RMS) deviation 
of baseline signal. We use 120 data points of 1 min for RMS calculation, 
and the signal-to-noise ratio should be more than 3 due to a valid signal. 
The calculated LOD from the measurements is about 200 ppb and 100 
ppb for P.CNT and T.CNT sensors at all the stretching states, respec-
tively. As the T.CNT gas sensor shows 2.5 times higher sensitivity, and its 
RMS is fairly stable owing to the Kirigami structure, there is a 200 % 
improvement in LOD compared to P.CNT sensors. 

Additionally, to quantitatively assess the sensor desorption between 
the fabricated two different sensors, the recovery time of the devices is 
considered, as shown in Fig. 6(d). Although the attached 20 ppm NO2 
gas molecules are easy to release using UV illumination for P.CNT gas 
sensors, the recovery time of 80 % strained sensors has quadrupled 
compared to that of the non-strained ones. It can be explained as follows: 
when the Kirigami structure stretches up to 80 %, each unit frame of the 
Kirigami structure becomes significantly bent and twisted. This results 
in a substantial reduction in the view factor of UV illumination 
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compared to the 40 % strained state. Therefore, it is reasonable to assert 
that the recovery time of P.CNT sensors exhibits two different recovery 
rates as a function of strain. However, the functionalization of TiO2 
contributes to a great desorption rate, which corresponds to about 30 s 
at 10 % of sensor response for all the stretched states. Thus, depending 
on the target gas or sensor design, a proper functionalization process 
must be considered for sensor sensitivity and reusability. 

The Kirigami gas sensors exhibit stretchable abilities and minor 
electrical resistance changes. In addition, the TiO2 functionalization of 
the sensors improves the measurement sensitivity and desorption rate in 
NO2 gas sensing. Table 1 compares the performance of the developed gas 
sensors to selected previous works on flexible and stretchable gas 
sensing platforms. The sensor design is one of the crucial factors for 
developing flexible and stretchable gas sensors. Thus, various types of 
sensor designs are suggested. For example, serpentine structured sensors 
use a 60 ◦C operating temperature. However, they show a long recovery 

time even at low NO2 concentrations [67]. 
Chemical functionalization is essential for high measurement sensi-

tivities and responses [23,38,68–70]. Although the measurement 
sensitivity or response at a certain gas concentration for our sensors is 
somewhat limited compared to other functionalized gas sensors, our 
work dramatically alleviates the inevitable electrical effect from me-
chanical deformation and exhibits a fast desorption rate compared to 
previous works. Moreover, it is crucial to consider the impact of hu-
midity on gas-sensing properties due to their potential instability. In 
humid environments, gas sensors may adsorb water molecules on the 
sensing material surface [71,72], leading to a degradation in response. 
Additionally, the interaction between pollutants and various gases could 
give rise to secondary pollutants [73]. 

The effect of humidity on the fabricated T.CNT sensor is shown in 
Fig. S2 in Supplementary Material. Although there is a shift in response 
under varying humidity conditions, the sensor exhibits a noticeable 

Fig. 6. (a) The absolute normalized change of sensor resistance at varying NO2 concentrations for all the stretched cases of P.CNT and T.CNT sensors. (b) The 
variations of sensor response. (c) The sensitivity and (d) the recovery time comparison as a function of strain for all the developed seznsors. 

Table 1 
Summary of flexible and stretchable gas sensors, including the device from this work.  

Sensing Materials Sensor 
Design 

R%@Strain Sensitivity Recovery Time Operating Temperature Reference 

TiO2/CNT Kirigami 1.3 %@80 % (Tensile) 0.05 %/ppm (NO2) 32s@20 ppm RT This work 
MoS2/rGO Serpentine N/A@20 % (Tensile) 7.49 %/ppm (NO2) 720s@1 ppm 60 ◦C [67] 
AgNW/Gr FET 7 %@20 % (Tensile) 5 %@5 ppm (DMMP) 400s@5 ppm RT [68] 
FGO Yarn 5 %@0.2 mm (Bending) 12 %@8 ppm(NH3) N/A RT [69] 
Cu/SWCNT Film N/A@0.2 mm (Bending) 0.4 %/ppm (H2S) 20s@20 ppm (RT.) RT [23] 
R-GO Mogul pattern 90 %@30 % (Tensile) 2.3 %/ppm (NO2) 5min@2.5ppm (RT.) RT [38] 
SnS2/S-rGO Film 3 %@Bending 

10 %@Twisting 
1.32 %/ppm(NH3) N/A RT [70]  
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response when exposed to 20 ppm of NO2. There is an increase in the 
response ((ΔR/R0) × 100) as a function of relative humidity (RH%) 
levels owing to possible chemical reactions as follows [73]:  

NO2 (g) + e− → NO2
− (ads)                                                              (5)  

3NO2 (g) + H2O → NO (g) + 2HNO3                                                (6)  

2NO2 (g) + 2NO (g) → 2NO3 (ads) + N2 (g)                                      (7) 

NO2 gas can be directly adsorbed on the CNT surface owing to its 
high electron affinity, as shown in reaction (5) [74]. However, NO2 gas 
molecules can react with water molecules, leading to the production of 
HNO3 in reaction (6) and the formation of functional groups (C=O 
bonds) on the CNT surface. This enhances reaction (5), and another 
reaction (7) could be further facilitated. Additionally, oxygen molecules 
are ionized on the surface of the T.CNT composite to form O2

− (below 
100 ◦C) and withdraw additional electrons from TiO2, as shown in the 
below reaction (8) [75].  

NO2 (g) + O2
− (ads) + e− → 2NO2

− (ads) + O2                                    (8) 

For the comparison of gas selectivity, gases including 20 ppm SO2, 5 
% CH4, and 5 % H2 were employed, as illustrated in Fig. S3 in the 
Supplementary Material. These concentrations were chosen in consid-
eration of the recommended risk concentration levels for each gas [76, 
77]. The high electron affinity of NO2, attributed to the presence of lone 
pairs of holes, surpasses that of other gases, demonstrating excellent 
selectivity for NO2 gas. Furthermore, it is anticipated that the integra-
tion of appropriate metal oxides [78,79] or novel metals [80,81] onto 
Kirigami-structured gas sensors could not only ensure stable gas sensing 
performance but also enable selective gas detection across various gases. 
However, as sensor reliability and stability relate to the quality of gas 
sensors, it needs to be further addressed using various approaches, such 
as the integration of stretchable electrodes or other unique designs. 
Moreover, to obtain strain-free gas sensors, a significant improvement in 
sensitivity is required to compensate for the resistance change from 
mechanical deformation. 

4. Conclusion 

This paper presents the Kirigami-based CNT gas sensors with TiO2 
functionalization for mechanically deformable capability. The fabrica-
tion process carries out a simple spin coating method to control the 
thickness of the PI film and a laser cutting method for a precise Kirigami 
structure. In addition, TiO2 decoration on CNT is implemented via a sol- 
gel synthesis process for improving the gas sensing performance. The 
Kirigami architecture exhibits a unique stress-strain relation consisting 
of three different regimes and considerably mitigates the resistance 
change despite the applied tensile strain. Following the mechanical and 
electrical relationship, the electro-thermal properties of P.CNT and T. 
CNT sensors are characterized. With minor resistance change as a 
function of increasing strain, stable sensitivities are measured for the 
developed gas sensors. In addition, TiO2 functionalization greatly im-
proves the desorption rate at all the stretched states. To make the 
stretchable sensors more stable and reliable, various reconfigurations of 
sensor architectures or appliances of stretchable electrodes could be 
utilized. We envision that our sensors could be applied to wearable and 
stretchable gas sensing applications beyond NO2 gas detection. 
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