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Abstract 

The importance of temperature sensors has notably increased in recent years, paralleling the surge in demand for flexible and 

stretchable sensor technologies. In this study, we fabricate and characterize a flexible resistive temperature sensor based on 

Laser-Induced Graphene (LIG) on Polyetherimide (PEI). The structure and morphology of LIG are thoughtfully characterized 

proving the formation of a graphitic-based structure. Subsequently, the sensors were evaluated in terms of their temperature 

response, impact of relative humidity (RH), and bending cycles. The results reveal that the PEI-LIG flexible thermistor exhibits 

a high sensitivity of -0.159%/°C, with minimal influence from humidity. These findings contribute to advancing the research 

in inexpensive flexible temperature sensing technology, providing insights into material selection and sensor design for diverse 

applications. 
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1. Introduction 

 Temperature plays a key role in various technological 

applications so there is a need for its enhanced precision 

sensing and real-time monitoring. Diverse applications are 

emerging for flexible and stretchable sensors in fields like the 

food industry [1], machines [2] and human body [3]. 

Moreover, promising applications such as human-machine 

interfaces [4] and health monitoring [5] demand compatibility 

with free-form surfaces, where such features are essential for 

their effective implementation. Additionally, with the 

paradigm of the Internet of Things (IoT), where there is a 

continuously increasing number of devices interconnected, the 

need for cost-effective, mass-produced, and eco-friendly 

sensors is primordial. In this sense, the most widely used 

temperature sensors are the thermistors, a type of resistor 

whose resistance is strongly dependent on temperature. 

Common thermo-sensitive materials used in this context are 

ceramics [6], metal alloys [7] and polymers [8] whose 

resistance changes proportionally with the temperature. The 

advantages of the ceramic thermistor are its low cost, high 

sensitivity, and fast response. However, they are generally 

rigid making impossible its adaptation to any non-planar 

surface. Metal alloys are the most used with good sensitivity 

and stability, but they are more expensive and have a greater 

environmental impact. Conversely, conductive polymers are 

compatible with free-form surfaces but exhibit lower 

sensitivity and repeatability. 

Despite the widespread use of these types of thermistors, 

none of them combines all the desired properties, i.e., good 

sensitivity, low cost, fast response, flexibility, and 

environment-friendliness simultaneously. To address all these 

desired features, the research in new materials, specifically in 

carbon-based materials is actively being investigated. In 

particular, graphene [9] and graphene-based materials [10], 

such as graphene oxide (GO) [11], reduced graphene oxide 

(rGO) [12] or carbon nanotubes (CNT) [13] are broadly 

employed for flexible temperature sensors. However, all these 

techniques involve energy-intensive processes and heavy 

chemical treatments, raising environmental concerns [14,15]. 

As a promising alternative, Laser-Induced Graphene (LIG) 

has garnered interest since its discovery in 2014 [16]. This 

technique involves treating a carbon-rich precursor with a 

laser, converting the raw insulator substrate into a conductive 

material via laser photothermal or photochemical effects [17]. 

LIG offers a single-step, mask-less, and chemical-free 

fabrication process, enabling complex pattern designs and 

conductivity tuning. 

This technique has been proved from multiple substrates, 

from GO to diverse polymer substrates and natural materials 

[18,19]. However, the use of natural substrates, such as paper, 



 Houeix et al  

 2  
 

wood or cork, is usually associated with adding fire retardant 

treatments and results in a lower sensibility and 

reproducibility [20,21]. Consequently, polymer substrates, 

particularly Kapton© polyimide (PI), are widely employed in 

LIG due to their flexibility and versatility in multiple 

applications, ranging from chemical and physical sensors to 

energy storage [22,23]. The use of other polymers has also 

been reported, such as polyetherimide [24–26], 

polyetheretherketone (PEEK) [17] or polymetaphenylene 

isophthalamide (Nomex) [28]. Notably, PEI stands out for its 

exceptional properties and cost-effectiveness compared to 

other substrates, making it an excellent choice for LIG. In a 

previous work [29], the authors compare the properties of LIG 

on PI and PEI for electrochemical applications, concluding 

that LIG from PEI exhibits improved electrical conductivity 

with a more robust and homogenous morphology. In this 

context, LIG temperature sensors have already been studied 

on PI [30–32], GO [33,34] and on paper [20], although no 

research on LIG thermistors based on PEI has been reported 

yet. These sensors, fabricated directly on the flexible polymer 

surface, can be easily attached to any curved surface, 

eliminating the need for the transfer process required in 

traditional CVD graphene synthesis. 

After explaining the fabrication and characterization 

methods, this paper presents a study of the characterization of 

LIG materials on PEI substrate through Raman spectroscopy, 

X-ray photoelectron spectroscopy (XPS) and Scanning 

Electron Microscope (SEM). Subsequently, two thermistor 

designs were fabricated. Both transducers were tested in a 

climate chamber to characterize the temperature response, the 

effect of the relative humidity (RH) and the bending 

behaviour. Finally, the main conclusions are drawn up.   

2. Materials and methods 

2.1 Materials 

The polymer used in this work is ULTEMTM 1000 

Polyetherimide (PEI) sheet from Prima Filaments®, with a 

thickness of 200 μm, and an additional 35 μm of adhesive on 

the back. Prior to the laser scribing process, the surface of the 

material is cleaned with isopropyl alcohol. Subsequently, after 

drying for 1 minute, the material was directly laser scribed. 

2.2 Devices fabrication 

The laser scribing process was performed using a 

PowerLine E-12-532 Laser by Coherent® (Munich, Germany) 

at ambient conditions as illustrated in figure 1. This setup uses 

a galvanometric pulsed laser with a wavelength of 532 nm 

(green light). The scribing process occurs at the focal point 

(270 mm), obtaining a laser spot of 1.6 ± 0.2 mm, and the 

distance between two passes is set to 70 μm.  

 

 
Figure 1. Schematic of the fabrication of LIG thermistor on 

PEI with the connexion made with silver ink. 

 

Two serpentine thermistor designs were created, as 

illustrated in figure 2: a small design measuring a total length 

of 136.5 mm, and a large design measuring a total length of 

268.0 mm, both with a width of the pattern of 1.5 mm. For the 

LIG on PEI substrate, two passes are required to achieve the 

desired high resistivity. The first pass seeks to form a non-

conductive amorphous carbon black layer, while the following 

pass forms the high resistive layer of LIG [18]. In this case, 

the first pass uses a power of 2 W at a speed of 100 mm/s, and 

the second pass uses a power of 1.5 W at a speed of 55 mm/s. 

These parameters are selected to achieve a homogenous LIG 

layer with a resistance high enough to reduce both the self-

heating effect and the power consumption. Under ambient 

conditions (~25°C, ~35%RH), the LIG on PEI thermistor 

exhibited resistances of 182.2 ± 6.7 kΩ and 83.6 ± 3.3 kΩ for 

the large and small designs, respectively. The frequency 

response of both designs is presented in figure S.1, showing 

pure resistive behaviour. The transducers were connected 

using a screw-mounted SubMiniature version A (SMA) Series 

End Launch Connector from Bulgin® (Santa Fe, CA, USA), 

with a thin layer of RS® PRO conductive silver lacquer applied 

near the edge of the connector to complete the contact. 

2.3 Material characterization 

Raman spectrometer analyses were carried out by the 

Micro-Raman Jasco NRS-5100 (Easton, PA, USA) system, 

using a green diode of 532 nm as the excitation source. 

The X-ray Photoelectron Spectroscopy was carried out on 

a Kratos Axis Ultra-DLD (Manchester, UK), using a power 

and step energy of 75 W and 160 eV for general spectra, and 

150 W and 40 eV for higher resolution. The spectra were 

analyzed with CASA software with reference to adventitious 

C1s, at 285 eV. 

 Keysight® B2902A Source Meter Unit (SMU) (Santa 

Rosa, California, USA) was used to measure voltage and 

current for the electrical characterization of the LIG sheet 

resistivity together with the four-probe station Universal 

Probe Station from Jandel® (Eggington, UK) with a spacing 

between needles of 1.0 mm. The method used to evaluate the 



 Houeix et al  

 3  
 

sheet resistance is the In-Line Four-Point Probe with the Dual-

Configuration [35]. The sheet resistance of the LIG obtained 

with the selected laser parameter is 870 ± 100 Ω/sq.  

 

 
Figure 2. Photography of PEI LIG thermistors with their 

corresponding dimensions. 

2.4 Sensor characterization 

The climate chamber used to test the sensors was the 

LabEvent L C/34/70/5 from Weiss Technik® (Reiskirchen-

Lindenstruth, Germany). The resistance variation of the 

transducers has been measured with a Source Measurement 

Unit (SMU) 2450 from Tektronix® (Beaverton, Oregon, 

USA). The impedance of the transducers has been 

characterized from 500 Hz to 1 MHz with the impedance 

analyzer Keysight® E4990A (Santa Rosa, California, USA) 

and the impedance probe Keysight 42941A from the same 

vendor. Temperature characterization was conducted over a 

range from -30°C to 70°C, with intervals of 10°C, and each 

step lasting 15 min. The RH response testing was conducted 

at a constant temperature of 50°C, with RH levels set at 40%, 

60%, and 80%, each step lasting 1h. The measured resistance 

is expressed as: 

∆𝑅/𝑅0 =
𝑅𝑇−𝑅0

𝑅0
 (1) 

where RT is resistance in different testing temperatures, and R0 

is resistance at the lower temperature. The temperature 

coefficient of resistance (TCR) is mathematically calculated 

using the following expression: 

𝑇𝐶𝑅 =
∆𝑅/𝑅0

𝑇𝑓−𝑇𝑖
× 100% (2) 

where Ti and Tf represent the initial and the final temperature, 

respectively. The data was recorded during the last 4 min to 

ensure proper environmental steady-state. Additional 

measurement information, including the sensitivity of the 

sensor at each calibration point and the uncertainty of the 

measurements for temperature and humidity was calculated 

based on the method described in [36] and the values are 

reported in tables S.1-4. 

3. Results and discussion 

3.1 Material analysis condition 

3.1.1 Raman spectroscopy 

Raman spectra were acquired to examine the 

crystallography quality of the material resulting from laser 

irradiation. Figure 3a depicts normalized Raman spectra 

relative to the G peak of the induced material on PEI. In this 

spectra, two main peaks related to carbon-based materials are 

identified: D, G respectively at 1350 and 1580 cm-1 [37]. D 

peak is attributed to the defect of the structures generally due 

to the presence of covalently bonded oxygen. The G peak 

corresponds with the sp2 hybridized carbon network of 

graphitic material. The crystallographic quality and electrical 

properties of the material are directly related to the IG/ID ratio 

and the full width at half maximum of the G peak (FWHMG) 

[38]. In this case, the PEI sample exhibits a moderate IG/ID 

ratio, indicating relatively low structural disorder in the sp2 

graphitic lattice. Additionally, the FWHMG provides 

information on the defect level and uniformity of sp2 clusters. 

Therefore, the moderate IG/ID ratio and high FWHMG explain 

the low conductivity of the LIG formed. The absence of the 

2D peak at 2700 cm-1 further suggests that the spectrum is 

characteristic of glassy carbon [39]. 

 
Figure 3. a) Normalized Raman spectrum of LIG on PEI. b) 

Deconvoluted C1s peak before and after the laser. c) SEM 

images of LIG on PEI. 

3.1.2 XPS spectra 

XPS analysis was conducted to further examine the 

composition of the samples. Figure S.2 displays the general 

spectra of PEI substrate before and after laser treatment. After 

the laser irradiation, there is a noticeable decrease in the 

atomic concentration of O and N, as outlined in table S.5. This 

reduction can be attributed to the photothermal effect induced 

by the laser, which increases the temperature within the 

polymer lattice, causing weaker bonds (such as C-O and C-N) 

to break and release as gases (CO2, O2, N2) [40]. Subsequently, 

the lattice recombines to form a graphitic-derived structure, as 

evidenced by the Raman spectra. The substrate exhibits a more 

reduced structure, with the C/O ratio increasing by over 3 

times after laser treatment. This transformation is further 
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confirmed by the analysis of the deconvoluted C1s peaks 

presented in figure 3b. For this material, four components 

were identified along with a π–π* satellite peak. Peaks at 284.8 

eV and 285.3 eV were assigned to C=C sp2 and C-C sp3 

hybridization states of carbon, respectively [41,42], while 

peaks at 286.3 eV and 288.7 eV were assigned to C-O-C and 

O=C- oxidized states of carbon, respectively [43,44]. As seen 

in figure 3b, there is a general decrease in the oxidized states 

after the laser treatment. This underscores the graphitization 

process, which involves the transformation of the sp3 

hybridization state, characteristic of the diamond crystal 

structure, into the sp2 hybridization state typical of graphene 

and/or graphite [42]. The ratio sp2/(sp2+sp3) represents the 

degree of graphitization of the material. For our polymer, this 

ratio increased from 47% to 61% after laser irradiation. In 

conclusion, LIG on PEI demonstrated characteristics similar 

to amorphous or glassy carbon [29]. 

3.2 Thermistor characterization 

3.2.1 Temperature result 

The temperature response curves of the LIG thermistors for 

both designs are presented in figure 4. Both sensors exhibit a 

negative temperature coefficient (NTC), where resistance 

decreases with increasing temperature, as is typical for 

graphene and related materials [31–34]. Notably, over 7 

cycles, both PEI transducers demonstrate high average TCR 

values (eq. 2) of -0.159 ± 0.019%/°C for the small design and 

-0.139 ± 0.011%/°C for the large design. This sensitivity can 

be attributed to the morphology of the LIG. As observed in the 

SEM image (Figure 3c), the LIG on PEI exhibits a porous and 

sectioned surface, composed of small interconnected 

conductive trenches formed by the laser ablation process. This 

results in an irregular LIG surface that, coupled with the low 

crystallographic quality of LIG (as assessed previously), leads 

to a high nominal resistance. Consequently, the PEI thermistor 

operates as a fragmented, highly resistive network. Both 

transducers demonstrate excellent linearity with R² over 

0.98% throughout the entire temperature range with minimal 

hysteresis. Specifically, the maximum hysteresis variation is 

0.4% and 0.7% for the large and small designs, respectively, 

at -10 °C. This information is summarized in table S.6. 

 

Figure 4. Resistance variation in the temperature range from 

-30 to 70 °C for a) PEI large design, b) PEI small design. 

Figure 5 depicts the impact on the maximum, mean, and 

minimum resistance observed at -30 °C, 20 °C, and 70 °C, 

over 15 cycles of increasing and decreasing temperature. As 

shown, the deviation over time is minimal, with the resistance 

change starting to stabilize after approximately nine cycles. 

The difference in response between both designs can be 

attributed to the smaller surface area of the small design, 

where minor changes due to thermal expansion and thermal 

and mechanical stress have a greater impact on the overall 

resistance of the transducer, resulting in more significant 

deviations. The temporal variation of the large design traducer 

is shown in figure S.3, presenting a stable response during all 

cycles. Table 1 presents a comparison of this sensor with other 

recent work of carbon-based thermistors. In comparison, our 

transducer exhibits moderate sensitivities, excellent linearity, 

and slow response times in a very large temperature range 

which has not been tested yet. Moreover, due to its simple 

single fabrication step, the PEI thermistor emerges as a viable 

option for temperature sensing. From [33], the authors have 

extended the experimental results of a thermistor made on 

laser-reduced graphene oxide (LrGO) as depicted in figure S.5 

and figure S.6, showcasing the resistive response across an 

extended temperature range. This sensor exhibits lower R2 

with a higher TCR, however, it requires additional fabrication 

steps involving chemicals, and the use of GO is well known to 

be highly sensitive to humidity, so it requires to be passivated 

to reduce the effect of humidity in the response [45].

Table 1.  Comparison of recent resistive carbon-based temperature sensors. 

Materials Fabrication Range (°C) TCR (%/°C) R2 Rising/Falling time (s) Reference 

Graphene CVD 30-70 -0.170 - - [46] 

Graphene Ink/laser 30-100 -0.177 >0.86 - [47] 

rGO LrGO -30-35 -0.488 - - [33] 
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rGO LrGO -30-70 -0.671 0.95 - Extended from [33] 

rGO/PDMS LrGO 20-50 -0.380 0.99 - [45] 

PI/rGO LIG 25-45 -1.56 - 13.5/26.2 [34] 

PI/PDMS LIG 20-100 0.250 0.98 2.6/7.9 [30] 

Paper LIG 10-60 -0.280 0.99 - [20] 

PI LIG 20-60 -0.111 - - [31] 

PI LIG 30-40 -0.041 - - [32] 

PEI LIG -30-70 -0.159 0.98 78.0/65.0 This work 

 

Figure 5. Resistance variation over cycles at -30 °C, 20 °C 

and 70 °C for a) PEI large design, b) PEI small design. 

Additionally, the time response of the sensors is presented in 

figure 6. As depicted, our transducer presents long response 

times to temperature changes from 20 to 40 °C at 35% RH, 

with falling times and rising times of 66.7 s and 63.1 s for the 

large design, and 65.0 s and 78.0 s for the small design.  

 

Figure 6. Falling and rising time at 20 °C to 40 °C at 35%RH 

for a) PEI large design, b) PEI small design. 

3.2.2 Humidity effect 

Figure 7 presents the effect of the RH (from 40% to 80% at 

50 °C) on the transducer. As observed, our sensor exhibits a 

negative humidity coefficient. The measured sensitivities are 

-0.017 ± 0.005%/RH% and -0.015 ± 0.007%/RH% for two 

sensors over 3 cycles for the large and small designs, 

respectively. These values are relatively low compared to the 

thermal sensitivity of the devices. Both designs exhibited 

moderate hysteresis and linearity, with specific values 

provided in table S.7.  

 

Figure 7. Resistance variation in the RH ranges from 40 to 

80% RH at 50 °C for a) PEI large design, b) PEI small design. 

This is an advantage over other LIG precursors, such as PI, 

which is widely used as a sensing layer for humidity sensors 

due to its great capacity to absorb moisture and modify 

electrical characteristics [48,49]. In contrast, the higher 

resistance of LIG on PEI means that humidity induces a slight 

decrease in resistance due to improved ionic conduction 

through adsorbed water compared to the overall resistance 

[50]. Based on these findings, PEI-based transducers are 

preferable for temperature sensing due to their higher 

sensitivity, low humidity impact, and minimal hysteresis 

compared to other LIG sensors. Additionally, it is possible to 



 Houeix et al  

 6  
 

eliminate the effects of humidity on the sensor by using a 

coating such as polydimethylsiloxane (PDMS) [51]. 

3.2.3 Bending effect 

The flexibility of the sensors was assessed by subjecting 

them to 300 cycles of bending at a curvature of 35 m-1 under 

ambient conditions. The evolution of the resistance over the 

cycles for both transducers is depicted in Figure S.7. The result 

indicates a 7.8% and 22.5% increase in resistance after all the 

cycles for the large and small designs, respectively. The 

increment in resistance from normal to elongated position is 

1.4% and 8.0% for the large and small designs, respectively. 

This increase in resistance is attributed to the elongation of the 

sensor, which increases the separation between LIG 

conductive zones during elongation, resulting in an increased 

resistance [52]. In the smaller design, this effect has a more 

significant impact on the overall resistance relative to the total 

length of the sensor. Compared to the larger design, the 

smaller sensor exhibits a greater deformation of the pattern, 

resulting in a more substantial increase in resistance. These 

results show that although the sensors are bendable, their 

response is significantly affected by the bending effect. As a 

result, proper calibration is necessary to compensate for this 

issue. Therefore, the sensor is well-suited for free-form 

surfaces but may not be ideal for applications involving both 

bending and temperature stimuli. 

4. Conclusions 

In this study, two resistive temperature sensors were 

fabricated on polyetherimide (PEI) using different design 

sizes. The substrate was subjected to laser scribing to produce 

laser-induced graphene. The induced material was 

characterized through Raman, XPS spectroscopy and SEM, 

confirming the successful formation of graphitic-based LIG. 

In terms of temperature response, both sensors exhibited 

good sensitivity, excellent linearity (R2 >0.98), and low 

hysteresis, demonstrating good temperature sensitivity with -

0.159%/°C. The impact of humidity was also evaluated, 

showing good independence from humidity, which can be 

further enhanced by using protective coatings. Additionally, 

the bending effect was investigated, revealing low variation 

over cycles for both designs. The results indicate that the size 

of the design has a low impact on the behaviour, with the 

smaller design performing slightly better overall. 

In summary, the findings of this study highlight PEI as an 

excellent substrate for LIG thermistors, offering flexible and 

cost-effective material with low humidity dependence, 

excellent linearity, and good sensitivity. The insights gained 

into material selection and sensor design provide valuable 

knowledge, facilitating a transition towards more sustainable 

and environmentally friendly practices in flexible electronics 

production. 
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