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Abstract 
 

Despite its high temperature-sensitivity and simple structure, negative temperature 

coefficient (NTC) thermistors have been limitedly adapted to artificial skin or 

epidermal temperature sensor due to its excessive processing temperature that is not 

compatible with flexible substrates. To address this, herein, we develop a low heat 

budget, single-step laser digital patterning process which enables monolithic 

integration of Ni-electrode and NiO-sensing channel under room-temperature 

ambient. Monolithically fabricated NiO NTC thermistor exhibits the highest 

temperature-sensing ability among reported NTC thermistors. (TCR -9.2 %/℃, 

B=8162 K at 25 ℃) Physical analysis suggests that the superior temperature sensing 

ability originates from the unique thermal activation mechanism of the proposed 

process. Together with the superior temperature-sensitivity, low heat budget nature 

of the laser reductive sintering leads development of complete flexible temperature 

sensor array and conformally attachable temperature sensor. We believe that our 

demonstrations present great opportunities toward variable military applications 

such as artificial skin and epidermal temperature sensor by offering exceptionally 

simple yet effective laser thermal process. 
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Chapter 1. Introduction 

 

An essential element of a successful military operation is to accomplish the mission 

while minimizing the casualties of combatants. Recently, the republic of Korea 

army is pursuing two improvement projects to minimize combatant losses: 

deploying robots performing risky missions and modernization of personal gears. 

If the robot can reproduce human sense of touch, it could perform delicate tasks1-5 

like dismantling improvised explosive devices (IEDs). Since the temperature 

sensing is a major touch sensing mechanism which delivers abundant information 

of touching object, the artificial skin with flexible temperature sensor system is an 

essential part of post military robots. Meanwhile, the modernization of personal 

gears allows the military commander to monitor the real-time status of the single 

combatant. By applying the epidermal temperature sensor, it is possible to 

automatically monitor the real-time status of the combatant, since temperature 

variation of our own body possesses significant physiological information about 

metabolic status of the human body.6,7 Therefore, concept of continuous long-term 

monitoring of our body temperature via conformally attachable flexible temperature 

sensor provides great potential to combat force management.8,9 In most cases of 

artificial skin and epidermal sensor, interested temperature variation remains only 

in a small change near the room temperature (~30 ℃). For this reason, high 

temperature-sensitivity especially in a low temperature range is required to the 

flexible temperature sensors. Additionally, to ease the modulus matching with our 
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human body, the flexible temperature sensor is required to have low level of 

mechanical modulus.  

To address these requirements, so far, majority of efforts have been focused on 

integrated circuit (IC) based temperature sensors.1,3,4,8 Despites its high 

temperature-sensitivity and flexibility, however, complicated structure mostly 

accompanying multi-step photolithography process and resulting high 

manufacturing cost greatly hinders actual utilization of the IC temperature sensors. 

On the other hand, negative temperature coefficient (NTC) thermistor has clear 

advantage over the IC temperature sensor in that it exhibits much simple structure 

while shows equivalently high temperature-sensitivity.10 However, the NTC 

thermistor also has the biggest challenge toward the actual utilization to the flexible 

temperature sensor. Since ceramics for majority of NTC thermistors require a high 

temperature annealing above 600 ℃ for forming or activation, that is not 

compatible with most flexible substrate and electrode,11,12 further progress in 

thermistor type flexible temperature sensor has been substantially limited. 

Meanwhile, laser direct writing (LDW) is an alternative patterning process by 

which various metallic and inorganic structures can be directly formed on various 

choices of substrates. Computer-aided digital patterning of LDW enables mask-less, 

vacuum-free and ultra-fast patterning process. One of the most distinct 

characteristic of LDW process is its low heat budget nature. By direct delivering 

marginal photothermal energy required for a specific thermal treatment, fast 

scanning of intensive laser irradiation enables selective thermal annealing while 

leaves no thermal damage on the substrates.13-16 Owing to this, laser reductive 
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sintering (LRS), a sub-concept of LDW, has been successfully verified its potentials 

toward the flexible electronics. Especially, by reducing metal oxide nanoparticle 

(NP) immediately before the sintering stage, LRS successfully eliminates 

limitations originating from the easily oxidizing nature of metallic NPs and further 

expands the boundary of applicable metal to several transition metals.17-20 We 

developed a simple yet novel laser process enabling monolithic integration of Ni-

electrode and NiO-channel, which exhibits the highest temperature-sensitivity 

among other thermistor-based temperature sensors. The sensor system fabricated 

on flexible substrate is directly applicable to the temperature sensible artificial skin 

and epidermal temperature sensor.  
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Chapter 2. Experiment 

2.1 Preparation 

 

Polyvinylpyrrolidone (PVP, Mw~10,000, Sigma-Aldrich) 1.458 g and 0.105 g of 

Hexadecyltrimethyl-ammonium bromide (CTAB, Sigma-Aldrich) are dissolved in 

4.92 ml of 1-Pentanol (Sigma-Aldrich) using sonicator. After the dissolving, 6.72 g 

of Nickel Oxide nanoparticles (<50 nm, Sigma-Aldrich) are added and sonicated 

until the nanoparticles are completely dispersed.  

Polyethylenetrephthalate (PET) thin film (25 μm, 100 μm thickness) is cleaned by 

deionized water with neutral detergent, and rinsed with Ethanol to eliminate 

surface-absorbed water molecules. The PET substrate is electrostatically attached 

to the slide glass (1 mm thickness, Fisherbrand) using corona treatment (High 

Frequency Generator, Electro-Technic Products) and fixed by cellophane tape. 

Corona treatment ensures conformal adhesion of PET film to the glass. Sufficient 

amount of NiO NP ink (>3 ml for 5×3 cm area) is spread onto the surface of the 

PET film and gently coated by the doctor blading technique. The cellophane tape 

attached along the edges of PET film also serves as a thickness-guiding wall for 

doctor blading process. Finally, coated NiO NP ink is dried under the atmospheric 

ambience for 1 hour to obtain uniform NiO film of 30 μm-thick.  
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2.2 Laser process 

 

 
Figure 1 The schematic of NiO laser reductive sintering process. 

Figure 1 is a schematic of NiO LRS process. Before laser irradiation, it is believed 

that the NiO NPs are encapsulated by PVP molecules. When the laser irradiated on 

the NiO film, NiO NPs are reduced to Ni with the effect of reducing agent PVP and 

then sintered by photothermal treatment. Simultaneously, the laser irradiation 

induces the annealing and consolidation of the neighboring NiO NPs. 

 

Figure 2 SEM images of (a) the pristine NiO NP layer and (b) the NiO sensing-

channel after laser process 
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Figure 2 shows the surface SEM images of NiO NP layer (2a) before and (2b) after 

the indirect laser thermal treatment. Organic materials, covering the surface of the 

pristine NiO NP layer, are no longer exist in the NiO sensing-channel. It suggests 

that the indirect laser irradiation could generate high temperature condition 

sufficient to decompose organic materials. Through a single monolithic laser 

process, a NiO sensor and a Ni electrode part with superior contact are fabricated 

concurrently from a single material. The visible laser at 532 nm wavelength 

(Sprout-G-5W, Lighthouse Photonics) is used as a heat source and the laser pattern, 

drawn by the CAD program, is scanned on the NiO film through a galvano-mirror 

scanner system (hurrySCAN Ⅱ, Scanlab). The scanning speed and power of laser 

are basically 10 mm/s and 90 mW. The spacing between two adjacent scanning lines 

is set to be 30 μm for the electrode part and 80 μm for the sensing-channel. After 

laser scanning is completed, the substrate is cleaned with deionized water until the 

unnecessary parts are washed away. Through the DI water cleaning process, only 

laser treated part (Ni and heat treated NiO) remains on the PET substrate.  
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2.3 Measurement 

2.3.1 Electrical resistance dependency on temperature 

 
The electrical resistance was measured by the source measure unit (sourcemeter 

2400, Keithley) and the temperature was controlled in range from 25 ℃ to 70 ℃ 

by data obtainable hot plate (MST-1000B, MS Tech). The temperature was elevated 

by 5 ℃, and sufficient time was allowed to achieve thermal equilibrium state at 

each step. All measuring devices were installed inside the Faraday cage to minimize 

interference with other parameters except temperature. 

 

2.3.2 Characterization 

 
The tendency in the crystallinity of the various NiO samples was compared by XRD 

analysis (D8-advanced, Bruker). The Raman spectroscopy (Horiba Jobin Yvon, 

LabRam Aramis) were obtained for crystalline characteristic analysis of pristine 

and laser treated NiO. The morphology of NiO NP layer was measured, before and 

after laser process, by field emission scanning electron microscopy (FE-SEM). The 

temperature images are captured to measure temperature distribution by an infrared 

(IR) camera (A645sc, FLIR systems). A Pulse Oxymetry (B370826886, DNV) was 

used to measure peripheral capillary oxygen saturation (SPO2) level.  
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Chapter 3. Result & Discussion 

3.1 Sensor performance 

 

 
Figure 3 (a) The electrical resistance dependency of Ni electrode and Ni-NiO-Ni structure 

on Temperature. (b) Fitting for material constant of thermistor (B-value). (c) Cycling test 

of NiO NTC thermistor. (d) Comparison of material constant of thermistor and highest 

process temperature with other reported NTC thermistors. 

As presented in Figure 3a, Ni electrode and NiO sensor show contradictory 
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temperature coefficient of resistance (TCR). The electrical resistance of the NiO 

sensor drops dramatically between 25 and 70 ℃. The significant decrease in 

resistance (TCR ~ -9.2 %/℃) occurs between 25 and 30 ℃. Conversely, the Ni 

electrode has positive temperature coefficient (TCR ~ 0.4 %/℃), which is 

comparable to the property of bulk nickel. The overall electrical resistance property 

of the whole sensor system is determined by NiO sensor because of its 

overwhelmingly high resistance and TCR than Ni electrode. Through remarkably 

simple monolithic laser process, both metal electrode part and metal oxide sensor 

part with completely opposite electrical characteristics were fabricated. Also, the 

remarkable difference in TCR ensures that Ni electrode does not affect the 

temperature-sensitivity of the NiO sensor. In addition, despite the low driving 

voltage of 0.1 V, clean data was obtained as a result of the measurement. 

For thermistor device with fixed dimensions and resistivity, the electrical resistance 

can be expressed as:  

    (1) 

Where R∞ is the resistance of the thermistor at infinite temperature and B and T are 

the material constant of a thermistor and temperature respectively.10 Commercial 

NTC thermistors have a B value ranging from 2000 and 5000 K at room temperature. 

As shown in figure 3b, Our NiO sensor have a remarkably high B value of 7350 K 

between 25 and 70 ℃ and 8162 K between 25 and 30 ℃. To evaluate the reliability 

of the sensor, cycling test was conducted in the temperature range from 25  to 

70 . Figure 3c shows that the NiO temperature sensor has high level of reliability 
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under three repetitions of test. Figure 3d shows comparison of the B value and the 

highest process temperature of the NTC thermistors reported in recently reported 

NTC thermistors.12,21-33 The process temperature is an important factor to flexible 

temperature sensor research due to its compatibility with flexible substrates. Our 

present work has the highest B value while being fabricated at the lowest 

temperature of room temperature. Most NTC thermistors, using ceramics as sensing 

material, require high process temperatures to form or activate ceramics. 

Conventional bulk heating method is not compatible with thermally-vulnerable thin 

polymer substrates because it requires high temperature condition with long time. 

Since the laser could heat the target materials locally and sequentially, the heat 

damage of the substrate is significantly lower than that of the conventional bulk 

heating. Our present work is compatible with thin and flexible substrates through 

the low process temperature and certainly has high temperature-sensitivity. 
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3.2 Raman spectroscopic study 

 

 
Figure 4 (a) Raman spectrum of NiO NP film before (Pristine) and after (Sensor) 

laser process. The spectrum deconvolution of NiO-related Raman peaks near 

500cm-1 (b) for pristine and (c) for sensing channel. 

The Raman spectroscopic study was performed to confirm electrochemical changes 
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of NiO NPs after laser process. As shown in figure 4a, the PVP peak exhibited in 

the pristine sample disappears in the sensing channel sample, and the carbon D and 

G peak are grown instead. It means that the indirect laser irradiation could generates 

enough high temperature environment to cause carbonization of PVP without 

substrate damage. In addition, the decrease of innate crystalline defects of NiO NPs 

by laser process is expected. Figure 4a also shows a NiO-originated Raman peak 

(near 500cm-1) shifts above the ordinary peak shift range after laser process. The 

deconvolution spectrum by Gaussian fitting confirms that the peak is consisted of 

three sub peaks, and the peak shift is caused by exhibition of peaks at 480 cm-1 and 

550 cm-1 (figure 4b and 4c). According to previous research these peaks could be 

assigned to defect-rich NiO and stoichiometric NiO respectively.34,35 Since the 

nickel vacancy is the major crystalline defect of NiO,36,37 this result means that the 

laser process could make NiO NPs more stoichiometric by reducing innate nickel 

vacancies. 
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3.3 XRD analysis 

 

 
Figure 5 (a) XRD spectrum of pristine NiO, low energy annealed NiO, Normal 

annealed NiO and bunsenite. (b) The zoomed image of NiO (111) peak and NiO 

(220) peak. 

XRD analysis was performed to compare the lattice constant of various NiO 

samples. Figure 5a shows the result of four types of samples: bunsenite (single 

crystalline NiO), normal E anneal, low E anneal and pristine. The bunsenite sample 

used same fabrication process with pristine, only the NiO NP was replaced to green 

NiO powder (-325 mesh, Sigma-Aldrich). Normal annealing sample (45 J/m) and 

low energy annealing (30 J/m) sample are fabricated by producing different energy 

densities to pristine sample. Similar to the Raman spectroscopy result, carbon peaks 

are observed in the laser treated sample (normal anneal). By comparing two peaks 

(111, 220) among the identified NiO peaks, it is possible to deduce the mechanism 

of laser annealing process. As shown in figure 5b, both peaks are shifted to lower 
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angle in the low energy annealing phase and then shifted to higher angle (near 

bunsenite peak) in the normal annealing phase. The shift of the XRD peak to the 

higher angle means that the lattice constant decreases.36,38 The crystal vacancies in 

ionic crystal induce lattice expansion, peak shift to higher angle implies decrease 

of crystalline vacancies in NiO NPs. As a result, the XRD analysis showed that the 

defect of NiO NPs increased when exposed to low power laser patterning, and then 

the defect decreased similar to stoichiometric NiO (bunsenite) when normal power 

laser was applied. 
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3.4 Internal structure change of NiO NP by laser process 

 

The result of Raman spectroscopy and XRD analysis equally indicate that defect-

rich NiO NPs become stoichiometric through the laser patterning process. The 

crystalline defect of NiO is mainly due to nickel vacancies but another type of defect 

(oxygen vacancy) is needed to explain opposite result of lowered laser power 

scanning sample. We proposed the internal structure change model of NiO NPs 

during laser process. 

 
Figure 6 The schematic of internal structure changes of NiO NP during laser 

process 
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As can be seen in figure 6, the pre-annealing NiO NPs are defect-rich and have a 

higher lattice constant than stoichiometric NiO. When thermal energy is applied, 

the organic reducing agent (ORA) is created by the thermal decomposition of PVP 

and forms a reducing environment. The oxygen vacancies generated at outer shell 

of NiO NPs and cause the lattice expansion by increasing the total vacancy. As a 

final step, when more thermal energy is applied, the oxygen vacancies are diffused 

to inside of lattice and combine with nickel vacancies by electrostatic attraction. 

The nickel vacancy and the Oxygen vacancy form a Schottky defect, which results 

the cancellation of the total vacancy, thus reducing the lattice constant.39 Through 

the laser annealing process, the total vacancy was reduced and NiO NPs became 

more stoichiometric. This model could explain the origin of the superior 

temperature-sensitivity of the NiO temperature sensor. Previous studies have 

revealed that the decrease of nickel vacancies induces the increase of activation 

energy for the electrical conduction mechanism of NiO.40,41 From the polaron 

hopping model of NiO electrical conduction, the electrical resistivity  of the NiO 

is expressed as: 

    (2) 

where Ea, k and T is the activation energy for electrical conductivity, the 

Boltzmann’s constant and the temperature respectively.40 From formula (1) and (2), 

it can be seen that Ea is proportional to the B value of thermistor. Thus, decreased 

nickel vacancy could explain the enhanced temperature-sensitivity of the NiO. As 

a result, our unique laser process could augment the temperature-sensitivity of the 

NiO temperature sensor without additional treatment.  
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3.5 Lowering R0 by geometrical approach 

 
Since the temperature-sensitivity of the NiO temperature sensor enhanced by 

increasing activation energy, the electrical resistance also increased after laser 

process. In most cases, high electrical resistance is an obstacle to the practical 

application of sensor networks.27  

 
Figure 7 B value and electrical resistance to the increased effective width of the 

NiO sensing-channel with different geometric structures: (a) simulated and (b) 

experimental result 

As shown in figure 7, the effective width can be increased by changing the design 

of sensing-channel. Figure 7a shows the simulated result of sensitivity and electrical 

resistance of each design. The temperature-sensitivity is maintained while electrical 

resistance is decreasing. The design flexibility of the laser process allows each 

design to be applied without technical difficulties. As shown in figure 7b overall 

tendency of experimental result is similar with the simulated expectation, but the 

reduction of electrical resistance is more dramatic. Through the geometric approach, 

we could decrease the average electrical resistance to 10 % level, while maintaining 

high B value above 4000 K.  

17



3.6 Application 

3.6.1 Artificial thermo-receptor array 

 

Techniques to fabricate high-performance temperature sensors on flexible 

substrates show the potential for use as artificial skin. A 5 x 5 artificial thermo-

receptor array, for temperature-sensible artificial skin, was designed by describing 

thermal receptors of the human skin. The matching of the temperature sensing range 

of the human skin’s thermo-receptor and the range that our sensor can detect 

sensitively makes it possible to create a more human-like artificial thermo-receptor 

array.42 

 
Figure 8 (a) The 5x5 artificial thermo-receptor array (yellow circle: sensor), (inset) 

optical microscope image of a single sensor. (b) Thermal image of masked IR 

irradiation on sensor array (c) Temperature mapping data acquired from the 

artificial thermo-receptor array. 

With a high design flexibility and monolithic process, 25 temperature sensors and 

read-out electrodes are simply manufactured on 100 μm PET substrate (Figure 8a). 
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The spacing of each sensor is 5 mm, and each sensor with width of 1mm is 

connected by 0.5 mm wide electrodes. To verify the performance of the sensor array, 

we made an alphabetical aluminum mask and irradiated an IR light on the backside 

of the artificial thermo-receptor array to create a letter-shaped (‘S’, ‘N’ and ‘U’) 

temperature distribution. Figure 8b is a thermal image of the temperature 

distribution of the sensor array substrate taken with an infrared (IR) camera. As can 

be seen in figure 8c, the temperature distribution measured by the sensor array 

corresponds to the data of the substrate as determined by the IR camera. 
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3.6.2 Prosthetic hand 
 
 

After confirming the feasibility of artificial thermo-receptor array for temperature-

sensible artificial skin, a prosthetic hand which can detect temperature was 

manufactured.  

 
Figure 9 (a) The prosthetic hand covered with the temperature-sensible artificial 

skin. (red circle: sensor) (b) The experimental setting for water flow sensing. (c) 

Magnification image of the finger-tip sensor. (d) Sequential temperature 

measurement of each finger-tip sensors and thermal images (bottom) for the actual 

flow of the water. 

Figure 9a shows the prosthetic hand covered with the temperature-sensible artificial 

skin. Human skin was depicted with a 200 μm thick elastomer (ecoflex 0030, 

smooth-on) on the model hand and the sensor was attached on it. Since the substrate 

is very thin and flexible (25 μm PET), sensor could be attached to a curved 

elastomer surface only with the van der Waals force. The position of the sensor and 
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the shape of the electrode can be tailored to each part of the prosthetic hand by 

digital patterning. To demonstrate the sensing ability of the prosthetic hand, three 

finger-tip sensors are used to water flow sensing. Figure 9b and 9c show the 

experimental setting for water flow sensing and zoomed image of finger-tip sensor. 

Three fingers of the prosthetic hand are located on the polydimethylsiloxane 

(PDMS) channel in which warm (35 ℃) and cool (20 ℃) water are injected with 

the constant injection speed. Figure 9d shows the result data that provides the clear 

information about the detected temperature of injected water from three sensors. 

The electrical resistance of each sensors changes sequentially depending on the 

temperature of the water being injected. Since the spacing of the sensors is constant, 

it is possible to calculate the water injection speed (2 mm/s). These results verify a 

potential to practical use in artificial skin applications. With temperature-sensible 

artificial skin, robots can perform more delicate work by reproducing vivid human 

touch of sense. 
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3.6.3 Respiration sensor 

 

 

Figure 10 (a) conformally attachable NiO epidermal temperature sensors attached 

on various facial positions. (b) Continuous monitoring of respiration temperature 

(c) Thermal images showing the temperature variation above upper-lip during 

respiration (d) Real-time monitoring of respiration temperature and SPO2 change 

during the incremental exercise test (IET). 

Similar to the prosthetic hand, thin and flexible NiO temperature sensor also enable 

conformal attachment to the various curvature surface of human face. (figure 10a) 

Furthermore, the design of sensor and electrode can be modified according to the 

characteristics of the attachment part. Conformal attachment and superior sensing 

ability are advantageous to the epidermal temperature sensors aiming the accurate 
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measuring of the thermal signals of the human body metabolism. As shown in figure 

10b and 10c, NiO temperature sensor attached above upper-lip can capture 

temperature change (29.7 ℃ to 31.2 ℃) of the human respiration. To prevent both 

allergic response of nickel and other stimuli except temperature, the sensor was 

encapsulated with commercial epidermal tape (Tegaderm, 3M) and attached on the 

porous PDMS thermal insulating layer (100 μm thickness). Since the sensitivity of 

the sensor is sufficiently high, it is also possible to measure not only the respiration 

rate (RR) but also the pattern of respiration. In Figure 10c, we can identify the 

change of respiration pattern during 3 phase (normal state, incremental exercise and 

recovery) exercise. 3 minutes after starting the exercise, the respiration temperature 

variation amplitude decrease 65 % and the respiration rate increases 27 % (16.8 

rpm). The increased RR with shallow breathing is the typical symptom of 

hyperventilation,43 and lower peripheral capillary oxygen saturation (SPO2) level 

also indicates the same result. By the easy modulus matching with human body and 

accurate capturing of human metabolism, our NiO epidermal temperature sensor 

has broad usability for someone need real-time monitoring like critically-ill patients, 

sport players and military combatants. 
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Chapter 4. Conclusion 

 

We have presented a method for fabricating highly sensitive and flexible 

temperature sensor through a simple laser-induced process. Despite its simplicity, 

the proposed LRS process ensures superior features compared to conventional 

annealing-involved process. First, selective and sequential laser process allows to 

use thermally vulnerable yet highly flexible polymer substrate. The thin PET 

substrate, with nearly negligible mechanical modulus, ensures excellent adhesion 

between temperature sensor and curved surface. Second, monolithic forming of 

complete sensor system from a single material, which includes Ni electrode as well 

as NiO sensing material, provides an align-free and single-step process ensuring 

improved contact quality. Third, the laser process improves the sensitivity of the 

NiO temperature sensor without additional treatment. The result of the XRD 

measurement and the Raman spectroscopy suggests that the laser process 

effectively inactivate innate nickel vacancies in NiO crystal. Our stoichiometric 

NiO temperature sensor exhibited the highest temperature-sensitivity near room 

temperature among reported NTC thermistors. Finally, Through the digital 

patterning process, it is possible to ensure high design variability of sensor system. 

The design of sensor system can be easily modified by the CAD program according 

to the characteristics of the object to be attached. In addition, since a fixed mold or 

mask is not required, the modified design can be applied immediately. 

Based on advantages mentioned above, we presented various applications for 

artificial skin and epidermal sensor. The 5x5 artificial thermo-receptor array and the 
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prosthetic hand sensor, which can measure the temperature distribution of a specific 

area like thermo-receptors of human skin, showed great potential toward practical 

use in artificial skin. With high temperature-sensitivity, sensors on tip of the 

artificial finger could detect the temperature variation of the water flowing through 

the PDMS channel. and the proposed EBT sensor could be utilized in continuous 

monitoring of EBT for early detection of various diseases related to respiratory 

system.7,44 

Through our proposed applications, we have confirmed that the performance of the 

sensor is sufficient to be used for military robots or combatant vitality monitoring. 

However, for the practical use in military field, further research on the stability that 

can be tolerated in the harsh environment should be conducted. 
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