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Abstract 

In order to reduce the damage to people's health from diseases that attack the respiratory system such as COVID-

19, asthma, and pneumonia, it is desired that patients' breathing can be monitored and alerted in real-time. The 

emergence of wearable health detection sensing devices has provided a relatively good response to this problem. 

However, there are still problems such as complex structure and poor performance. This paper introduces a laser-

induced graphene (LIG) device that is attached to PDMS. The LIG is produced by laser irradiation of Nomex and 

subsequently transferred and attached to the PDMS. After being tested, it has demonstrated high sensitivity, stable 

tensile performance, good acoustic performance, excellent thermal stability, and other favorable properties. Notably, 

its gauge factor (GF) value can reach 721.67, which is quite impressive. Additionally, it is capable of emitting an 

alarm sound with an SPL close to 60 dB when receiving signals within the range of 5 - 20 kHz. The device realizes 

mechanical sensing and acoustic functions in one chip, and has a high application value in applications that need to 

combine sensing and early warning.  
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1. Introduction 

In modern society, health has become an issue of 

close concern for everyone. COVID-19 has a more 

serious impact on the breathing of patients 

(including the sequelae of cured patients) and is 

even the culprit of death [1]. It cannot be overlooked 

that the absence of timely alarm measures in case of 

sudden onset is one of the fatal causes of high 

mortality. To solve this problem, a variety of 

sensing devices have been intensively researched 

and used for health monitoring as assistive devices 

for real-time monitoring of a patient's physical status 

[2]-[4]. These wearable devices have the following 

drawbacks: firstly, their health monitoring and alarm 

functions require wireless transmission modules 

such as Bluetooth, which is highly likely to cause 

delayed signal transmission and delayed alarms, 

causing patients to miss the best opportunity for 

treatment. In addition, these wearable devices are 

composed of various detection and alarm 

components to achieve multi-functional integration, 

including sensors, vibration motors, buzzers, and so 

on [5], [6]. A sensing device with the integration of 

an alarm function is urgently needed. Besides, 

existing research on sensing devices oriented toward 

health detection has gradually shifted from single-

parameter detection to integrated and 

multifunctional implementations [7]. The desired 

sensors should have various characteristics such as 

user-friendliness, accessibility, and high flexibility, 

which can be broadly applied in medical and 

healthcare. So finding suitable sensing materials and 

designing functionally integrated and efficient 

sensing devices have become the focus of current 

research [8]. In addition, such sensing technologies 

that can integrate mechanical sensing and alarm 

functions can be used not only in health monitoring 

devices but also in some applications where 
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behaviors are required to cause sound, such as 

respiration detection, gait detection, motion 

recognition, human-machine interaction (HMI), and 

so on [9]-[14]. 

The selection of sensing materials is one of the 

main challenges to achieving wearable sensors with 

both a good gauge factor (GF) as well as an alarm 

function, to achieve multifunctional integration. And 

after various studies, graphene-based materials have 

been found to have many beneficial properties for 

biomonitoring and are highly advantageous in 

sensing various biochemical and biophysical signals. 

As one of the most promising carbon nanomaterials, 

graphene and its derivatives have been used as the 

most popular materials in various sensor materials 

due to their special physicochemical and structural 

properties. Graphene has various superior properties 

such as large surface area, high electron mobility, 

high thermal conductivity, good mechanical 

strength, good biocompatibility, and excellent 

chemical stability [14], [12]. Its structure and 

properties make graphene and its derivatives and 

suitability for use in devices that need sensitive and 

fast response. There are many methods in the 

preparation of graphene, such as mechanical 

exfoliation, chemical oxidation, crystal epitaxial 

growth, chemical vapor deposition, organic 

synthesis, and carbon nanotube exfoliation [13]-

[17]. In 2014, Lin and his colleagues first discovered 

laser-induced graphene (LIG), LIG is produced by 

direct irradiation of carbonaceous precursors at a 

very fast rate, which can behave like a three-

dimensional porous structure without subsequent 

processing, and its physical and electrical properties 

can be easily controlled by changing the relevant 

parameters of the laser and the substrate and other 

factors [18]-[20]. Due to its advantages of simple 

preparation, easy synthesis, low cost, environmental 

friendliness, and mass production, graphene, and its 

derivatives LIG have been widely used in various 

devices, such as supercapacitors, heaters, and so on. 

This is reflected in various fields such as wearable 

devices [21]-[25]. The choice of substrate is also 

very significant in the process of LIG preparation. 
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For the commonly used polyimide (PI), epoxy resin, 

and other materials, the stretching ability of these 

substrates is very limited, and it's convenient to 

obtain LIG from the PI substrate and compromise 

the performance of the device [19]. In the work of 

Chen and his teammates, the performances of LIG 

devices (also called E-skins) with various patterns 

on PI substrates have been investigated in detail, and 

their applications have been reasonably conceived 

and tested. However, it can be noted that the tensile 

properties of this "E-skin" are limited and the 

sensitivity is restricted. To solve this problem, 

Nomex paper is a common flexible insulating 

polymer with excellent mechanical strength, good 

acoustic properties, and a flatter and smoother 

surface than PI, making it more suitable for 

integration into wearable devices. In addition, 

Nomex is also cheaper and can be converted into 

carbon material by specific methods. Given the 

three-dimensional porous structure of graphene, 

Nomex can be chosen as the substrate to obtain LIG 

and transferred to elastic polydimethylsiloxane 

(PDMS) substrate, which results in a material with 

high tensile strain properties [26]. In particular, it 

can be noted that most of the existing studies have 

only focused on the mechanical properties of these 

LIG devices, and there have been few studies on 

LIG devices printed on Nomex, whereas the 

transferred LIG devices have better mechanical 

properties and also perform well in terms of acoustic 

and thermal stability. Wang then experimentally 

tested the performance of the LIG flexible integrated 

heater which will provide us with new 

considerations for their integration and create a 

feasible way to implement them in various sensing 

devices that need to integrate with a wide range of 

functions [27], [28]. 

In this paper, we use different power lasers to 

create rectangular LIGs., transferred them to PDMS 

with better tensile properties, and tested their 

mechanical and acoustic properties. We printed 

rectangular LIG patterns on Nomex using a laser 

with 3.6 – 5.0 W and 100 mm/s as parameters and 

transferred them to PDMS films. The surface 
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structure was characterized using scanning electron  

microscopy (SEM). In addition, we measured its 

mechanical properties including resistance change 

under cyclic stretch-release, the response rate to 

external stress, and GF value using a universal 

testing machine; its acoustic properties such as SPL 

value were measured using a set of acoustic 

measurement instruments, and the thermal stability 

of the sample was also investigated using a heating 

table. In addition, we designed a verification 

experiment for respiratory monitoring to confirm the 

application of the prepared LIG devices in wearable 

health monitoring devices. 

 

2. Material and methods 

 

2.1 Materials 

In this experiment, Nomex paper (T410, DuPont) 

with a thickness of 130 µm was used. Absolute 

ethanol was used to flush the Nomex paper. Nomex 

paper will be applied to laser printing to produce 

LIG. PDMS, containing SYLGARD 184 silicone 

elastomer matrix and its curing agent. 

 

2.2 Fabrication of PDMS-based LIG Devices with 

Different Power and Characterization 

The PDMS-based LIG device was prepared 

according to the flowchart shown in Fig. 1(a) by the 

  

Fig. 1. (a) Schematic diagram of the sample preparation process. (b) Fabrication and characterization of the 

produced LIG, the SEM images show the porous morphology of LIG. From left to right, the laser power is 

3.8 W, 4.4 W, and 5.0 W respectively. 
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following method: First, cut a square Nomex paper 

of suitable size, adhered the four sides of the paper 

with transparent tape, and fixed it flatly on a glass 

sheet cleaned with anhydrous ethanol. The prepared 

Nomex paper was put into the laser printer and the 

relevant parameters for printing ( printing speed was 

100mm/s, printing interval was 0.01mm) were 

programmed in advance in the computer software. 

Irradiation was conducted by a commercial carbon 

dioxide (CO2) laser engraving machine (E- 5030, 

Cixi Jinyue Laser Technology). in which the laser 

wavelength was 10.6 mm and the beam size was 150 

mm. The writing spacing was fixed at 20 mm. 

In this experiment, the laser power was set as the 

gradient variable and the effect of different laser 

powers on the performance of LIG devices is 

investigated. The power range that can be 

transferred smoothly is 3.6 – 5.0 W during the 

experiment. Six 16 mm * 24 mm rectangular LIG 

patterns of the same size were printed on the square 

Nomex paper at uniform intervals, and the printed 

papers were fixed in the square Petri dishes with 

double-sided adhesive, which must guarantee that 

there were no bubbles or protrusions between the 

films and the bottom of the Petri dishes. 

Subsequently, the silicone elastomer base and its 

cross-linking agent were used to produce a PDMS 

substrate with better performance (a 12:1 mass ratio 

was tested to be optimal): The mixture was stirred 

and mixed, and the air bubbles were sufficiently 

removed by pouring it into a square Petri dish to 

cover the surface of the Nomex paper evenly. 

Immediately afterward, the Petri dish was placed in 

a hot air oven to dry, taking care to keep the bottom 

of the Petri dish level to prevent it from being 

skewed and causing unevenness in the cured PDMS 

film. After 2 - 4 hours, the Petri dish was removed 

and the mixture is found to have formed a cured 

PDMS film on the surface of the LIG. Removing it 

gently, the LIG came off the Nomex paper nicely 

and transferred and adhered to the PDMS. The 

uncovered PDMS was cut according to the shape of 

the printed LIG and a gap was left around it for 

subsequent operations. The PDMS-based LIG 
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instrument for experimental testing was completed 

by gluing copper wires on both sides of the resulting 

LIG device and applying silver paste as the 

conductive medium in its center. The surface 

morphology of these LIG devices was characterized 

by scanning electron microscopy (SEM) (The Czech 

Republic: the TESCAN MIRA LMS ). 

 

2.3 The Mechanical and Acoustical Testing of the 

LIG Devices 

The testing of mechanical properties will be done 

by a universal testing machine and a digital source 

meter. The universal testing machine, digital source 

meter, and computer will be connected and the 

fabricated LIG device will be clamped to the 

universal testing machine in an appropriate position 

to ensure that the conductive part of the LIG can be 

exposed just right. Set the parameters of the tensile 

strain or cycle of the universal testing machine on 

the computer using the auxiliary software, and 

similarly record and observe the resistance and 

current changes of the measured sample during the 

tensile and compression process in the computer 

software. The different strain was applied to the 

samples by a universal testing machine (ETM-503B, 

Shenzhen Wance Testing Machine Co., Ltd.). And 

the resistance changes of samples during the 

stretching/releasing process were recorded by a 

digital source meter (Keithley 2450). 

The testing of acoustical properties will be done 

by a set of acoustic measurement instruments, which 

includes a standard microphone, a function 

generator, and a dynamic signal analyzer. The 

sample was applied an AC sinusoidal signal with a 

different frequency from 200 Hz to 20 kHz by an 

arbitrary function signal generator (FY 3200S, Feel 

Tech). Under the applied AC voltage. A standard 

microphone (MNP 21, SKC), which had a high 

sensitivity of 51.9 mV Pa−1, was used to capture the 

sound emitted from the E-skin alarm and convert it 

into electrical signal. The dynamic signal analyzer 

(Q401, SKC) was used to analyze the electrical 

signal and transform it into a frequency domain to 

record the SPL values of the tested sample at 
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different frequencies. The heating of the sample will 

be completed by the heating table (JW-350). 

 

2.4 The Verification in Health Monitoring and 

Alarm of the LIG Devices 

The device that simulates health monitoring, as 

well as an alarm function, will consist of a mask 

with LIG devices attached, a microcontroller (micro 

control unit), and a signal generator. It has two 

modes of operation: monitoring and alerting. In 

general, the system works in monitoring mode. 

Whenever abnormal respiration of the subject 

wearing the mask is detected (it also could be seen 

as when the strain value of the device continues to 

be a small value) for a certain period of time, the 

microcontroller will control the signal generator to 

apply AC voltage to the device to give an alarm and 

switch to the alarm mode.  

 

3. Results and discussion 

 

3.1 The Preparation and Characterization of the 

LIG Devices 

As shown in Fig. 1(b), from the low-resolution 

images, it can be observed that the LIG on PDMS 

shows a curled and folded lamellar structure with 

LIG sheets embedded in the PDMS. As the laser 

power increases, the structure is more porous and 

looser, and the LIG lamellae on PDMS are rougher, 

denser, and gradually cover the PDMS sheet. After  

the image magnification increases, it can be 

observed more clearly that the exposed PDMS 

gradually becomes less, indicating that the stronger 

the photothermal effect is, the thicker the generated 

LIG sheet layer is. This is because the high 

temperature caused by the laser makes the C=O, 

C=O, and C=N bonds in the Nomex film break more 

easily. And the microporous structure is formed 

because the high local heating energy generated by 

the CO2 laser causes the gas products to be released 

rapidly. 
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3.2 The Mechanical Performance of the LIG 

Devices 

Fig. 2. (a) shows the strain values of the 

fabricated sample at smaller tensile stresses (0 – 15 

%). The change in performance under stress is 

represented by its relative resistance change 

 in the equation indicates the initial 

resistance value of the sample when no stress is 

applied, and  indicates the resistance value 

reached by the sample under different stresses. It 

can be visually observed from the figure that the 

relative resistance change rate of the sample 

increases significantly monotonically with the 

increase of the applied stress. When the stretching 

rate reaches 15 %, the relative resistance change 

value can reach 108.25, a greatly enhanced value 

compared to that without the use of PDMS 

 

 

Fig. 2.  Strain-responsive performances of the LIG sample. (a) the strain values of the sample at the tensile 

stresses of 0-15 % and the corresponding GF value. (b) The response time and the recovery time of the sample to 

a stress of 5 % at the velocity of 500 m/s.  (c) The I−V curves of the sample with strain. (d) Comparison of the 

cyclic response for the sample under different strains of 1, 2, 5, 10, and 15 %.  (e) The relative resistance of the 

sample at 5 % repeated tensile-release cyclic strain. (f) Cycling performance of the sample for 1000 cycling tests 

under cyclic tensile loading and unloading of 10 %.  (g) Magnified picture of the cycling test in (f), showing the 

stability of the sample. (h) Initial resistance change curve of LIG samples at different laser power. 
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substrate. Besides, after using PDMS as the 

substrate, we can clearly observe that the samples 

show a large relative resistance change even at 

smaller externally applied stresses (e.g. 5%, 10%). 

This judgment is also confirmed in the variation of 

their GF values. The GF value is a parameter used to 

visually measure the sensitivity, and its full name is 

the gauge factor. the GF is calculated as 

 , where  indicates the mechanical 

strain of the sample. In addition to the sensitivity, 

the response time and recovery time for the sample 

to respond to external changes are also important. 

Fig. 2. (b) shows the response time and the recovery 

time of the sample to a stress of 5 % at a velocity of 

500 m/s. As can be seen from the figure, the 

response time ( ) is about 520ms, and the recovery 

time ( ) is about 69ms, which indicates that the 

response to the external tensile strain of the 

produced sample is relatively rapid and timely. 

Also, to demonstrate that the prepared PDMS-based 

LIG device has a preferable ohmic contact with the 

electrode, different voltages were applied to the 

sample under different stresses and the current 

changes were recorded, as in Fig. 2. (c). In addition, 

the stability of the sensor under repeated external 

tensile-release strains also determines the quality of 

this sensor. Fig. 2. (d) shows the changing trend of 

the relative resistance change of the sample at 1 %, 

2 %, 5 %, 10 %, and 15 %. It can be observed from 

the figure that when the external stress is in the 

range of 1 % - 15 %, the responses of the samples 

all show good stability. Since it is difficult to 

observe the relative change in resistance in the 

figure because the stress is small, Fig. 2. (e) is 

plotted separately to demonstrate the change in the 

relative resistance of the sample at 5 % repeated 

tensile-release cyclic strain. In order to prove that 

the sample has good long-term stability, the sample 

was strained at 10 % stress (this stress value has a 

large relative resistance change value, which is 

convenient to observe) for up to 8000 s of repeated 

stretch-release cycles as shown in Fig. 2. (f), and a 

period was intercepted and plotted in Fig. 2. (g), we 

can see that even during the long-term cycles, the 
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sample still maintains a relatively stable resistance 

(there is a drift of resistance change, but it is small 

and negligible), which is a good proof of the 

mechanical durability and long-term stability of the 

fabricated sample and reflects its superior 

performance. In addition, when printing LIG 

samples using different power levels and 

successfully transferring and testing their 

performance, it can be noticed in that the higher the 

power set, the lower the resistance value of the 

samples obtained. This result is plotted in Fig. 2. 

(h). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 The Acoustical Performance of the LIG devices 

Keeping the distance between the sample and the 

microphone at 1 cm, the frequency is gradually 

increased from 5 kHz to 20 kHz, and the change of 

the output SP is recorded as in Fig. 3. (a). We can 

observe that the output SP at any frequency tends to 

increase as the applied power increases, and the SPL 

 

Fig. 3. The acoustical performance and the thermal 

sensitivity of the LIG sample. (a) the change of the 

output sound pressure (SP) of the sample under 

different applied power and frequency, keeping 1 

cm. (b) The SP  with the varied distance between the 

LIG device and the microphone, keeping 15 kHz. (c) 

The SPL of the fabricated sample with the sound 

frequency from 200 Hz to 20 kHz. (d) the resistance 

value of the sample in the heating and cooling cycle. 
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value is the largest when the frequency is close to 15 

kHz or near 15 kHz. This indicates that the sound 

generation performance of the prepared LIG sensor 

gradually improves when the frequency of the 

applied AC sinusoidal voltage is gradually 

increased, which will provide some reference for the 

sensor design. Meanwhile, in order to investigate the 

relationship between distance and output SP, we 

varied the distance between the sample and the 

microphone and recorded the obtained data. It can 

be noticed in Fig. 3. (b) that the sound pressure 

gradually decreases as the distance increases, and 

the relationship between the two is inversely 

proportional. This experimental result better 

validates the equation： 

 (1) 

where   is the root-mean-square sound 

pressure,  is the molecular weight of air,   is 

the frequency of the acoustic,  is the heat capacity 

under constant pressure,  is the indoor 

temperature,  is the distance between the sound 

source with the microphone, and  is the thermal 

energy diffused into the air. 

Fig. 3. (c) plots the output sound pressure level 

(SPL) of the fabricated sample concerning the sound 

frequency from 200 Hz to 20 kHz. This curve is 

normalized by the input power (1 W). As can be 

seen from the figure, in the low-frequency band, the 

sample device emits a small sound, with the increase 

in the frequency of the sinusoidal AC voltage, the 

sound pressure level of the device gradually grows, 

and fluctuates in the middle and high-level band 

near a larger value, more stable. 

 

3.4 The Thermal Sensitivity of the LIG Devices 

The prepared samples were placed on the heating 

table, the heating time was set, the temperature of 

the heating table was gradually increased, and the 

changes in the resistance values of the samples 

under heating were recorded in real-time using a 

multimeter. The temperature of the heating table 

was gradually heated from room temperature to 20 

°C to 60 °C, and the resistance value of the prepared 

LIG devices was seen to increase gradually, which 

may be due to the fact that the PDMS-based LIG 
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devices had a certain degree of deformation after 

heating, and the expansion of the devices resulted in 

the equivalent of a stretching effect on them, making 

the sample resistance value rise. 

After holding the sample at 60 °C for a period of 

time, the temperature of the heating table was reset 

to room temperature to gradually cool it down, and 

the changes in the resistance value of the sample 

during the process of cooling down to the original 

temperature were recorded with a multimeter. It can 

be seen from Fig. 3. (d) that the resistance value of 

the sample gradually decreases during the cooling 

down process and returns to the original resistance 

value at 20 °C. This indicates that the resistance 

value of the PDMS as the sample is gradually 

decreasing. This indicates that the electrical 

properties of the proposed PDMS-based LIG device 

have good recoverability and can return to the 

original state after being subjected to external 

thermal disturbance. 

 

 

 

 

 

 

 

 

3.5 The Application of the LIG Devices 

 

Fig. 4. When a respiratory pause exceeds a certain 

time, the operating mode of the device changes from 

monitoring to alarm, emitting an alarm sound close 

to 60 sound pressure level. 

Based on the mechanical sensitivity and good 

acoustic performance of the LIG devices studied in 

the previous section, we can make an experimental 

verification of their application in wearable health 

monitoring electronic devices, which means health 

monitoring and alarm testing. The LIG device is set 

to operate in two modes: monitoring mode and 

alarm mode. Once a respiratory pause is detected for 

a certain period of time, the microcontroller control 

unit will give instructions to the signal generator to 

apply an AC voltage to the device to cause it to 
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sound an alarm, at which point the LIG device 

operates in alarm mode. Similarly, this function of 

the device can be used to monitor cardiac arrest, a 

life-threatening health problem, but it was not 

verified here due to the unworkability of the 

simulation experiment. The results of the 

experiment are shown in Fig. 4. First, a normal 

respiration check is performed, and when the 

respiratory pause exceeds a certain time, the device 

no longer undergoes a small deformation, and the 

microcontroller applies an 8 kHz AC voltage to the 

device to cause an alarm and record the SPL. 

Therefore, this simulation experiment shows that 

the PDMS-based LIG devices can be applied to 

health monitoring wearable devices due to their 

mechanical sensitivity and good acoustic 

performance, and only limited assumptions have 

been made here. 

 

4. Conclusions 

In general, based on the structure and properties 

of laser-induced graphene (LIG) devices, PDMS is 

selected as its transfer substrate to obtain devices 

with high sensitivity, stable stretching properties, 

better-sounding properties, and excellent thermal 

stability. After experimental studies, the fabricated 

LIG devices can be successfully transferred when 

the printing power is 3.6 – 5.0 W and the printing 

speed is 100 mm/s. When the power is 5.0 W, the 

obtained LIG devices have relatively the highest 

mechanical properties; when the power is 5.0 W, the 

obtained LIG devices also have the best acoustic 

properties. As the laser power increases, the device 

exhibits better sensitivity and its sound generation 

performance is also better. But the higher the power, 

the more loose the device structure becomes, the more 

unstable the structure becomes, the more prone it is to 

fracture, and the strain it can withstand is smaller. 

Therefore , devices obtained by printing at appropriate 

laser power can be selected according to the 

application scenario to achieve the goal in practical 

applications. In addition, the LIG based on PDMS 

also has relatively good thermal sensitivity and 

thermal stability. Based on the above advantages of 
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LIG devices transferred to PDMS, they can combine 

mechanical sensing and sound generation in a single 

device, which is highly valuable for applications 

where sensing and timely warning are required. 

Such as respiratory pulse detection class wearable 

health detection devices, motion recognition, blind 

sign language to sound, etc. Therefore, due to the 

multi-parameter integration of the resulting device, 

it can provide new ideas for the invention and 

improvement of health detection-oriented sensing 

devices, portable electronic devices, and other 

objects.  
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