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Abstract

:

Flexible pressure sensors are widely applied in tactile perception, fingerprint recognition, medical monitoring, human–machine interfaces, and the Internet of Things. Among them, flexible capacitive pressure sensors have the advantages of low energy consumption, slight signal drift, and high response repeatability. However, current research on flexible capacitive pressure sensors focuses on optimizing the dielectric layer for improved sensitivity and pressure response range. Moreover, complicated and time-consuming fabrication methods are commonly applied to generate microstructure dielectric layers. Here, we propose a rapid and straightforward fabrication approach to prototyping flexible capacitive pressure sensors based on porous electrodes. Laser-induced graphene (LIG) is produced on both sides of the polyimide paper, resulting in paired compressible electrodes with 3D porous structures. When the elastic LIG electrodes are compressed, the effective electrode area, the relative distance between electrodes, and the dielectric property vary accordingly, thereby generating a sensitive pressure sensor in a relatively large working range (0–9.6 kPa). The sensitivity of the sensor is up to 7.71%/kPa−1, and it can detect pressure as small as 10 Pa. The simple and robust structure allows the sensor to produce quick and repeatable responses. Our pressure sensor exhibits broad potential in practical applications in health monitoring, given its outstanding comprehensive performance combined with its simple and quick fabrication method.
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1. Introduction


Flexible pressure sensors show potential for broad applications, such as electronic skin, healthcare, motion monitoring, intelligent textiles, and aerospace. Constructed of flexible materials, they have outstanding flexibility, ductility, and even the characteristics of free bending and folding, accommodating the demand for the unconstrained placement of the sensors according to the requirements of measurement conditions and complicated scenarios [1,2,3]. The current flexible pressure sensors are classified according to the working principle, including resistance, capacitance, piezoelectric, and triboelectric types [4,5,6]. Capacitive pressure sensors are widely used in research because of their simple structure, signal stability, and low power consumption.



In recent years, numerous novel techniques for flexible pressure sensors have emerged, showing the prospect of their practical application. Some new technologies proposed include improvements in electrode materials and dielectric layer processes. Generally, micropatterning techniques, including photolithography, magnetron sputtering, plasma etching, and freeze drying, are applied to fabricate sensitive elements with micro-/nanostructures [7,8,9,10]. Typical methods include creating microstructures on the surface of a dielectric layer, such as microstructured dielectric polydimethylsiloxane, polyvinylidene fluoride, or graphene oxide. Additionally, pressure sensors could also be integrated with flexible electrodes, such as silver nanowires or graphene, which significantly improves the operational performance of the sensors and generates a series of highly sensitive flexible pressure sensors [11,12,13]. However, typical issues, including the sophisticated and time-consuming fabrication process, the high cost of the technique, and the unsatisfactory stability and robustness of the sensors, may impede the application of these sensors in the real world. In addition, electrodes in traditional capacitive sensors are generally planar electrodes, typically made of metals or carbon [14,15]. The design of such sensors highly relies on the deformation ability of the dielectric layer, whereas electrodes contribute little to the working mechanism of the sensor. Several three-dimensional (3D) electrodes have been proposed in this respect, such as foam metal and microstructured conductive silicone rubber [16,17]. Nevertheless, making these electrodes is expensive and time consuming, and they are not soft enough to respond to subtle pressure.



Here, we propose an ultrathin laser-induced graphene (LIG)-based flexible capacitive pressure sensor with an extremely straightforward and fast fabrication approach. The laser engraves both sides of the polyimide (PI) paper to transform the relative area into LIG electrodes, leaving a thin dielectric layer of PI paper in between [18,19,20]. After coating the thermoplastic polyurethane (TPU) film onto LIG electrodes, the pressure sensor is ready to use, and the fabrication only takes several minutes. The PI paper and TPU film used are relatively low in price. The unique structure and properties make the LIG layers serve as both the electrodes and parts of the dielectric layers. The simple but robust structure leads to a relatively large operational range from 0 Pa to 9.6 kPa and excellent operational stability during 1000 cycles of loading and unloading the pressure. This fast and precise laser-assisted method guarantees the robust operational performance of the ultrathin flexible sensor for practical applications and can be scaled up at a low cost.




2. Materials and Methods


2.1. The Sensor Fabrication


The schematic illustration of the flexible capacitive pressure sensor is shown in Figure 1. Briefly, a laser engraving machine (LaserPecker 2) with a 450 nm diode laser with the output power up to 5 W and a spot size of 50 μm was used to generate LIG electrodes (2 mm × 10 mm) on both sides of a piece of PI paper with a thickness of 90 μm. The LIG electrodes were produced with an optimized power (9%), depth (8%), and 2K resolution. The double-sided conductive copper tape was bonded to the end of LIG electrodes to connect the sensor to the data acquisition device. The material used for electrode capsulation is TPU film. The LIG electrodes were sealed with TPU film with a thickness of 30 μm by hot stamping.




2.2. Characterization


A TESCAN Mira3-LMH microscope operating at 10 keV was used to characterize LIG electrode morphology. A Raman analysis was conducted on a LabRAM HR Evolution confocal Raman microscope from HORIBA Scientific and the excitation laser wavelength was set to 532 nm. A portable precision resistance/capacitance measuring device (TruEbox 01RC, LinkZill, Hangzhou, China) was applied to collect capacitance data and operated at a frequency of 250 kHz. The pressure test was conducted with a universal testing machine (ZQ-990B, Zhiqu Precision Instruments, Dongguan, China) or with hands by placing homemade cardboard balance weights onto the sensor. When using the universal machine, the moving speed of the compression head was set to 1 mm/s, and the termination condition was that the pressure reached the set level. The pressure was set to 0.002 N, 0.003 N, 0.006 N, 0.009 N, and 0.003 N/step between 0.012 N and 0.03 N.




2.3. COMSOL Simulation of the Electric Field Distribution


The electric field distribution in the pressure sensor was simulated using the finite element software COMSOL Multiphysics 6.0. A simplified honeycomb structure was constructed as the physical model of the porous LIG electrode and the relevant parameters of the physical mode were set up with the consideration of the actual size. The rectangular part in the middle represents the thin layer of residual PI paper between LIG electrodes, and the porous structure on both sides represents the LIG electrodes. A finite element analysis was performed for the electric field intensity distribution of the electricity module. The frequency was set to 250 kHz to correlate with the frequency of the capacitance measuring device. The lower electrode was connected to ground, while the lower surface potential of the other electrode was set as 1 V.





3. Results and Discussion


The LIG-based pressure sensor was fabricated by laser engraving the PI paper on both sides to generate two LIG electrodes with a thin layer of residual PI paper in between as the dielectric layer. LIG technology utilizes appropriate laser engraving parameters to convert polymer substrates into conductive LIG materials with 3D structures based on photothermal carbonization, providing a fast, facile, and low-cost fabrication method to construct porous conductive materials [18,19,20]. As demonstrated in Figure 1, there are only a few simple steps in the fabrication process that take only several minutes without sophisticated instruments or expensive materials. In agreement with previous reports, a typical 3D porous LIG structure is obtained as illustrated in the SEM image and the Raman spectrum (Figure 2) [21,22,23]. The sp2 carbon signature of graphene is characterized by the G peak at around 1580 cm−1. The defect structure of LIG and the bending of the sp2 carbon leads to the appearance of the LIG-specific D peak at 1350 cm−1, whereas the presence of 2D peaks around 2700 cm−1 accounts for the second-order zone boundary phonons. The sensor is connected to a portable meter controlled by a smartphone via Bluetooth.



In order to characterize the performance of the capacitive pressure sensor based on double-sided engraving, a computer-controlled universal testing machine is used to apply pressures to the sensor with a 2 mm × 2 mm working region defined by the overlapping area of two electrodes. The capacitive responses to the pressures are recorded and displayed in Figure 3a. It can be seen that the sensor responds to the pressures in a relatively broad range from 0 Pa to 9.6 kPa in a segmented regression, which is common for pressure sensors [24,25,26]. In the low-pressure range (0~2.865 kPa), the sensor exhibited a relatively high sensitivity of 7.71% kPa−1. With the increase in pressure, the deformation state of the 3D network structure of LIG tends to be saturated, resulting in a relatively low sensitivity of 0.42% kPa−1 between 2.865 kPa and 9.6 kPa. Hand-placing homemade cardboard balance weights demonstrates the sensor responses to the subtle pressure and response speed. Discernible capacitance increments were observed upon dropping light weights that generated subtle pressures of 10 Pa and 32 Pa, as shown in Figure 3b. The simple and robust structure as well as the excellent mechanical elasticity of LIG allow the sensor to produce quick and repeatable responses. The response and relaxation times are around 100 ms, making the sensor suitable for relatively high-frequency pressure stimulation (Figure 3c). In addition to the quick response, the signal is stable and repeatable without any fluctuation when holding the pressure on the sensor (Figure 3d). Figure 3e displays the repeated responses of our sensor upon loading and unloading various pressure pulses from 1 kPa to 3 kPa. Additionally, the operational stability under repeated loading was examined using the computer-controlled universal testing machine at a frequency of 0.67 Hz (Figure 3f). Negligible fluctuation was observed during the 1000 cycles, exhibiting the excellent durability and repeatability of the sensor.



The working principle of the sensor is illustrated in Figure 4. LIG formed by laser engraving has an elastic porous structure. When the porous structure is compressed, the relative distance between electrodes decreases, the effective electrode area of the sensor increases, and the overall relative dielectric constant of LIG alters due to the squeezing out of the air inside the porous structure. According to the calculation formula of parallel plate capacitance (Figure 4a), any parameter changes impact the capacitance [25,27,28]. When using metal electrodes, the charges are primarily distributed on the electrode surfaces approaching the insulated layer. Nevertheless, LIG is not as conductive as metals, leading to the electric field distribution inside the electrodes, which is verified by the electric field distribution simulation experiment using the finite element analysis software COMSOL [29]. As shown in Figure 4b,c, the simulation model was appropriately constructed and assigned experimental settings. A relatively weak electric field is distributed inside LIG electrodes compared with the dense distribution between two electrodes. In this case, LIG electrodes also behave as a dielectric structure, and the interior electric field distribution alters considerably as the sensor is compressed. Unlike the commonly applied porous structure within the dielectric layer or air chambers constructed by micropillars, the LIG electrodes work as the pressure-absorbing component and generate the capacitance variation under compression. The LIG-based pressure sensor fabricated with the double-sided laser engraving approach proposed in this work is competitive in all-around performance compared with recent research on porous dielectric layers or electrodes (Table 1). Most studies focus on microstructured dielectric layers, with little research on porous electrodes. Complicated and time-consuming processing methods are generally applied in the reports on porous electrodes [29,30]. Therefore, the sensor proposed in this study has unique advantages regarding the fabrication process.



The thicknesses of the LIG electrodes and the dielectric layer can be simply controlled by adjusting the laser-engraving parameters. As the laser power and engraving depth comprehensively affect the laser engraving outcome, the greater the laser power and the engraving depth, the thicker the LIG layer, illustrated by SEM profiles (Figure 5a–c). The rough boundaries between LIG and PI are indicated with red dashed lines. Sensors with thicker elastic LIG electrodes and a thinner incompressible PI layer have a greater sensitivity and working range (Figure 5d,e). As discussed above, LIG electrodes also behave as a dielectric structure, which, together with the residual PI paper between LIG electrodes, form the overall dielectric layer. Assuming Young’s modulus of LIG electrodes with different thicknesses is the same, the strains of LIG electrodes with different thicknesses are the same under a certain pressure. Then, the deformation distance is larger in the thicker electrode. According to the capacitance formula in Figure 4a, the variation in d is greater for the sensor with thicker LIG electrodes under the same pressure, resulting in a more significant change in the capacitance and higher sensitivity. When the engraving parameters are fixed, a sensor with a smaller working area has a smaller initial capacitance (C0), which is beneficial for greater sensitivity (Figure 5f). When the working area increases, the complex phase shift of the sensor signal also increases under the excitation of the alternating current module of the RC measuring device, which significantly lowers the sensitivity. Consequently, the sensitivity of the sensor is influenced by laser-engraving parameters and the physical size of the LIG electrodes.



In recent reports, pressure sensors have been used to detect human behavior signals such as walking, grabbing, and touching or human medical signs such as pulse [11,37,38]. The rapid prototyping flexible pressure sensor with a simple and robust structure designed in this study can be applied to various scenes, such as measuring physical signals on various skin positions, as illustrated in Figure 6a. When the sensor was fixed on the mouse surface for the click test (Figure 6b), an apparent increase in capacitance was observed immediately at each click, and the capacitance decreased rapidly as the finger left the surface of the mouse. When touching the sensor on the table, the response signal was positively related to the finger-tapping forces (Figure 6c). Similar results were observed in the bending test, in which the response increased as the bending angle of the wrist became larger (Figure 6d). Finally, the sensor was mounted on the surface of the wrist with tapes to detect the pulse. A typical pulse waveform represented by the P-wave and D-wave was obtained and is displayed in Figure 6e. The characteristic information extracted from the pulse waveform can be used for disease diagnosis. For instance, the ratio of Height 2 (peak of D-wave to baseline) and Height 1 (peak of P-wave to baseline) can reflect the degree of atherosclerotic vessels outside the coronary artery [39].



Based on the simple and reliable fabrication of a single pressure sensor, a 4 × 4 pressure sensor array was prepared with the double-sided laser engraving method in several minutes. It turns out that the fabrication approach is easily scaled up. The electrodes and leads were all formed by LIG technology, and the electrode pattern is demonstrated in Figure 7a. Each detection pixel measures 2 mm × 2 mm, and the overall size of the sensor array is within 3 cm × 3 cm. Homemade T-shaped, P-shaped, and L-shaped cardboards were placed on the sensor array to provide position-controllable pressure (Figure 7b–d). When the pressure stimulation is applied to the sensor array, the capacitance of the corresponding detection pixel increases rapidly compared with the rest. Accordingly, the sensor array can be applied for mapping pressure distribution with an acceptable level of crosstalk among neighboring pixels. A relatively low crosstalk in the pressure sensor array is commonly observed, considering the influence of parasitic capacitance and the physical deformation generated from the adjacent capacitors [11,40,41].




4. Conclusions


In conclusion, we prepared a flexible capacitive pressure sensor in a double-sided engraving configuration using LIG technology. The unique structure of elastic porous LIG electrodes endows the sensor with high sensitivity, a wide working range, short response/relaxation times, and excellent repeatability and stability without using complicated, time-consuming, and expensive fabrication techniques. The sensor shows the capacity to detect general body movements and pulse. Given its rapid fabrication, ease of scaling up, and robust performance, this sensor has great potential in medical diagnosis and health monitoring.







Author Contributions


Supervision, H.Z. (Hangyu Zhang); conceptualization, H.Z. (Hangyu Zhang) and H.Z. (Huichao Zhu); methodology, H.Z. (Hangyu Zhang) and H.Z. (Huichao Zhu); writing, T.Z. and H.Z. (Hangyu Zhang); software, T.Z.; validation, T.Z.; funding acquisition, H.Z. (Hangyu Zhang). All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by [the National Key R&D Program of China] grant number [2018AAA0100300]; [the Natural Science Foundation of Liaoning Province] grant number [YGJC-02] and [the Fundamental Research Funds for the Central Universities] grant number [DUT22YG238 and DUT22QN211].




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no competing financial interest or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Yuan, Y.; Liu, B.; Li, H.; Li, M.; Song, Y.; Wang, R.; Wang, T.; Zhang, H. Flexible Wearable Sensors in Medical Monitoring. Biosensors 2022, 12, 1069. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Yu, J.; Cui, Y.; Li, W. Research progress of flexible wearable pressure sensors. Sens. Actuators A Phys. 2021, 330, 112838. [Google Scholar] [CrossRef]

	



Jian, M.; Wang, C.; Wang, Q.; Wang, H.; Xia, K.; Yin, Z.; Zhang, M.; Liang, X.; Zhang, Y. Advanced carbon materials for flexible and wearable sensors. Sci. China Mater. 2017, 60, 1026–1062. [Google Scholar] [CrossRef]

	



Zhang, H.; Tao, X.-M. A single-layer stitched electrotextile as flexible pressure mapping sensor. J. Text. Inst. 2012, 103, 1151–1159. [Google Scholar] [CrossRef]

	



Jia, W.; Zhang, Q.; Cheng, Y.; Wang, J.; Zhang, H.; Sang, S.; Ji, J. A Flexible Capacitive Paper-Based Pressure Sensor Fabricated Using 3D Printing. Chemosensors 2022, 10, 432. [Google Scholar] [CrossRef]

	



Zhou, S.H.; Li, H.; Mao, D.S.; Pan, Z.F.; Chen, H.M. A brushed hemicylindrical pressure sensor based on triboelectricity exhibits high sensitivity, a low detection limit and a wide detection range. J. Mater. Chem. C 2023, 11, 3644–3651. [Google Scholar] [CrossRef]

	



Lei, J.; Lu, M.; Yang, P.; Fan, Y.; Huang, H.; Xiong, J.; Wang, Z.; Gu, H.; Wang, J. Self-powered sensitive pressure sensor matrix based on patterned ar-rays of flexible (K,Na)NbO3 piezoelectric nanorods. Sci. China Mater. 2023, 66, 1494–1503. [Google Scholar]

	



Wan, S.; Bi, H.; Zhou, Y.; Xie, X.; Su, S.; Yin, K.; Sun, L. Graphene oxide as high-performance dielectric materials for capacitive pressure sensors. Carbon 2017, 114, 209–216. [Google Scholar] [CrossRef]

	



Shen, Z.; Yang, C.; Yao, C.; Liu, Z.; Huang, X.; Liu, Z.; Mo, J.; Xu, H.; He, G.; Tao, J.; et al. Capacitive-piezoresistive hybrid flexible pressure sensor based on conductive micropillar arrays with high sensitivity over a wide dynamic range. Mater. Horiz. 2023, 10, 499–511. [Google Scholar] [CrossRef]

	



Qiu, J.; Guo, X.; Chu, R.; Wang, S.; Zeng, W.; Qu, L.; Zhao, Y.; Yan, F.; Xing, G. Rapid-Response, Low Detection Limit, and High-Sensitivity Capaci-tive Flexible Tactile Sensor Based on Three-Dimensional Porous Dielectric Layer for Wearable Electronic Skin. ACS Appl. Mater. Interfaces 2019, 11, 40716–40725. [Google Scholar] [CrossRef]

	



Xiong, Y.; Shen, Y.; Tian, L.; Hu, Y.; Zhu, P.; Sun, R.; Wong, C.-P. A flexible, ultra-highly sensitive and stable capacitive pressure sensor with convex microarrays for motion and health monitoring. Nano Energy 2020, 70, 104436. [Google Scholar] [CrossRef]

	



Yang, J.C.; Kim, J.O.; Oh, J.; Kwon, S.Y.; Sim, J.Y.; Kim, D.W.; Choi, H.B.; Park, S. Microstructured Porous Pyramid-Based Ultrahigh Sensitive Pres-sure Sensor Insensitive to Strain and Temperature. ACS Appl. Mater. Interfaces 2019, 11, 19472–19480. [Google Scholar] [CrossRef] [PubMed]

	



Shuai, X.; Zhu, P.; Zeng, W.; Hu, Y.; Liang, X.; Zhang, Y.; Sun, R.; Wong, C.-P. Highly Sensitive Flexible Pressure Sensor Based on Silver Nanowires-Embedded Polydimethylsiloxane Electrode with Microarray Structure. ACS Appl. Mater. Interfaces 2017, 9, 26314–26324. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Lü, X.; Zhao, J.; Wang, W.; Meng, X.; Wang, P.; Li, F. Flexible Capacitive Pressure Sensor Based on Microstructured Composite Dielectric Layer for Broad Linear Range Pressure Sensing Applications. Micromachines 2022, 13, 223. [Google Scholar] [CrossRef]

	



Cagatay, E.; Kohler, P.; Lugli, P.; Abdellah, A. Flexible Capacitive Tactile Sensors Based on Carbon Nanotube Thin Films. IEEE Sens. J. 2015, 15, 3225–3233. [Google Scholar] [CrossRef]

	



Wang, X.; Xia, Z.; Zhao, C.; Huang, P.; Zhao, S.; Gao, M.; Nie, J. Microstructured flexible capacitive sensor with high sensitivity based on carbon fiber-filled conductive silicon rubber. Sens. Actuators A Phys. 2020, 312, 112147. [Google Scholar] [CrossRef]

	



Yang, J.; Tang, D.; Ao, J.; Ghosh, T.; Neumann, T.V.; Zhang, D.; Piskarev, Y.; Yu, T.; Truong, V.K.; Xie, K.; et al. Ultrasoft Liquid Metal Elastomer Foams with Positive and Negative Piezopermittivity for Tactile Sensing. Adv. Funct. Mater. 2020, 30, 2002611. [Google Scholar] [CrossRef]

	



Lin, J.; Peng, Z.; Liu, Y.; Ruiz-Zepeda, F.; Ye, R.; Samuel, E.L.; Yacaman, M.J.; Yakobson, B.I.; Tour, J.M. Laser-induced porous graphene films from commercial polymers. Nat. Commun. 2014, 5, 5714. [Google Scholar] [CrossRef]

	



Mahmood, F.; Zhang, H.; Lin, J.; Wan, C. Laser-Induced Graphene Derived from Kraft Lignin for Flexible Supercapacitors. ACS Omega 2020, 5, 14611–14618. [Google Scholar] [CrossRef]

	



Wang, Y.; Wang, Y.; Zhang, P.; Liu, F.; Luo, S. Laser-Induced Freestanding Graphene Papers: A New Route of Scalable Fabrication with Tunable Morphologies and Properties for Multifunctional Devices and Structures. Small 2018, 14, e1802350. [Google Scholar] [CrossRef]

	



Carvalho, A.F.; Fernandes, A.J.S.; Leitão, C.; Deuermeier, J.; Marques, A.C.; Martins, R.; Fortunato, E.; Costa, F.M. Laser-Induced Graphene Strain Sensors Produced by Ultraviolet Irradiation of Polyimide. Adv. Funct. Mater. 2018, 28. [Google Scholar] [CrossRef]

	



Chyan, Y.; Ye, R.; Li, Y.; Singh, S.P.; Arnusch, C.J.; Tour, J.M. Laser-Induced Graphene by Multiple Lasing: Toward Electronics on Cloth, Paper, and Food. ACS Nano 2018, 12, 2176–2183. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Niu, Z.; Chen, J.; Zhai, Y.; Xu, Y.; Luo, S. Freestanding laser induced graphene paper based liquid sensors. Carbon 2019, 153, 472–480. [Google Scholar] [CrossRef]

	



Lee, K.; Lee, J.; Kim, G.; Kim, Y.; Kang, S.; Cho, S.; Kim, S.; Kim, J.K.; Lee, W.; Kim, D.E.; et al. Rough-Surface-Enabled Capacitive Pressure Sensors with 3D Touch Capability. Small 2017, 13, 1700368. [Google Scholar] [CrossRef]

	



Zhang, Q.; Jia, W.; Ji, C.; Pei, Z.; Jing, Z.; Cheng, Y.; Zhang, W.; Zhuo, K.; Ji, J.; Yuan, Z.; et al. Flexible wide-range capacitive pressure sensor using micropore PE tape as template. Smart Mater. Struct. 2019, 28, 115040. [Google Scholar] [CrossRef]

	



Thouti, E.; Chauhan, K.; Prajesh, R.; Farman, M.; Maurya, R.K.; Sharma, P.; Nagaraju, A. Flexible capacitive pressure sensors using micro-dome like structured polydimethylsiloxane dielectric layers. Sens. Actuators A Phys. 2022, 335, 113393. [Google Scholar] [CrossRef]

	



Wang, J.; Li, L.; Zhang, L.; Zhang, P.; Pu, X. Flexible capacitive pressure sensors with micro-patterned porous dielectric layer for wearable electronics. J. Micromech. Microeng. 2022, 32, 034003. [Google Scholar] [CrossRef]

	



Yu, Q.; Zhang, J. Flexible Capacitive Pressure Sensor Based on a Double-Sided Microstructure Porous Dielectric Layer. Micromachines 2022, 14, 111. [Google Scholar] [CrossRef]

	



Tan, X.; Zheng, J. A Novel Porous PDMS-AgNWs-PDMS (PAP)-Sponge-Based Capacitive Pressure Sensor. Polymers 2022, 14, 1495. [Google Scholar] [CrossRef]

	



Han, M.; Lee, J.; Kim, J.K.; An, H.K.; Kang, S.-W.; Jung, D. Highly sensitive and flexible wearable pressure sensor with dielectric elastomer and carbon nanotube electrodes. Sens. Actuators A Phys. 2020, 305, 111941. [Google Scholar] [CrossRef]

	



Kurup, L.A.; Cole, C.M.; Arthur, J.N.; Yambem, S.D. Graphene Porous Foams for Capacitive Pressure Sensing. ACS Appl. Nano Mater. 2022, 5, 2973–2983. [Google Scholar] [CrossRef]

	



Zhong, Y.; Gu, F.; Wu, L.; Wang, J.; Dai, S.; Zhu, H.; Cheng, G.; Ding, J. Porous conductive electrode for highly sensitive flexible capacitive pres-sure sensor over a wide range. J. Alloys Compd. 2023, 934, 167919. [Google Scholar] [CrossRef]

	



Zhang, L.; Zhang, S.; Wang, C.; Zhou, Q.; Zhang, H.; Pan, G.-B. Highly Sensitive Capacitive Flexible Pressure Sensor Based on a High-Permittivity MXene Nanocomposite and 3D Network Electrode for Wearable Electronics. ACS Sens. 2021, 6, 2630–2641. [Google Scholar] [CrossRef] [PubMed]

	



Li, R.; Zhou, Q.; Bi, Y.; Cao, S.; Xia, X.; Yang, A.; Li, S.; Xiao, X. Research progress of flexible capacitive pressure sensor for sensitivity en-hancement approaches. Sens. Actuators A Phys. 2021, 321, 112425. [Google Scholar] [CrossRef]

	



He, Z.; Chen, W.; Liang, B.; Liu, C.; Yang, L.; Lu, D.; Mo, Z.; Zhu, H.; Tang, Z.; Gui, X. Capacitive Pressure Sensor with High Sensitivity and Fast Response to Dynamic Interaction Based on Graphene and Porous Nylon Networks. ACS Appl. Mater. Interfaces 2018, 10, 12816–12823. [Google Scholar] [CrossRef]

	



Zhang, Y.; Lin, Z.; Huang, X.; You, X.; Ye, J.; Wu, H. Highly sensitive capacitive pressure sensor with elastic metallized sponge. Smart Mater. Struct. 2019, 28, 105023. [Google Scholar] [CrossRef]

	



Huang, W.; Dai, K.; Zhai, Y.; Liu, H.; Zhan, P.; Gao, J.; Zheng, G.; Liu, C.; Shen, C. Flexible and Lightweight Pressure Sensor Based on Carbon Nano-tube/Thermoplastic Polyurethane-Aligned Conductive Foam with Superior Compressibility and Stability. ACS Appl. Mate-Rials Interfaces 2017, 9, 42266–42277. [Google Scholar] [CrossRef]

	



He, J.; Xiao, P.; Lu, W.; Shi, J.; Zhang, L.; Liang, Y.; Pan, C.; Kuo, S.-W.; Chen, T. A Universal high accuracy wearable pulse monitoring system via high sensitivity and large linearity graphene pressure sensor. Nano Energy 2019, 59, 422–433. [Google Scholar] [CrossRef]

	



Sugawara, J.; Komine, H.; Hayashi, K.; Maeda, S.; Matsuda, M. Relationship between augmentation index obtained from carotid and radial artery pressure waveforms. J. Hypertens. 2007, 25, 375–381. [Google Scholar] [CrossRef]

	



Niu, H.; Gao, S.; Yue, W.; Li, Y.; Zhou, W.; Liu, H. Highly Morphology-Controllable and Highly Sensitive Capacitive Tactile Sensor Based on Epidermis-Dermis-Inspired Interlocked Asymmetric-Nanocone Arrays for Detection of Tiny Pressure. Small 2020, 16, e1904774. [Google Scholar] [CrossRef]

	



Mahata, C.; Algadi, H.; Lee, J.; Kim, S.; Lee, T. Biomimetic-inspired micro-nano hierarchical structures for capacitive pressure sensor applications. Measurement 2020, 151, 107095. [Google Scholar] [CrossRef]








[image: Biosensors 13 00546 g001 550] 





Figure 1. The preparation process of the pressure sensor. 
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Figure 2. The general characterization of LIG. (a) A photo of LIG on the PI paper. (b) The porous network structure of LIG. (c) The Raman spectrum of LIG. 
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Figure 3. The operational performance of the sensor. (a) Sensitivity test. Real-time monitoring of quick response to slight pressures (b), loading/holding/unloading cycles of a homemade cardboard balance weight (d), pressure pulses (e), and 1000 loading/unloading cycles displaying operational stability (f). (c) Response to pressure showing response and relaxation time. 






Figure 3. The operational performance of the sensor. (a) Sensitivity test. Real-time monitoring of quick response to slight pressures (b), loading/holding/unloading cycles of a homemade cardboard balance weight (d), pressure pulses (e), and 1000 loading/unloading cycles displaying operational stability (f). (c) Response to pressure showing response and relaxation time.



[image: Biosensors 13 00546 g003]







[image: Biosensors 13 00546 g004 550] 





Figure 4. Analysis of the sensor working principle. (a) The diagram shows how the sensor works. (b) The simulation model and grid diagram of electric field division. (c) COMSOL simulation results of the initial state (left) and the final state (right). 
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Figure 5. Parameters that influence the sensitivity. (a–c) SEM images showing the dielectric layer (indicated with red dashed rectangles) of different thicknesses generated with varied laser engraving parameters. Adjustment of the sensitivity with varied laser power (d), depth (e), and size of LIG electrodes (f). 
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Figure 6. Practical applications of the pressure sensor. (a) Illustration of the position for the sensor to measure the pressure. Measurement of the pressure signal engendered by the click of the mouse (b), fingertip touch (c), wrist bending (d), and pulse (e). 
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Figure 7. Illustration of a 4 × 4 pressure sensor array constructed for spatial pressure measurement. (a) The electrode pattern of the sensor array. Images of homemade T-shaped (b), P-shaped (c), and L-shaped (d) cardboards on the sensor array and the corresponding response on each pixel. 
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Table 1. (NR = Not reported; DL = Dielectric layer; SR = Silicon rubber; CB = Carbon Black; CNT = Carbon nanotube).
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	Authors
	Feature
	Sensitivity
	Work Range
	Limit of Detection





	This work
	Porous LIG electrode
	0.0771 kPa−1
	0–9.6 kPa
	10 Pa



	Jing et al. [30]
	Micropatterned porous PDMS (DL)
	143.5 MPa−1
	0.068–150 MPa
	68 Pa



	Qing et al. [31]
	Silicon rubber/NaCl/carbon black (DL)
	3.15 kPa−1
	0–200 kPa
	27 Pa



	Xue et al. [32]
	Porous AgNWs-PDMS (DL)
	0.62 kPa−1
	0–7 kPa
	NR



	Maeum et al. [33]
	CNT-PDMS (DL)
	0.056 kPa−1
	0–110 kPa
	NR



	Lekshmi et al. [34]
	Graphene coated PDMS foam (DL)
	0.137 kPa−1
	0–12 kPa
	50 Pa



	Yan et al. [35]
	CNT-doped porous electrode
	1.033 kPa−1
	0–30 kPa
	12 Pa



	Long et al. [36]
	Conductive coating 3D network electrode
	10.2 kPa−1
	0–100 kPa
	0.17 Pa
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