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Abstract: A laser-induced-graphene (LIG) pattern fabricated using a 355 nm pulsed laser was applied
to a strain sensor. Structural analysis and functional evaluation of the LIG strain sensor were performed
by Raman spectroscopy, scanning electron microscopy (SEM) imaging, and electrical-mechanical
coupled testing. The electrical characteristics of the sensor with respect to laser fluence and focal
length were evaluated. The sensor responded sensitively to small deformations, had a high gauge
factor of ~160, and underwent mechanical fracture at 30% tensile strain. In addition, we have applied
the LIG sensor, which has high sensitivity, a simple manufacturing process, and good durability,
to human finger motion monitoring.

Keywords: laser-induced graphene (LIG); 355 nm pulsed laser; strain sensor; polyimide;
polydimethylsiloxane (PDMS)

1. Introduction

Recently, metal wires, carbon nanotubes, and graphene have been applied to substrates such
as polyethyleneimine (PEI), polyethylene terephthalate (PET), ECOFLEX, and polydimethylsiloxane
(PDMS); the resulting materials are mechanically flexible and robust, and are used in many areas
such as touch screens, biomedical devices, wearable devices, human—robot interfaces, solar cells,
and supercapacitors [1-15]. In particular, graphene is widely used in sensors due to its high electrical
conductivity and various superior mechanical characteristics [7,11,16-20]. Graphene production
methods include (1) exfoliation from graphite crystals and (2) chemical vapor deposition (CVD)
involving deposition of carbon on a transition metal at high temperature [21,22]. Recently, research
on the production of porous graphene using lasers, i.e., laser-induced graphene (LIG), has been
reported [21,22]. Irradiation of a laser onto polyimide film at a certain degree of laser fluence, i.e.,
the optical energy delivered per unit area, resulted in photothermal ablation by the locally high
temperature, which breaks the chemical bonds of the polyimide film; this process has been reported to
produce LIG with a porous multilayer structure [11,20-22]. The LIG has improved electrical properties
due to the conversion of sp3 carbon atoms to sp2 carbon atoms. [11]. Therefore, LIG is widely applied
to humidity-, bio-, and mechanical sensors [11,18,19,22]. Mechanical sensors include strain sensors
and pressure sensors; PDMS, which is actively used as substrate for these sensors, is thermally and
chemically stable, physically robust, and flexible, with a shear modulus of 250 kPa, loss tangent
<<0.001, and Young’s modulus of 750 kPa [14,15]. In addition, PDMS is transparent, nonfluorescent,
nontoxic, and biocompatible; it undergoes no adhesion with polymer films, and so is suitable for use
in MEMS and biomedical applications [14,15].

Sensors 2019, 19, 4867; d0i:10.3390/s19224867 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://dx.doi.org/10.3390/s19224867
http://www.mdpi.com/journal/sensors
https://www.mdpi.com/1424-8220/19/22/4867?type=check_update&version=2

Sensors 2019, 19, 4867 20f12

Strain sensors are generally sensors in which an electrical signal changes according to strain,
indicating the degree of deformation of an object according to the applied force. Conventional
metal-based strain sensors have a low fabrication cost but also a low gauge factor (GF) sensitivity
of ~2 and maximum measurable strain of ~5% [4-10]. Therefore, other strain sensors have been
reported that have a piezoresistive effect that overcomes the shortcomings of conventional sensors;
these sensors combine an elastomer and a material with a multidimensional structure, such as graphene
or carbon nanotubes (CNTs). Amjadi et al. reported a strain sensor based on silver nanowire—elastomer
nanocomposite; it showed strong piezoresistivity, with a GF in the range of 2-14, and maximum
stretchability of 70%. [4]. Ryu et al. reported a CNT composite sensor and demonstrated its good
sensitivity (GF~117) [5]. Bae et al. reported a graphene-based sensor that had piezoresistive properties
that were present under strains up to 7.1% [7]. Stretchable CNT strain sensors [6,9,12,13,19,23] and
ZnO wire sensors (GF~1250) [8] have also been reported. Despite many attempts to fabricate strain
sensors that use sensitive, high-performance nanoparticles, such as CNT and graphene, previous
research on sensors has led to good sensitivity and mechanical performance but was unsuccessful in
making the fabrication process easier or in reducing the fabrication costs. Therefore, a one-step direct
laser writing (DLW) method is proposed to simplify the process and reduce fabrication costs [18].

In this paper, we fabricate an LIG pattern using a 355 nm pulsed laser; we then implant the pattern
on an elastomeric substrate, suggesting the possibility of its application as a strain sensor. To simplify
the fabrication process, patterns are fabricated using the DLW method, and the electrical characteristics
such as electrical resistance and sheet resistance are evaluated. In addition, structural analysis of
the LIG pattern according to the laser fluence and laser focal length, as well as evaluation of device
applicability as a sensor, is performed.

2. Experimental

2.1. Fabrication of LIG Pattern

We used a 355 nm UV pulsed laser to form LIG on a polyimide film (DuPont™ Kapton®HN);
we then used the film as a strain sensor. The 355 nm pulsed laser is widely used for microfabrication.
The laser setup and specifications are shown in Figure 1 and Table 1, respectively.

Table 1. 355 nm UV pulsed laser specifications.

Parameter Unit Value
Wavelength nm 355
Average power Watt ~2.5
Pulse length ns 25
Repetition rate kHz 30
Mode TEMOO
Beam diameter mm 0.4

Polyimide has 90% absorption for the 355 nm wavelength and this absorption increases with
increasing laser fluence [24]. When the 355 nm pulsed laser is irradiated onto polyimide film, the surface
temperature rises locally to over 1000 °C, which causes ablation by photothermal phenomenon [19].
The polyimide film releases oxygen and nitrogen gas at 550 °C and is carbonized at 700 °C; the carbonized
polyimide forms a porous graphitic structure [22]. Figure 2 shows the generation principle of the
LIG. Since the C-N binding force of polyimide is the lowest, it is the first to be broken and separated.
In addition, separated unstable compounds exist in various forms, such as CO, CN, C, C,, CH, C,Ho,
HCN, in combination with each other or other elements in the atmosphere [25].

In order to observe structural changes of the LIG pattern, the laser was irradiated onto the substrate
at different laser fluences; the laser fluence was set by adjusting the laser power and the scanning
speed. A 25 um-thick polyimide film was used to better implant the LIG pattern in PDMS; the degrees
of implantation and carbonization were evaluated according to laser fluence.
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Figure 1. Laser system: (a) laser setup and (b) optical system.
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Figure 2. Principle of laser-induced graphene (LIG). (a) Structure of polyimide film; (b) Structural
change of polyimide film after laser irradiation.

2.2. Fabrication of Flexible and Bendable Strain Sensor

In order to improve the sensitivity of the sensor and to obtain a uniformly thin thickness of the
substrate and top, spin coating, a common microfabrication method for polymer films, was used for
fabrication of PDMS. The PDMS was spin-coated at 100 rpm for 5 min, leading to a uniform thickness
of 400 um. The sensor fabrication process is shown in Figure 3a.

By placing a PI film on the PDMS and irradiating the 355 nm pulsed laser with laser fluence
under certain conditions, the desired graphitic pattern was implanted on the substrate by the Galvano
scanner (Figure 1). When the remaining polyimide film on the PDMS was removed, only the LIG
pattern was implanted on the PDMS, which was then covered with PDMS to protect the pattern.
This demonstrates the fabrication of sensitive and flexible sensors in a simple and inexpensive process
without any technology, overcoming the disadvantages of previously reported piezoresistive strain
sensors [4-10,12,13,18,26,27].

Strain sensors are evaluated according to their sensitivity, maximum strain, response speed,
stability, and fabrication cost. In particular, the GF, which is expressed as the change in the electrical
resistance of the strain to the sensitivity of the strain sensor, can be used as a typical measure of efficiency.

@

Gauge Factor = ARE/RO
where AR is the variation of electrical resistance when strain is applied, Ry is the initial electrical
resistance, and ¢ is the strain.

The LIG strain sensor in this research measured strain through bending and tension. Strain
generations by bending and elongation are shown in Figure 3b. The change of electrical resistance to
strain was measured using a sourcemeter (Keithley®), sourcemeter 2450).

Figure 3c shows the electrical properties of the carbonized pattern depending on the laser fluence:
the electrical resistance value ranged from 237 () to 60 k() and sheet resistance ranged from 10.86 to
65 O/0.
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Figure 3. Fabrication of LIG sensor: (a) process of fabricating the LIG strain sensor, (b) strain generation
by bending, and (c) changes in electrical characteristics according to laser fluence.

3. Results and Discussion

3.1. Morphological Characterization of the LIG Pattern

The carbonization of the LIG pattern is mainly due to photothermal ablation [20,28,29]; the degree
of carbonization depends on laser parameters such as laser power, scanning speed, and focal length.
We set up various laser fluences to produce a porous LIG pattern, which is shown in Figure 4. The LIG
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pattern was fabricated by the DLW method; the morphology of the pattern was observed by field
emission scanning microscopy (FE-SEM). Samples were platinum coated before observation.

=90 nm

Figure 4. Laser fluence-dependent SEM images of LIG pattern; laser fluence of (a) 5.6 J/em?; (b) 5.9
J/em?; (c) 6.4 Jjem?Z; (d) 7.4 J/cm?2.

The SEM images in Figure 4a—d show the graphene-like and porous structure of several microscale
graphene-like flakes; the line width of the LIG pattern is about 30 um and the sensor has a biaxial
strain gauge. Lines fabricated by the DLW method can form very thin and desirable shape patterns,
suggesting that strain gauges grow rapidly when the laser scanning direction and elongation or
bending direction are the same. The graphene-like flakes can be seen forming fine graphitic projections
of several micro-meters. The LIG pattern fabricated by the DLW method under various laser irradiation
parameters usually has a line width in the range of approximately several tens of micrometers.
The influence of laser fluence on the structure and morphology of the material was studied by
irradiating the laser at a laser fluence from 5.6 to 7.4 J/cm?. When the laser is irradiated beyond
the specific fluence that can produce graphene, the characteristics of the porous structure gradually
deteriorate, the permittivity is lowered, and the electrical resistance becomes smaller, but we have
found the optimal laser fluence creates graphene-like flake patterns. Figure 5a clearly shows the
prominent graphene-like flake structure of the LIG pattern. Most of the structure, except for residual
areas of the polyimide film, is carbonized to the bottom.

The chemical structure of the LIG pattern was further investigated using a micro Raman
spectrometer (NRS-5100). As can be seen in Figure 5b, the Raman spectrum of the LIG pattern
clearly shows three distinct peaks: the D peak at 1350 cm™! was induced by sp2 carbon bonds;
the G peak at 1580 cm™~! and the 2D peak at 2700 cm~! show similar shapes, proof of graphene’s



Sensors 2019, 19, 4867 7 of 12

graphene-like flake structure and confirmation of the results of previous studies on LIG [18-24,30-33].
The analysis of the 2D peak provides important information for estimating the number of layers and
the stacking order in graphene or graphic layers [30]. LIG patterns have been successfully implanted
into PDMS by adjusting the laser fluence through changing various laser settings such as laser power
and scanning speed.

— 7.4)fcm-1
—6.4J/em-1
—5a9)cm-1
—56Jicm-1

1000 1500 2000 2500 3000 3500
Raman shift cm™)

@ ©)

Figure 5. The graphene-like flake structure of the LIG pattern; (a) SEM image of the graphene-like flake
structure of LIG; (b) Raman spectra of the LIG pattern irradiated laser with different laser fluences.

Intensity (a.u.)

3.2. Piezoresistive Effect of Fabricated Strain Sensor

A porous and graphene-like flake-structured LIG pattern was implanted on a flexible PDMS
substrate and then protected again with PDMS to produce a bendable and highly sensitive strain
sensor (Figure 6).

=2 100 s <

s

Figure 6. Photographs of the strain sensor under (a) twisting and (b) bending; (c) SEM image of
carbonized pattern embedded on polydimethylsiloxane (PDMS).
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In order to evaluate the sensing properties of the strain sensors, we studied the strain-induced
changes in electrical resistance of the LIG patterns. As shown in Figure 7a, when the strain sensor
is fabricated by irradiation with a 355 nm pulsed laser with a laser fluence of 7.4 J/cm?, the electrical
resistance to strain changes from 234 to 837 (), which means that the porous LIG pattern shows high
sensitivity (GF ~ 160) even for fine strain (1.6%). When the bending distance changed, the corresponding
variation in the electrical resistance increased linearly and the GF values of the laser fluence at 6.4, 6.1,
and 5.6 J/cm? were 8.5, 4.18, and 2.03, respectively (Figure 7b).
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Figure 7. Change in electrical resistance corresponding to strain with each laser fluence: (a) 7.4 J/cm?;
(b) 5.6 to 6.4 J/em?.

As can be seen in Figure 7b, when the laser fluence is higher, the polyimide film is carbonized
more by photothermal ablation and has better electrical properties and higher sensitivity as a strain
sensor. Moreover, when the sensor is fabricated with a high laser fluence, the depth of the graphitic
pattern of the polyimide film becomes deeper, the pattern is better embedded in the substrate, and
the durability of the sensor becomes stronger. As shown in Figure 8, fracture of the strain sensor was
caused by 30% strain and was caused entirely by the fracturing of the PDMS.
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Figure 8. Change in electrical resistance corresponding to strain and fracture.

Cyclic tensile testing was applied to the strain sensor; we evaluated the piezoresistive effect by
measuring the electrical resistance with a sourcemeter (KEITHLEY, sourcemeter 2450). As can be
seen in Figure 9, it is possible to evaluate the response of the electrical resistance when the sensor is
periodically stretched/released at the same strain (¢ = 1%, 3%, and 7%). Even after the cycle test (over
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200 iterations), the sensor demonstrated no hysteresis. All sensors increase—decrease the electrical
resistance as strains increase—decrease accordingly. In addition, for all applied strains, the initial
resistance of the LIG strain sensor did not change after 200 cycles of testing. Since our LIG strain
sensor had its LIG pattern embedded in PDMS, sensor linearity (R? = 0.9984) was far better than
those of the previously reported silver nanowire sensor (R? = 0.94), CNT-based sensor (nonlinear),
and graphene-based strain sensors (nonlinear) [4-9].
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Figure 9. Response of LIG strain sensor under stretch/release cycle of (a) ¢ = 1%; (b) € = 3% and 7%.

As shown in the experimental results, our strain sensors can be applied in many areas with
advantages such as high sensitivity, fast response speed, high linearity, and low hysteresis. Figure 10a
shows the current-voltage characteristics according to the different strain conditions of the LIG strain
sensor and indicates that Ohm’s law is followed linearly when tensile strain is applied. When a certain
amount of voltage is applied to the sensor, it is confirmed that the electrical resistance increases as the
strain of the sensor increases and, therefore, the current value becomes smaller. LIG strain sensors have
been fabricated using different focal lengths; for the resulting GFs, initial electrical and sheet resistances
are shown in Figure 10b. The fabricated LIG strain sensor showed higher GF, and lower electrical
resistance and sheet resistance as the laser focal length was matched to that of polyimide. This indicates
that the degree of carbonization of the polyimide film has a great influence on the LIG sensor.
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Figure 10. (a) Electrical response of LIG strain sensor; (b) Change of initial electrical resistance according
to focal length.

In summary, the sensitivity, linearity, and elasticity of a sensor can be adjusted according to the
degree of carbonization and the embedding of the pattern; parameters can be selected according to
the application field. LIG strain sensors with low electrical resistance are suitable for applications
requiring high GF and high strain. On the other hand, low electrical resistance strain sensors can be
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used in applications requiring high linearity. The response time for strain sensing was about ~70 ms,
measured with a data acquisition (DAQ) system; the delay time due to bending was negligibly small
(Videos S1 and S2 in the Supplementary Materials). This is due to van der Waals forces between the
carbon network [14,17] of the LIG pattern and the PDMS used as the top layer. The electrical properties
of our sensors follow Ohm’s law in a very linear manner.

3.3. Application of the LIG Strain Sensor

Due to the flexible and highly sensitive nature of the LIG strain sensor, application to human
motion monitoring was considered. In terms of potential evaluation of our sensor’s application to
wearable devices, we built a glove sensor that combined latex gloves and sensors. As shown in
Figure 11, our sensor was fully responsive to finger movements. We strained the sensor by bending the
middle finger joint to a specific angle. As the finger bends more and more, i.e., as the bending angle
increases, the strain applied to the sensor increases, thereby increasing the electrical resistance. Also,
when we straightened the middle finger again, the sensor returned to its initial electrical resistance
value. Moreover, the LIG strain sensor showed very good durability because it returned to its initial
state even after repeated finger-bending cycle experiments.
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Figure 11. Motion detection of middle finger.

4. Conclusions

We report, in this paper, highly sensitive and flexible piezoresistive type strain sensors and
demonstrate their valuable use in strain sensing in the motion-monitoring industry. The LIG strain
sensor was investigated and found to have a response time of ~70 ms, good linearity to tensile strain,
high GFs that react to bending, and a good degree of creep in the bending/release cycle. There was no
fracturing due to bending. Also, due to its powerful piezoresistive effect, the sensor has a GF range of
1~160; its stretchability can reach ~30% depending on the carbonization degree of the LIG pattern,
and PDMS was destroyed after strain of 30%. Laser power, scanning speed, and focal length were
the main parameters involved in the degree of carbonization of the pattern. The LIG pattern shows
various electrical characteristics such as electrical resistance and sheet resistance; stretchability was also
demonstrated in various ways. Finally, we investigated the possibility that the LIG strain sensor could
be applied in industry for human motion detection. We attached the sensor to a latex glove and made a
glove sensor. Finger joint bending was monitored by our glove sensor made with the LIG strain sensor.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/1424-8220/19/22/
4867/s1.


http://www.mdpi.com/1424-8220/19/22/4867/s1
http://www.mdpi.com/1424-8220/19/22/4867/s1

Sensors 2019, 19, 4867 11 of 12

Author Contributions: Conceptualization, S.-Y.J. and B.-s.S.; Methodology, S.-Y.J. and G.-].J.; Formal Analysis,
S.-Y]. and Y.-WM.; Investigation, S.-Y.J. and J.-U.L.; Data Curation, S.-Y.J. and B.-s.S.; Writing—Original
Draft Preparation, S.-Y.J.; Writing—Review and Editing, S.-Y.J. and B.-s.S.; Supervision, B.-s.S.; Funding
Acquisition, B.-s.S.

Funding: This paper was supported by Korea Institute for Advancement of Technology(KIAT) grant funded by
the Korea Government(MOTIE) (P0008763, The Competency Development Program for Industry Specialist).

Acknowledgments: This work was supported by the Technology Innovation Program (N0002310) funded by
the Ministry of Trade, Industry & Energy (MOTIE, Korea). This research was supported by Basic Science
Research Program through the National Research Foundation of Korea(NRF) funded by the Ministry of Education
(2018R1D1A3B07045662).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gong, S.; Schwalb, W.; Wang, Y.; Chen, Y,; Tang, Y.; Si, ].; Schirinzadeh, B.; Cheng, W. A wearable and highly
sensitive pressure sensor with ultrathin gold nanowires. Nat. Commun. 2014, 5, 3132. [CrossRef] [PubMed]

2. Pan,L; Chortos, A.; Yu, G.; Wang, Y.; Isaacson, S.; Allen, R.; Shi, Y.; Dauskardt, R.; Bao, Z. An ultra-sensitive
resistive pressure sensor based on hollow-sphere microstructure induced elasticity in conducting polymer
film. Nat. Commun. 2014, 5, 3002. [CrossRef] [PubMed]

3. Lei, K.E; Lee, K.E; Lee, M.Y. Development of a flexible PDMS capacitive pressure sensor for plantar pressure
measurement. Microelectron. Eng. 2012, 99, 1-5. [CrossRef]

4. Amjadi, M,; Pichitpajongkit, A.; Lee, S.; Ryu, S.; Park, I. Highly Stretchable and Sensitive Strain Sensor Based
on Silver Nanowire-Elastomer Nanocomposite. ACS Nano 2014, 8, 5154-5163. [CrossRef]

5. Ryu,S;; Lee, P; Chou, J.B.; Xu, R.; Zhao, R.; Hart, A.J.; Kim, S.G. Extremely Elastic Wearable Carbon Nanotube
Fiber Strain Sensor for Monitoring of Human Motion. ACS Nano 2015, 9, 5929-5936. [CrossRef]

6. Hu, N.; Karube, Y.; Arai, M.; Watanabe, T.; Yan, C.; Li, Y,; Liu, Y.; Fukunaga, H. Investigation on sensitivity of
a polymer-carbon nanotube composite strain sensor. Carbon 2010, 48, 680-687. [CrossRef]

7. Bae,S.H.; Lee, Y,; Sharma, B.K; Lee, H.].; Kim, ].H.; Ahn, ] H. Graphene-based transparent strain sensor.
Carbon 2013, 51, 236-242. [CrossRef]

8. Zhou,J,; Gu, Y;; Fie, P; Mai, W,; Gao, Y.; Yang, R.; Bao, G.; Wang, Z.L. Flexible Piezotronic Strain Sensor.
Nano Lett. 2008, 8, 3035-3040. [CrossRef]

9.  Yamada, T.; Hayamizu, Y., Yamamoto, Y.; Yomogida, Y.; Izadi-Najafabadi, A.; Futaba, D.N.; Hata, K.
A stretchable carbon nanotube strain sensor for human-motion detection. Nat. Nanotechnol. 2011, 6, 296-301.

10. Kang, I; Schulz, M.].; Kim, ].H.; Shanov, V.; Shi, D. A carbon nanotube strain sensor for structural health
monitoring. Smart Mater. Struct. 2006, 15, 737-748. [CrossRef]

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

12.  Georgousis, G.; Pandis, C.; Kalamiotis, A.; Georgiopoulos, P.; Kryitsis, A.; Kontou, E.; Pissis, P.; Micusik, M.;
Czanikova, K.; Kulicek, J.; et al. Strain Sensing in Polymer/Carbon Nanotube Composites by Electrical
Resistance Measurement. Compos. Part B 2015, 68, 162-169. [CrossRef]

13. Ferrreira, A.; Rocha, ].G.; Anson-Cassos, A.; Martinez, M.T.; Vaz, E,; Lanceros-Mendez, S. Electromechanical
performance of poly(vinylideneluoride)/carbon nanotube composites for strain sensor applications.
Sens. Actuator A Phys. 2012, 178, 10-16. [CrossRef]

14. Mata, A.; Fleischman, A J.; Roy, S. Characterization of polydimethylsiloxane (PDMS) properties for biomedical
micro / nanosystems. Biomed. Microdevices 2005, 7, 281-293. [CrossRef]

15. Lotters, J.C.; Olthuis, W.; Veltink, P.H.; Bergveld, P. The mechanical properties of the rubber elastic polymer
polydimethylsiloxane for sensor applications. J. Micromech. Microeng. 1997, 7, 145-147. [CrossRef]

16. Tian, H.; Shu, Y,; Wang, X.F.; Mohammad, M.A; Bie, Z.; Xie, Q.Y.; Li, C.; Mi, W.T; Yang, Y,; Ren, TL. A
Graphene-Based Resistive Pressure Sensor with Record-High Sensitivity in a Wide Pressure Range. Sci. Rep.
2015, 5, 8603. [CrossRef]

17.  Tao, L.Q.; Tian, H.; Liu, Y.; Ju, Z.Y,; Pang, Y.; Chen, Y.Q.; Wang, D.Y,; Tain, X.G.; Yan, ].C.; Deng, N.Q.; et al.
An intelligent artificial throat with sound-sensing ability based on laser induced graphene. Nat. Commun.
2017, 8, 14579. [CrossRef]


http://dx.doi.org/10.1038/ncomms4132
http://www.ncbi.nlm.nih.gov/pubmed/24495897
http://dx.doi.org/10.1038/ncomms4002
http://www.ncbi.nlm.nih.gov/pubmed/24389734
http://dx.doi.org/10.1016/j.mee.2012.06.005
http://dx.doi.org/10.1021/nn501204t
http://dx.doi.org/10.1021/acsnano.5b00599
http://dx.doi.org/10.1016/j.carbon.2009.10.012
http://dx.doi.org/10.1016/j.carbon.2012.08.048
http://dx.doi.org/10.1021/nl802367t
http://dx.doi.org/10.1088/0964-1726/15/3/009
http://dx.doi.org/10.1038/ncomms6714
http://www.ncbi.nlm.nih.gov/pubmed/25493446
http://dx.doi.org/10.1016/j.compositesb.2014.08.027
http://dx.doi.org/10.1016/j.sna.2012.01.041
http://dx.doi.org/10.1007/s10544-005-6070-2
http://dx.doi.org/10.1088/0960-1317/7/3/017
http://dx.doi.org/10.1038/srep08603
http://dx.doi.org/10.1038/ncomms14579

Sensors 2019, 19, 4867 12 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

Luo, S.; Hoang, P.T; Liu, T. Direct laser writing for creating porous graphitic structures and their use for
flexible and highly sensitive sensor and sensor arrays. Carbon 2016, 96, 522-531. [CrossRef]

Smith, A.D.; Niklaus, F.; Vaziri, S.; Fischer, A.C.; Forsberg, F.; Schroder, S.; Ostling, M.; Lemme, M.C.
Graphene-based piezoresistive pressure sensing for uniaxial and biaxial strains. In Proceedings of the 2014
Silicon Nanoelectronics Workshop, Honolulu, HI, USA, 8-9 June 2014.

Kaidarova, A.; Almoudi, A.; Allagani, R.M.; Marengo, M.; Khan, M. A.; Buttner, U.; Duarte, C.M.; Kosel, J.
Flexible and Multi-functional Graphene sensor platform. In Proceedings of the IEEE International Conference
on Flexible and Printable Sensors and Systems, Glasgow, UK, 8-10 July 2019. 18936095.

Ye, R.; James, D.K.; Tour, ].M. Laser-Induced Graphene. Acc. Chem. Res. 2018, 51, 1609-1620. [CrossRef]
Ye, R.; Chyan, Y.; Zhang, J.; Li, Y.; Han, X,; Kittrell, C.; Tour, ].M. Laser-Induced Graphene Formation on
Wood. Adv. Mater. 2017, 29. [CrossRef]

Han, B.; Ou, J. Embedded piezoresistive cement-based stress-strain sensor. Sens. Actuators A Phys. 2007, 138,
294-298. [CrossRef]

Shin, B.S.; Oh, J.Y.; Sohn, H. Theorical and experimental investigation into laser ablation of polyimide and
copper films with 355 nm Nd: YVO4 laser. ]. Mater. Process. Technol. 2007, 187, 260-263. [CrossRef]
Srinivasan, R. Ablation of polyimide (kapton) films by pulsed (ns)ultraviolet and infrared (9.17 um) laser.
Appl. Phys. A 1993, 56, 417-423. [CrossRef]

Mattmann, C.; Clemens, E; Troster, G. Sensor for Measuring Strain in Textile. Sensors 2008, 8, 3719-3732.
[CrossRef]

Snitzer, E.; Demphy, J.R.; Meltz, G. Fiber optic strain sensor. US Patent 4,295,738, 20 October 1981.

Frisoli, ].K.; Hefetz, Y.; Deutsch, T.F. Time-resolved UV absorption of polyimide—Implications for laser
ablation. Appl. Phys. B Photophysics Laser Chem. 1991, 52, 168-172.

Brunco, D.P.; Thompson, M.O.; Otis, C.E.; Goodwin, PM. Temperature measurement of polyimide during
KrF excimer laser ablation. J. Appl. Phys. 1992, 72, 4344-4350. [CrossRef]

Bokobza, L.; Bruneel, ].L.; Couzi, M. Raman spectroscopy as a tool for the analysis of carbon-based materials
(highly oriented pyrolitic graphite, multilayer graphene and multiwall carbon nanotubes) and of some of
their elastomeric composites. Vib. Spectrosc. 2014, 74, 57-63. [CrossRef]

Song, W.; Zhu, J.; Gan, B.; Zhao, S.; Wang, H.; Li, C.; Wang, J. Flexible, stretchable, and transparent planar
microsupercapacitors based on 3D porous laser-induced graphene. Small 2017, 14. [CrossRef]

Lamberti, A.; Clerici, F.; Fontana, M.; Scaltrito, L. A Highly Stretchable Supercapacitor Using Laser-Induced
Graphene Electrodes onto Elastomeric Substrate. Adv. Energy Mater. 2016, 6. [CrossRef]

Peng, Z.; Lin, J.; Ye, R.; Samuel, E.L.G.; Tour, ].M. Flexible and Stackable Laser-Induced Graphene
Supercapacitors. ACS Appl. Mater. Interfaces 2015, 7, 3414-3419. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.carbon.2015.09.076
http://dx.doi.org/10.1021/acs.accounts.8b00084
http://dx.doi.org/10.1002/adma.201702211
http://dx.doi.org/10.1016/j.sna.2007.05.011
http://dx.doi.org/10.1016/j.jmatprotec.2006.11.106
http://dx.doi.org/10.1007/BF00332574
http://dx.doi.org/10.3390/s8063719
http://dx.doi.org/10.1063/1.352198
http://dx.doi.org/10.1016/j.vibspec.2014.07.009
http://dx.doi.org/10.1002/smll.201702249
http://dx.doi.org/10.1002/aenm.201600050
http://dx.doi.org/10.1021/am509065d
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental 
	Fabrication of LIG Pattern 
	Fabrication of Flexible and Bendable Strain Sensor 

	Results and Discussion 
	Morphological Characterization of the LIG Pattern 
	Piezoresistive Effect of Fabricated Strain Sensor 
	Application of the LIG Strain Sensor 

	Conclusions 
	References

