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Abstract: In recent years, flexible sensors based on laser-induced graphene (LIG) have played an
important role in areas such as smart healthcare, smart skin, and wearable devices. This paper
presents the fabrication of flexible sensors based on LIG technology and their applications in human—
computer interaction (HCI) systems. Firstly, LIG with a sheet resistance as low as 4.5 () per square
was generated through direct laser interaction with commercial polyimide (PI) film. The flexible
sensors were then fabricated through a one-step method using the as-prepared LIG. The applications
of the flexible sensors were demonstrated by an HCI system, which was fabricated through the
integration of the flexible sensors and a flexible glove. The as-prepared HCI system could detect
the bending motions of different fingers and translate them into the movements of the mouse on
the computer screen. At the end of the paper, a demonstration of the HCI system is presented in
which words were typed on a computer screen through the bending motion of the fingers. The newly
designed LIG-based flexible HCI system can be used by persons with limited mobility to control
a virtual keyboard or mouse pointer, thus enhancing their accessibility and independence in the
digital realm.

Keywords: laser-induced graphene; commercial PI film; flexible sensors; human—computer interaction
system; 355 nm ultraviolet laser

1. Introduction

Human-computer interaction (HCI) technology refers to the design, development, and
study of interfaces between humans and computers [1,2]. Researchers have been working
on HCI systems toward a more wearable, multifunctional, and intelligent design [3].
Besides traditional HCI devices, such as keyboards, mouses, and touchscreens, novel
HCI devices based on Voice Recognition [4], Gesture Recognition [5], Eye Tracking [6],
brain—computer interfaces [7], etc., have been developed in the past decades. Recently,
wearable devices, especially hand gesture-based flexible wearable devices [8,9], have greatly
influenced the field of HCI by introducing new ways for users to interact with technology.
These devices are worn on the body and provide convenient access to digital functionalities
and data. HCI systems [10] based on wearable devices are probably the most natural,
comfortable, and intuitive way for humans to interact with machines because they are very
close to the way humans interact with each other.

Sensors play a crucial role in enabling the functionality and capabilities of flexible
wearable devices [11,12]. As the core component of flexible wearable devices, sensors are
available in inflexible [13] and flexible [14] forms. The materials used to make inflexible
sensors are silicon [15,16] and lead zirconate titanate (PZT) [17,18]. While rigid sensors can
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provide accurate sensing capabilities, there are some disadvantages when incorporating
them into flexible wearable devices, such as limited flexibility, potential for damage, design
and integration challenges, and especially comfort and user experiences [19,20]. Addressing
these drawbacks is crucial for improving the comfort, flexibility, and overall user experience
of flexible wearable devices [21].

Compared with rigid sensors, flexible sensors are more comfortable and natural, as
they can conform to the wearer’s movements [22,23]. Additionally, they are simple and
inexpensive to manufacture [24] compared with rigid sensors. The past decade has seen
the development of materials, bendable and stretchable sensors, manufacturing techniques,
etc., in flexible sensor-based wearable devices. In 2014, Jong, s et al. developed a new
method to prepare flexible pressure sensors based on pressure-sensitive rubber [25]. In
2019, Xu et al. fabricated a fluid soft sensor using a conductive solution (potassium iodide
and glycerol solution) [26]. In the same year, Takada et al. introduced a data glove based on
conductive optical fiber [27], and the bending movement of the fingers could be detected
as the resistance of the conductive fiber decreased when the fingers bent. J.Y. Huang et al.
fabricated a strain sensor based on a thermoplastic polyurethane electrospun membrane
(TPUEM) bridged with carbon nanotubes (CNT) and silver nanoparticles (AgNPs) [28]. This
sensor showed high sensitivity and a large strain range and strain coefficient. While flexible
sensors have made significant progress, there are still some limitations and disadvantages
associated with their use in flexible wearable devices, such as accuracy and sensitivity,
calibration and drift, limited lifespan complexity of integration, etc.

In 2014, Tour et al. first reported the fabrication of laser-induced graphene (LIG) on a
commercial polyimide (PI) film under ambient conditions using a CO; laser system [29],
which opened up new avenues for the applications of flexible wearable sensors [30]. Due to
the remarkable properties [29] (flexibility, high porosity (340 ngfl), high thermal stability
(900 °C), and good electrical conductivity (25 S cm~!)) and versatile fabrication process
(fast speed, non-mask, and low-cost customizable preparation) [31-33], LIG enables the
fabrication of high-performance flexible sensors [34], which could be used in flexible wear-
able devices that require high flexibility and versatility [35]. Qing Tian et al. proposed an
ultrasensitive self-healing pressure sensor based on a pea pod with excellent stability (more
than 1000 times the load cycles) and applied it to the detection of pulse rate [36]. Inspired
by fingerprints, resistive strain sensors with fast response, balanced sensitivity and strain
range (gauge factor: 42-50%, strain range: 191.55), and good stability (>1500 cycles) were
prepared by Wentao Wang et al. [37]. Various human body movements were detected
using this resistive strain sensor. Chenghan Yi et al. showed a flexible piezoresistive pres-
sure sensor with excellent (performance) long-term cycle stability (>1800 cycles) and zero
standby power consumption (bending angle: 0-5°) [38]. With this sensor, they successfully
equipped a bioinspired artificial tactile neuron. In summary, laser-induced graphene [39]
offers a range of exciting possibilities for the development of flexible wearable devices.
Its unique combination of flexibility [40], lightweight nature, conductivity, and sensing
capabilities [41] makes it a promising material for the next generation of wearable technol-
ogy [42,43].

The fabrication of flexible sensors based on LIG technology and their applications in
human-computer interaction (HCI) systems are presented in this paper. LIG was generated
through direct laser interaction with a commercial polyimide (PI) film, and the effect of
laser parameters (laser power, scanning speed, processing numbers, and scanning intervals)
on the properties of LIG was investigated. Furthermore, flexible sensors were fabricated
through a one-step method using the as-prepared LIG under the optimal laser parameters,
and the performance of the flexible sensor was evaluated through tensile and bending tests.
In addition, a flexible wearable glove was fabricated through the integration of the flexible
sensors, and a flexible glove and its application in the HCI system was demonstrated. The
newly designed flexible HCI system forms a bridge for human and machine interaction and
holds significant application promise in the field of smart medical and wearable devices.
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2. Materials and Methods
2.1. Materials

Polymide films with a thickness of 0.2 mm were purchased from Du Pont China
Holding Co., Ltd., Shenzhen, China. A double-sided tap was purchased from Deli Group
Co., Ltd., Ningbo, China. PDMS solution was purchased from Dow Corning and was
prepared by mixing SYLGARD 184 and the hardener solution in a ratio of 10:1.

2.2. Instruments

A Huaray laser (Cypress2-355-15AY) was used for the fabrication of LIG. The laser
power meter was purchased from Beijing Research Bond Technology Co., Beijing, China. A
vacuum chamber (DZF-6050) was purchased from Hefei Kejing Material Technology Co.,
Ltd., Hefei, China. A high-temperature chamber (model: DKN612C) was purchased from
Chongqing Yarmatec Co., Ltd., Chongging, China. The sheet resistance measurement of the
LIG was carried out using the SZT-C fast constant voltage test bench from JingGe Electronics
Co., Ltd., Suzhou, China. Surface images and elemental distributions of the LIG were
obtained using a tungsten scanning electron microscope and EDS (VEGA-4, TESCAN, Brno,
Czechia). Raman spectra were studied using a laser micro-Raman spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA, DXR3, 532 nm). The change in the resistance of the
flexible sensor was read using an ARDUINO Leonardo development board. Stretching of
the flexible sensor was performed using a testing machine (EDT204A, Shenzhen Wance
Testing Machine Co., Ltd., Shenzhen, China, EDT204A). The control parameters were cosine
wave control with a displacement control mode, a period of 50, and a start speed and end
speed of 0.05 mm/s.

2.3. Fabrication of Laser-Induced Graphene on PI Film

Figure 1 schematically illustrates the fabrication process of LIG. First, the PI film was
cleaned with an ultrasonic cleaner and then adhered to the glass plate with PI double-sided
tape to maintain its flatness after being exposed to the laser. The prepared PI sample was
placed on the platform where the laser beam was focused. The laser beam was emitted
by a 355 nm UV laser machine controlled by computer software. The output power was
adjusted by a laser power regulator, the scanning path of the laser beam was controlled by
a scanning mirror, and finally, the laser beam was focused on the PI surface by a field lens.
The laser power was measured by a power meter.

Scanning Mirror Pl film

|
\/
FieldLens  / \g

Glass  Double Sided Tape

pd LIG

Laser Power
Y Regulator

EZCAD
Q \/ Scanning Interval

Figure 1. Schematic illustration of the LIG fabrication process.

2.4. One-Step Fabrication of Flexible Sensors

Figure 2 shows the one-step fabrication process of the flexible sensor based on the
as-prepared LIG samples. The LIG samples were prepared as a 5 mm x 40 mm rectangular
pattern under a laser power of 0.9 W, a scanning speed of 50 mm/s, a processing number of
10, and a scanning interval of 0.02 mm. The PDMS solution was poured into a mold with
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dimensions of 6 mm x 50 mm x 2 mm and degassed in a vacuum oven for over 60 min.
At the same time, copper electrodes were connected to both ends of the LIG samples
with conductive silver paste, and then the as-prepared samples were cured in a constant
temperature oven at 100 °C for 60 min. The LIG samples were then placed on the PDMS
solution and put back into the constant temperature oven at 100 °C for 90 min. To ensure
that the LIG samples and the PDMS were combined tightly, a 500 g weight was placed on
the top, as illustrated in Figure 2. After the PDMS solution was fully cured, the samples
were taken out, and the excess part was cut off. The fabrication of the flexible sensors was
finally completed.

PDMS
Vacuum Weight

Treatment @ Take Out g

T | : | mm—
-
¢ —
©

o Combine
Constant Temperature Oven ot o
<e?
Copper Foll
Heat Treatment Cutting
. —_— ——

Flexible Sensor

Figure 2. Schematic illustration of the one-step fabrication process of the LIG-based flexible sensors.

3. Results and Discussion
3.1. Characterization of Laser-Induced Graphene

LIG was successfully fabricated by laser scribing at a laser power of 0.9 W, a scanning
speed of 50 mm/s, a processing number of 10, a scanning interval of 0.02 mm, and an
out-of-focus of 0 mm. Figure 3a depicts the scanning electron microscopy (SEM) image
of the scale-like graphene on the PI sheet. The Raman spectra of the LIG showed three
characteristic peaks of graphene (Figure 3b). The D peak at ~1350 cm ™! is a disordered
vibrational peak of graphene due to amorphous carbon, defects and edges, etc. The G peak
at ~1594 cm~! represents the interaction between the carbon atoms in graphene and is
used to detect the presence of graphene [44]. The G’ peak at ~2680 cm ™!, which is also
referred to as the 2D peak [45], represents the double resonance mode of graphene layers;
it is used to describe the way carbon atoms stack up between layers in graphene samples
and can be used to determine the layers and morphology of graphene [46,47]. The intensity
ratios of Ip/Ig were used to evaluate the defect density in the LIG, with a higher intensity
ratio of Ip /I reflecting more defects in the LIG sample [48]. The intensity ratios of I,p/Ig
were used to evaluate the layers of graphene, with a higher ratio of I,p/Ig indicating fewer
layers in the LIG [49].

The energy dispersive X-ray spectroscopy (EDS) results showed that the carbon content
of the as-prepared sample was up to 96.16 wt.% and the oxygen and nitrogen contents were
quite low [50] (Figure 3c—f).
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Figure 3. The morphology and characterizations of LIG under laser power of 0.9 W, scanning speed
of 50 mm /s, processing number of 10, and scanning interval of 0.02 mm. (a). SEM images (1000 x and
6000x) of LIG. (b). Representative Raman spectrum of LIG. (c). C element distribution on the LIG
surface by EDS. (d). N element distribution on the LIG surface by EDS. (e). O element distribution on
the LIG surface by EDS. (f). EDS elemental analysis of resulting LIG.
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3.2. Effects of Laser Parameters on Laser-Induced Graphene
3.2.1. Effects of Laser Power on Laser-Induced Graphene

Figure 4a shows the Raman spectra of the LIG fabricated on a commercial PI sheet
using different laser powers with the other laser parameters unchanged (scanning speed of
50 mm/s, processing number of 10, and scanning interval of 0.02 mm). It is obvious that
LIG was successfully fabricated under all laser powers, as all three prominent peaks existed
under all laser powers. The Ip/Ig intensity ratio, as shown in Figure 4b, first decreased
and then increased with an increase in laser power, and its minimum was observed at a
laser power of 0.9 W. As indicated above, the lower the Ip /I intensity ratio, the fewer
the defects in the LIG sample. This means that the LIG sample with the fewest defects
and a relatively better quality was obtained with a laser power of 0.9 W. Furthermore, the
sheet resistances of LIG samples fabricated under different laser powers are exhibited in
Figure 4c. The smallest sheet resistance of the as-prepared LIG samples (as low as 4.5 Q)
per square) was also obtained under a laser power of 0.9 W. Comprehensively analyzing
the results of the Ip/Ig intensity ratios and the sheet resistances of the as-prepared LIG
samples, the optimal LIG sample can be acquired at a laser power of 0.9 W.
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Figure 4. Effects of the laser power on the LIG quality with the scanning speed of 50 mm/s, the
processing number of 10, and the scanning interval of 0.02 mm unchanged. (a). Raman spectroscopy
of LIG at a different laser power. (b). Intensity ratio of the I peak to the I peak of LIG at different
laser powers. (c). Sheet resistance (Rs) of LIG at different laser powers.

The surface morphology of the LIG sample at a lower laser power of 0.3 W is shown
in Figure Sla. The high temperature generated by the laser breaks the C-H, C=0, C-O, and
C-N bonds in PI film [51], forming gaseous products, such as N, O,, and CHy4 [52]. The
porous surface structure is caused by gas leakage during the laser scribing process [53,54].
By contrast, the surface morphology of the LIG sample at a higher laser power of 0.9 W is
exhibited in Figure Slc. Scale-like structures instead of porous structures were obtained
at higher laser powers [55]. This is due to the fact that there was an excessive amount of
energy burned off the edges of the pores, closing them off [56,57].

The surface morphology of LIG showed a large number of porous structures prepared
at a 0.3 W laser power. The porous morphology began to change to flakes as the laser
power increased. When the laser power was 0.9 W, the surface of the LIG was nearly
fully converted to flake graphene, giving the highest quality of LIG. As the laser power
continued to increase, the flake structure was destroyed by the high-energy laser, which
decreased the LIG quality, as shown in Figure S1.

3.2.2. Effects of Scanning Speed on Laser-Induced Graphene

Figure 5a shows the Raman spectra of LIG fabricated on commercial PI film using
different scanning speeds with the other laser parameters unchanged (laser power of 0.9 W,
processing number of 10, and scanning interval of 0.02 mm). Figure 5b,c show that the
intensity ratios and the sheet resistances of the LIG sample Ip /I first decreased and then
increased as the scanning speed increased, and both reached a minimum at a scanning
speed of 50 mm/s.
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Figure 5. Effects of the scanning speed on the fabricated LIG with the laser power of 0.9 W, the
processing number of 10, and the scanning interval of 0.02 mm unchanged. (a). Raman spectroscopy
of LIG at different scanning speeds. (b). Intensity ratio of the Ip peak to the I peak of LIG at different
scanning speeds. (c). Sheet resistance of LIG at different scanning speeds.

A situation similar to laser cutting occurred and the PI film was punctured if the laser
scanning speed was too low, resulting in a long laser irradiation time. With an increase in
scanning speed, the PI film first generated LIG under the irradiation of laser energy. When
the laser energy was further irradiated on the surface of the LIG, it caused the excitation
and movement of the electrons of the LIG, resulting in an electron shielding effect. The
electron shielding effect was the best and the quality of the generated lamellar LIG was
optimal at a scanning speed of 50 mm/s. The previously prepared LIG was destroyed, and
the quality of the LIG deteriorated due to the weakening of the electron shielding effect as
the scanning speed continued to increase, as shown in Figure S2.

3.2.3. Effects of Processing Numbers on Laser-Induced Graphene

Figure 6a shows the Raman spectra of LIG fabricated on commercial PI film using
different processing numbers with the other laser parameters unchanged (laser power of
0.9 W, scanning speed of 50 mm/s, and scanning interval of 0.02 mm). LIG was successfully
fabricated with processing numbers ranging from 5 to 15, as all three characteristic peaks
existed in the Raman spectra. The Ip/Ig intensity ratio, as shown in Figure 6b, firstly
decreased and then increased with increasing processing numbers, and it was minimal at
a processing number of 10. Furthermore, the sheet resistances of LIG samples fabricated
under different processing numbers are shown in Figure 6¢c. The smallest sheet resistance
was also obtained at a processing number of 10. According to the comprehensive analysis
of the results of the Ip /I intensity ratio and the sheet resistance of the LIG samples, the
optimal LIG can be fabricated at a processing number of 10. The quality of the laser-induced
graphene improved as the number of processes increased from 5 to 10 due to the removal
of impurities and defects in the graphene. When the number of processes was more than 10,
the repetitive scanning of the laser caused high-temperature damage to the LIG structure,
leading to a reduction in LIG quality [58,59].
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Figure 6. Effects of the number of processes on the LIG quality with the laser power of 0.9 W, the
scanning speed of 50 mm/s, and the scanning interval of 0.02 mm unchanged. (a). Raman spec-
troscopy of LIG with different processing numbers. (b). Intensity ratio of the Ip peak to the Ig peak
of LIG at different processing numbers. (c). Sheet resistance of LIG at different processing numbers.
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The SEM images of laser parameters with different processing numbers are shown
in Figure S3; the LIG surface morphology consisted of a large number of microforms that
were not transformed into sheet graphene at a processing number of 5. Porous graphene
was further converted into flake graphene as the processing number increased, and the
structure and quality of the LIG improved, with the optimum quality of the LIG achieved
at a processing number of 10. However, increasing the processing number would destroy
the surface morphology because of the energy of repeated processing, thus reducing the
quality of the LIG.

3.2.4. Effects of Scanning Interval on Laser-Induced Graphene

The laser spot size affects the scanning interval of the laser. The laser spot diameter

formula is:
_AM2AS
I
where Dy is the spot diameter at the focal point; M? = 1.2 is the beam quality; A = 355 nm is
the laser wavelength; f = 160 mm is the focal length of the focusing lens; D = 4.5 mm is the
diameter of the incident laser beam; and Dy is calculated as ~0.02 mm.

Figure 7a shows the Raman spectra of the LIG fabricated on commercial PI film using
different scanning intervals with the other laser parameters unchanged (laser power of
0.9 W, scanning speed of 50 mm/s, and a processing number of 10). The scanning interval
directly affected the area and coverage of the laser action on the graphene surface, as well
as the area D of laser damage and thermal effect on the graphene. Figure 7b,c show that the
Ip /I intensity ratios and the sheet resistances of the LIG samples initially decreased and
then increased with an increasing scanning interval. The fragmentation and cracking of the
graphene surface, affecting the adhesion of the graphene layer to the substrate, was due
to the multiple overlay effect induced by laser irradiation at 0.01 mm. When the scanning
interval was 0.03 mm, the PI film could not be completely covered during laser irradiation,
so the PI film could not be completely converted into graphene, and the Raman spectra
and sheet resistances verified that the quality of the LIG became poor [60] (Figure 7d).
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Figure 7. Effects of the scanning interval on the LIG characterization of LIG quality with the laser
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power 0.9 W, the scanning speed of 50 mm/s, and the processing number of 10 unchanged and a
schematic diagram of processing by varying the scanning interval. (a). Raman spectroscopy of LIG
at different scanning intervals. (b). Intensity ratio of the Ip peak to the Ig peak of LIG at different
scanning intervals. (c). Sheet resistance of LIG at different scanning intervals. (d). Schematic diagram
of scanning at different scanning intervals during laser fabrication.



Materials 2023, 16, 6938

9o0f 16

Figure 54 shows the SEM images of the LIG samples prepared with different scanning
intervals. When the scanning interval was 0.01 mm, the pre-prepared LIG was ruined by
the overlapped spots during the repeated process. At a scanning interval of 0.03 mm, there
was a large amount of generated flake graphene on both sides of the processed spot with a
PI film in between, which was not processed due to the oversized spot, affecting the quality
of the prepared LIG.

3.3. Fabrication and Performance Tests of Flexible Sensors
3.3.1. Performance Tests of the Flexible Sensors

Tensile and bending tests were performed to evaluate the performance of the prepared
flexible sensors with a one-step method. The setup of the tensile test of the flexible sensors
is shown in Figure 8a. The flexible sensor was fixed on the universal testing machine, and
the ARDUINO microcontroller was connected to the copper electrode. The ARDUINO
controller was used to read the voltage signals at the ends of the flexible sensors and convert
the detected electrical signals into resistance outputs to the control panel. Cyclic tensile tests
were applied to the flexible sensor. Figure 8b shows the response of the electrical resistance
when the sensor was periodically stretched /released at the same strain (e = 1%, 2%, 3%,
and 4%). It is obvious that all sensors showed larger AR/R responses when larger tensile
strains were applied. LIG is composed of a large number of graphene nanosheets, and due
to the mechanical characteristics of this structure, when faced with various deformations
due to stretching, bending, torsion, etc., a large number of microscale cracks are generated,
resulting in changes in resistance [61]. In addition, even after the cycle test (50 iterations),
the flexible sensors demonstrated no hysteresis, and Ry returned to the initial level during
the relaxation time, indicating that the flexible sensors have good fatigue resistance and
can be used in long-period applications.

Furthermore, the relationship between the relative change in resistance and the applied
strain can be used to evaluate the performance of flexible sensors [62,63], which is indicated
by the gauge factor (GF):

AR
GF =
Rg x ¢

@

where AR is the resistance change, Ry is the initial resistance of the flexible sensor, and ¢ is
the applied strain. As illustrated in Figure 8c, the flexible sensor had a GF of up to 18.01
and an R? of 0.99775, which means that the flexible sensor had a sensitivity in the strain
range of 1% to 4%. The GF of this as-prepared flexible sensor was much higher than that in
reference [37] (GF = 1.68) in the strain range of 1% to 10%.

Figure 8d shows the setup of the bending test of the flexible sensors. One end of
the flexible sensor was fixed, and the degree of curvature is characterized by the bending
angle, as illustrated in Figure 8d. The resistance was also recorded using an ARDUINO
microcontroller during the bending process. The results (Figure 8e) showed a clear response
of the sensor, with the resistance increasing as the bending angle increased (more bending).
The increase in resistance can be interpreted according to the same explanation as the one
given for the tensile tests: the bending results in the disconnection of the paper LIG fibers,
which in turn leads to an increase in resistance. Furthermore, it is noteworthy that the
response times of the sensors were 160 and 140 ms for the rise and fall times, respectively
(Figure 8f).

More specifically, the LIG-based sensor also exhibited an excellent combination of
quick response and exceptional durability. Figure 8g shows the response of relative re-
sistance changes in the cyclic bending tests. After 1000 cycles of bending tests under a
bending angle of 180 degrees, the response of the relative resistance changes in the flex-
ible sensor was almost identical to that in the very first bending cycles (as illustrated in
the zoomed-in section of the long-term tests, Figure 8g). This confirms its capability in
wearable electronics.
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Figure 8. Performance of the flexible sensor. (a). The flexible sensor was clamped under a tension
device to test the performance. (b). Fifty tension cycles at 1%, 2%, 3%, and 4% strain on a testing
machine. (c). Variation of resistance with strain, indicating strain sensitivity. (d). Bending test

image of the flexible sensor. (e). Flexible sensor resistance variation at different bending angles.

(f). Response time and recovery time of the flexible sensor under the 180-degree bending condition.
(g). Cycle test at a bend of 180 degrees.

3.3.2. Application of the LIG-Based Flexible Sensors

With the advantages of in-time resistance response when bent and good flexibility,
LIG-based sensors have the potential to be used to measure and track the movement of
joints or objects. When integrated into gloves or other wearable devices, these sensors can
accurately capture and translate hand and finger movements into digital signals, enabling
precise control over virtual objects or computer interfaces.
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Here, in order to demonstrate the applications of the LIG-based flexible sensors, a
wearable glove was fabricated by adhering flexible sensors to the knuckles of a flexible
glove. The bending of the fingers, which in turn led to resistance changes in the flexible
sensors, was recognized by the ARDUINO microcontroller (Figure 9a). Figure 9b presents
the real-time resistance variation of the LIG-based flexible sensors when different fingers
were bent. The rising edge of a particular pulse indicates the bending motion of the
corresponding finger, and the time duration of the sheet wave presents the duration of
the bending motion of the finger. Moreover, the falling edge of the pulse indicates the
straightening of the corresponding finger. The in-time and steady responses reveal the
reliable recognition of finger bending motions of the LIG-based wearable HCI glove.

a b

Bending ARDUINO Computer @

Figure 9. Real-time feedback from the flexible glove’s per-finger flexion tests. (a). Schematic

ARIR,%

o
N
N
w
I
o

Time(s)

illustration of the flexible sensors. (b). Bending testing response per finger.

It was obvious that the wearable glove fabricated through the integration of LIG-
based flexible sensors and a flexible glove could precisely detect the bending motion of
different fingers. Furthermore, the application of the as-prepared wearable glove in HCI
systems was explored. Figure 10a shows the basic setup of the HCI system. The LIG-based
wearable glove was connected to the ARDUINO controller through an external circuit
and then connected to the computer using a USB cable. The Mouse library provided
by the ARDUINO IDE was used to control the mouse using the electrical signals from
the flexible sensors as the variables. Flexible sensor 1 was set to control the left click of
the mouse, flexible sensor 2 controlled the left movement of the mouse, flexible sensor
3 controlled the right movement of the mouse, flexible sensor 4 controlled the upward
movement of the mouse, and flexible sensor 5 controlled the downward movement of the
mouse. The bending motion of one particular finger resulted in a resistance change in the
corresponding flexible sensor and was then detected by the ARDUINO controller. Then the
ARDUINO controller executed the corresponding mouse movement function to achieve
the corresponding mouse movement. As shown in the video (Supplementary Video S1),
the wearer could easily type “HELLO” through the LIG-based HCI system on the computer
screen. This demonstrates the potential of the LIG-based HCI system to be used by persons
with limited mobility to control a virtual keyboard or mouse pointer, thus enabling them to
perform tasks like typing, browsing the internet, and using software applications. This can
significantly enhance their accessibility and independence in the digital realm.
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Figure 10. Basic setup and signal detection of the HCI system. (a). The basic setup of the HCI system.
(b). Flexible sensors detect when typing “HELLO” on the computer.

4. Conclusions

In summary, LIG-based flexible sensors were successfully fabricated through a one-
step method and applied for flexible HCI systems. The effect of laser parameters on the
generated LIG was investigated and LIG samples with a sheet resistance of 4.5 () per
square were acquired under the optimal laser processing parameters. The LIG-based
flexible sensors showed an in-time response when bent, with a response time of 160 ms
and a recovery time of 140 ms. Furthermore, the flexible sensors exhibited exceptional
durability. After 1000 cycles of bending tests, the flexible sensors were structurally sound.
The applications of the flexible sensors were demonstrated by a newly designed HCI system,
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and the usage of the HCI system was presented by typing words on a computer screen
through the bending motion of human fingers. This paper offers a newly designed and cost-
effective LIG-based flexible HCI system that demonstrates feasibility and independence
in the digital domain. The device will enable people with limited mobility to carry out
daily communication, and it will further expand the research on LIG applications, such as
doctor—patient communication, HCI, and other applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16216938/s1, Figure S1: SEM at 1000 x and 6000 x of surface
morphology of LIG prepared with different laser powers with other laser parameters unchanged,
Figure S2: 1000x and 6000 x SEM surface morphology of LIG prepared with different scanning speeds
with other laser parameters unchanged, Figure S3: SEM at 1000 x and 6000x of surface morphology
of LIG prepared with different processing numbers with other laser parameters unchanged, Figure S4:
SEM at 1000x and 6000x of surface morphology of LIG prepared with different scanning intervals
with other laser parameters unchanged, Video S1: Example application of an HCI system for the
printing of “THELLO” on a computer (play it at triple speed).

Author Contributions: Conceptualization, X.L., B.S. and Y.Z.; methodology, X.L., B.S., Q.Z., Y.Z. and
C.G,; validation, X.L., Y.Z. and C.G,; formal analysis, B.S., C.G. and Y.Z.; data curation, B.S., Y.Z. and
C.G.; writing—original draft preparation, B.S. and X.L.; writing—review and editing, X.L. and Q.Z.;
supervision, X.L., Z.Z. and Q.Z.; funding acquisition, X.L., Z.Z. and Q.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This project was supported by the National Natural Science Foundation of China (grant
no. 5180050111).

Institutional Review Board Statement: Ethical review and approval were waived for this study due
to the fact that the participating researchers are the authors themselves.

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

Data Availability Statement: Data are contained within the article or supplementary material or are
available upon request from the corresponding authors.

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

References

1. Sun, W,; Sun, P. The Human-Computer Interaction Analysis and Construction on Intelligent Service Robot. Appl. Mech. Mater.
2013, 373-375, 221-224. [CrossRef]

2. Ding, W,; Wang, A.C.; Wu, C.; Guo, H.; Wang, Z.L. Human-Machine Interfacing Enabled by Triboelectric Nanogenerators and
Tribotronics. Adv. Mater. Technol. 2019, 4, 1800487. [CrossRef]

3. Wang, D.; Qu, J.; Wang, W.; Zhang, G.; Zhu, S. The verification system for interface intelligent perception of human-computer
interaction. In Proceedings of the 2020 International Conference on Intelligent Computing and Human-Computer Interaction
(ICHCI), Sanya, China, 4-6 December 2020; pp. 43—48.

4. Xie, J.; Zhao, Y.; Zhu, D; Yan, J.; Li, J.; Qiao, M.; He, G.; Deng, S. A Machine Learning-Combined Flexible Sensor for Tactile
Detection and Voice Recognition. ACS Appl. Mater. Interfaces 2023, 15, 12551-12559. [CrossRef]

5. Zhai, Y.; Fan, Y,; Wu, Z.; Yao, ].; Long, Z. Ultrasound-Based 3-D Gesture Recognition: Signal Optimization, Trajectory, and Feature
Classification. IEEE Trans. Instrum. Meas. 2023, 72, 1-12. [CrossRef]

6.  Tharwat, M.; Shalabi, G.; Saleh, L.; Badawoud, N.; Alfalati, R. Eye-Controlled Wheelchair. In Proceedings of the 2022 5th
International Conference on Computing and Informatics (ICCI), Cairo, Egypt, 9-10 March 2022; pp. 97-101.

7. Colucci, A.; Vermehren, M.; Cavallo, A.; Angerhofer, C.; Peekhaus, N.; Zollo, L.; Kim, W.S.; Paik, N.J.; Soekadar, S.R. Brain-
Computer Interface-Controlled Exoskeletons in Clinical Neurorehabilitation: Ready or Not? Neurorehabil. Neural Repair 2022, 36,
747-756. [CrossRef] [PubMed]

8.  Diller, S.; Majidi, C.; Collins, S.H. A lightweight, low-power electroadhesive clutch and spring for exoskeleton actuation.
In Proceedings of the 2016 IEEE International Conference on Robotics and Automation (ICRA), Stockholm, Sweden, 16-21 May
2016; pp- 682-689.

9. Lu,L,;Zhang,J,; Xie, Y.; Gao, F; Xu, S.; Wu, X,; Ye, Z. Wearable Health Devices in Health Care: Narrative Systematic Review.
JMIR Mhealth Uhealth 2020, 8, €18907. [CrossRef] [PubMed]

10. Lin, Z;; Zhang, G.; Xiao, X,; Au, C.; Zhou, Y.; Sun, C.; Zhou, Z.; Yan, R.; Fan, E.; 5i, S.; et al. A Personalized Acoustic Interface for

Wearable Human—Machine Interaction. Adv. Funct. Mater. 2021, 32, 2109430. [CrossRef]


https://www.mdpi.com/article/10.3390/ma16216938/s1
https://www.mdpi.com/article/10.3390/ma16216938/s1
https://doi.org/10.4028/www.scientific.net/AMM.373-375.221
https://doi.org/10.1002/admt.201800487
https://doi.org/10.1021/acsami.2c22287
https://doi.org/10.1109/TIM.2023.3314817
https://doi.org/10.1177/15459683221138751
https://www.ncbi.nlm.nih.gov/pubmed/36426541
https://doi.org/10.2196/18907
https://www.ncbi.nlm.nih.gov/pubmed/33164904
https://doi.org/10.1002/adfm.202109430

Materials 2023, 16, 6938 14 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

Luo, J.; Gao, W.; Wang, Z.L. The Triboelectric Nanogenerator as an Innovative Technology toward Intelligent Sports. Adv. Mater.
2021, 33, €2004178. [CrossRef]

Liu, H.; Wang, L,; Lin, G.; Feng, Y. Recent progress in the fabrication of flexible materials for wearable sensors. Biomater. Sci. 2022,
10, 614-632. [CrossRef]

Unno, Y.; Affolder, A.A.; Allport, PP.; Bates, R.; Betancourt, C.; Bohm, J.; Brown, H.; Buttar, C.; Carter, J.R.; Casse, G.; et al.
Development of n-on-p silicon sensors for very high radiation environments. Nucl. Instrum. Methods Phys. Res. Sect. A Accel.
Spectrometers Detect. Assoc. Equip. 2011, 636, S24-5S30. [CrossRef]

Ling, Y.; An, T,; Yap, L.W.,; Zhu, B.; Gong, S.; Cheng, W. Disruptive, Soft, Wearable Sensors. Adv. Mater. 2020, 32, €1904664.
[CrossRef]

Komljenovic, T.; Davenport, M.; Hulme, J.; Liu, A.Y,; Santis, C.T.; Spott, A.; Srinivasan, S.; Stanton, E.].; Zhang, C.; Bowers, J.E.
Heterogeneous Silicon Photonic Integrated Circuits. J. Light. Technol. 2016, 34, 20-35. [CrossRef]

Westerveld, W.J.; Mahmud-Ul-Hasan, M.; Shnaiderman, R.; Ntziachristos, V.; Rottenberg, X.; Severi, S.; Rochus, V. Sensitive, small,
broadband and scalable optomechanical ultrasound sensor in silicon photonics. Nat. Photonics 2021, 15, 341-345. [CrossRef]
Lee, K.; Mazare, A.; Schmuki, P. One-dimensional titanium dioxide nanomaterials: Nanotubes. Chem. Rev. 2014, 114, 9385-9454.
[CrossRef]

Schileo, G.; Grancini, G. Lead or no lead? Availability, toxicity, sustainability and environmental impact of lead-free perovskite
solar cells. . Mater. Chem. C 2021, 9, 67-76. [CrossRef]

Lu, B.; Chen, Y.; Ou, D.; Chen, H.; Diao, L.; Zhang, W.; Zheng, J.; Ma, W.; Sun, L.; Feng, X. Ultra-flexible Piezoelectric Devices
Integrated with Heart to Harvest the Biomechanical Energy. Sci. Rep. 2015, 5, 16065. [CrossRef]

Tan, P; Han, X.; Zou, Y,; Qu, X; Xue, J.; Li, T.; Wang, Y.; Luo, R.; Cui, X.; Xi, Y,; et al. Self-Powered Gesture Recognition Wristband
Enabled by Machine Learning for Full Keyboard and Multicommand Input. Adv. Mater. 2022, 34, €2200793. [CrossRef]

Raza, T.; Tufail, M.K,; Ali, A.; Boakye, A.; Qi, X.; Ma, Y.; Ali, A.; Qu, L.; Tian, M. Wearable and Flexible Multifunctional Sensor
Based on Laser-Induced Graphene for the Sports Monitoring System. ACS Appl. Mater. Interfaces 2022, 14, 54170-54181. [CrossRef]
Sundaram, S.; Kellnhofer, P; Li, Y.; Zhu, J.Y.; Torralba, A.; Matusik, W. Learning the signatures of the human grasp using a
scalable tactile glove. Nature 2019, 569, 698-702. [CrossRef]

Wen, E; Zhang, Z.; He, T.; Lee, C. Al enabled sign language recognition and VR space bidirectional communication using
triboelectric smart glove. Nat. Commun. 2021, 12, 5378. [CrossRef]

Gao, Y,; Ota, H,; Schaler, EW.; Chen, K.; Zhao, A.; Gao, W.; Fahad, H.M.; Leng, Y.; Zheng, A.; Xiong, F,; et al. Wearable Devices:
Wearable Microfluidic Diaphragm Pressure Sensor for Health and Tactile Touch Monitoring (Adv. Mater. 39/2017). Adv. Mater.
2017, 29, 1701985. [CrossRef] [PubMed]

Jung, S.; Kim, ].H.; Kim, J.; Choi, S.; Lee, J.; Park, I.; Hyeon, T.; Kim, D.H. Reverse-micelle-induced porous pressure-sensitive
rubber for wearable human-machine interfaces. Adv. Mater. 2014, 26, 4825-4830. [CrossRef] [PubMed]

Xu, S.; Vogt, D.M.; Hsu, W.H.; Osborne, J.; Walsh, T.; Foster, ].R.; Sullivan, S.K.; Smith, V.C.; Rousing, A.; Goldfield, E.C.; et al.
Biocompatible Soft Fluidic Strain and Force Sensors for Wearable Devices. Adv. Funct. Mater. 2019, 29, 1807058. [CrossRef]
[PubMed]

Takada, R.; Kadomoto, J.; Shizuki, B. A Sensing Technique for Data Glove Using Conductive Fiber. In Proceedings of the Extended
Abstracts of the 2019 CHI Conference on Human Factors in Computing Systems, Glasgow, UK, 4-9 May 2019; pp. 1-4.

Huang, J.; Li, D.; Zhao, M.; Mensah, A.; Lv, P; Tian, X.; Huang, F.; Ke, H.; Wei, Q. Highly Sensitive and Stretchable CNT-Bridged
AgNP Strain Sensor Based on TPU Electrospun Membrane for Human Motion Detection. Adv. Electron. Mater. 2019, 5, 1900241.
[CrossRef]

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

Liu, F; Gao, Y.; Wang, G.; Wang, D.; Wang, Y.; He, M.; Ding, X.; Duan, H.; Luo, S. Laser-Induced Graphene Enabled Additive
Manufacturing of Multifunctional 3D Architectures with Freeform Structures. Adv. Sci. 2023, 10, €2204990. [CrossRef] [PubMed]
Gao, Y.; Zhai, Y.; Wang, G; Liu, F; Duan, H.; Ding, X.; Luo, S. 3D-Laminated Graphene with Combined Laser Irradiation and
Resin Infiltration toward Designable Macrostructure and Multifunction. Adv. Sci. 2022, 9, €2200362. [CrossRef]

Wang, W.; Lu, L.; Li, Z.; Xie, Y. Laser induced 3D porous graphene dots: Bottom-up growth mechanism, multi-physics coupling
effect and surface wettability. Appl. Surf. Sci. 2022, 592, 153242. [CrossRef]

Vivaldi, EM.; Dallinger, A.; Bonini, A.; Poma, N.; Sembranti, L.; Biagini, D.; Salvo, P.; Greco, F.; Di Francesco, F. Three-Dimensional
(3D) Laser-Induced Graphene: Structure, Properties, and Application to Chemical Sensing. ACS Appl. Mater. Interfaces 2021, 13,
30245-30260. [CrossRef]

Babatain, W.; Buttner, U.; El-Atab, N.; Hussain, M.M. Graphene and Liquid Metal Integrated Multifunctional Wearable Platform
for Monitoring Motion and Human-Machine Interfacing. ACS Nano 2022, 16, 20305-20317. [CrossRef]

Ye, R.; James, D.K.; Tour, ].M. Laser-Induced Graphene: From Discovery to Translation. Adv. Mater. 2019, 31, €1803621. [CrossRef]
Tian, Q.; Yan, W.; Li, Y.; Ho, D. Bean Pod-Inspired Ultrasensitive and Self-Healing Pressure Sensor Based on Laser-Induced
Graphene and Polystyrene Microsphere Sandwiched Structure. ACS Appl. Mater. Interfaces 2020, 12, 9710-9717. [CrossRef]
[PubMed]


https://doi.org/10.1002/adma.202004178
https://doi.org/10.1039/D1BM01136G
https://doi.org/10.1016/j.nima.2010.04.080
https://doi.org/10.1002/adma.201904664
https://doi.org/10.1109/JLT.2015.2465382
https://doi.org/10.1038/s41566-021-00776-0
https://doi.org/10.1021/cr500061m
https://doi.org/10.1039/D0TC04552G
https://doi.org/10.1038/srep16065
https://doi.org/10.1002/adma.202200793
https://doi.org/10.1021/acsami.2c14847
https://doi.org/10.1038/s41586-019-1234-z
https://doi.org/10.1038/s41467-021-25637-w
https://doi.org/10.1002/adma.201701985
https://www.ncbi.nlm.nih.gov/pubmed/28833673
https://doi.org/10.1002/adma.201401364
https://www.ncbi.nlm.nih.gov/pubmed/24827418
https://doi.org/10.1002/adfm.201807058
https://www.ncbi.nlm.nih.gov/pubmed/31372108
https://doi.org/10.1002/aelm.201900241
https://doi.org/10.1038/ncomms6714
https://www.ncbi.nlm.nih.gov/pubmed/25493446
https://doi.org/10.1002/advs.202204990
https://www.ncbi.nlm.nih.gov/pubmed/36437047
https://doi.org/10.1002/advs.202200362
https://doi.org/10.1016/j.apsusc.2022.153242
https://doi.org/10.1021/acsami.1c05614
https://doi.org/10.1021/acsnano.2c06180
https://doi.org/10.1002/adma.201803621
https://doi.org/10.1021/acsami.9b18873
https://www.ncbi.nlm.nih.gov/pubmed/31992041

Materials 2023, 16, 6938 15 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Wang, W.; Lu, L,; Li, Z,; Lin, L.; Liang, Z.; Lu, X,; Xie, Y. Fingerprint-Inspired Strain Sensor with Balanced Sensitivity and Strain
Range Using Laser-Induced Graphene. ACS Appl. Mater. Interfaces 2022, 14, 1315-1325. [CrossRef] [PubMed]

Yi, C.; Hou, Y;; He, K,; Li, W.; Li, N.; Wang, Z.; Yang, B.; Xu, S.; Wang, H.; Gao, C.; et al. Highly Sensitive and Wide Linear-Response
Pressure Sensors Featuring Zero Standby Power Consumption under Bending Conditions. ACS Appl. Mater. Interfaces 2020, 12,
19563-19571. [CrossRef] [PubMed]

Kaidarova, A.; Khan, M.A.; Marengo, M.; Swanepoel, L.; Przybysz, A.; Muller, C.; Fahlman, A.; Buttner, U.; Geraldi, N.R,;
Wilson, R.P,; et al. Wearable multifunctional printed graphene sensors. NP] Flex. Electron. 2019, 3, 15. [CrossRef]

Garland, N.T.; Schmieder, J.; Johnson, Z.T.; Hjort, R.G.; Chen, B.; Andersen, C.; Sanborn, D.; Kjeldgaard, G.; Pola, C.C.; Li, J.; et al.
Wearable Flexible Perspiration Biosensors Using Laser-Induced Graphene and Polymeric Tape Microfluidics. ACS Appl. Mater.
Interfaces 2023, 15, 38201-38213. [CrossRef]

Nguyen, A.-P.; Kang, W.-K,; Lee, ].-B.; In, ].-B. High-Performance Washable PM2.5 Filter Fabricated with Laser-Induced Graphene.
Materials 2021, 14, 5551. [CrossRef]

Zhang, S.; Chhetry, A.; Zahed, M.A; Sharma, S.; Park, C.; Yoon, S.; Park, J.Y. On-skin ultrathin and stretchable multifunctional
sensor for smart healthcare wearables. NP] Flex. Electron. 2022, 6, 11. [CrossRef]

Chen, X,; Hou, Z; Li, G.; Yu, W.; Xue, Y; Niu, G.; Xin, M.; Yang, L.; Meng, C.; Guo, S. A laser-scribed wearable strain sensing
system powered by an integrated rechargeable thin-film zinc-air battery for a long-time continuous healthcare monitoring. Nano
Energy 2022, 101, 107606. [CrossRef]

Song, Y.; Zong, X.; Wang, N.; Yan, N.; Shan, X.; Li, J. Preparation of y-Divinyl-3-Aminopropyltriethoxysilane Modified Lignin and
Its Application in Flame Retardant Poly(lactic acid). Materials 2018, 11, 1505. [CrossRef]

Marques, A.C.; Cardoso, A.R.; Martins, R.; Sales, M.G.F,; Fortunato, E. Laser-Induced Graphene-Based Platforms for Dual
Biorecognition of Molecules. ACS Appl. Nano Mater. 2020, 3, 2795-2803. [CrossRef]

Powell, C.D.; Pisharody, L.; Thamaraiselvan, C.; Gupta, A.; Park, H.; Tesfahunegn, B.A.; Sharma, C.P; Kleinberg, M.N.; Burch, R ;
Arnusch, C.J. Functional Laser-Induced Graphene Composite Art. ACS Appl. Nano Mater. 2022, 5, 11923-11931. [CrossRef]
Barbhuiya, N.H.; Misra, U.; Singh, S.P. Stacked Laser-Induced Graphene Joule Heaters for Desalination and Water Recycling.
ACS Appl. Nano Mater. 2022, 5, 10991-11002. [CrossRef]

Misra, U.; Dixit, N.; Singh, S.P. Effect of Laser Parameters on Laser-Induced Graphene Filter Fabrication and Its Performance for
Desalination and Water Purification. ACS Appl. Mater. Interfaces 2023, 15, 7899-7910. [CrossRef] [PubMed]

Barbhuiya, N.H.; Singh, S.P.; Makovitzki, A.; Narkhede, P; Oren, Z.; Adar, Y.; Lupu, E.; Cherry, L.; Monash, A.; Arnusch, C.J.
Virus Inactivation in Water Using Laser-Induced Graphene Filters. Materials 2021, 14, 3179. [CrossRef] [PubMed]

Singh, S.P.; Ramanan, S.; Kaufman, Y.; Arnusch, C.J. Laser-Induced Graphene Biofilm Inhibition: Texture Does Matter. ACS Appl.
Nano Mater. 2018, 1, 1713-1720. [CrossRef]

Hawes, G.F; Yilman, D.; Noremberg, B.S.; Pope, M.A. Supercapacitors Fabricated via Laser-Induced Carbonization of Biomass-
Derived Poly(furfuryl alcohol)/Graphene Oxide Composites. ACS Appl. Nano Mater. 2019, 2, 6312-6324. [CrossRef]

Bai, S.; Tang, Y.; Lin, L.; Ruan, L.; Song, R.; Chen, H.; Du, Y,; Lin, H.; Shan, Y.; Tang, Y. Investigation of micro/nano formation
mechanism of porous graphene induced by CO2 laser processing on polyimide film. J. Manuf. Process. 2022, 84, 555-564.
[CrossRef]

Pinheiro, T.; Correia, R.; Morais, M.; Coelho, J.; Fortunato, E.; Sales, M.G.F.; Marques, A.C.; Martins, R. Water Peel-Off Transfer
of Electronically Enhanced, Paper-Based Laser-Induced Graphene for Wearable Electronics. ACS Nano 2022, 16, 20633-20646.
[CrossRef]

Sain, S.; Roy, S.; Mathur, A.; Rajesh, V.M.; Banerjee, D.; Sarkar, B.; Roy, S.S. Electrochemical Sensors Based on Flexible Laser-
Induced Graphene for the Detection of Paraquat in Water. ACS Appl. Nano Mater. 2022, 5, 17516-17525. [CrossRef]

Velasco, A.; Ryu, YK.; Hamada, A.; de Andrés, A.; Calle, F.; Martinez, J. Laser-Induced Graphene Microsupercapacitors: Structure,
Quality, and Performance. Nanomaterials 2023, 13, 788. [CrossRef] [PubMed]

Wang, L.; Wang, Z.; Bakhtiyari, A.N.; Zheng, H. A Comparative Study of Laser-Induced Graphene by CO(2) Infrared Laser and
355 nm Ultraviolet (UV) Laser. Micromachines 2020, 11, 1094. [CrossRef] [PubMed]

Peng, J.; Huang, C.; Cao, C.; Saiz, E.; Du, Y.; Dou, S.; Tomsia, A.P.; Wagner, H.D.; Jiang, L.; Cheng, Q. Inverse Nacre-like
Epoxy-Graphene Layered Nanocomposites with Integration of High Toughness and Self-Monitoring. Matter 2020, 2, 220-232.
[CrossRef]

Park, H.; Kim, M.; Kim, B.G.; Kim, Y.H. Electronic Functionality Encoded Laser-Induced Graphene for Paper Electronics. ACS
Appl. Nano Mater. 2020, 3, 6899-6904. [CrossRef]

Chen, Y;; Long, J.; Zhou, S.; Shi, D.; Huang, Y.; Chen, X.; Gao, ]J.; Zhao, N.; Wong, C.P. UV Laser-Induced Polyimide-to-Graphene
Conversion: Modeling, Fabrication, and Application. Small Methods 2019, 3, 1900208. [CrossRef]

de la Roche, J.; Lopez-Cifuentes, I.; Jaramillo-Botero, A. Influence of lasing parameters on the morphology and electrical resistance
of polyimide-based laser-induced graphene (LIG). Carbon Lett. 2022, 33, 587-595. [CrossRef]

Kulyk, B,; Silva, B.ER.; Carvalho, A.F,; Silvestre, S.; Fernandes, A.].S.; Martins, R.; Fortunato, E.; Costa, EM. Laser-Induced
Graphene from Paper for Mechanical Sensing. ACS Appl. Mater. Interfaces 2021, 13, 10210-10221. [CrossRef] [PubMed]


https://doi.org/10.1021/acsami.1c16646
https://www.ncbi.nlm.nih.gov/pubmed/34931519
https://doi.org/10.1021/acsami.0c02774
https://www.ncbi.nlm.nih.gov/pubmed/32301610
https://doi.org/10.1038/s41528-019-0061-5
https://doi.org/10.1021/acsami.3c04665
https://doi.org/10.3390/ma14195551
https://doi.org/10.1038/s41528-022-00140-4
https://doi.org/10.1016/j.nanoen.2022.107606
https://doi.org/10.3390/ma11091505
https://doi.org/10.1021/acsanm.0c00117
https://doi.org/10.1021/acsanm.2c02943
https://doi.org/10.1021/acsanm.2c02228
https://doi.org/10.1021/acsami.2c17106
https://www.ncbi.nlm.nih.gov/pubmed/36748439
https://doi.org/10.3390/ma14123179
https://www.ncbi.nlm.nih.gov/pubmed/34207716
https://doi.org/10.1021/acsanm.8b00175
https://doi.org/10.1021/acsanm.9b01284
https://doi.org/10.1016/j.jmapro.2022.10.037
https://doi.org/10.1021/acsnano.2c07596
https://doi.org/10.1021/acsanm.2c02948
https://doi.org/10.3390/nano13050788
https://www.ncbi.nlm.nih.gov/pubmed/36903673
https://doi.org/10.3390/mi11121094
https://www.ncbi.nlm.nih.gov/pubmed/33322283
https://doi.org/10.1016/j.matt.2019.08.013
https://doi.org/10.1021/acsanm.0c01255
https://doi.org/10.1002/smtd.201900208
https://doi.org/10.1007/s42823-022-00447-2
https://doi.org/10.1021/acsami.0c20270
https://www.ncbi.nlm.nih.gov/pubmed/33619955

Materials 2023, 16, 6938 16 of 16

62. Wei, S,; Liu, Y.; Yang, L.; Wang, H.; Niu, H.; Zhou, C.; Wang, Y.; Guo, Q.; Chen, D. Flexible large e-skin array based on patterned
laser-induced graphene for tactile perception. Sens. Actuators A Phys. 2022, 334, 113308. [CrossRef]

63. Xia, S-Y,; Long, Y,; Huang, Z.; Zi, Y,; Tao, L.-Q.; Li, C.-H.; Sun, H.; Li, ]. Laser-induced graphene (LIG)-based pressure sensor and
triboelectric nanogenerator towards high-performance self-powered measurement-control combined system. Nano Energy 2022,
96, 107099. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.sna.2021.113308
https://doi.org/10.1016/j.nanoen.2022.107099

	Introduction 
	Materials and Methods 
	Materials 
	Instruments 
	Fabrication of Laser-Induced Graphene on PI Film 
	One-Step Fabrication of Flexible Sensors 

	Results and Discussion 
	Characterization of Laser-Induced Graphene 
	Effects of Laser Parameters on Laser-Induced Graphene 
	Effects of Laser Power on Laser-Induced Graphene 
	Effects of Scanning Speed on Laser-Induced Graphene 
	Effects of Processing Numbers on Laser-Induced Graphene 
	Effects of Scanning Interval on Laser-Induced Graphene 

	Fabrication and Performance Tests of Flexible Sensors 
	Performance Tests of the Flexible Sensors 
	Application of the LIG-Based Flexible Sensors 


	Conclusions 
	References

