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Abstract

Continuous feedback on a tire is an essential means to ensure tire safety. Smart tires are an important part of the
future vehicle control system, which affects the safety and comfort of vehicles by combining sensors with
traditional tires to achieve continuous monitoring of real-time dynamic parameters. A stretchable and flexible
sensor made of laser-induced graphene (LIG) and PDMS, designed for use in smart tires, is presented in this work.
The sensor is known as a LIG-PDMS sensor. Using transfer printing, LIG is formed on a commercial polyimide film
under the scribing of a laser beam following the predesigned route before being transferred to a PDMS film. This
technology is used to successfully prepare flexible sensors for measuring the tire road interaction at different
driving speeds due to its flexibility and shape-following characteristics. The real-time monitoring of the wheel
speed and the shape of the tire grounding mark during the driving process is realized by embedding multiple LIG
sensors in the tire to monitor the strain information of the tire grounding. Results show that the tire deformation
can be accurately feedbacked with the LIG sensors, demonstrating our method's capability for designing and
manufacturing intelligent tires.
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INTRODUCTION

As the only interaction between the vehicle and the road, the tire affects the stability, dynamics, safety, and
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controllability of the vehicle. Considering that the forces required for the vehicle to move on the road are
generated by the interaction between the tire and the road, the key directions in vehicle research are the
mechanical properties of the tire and the contact state of tire and road. Monitoring tire movement is crucial
because it is complex and involves considerable deformation, making it difficult to quantify. In response to
these needs, the concept of smart tires has been proposed . A smart tire is a highly intelligent tire product
that integrates advanced technologies, such as smart material technology, sensing technology, signal
conditioning, and communication technology, and even has various sensors embedded within the tire. The
various tire parameters (such as tire pressure'*”, tire temperature'”, tire strain”?, tire force"*'", and road
adhesion information"*"*') measured by these sensors are transmitted to the central controller of the vehicle
for real-time monitoring. Monitoring parameters in real-time and performing corresponding
improvements can improve vehicle dynamics and fuel economy, and can prevent dangerous situations, such
as blowouts, rollovers, and skidding, by warning in time before they occur. Efforts have been exerted
globally to integrate wireless sensors within tires for measuring dynamic mechanical parameters. The in-tire
sensors currently being developed need to fit well into the tire structure without interfering with the tire’s
movement and be able to adapt to changes in the tire’s internal structure and environment under different
operating conditions, which demands flexibility and form-following properties of the sensors. Traditionally,
the most classic tire pressure monitoring system transmits tire pressure signals through an in-vehicular
wireless device, which is employed to warn a driver of any loss in tire pressure!>'.

At present, smart tire technology has flourished, and most methods are implemented by collecting the data
generated by the tire tread deformation during the driving and actuating process of the vehicle and then
calculating and predicting the tire force and road adhesion coefficient with the help of corresponding
algorithms to obtain the specific vehicle movement state. The classification of smart tires is based on the
type of sensors embedded in the tires, including acceleration sensors"”'", optical sensors!"”, acoustic
sensors™, and piezoelectric sensors!'**"*?),

Kim proposed an algorithm that can determine the road surface condition of a driving vehicle using an
acceleration sensor attached to the inside of a tire!"”. Dasol™ presented a new load estimation algorithm
based on an acceleration sensor. This algorithm is analyzed by using a flexible annular tire model, which is a
physical tire model and is constructed on the basis of the relationship between the load contact angle
pressures. Alfred conducted tire deformation® research by using surface acoustic waves to monitor the
strain on the inner surface of the tire and then determined the state of the tire under stress employing an
algorithm. However, the sensor requires the insertion of a probe into the tire carcass, which can affect the
regular use of the tire and increase the safety risks. Generally, the tire generates a sizeable centrifugal force
when it rotates at high speed. The sensor suffers a significant acceleration when it passes through the
contact area, which affects the contact quality between the tire and the ground, further increasing the safety
risks. Optical sensors are noncontact measurement sensors that measure the lateral, longitudinal, and lateral
deformation of tires with high accuracy. Tuononen et al. used optical sensors to measure the coefficient of
friction of tires on the road™/, and Erdogan et al. used polyvinylidene fluoride piezoelectric sensors to
monitor the deformation of the tire carcass™’, which are one of the few experimental cases where flexible
sensors were used as in-tire sensing.

However, most of these sensors are rigid, require an external power supply, and are manufactured using a
time-consuming, multistep process, which increases the complexity and cost. In the development and
design process of the more mature technology of intelligent tires, the overall architecture is still highly
complex. Its implementation requires the interaction of multiple subsystems in the vehicle and a number of
sensor types. Flexible sensors can be used to capture a wide range of signals because of flexible and
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stretchable, such as pulse, respiration, tremor, and limb movements” . Due to these characteristics of
flexible sensors, flexible sensors can be better used in smart tires. There are various substrates for flexible
sensors, which can be stretched by structural design ), or by using the mechanical properties of the
substrate material itself*?. The material of its conductive medium is also varied, and laser-induced
graphene is mostly used for the preparation of flexible smart sensors due to its good properties”*". The
substrate of laser-induced graphene (LIG) flexible sensor is carbon-based silicone with good elasticity,
which can fit well with the inner surface of the tire and can follow the deformation of the tire. LIG was first
discovered accidentally during the laser cutting of commercial polyimide (PI) films*”. LIG can be
successfully prepared on many types of natural and synthetic materials with sufficient carbon sources'***".
The prepared LIG can be transferred from PI films to stretchable elastic substrates (e.g.,

polydimethylsiloxane or polyurethane), thus increasing the flexibility and stretchability of the sensor'*>*".

In this work, we report the design and fabrication of a flexible LIG-based sensor and its application in smart
tires to record the ground trace and wheel speed. The tensile performance of PI-based and PDMS-based
sensors is compared systematically to select the most suitable sensor for smart tires, where the PDMS-based
sensor is obtained by transferring the prepared LIG from PI film to PDMS film. The results show that
LIG-PDMS has an excellent linear response and remarkable durability, ensuring its capability as a smart tire
sensor. Then the LIG-PDMS sensor is utilized to predict the tire grounding phase and the car speed during
driving. The results show that the LIG-based sensor has a wide range of application scenarios in smart tires.

EXPERIMENTAL

Preparation of the LIG-PI sensor

The PI film was first attached to the rectangular glass plate through the thermal release tapes, ensuring that
the PI film would remain flat after the laser scan, and the thickness of the PI film was 75 um. Then, the
prepared PI film was placed on the commercial laser cutting platform (X-7050, G.U. Eagle Automation).
The PI film was scanned with a CO, laser generator, and the scanning parameters were 12% specific power,
20 kHz laser frequency, 300 mm/s scanning speed, and 1000 DPI. The LIG was prepared into a
10 mm x 10 mm serpentine pattern. The conductive silver was painted as electrodes to connect the wires on
two sides of LIG. The LIG-PI sensor was successfully prepared.

Preparation of the stretchable LIG-PDMS sensor

The flexible LIG-PDMS sensor was obtained by transferring the LIG on PI film to the PDMS carrier. A
rectangular pattern of 10 mm x 10 mm was scanned on the PI film by using the same method. The PDMS
solution was spin-coated on the LIG pattern with a spin-coating speed of 150 RPM and a spin-coating time
of 60 seconds before curing at 70 °C for 1 h. The PDMS to curing agent mass ratio in PDMS prepolymer is
10:1, and the thickness of the PDMS film is 1 mm. The conductive silver was coated into electrodes to
connect the wires on two sides of the LIG region after stripping the PDMS from the PI substrate. The LIG
was coated with PDMS solution after transferring it to the PDMS carrier by transfer printing technology;
the thickness of PDMS film covered with LIG is about 30 pm. The fabrication of the stretchable LIG-PDMS
sensor was completed after curing the PDMS at 70 °C for 1 h.

RESULTS AND DISCUSSION

Figure 1A depicts the method of generating LIG on PI films. A 10 x 10 mm serpentine LIG pattern was
generated by scanning along a predesigned set path using a CO, laser generator, and the conductive silver
was coated into electrodes to connect the wires on two sides of the LIG region. The picture is shown in
Figure 1C. However, the in-plane mechanical robustness of the PI substrate limits the stretchability of the
LIG-PI sensor. For this reason, the transfer printing technology was used to transfer the LIG from PI films
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Figure 1. Fabrication of LIG-based strain sensor. (A) Schematic diagram of the preparation of the LIG in a specific pattern; (B) schematic
illustration of the fabrication process of the LIG-based stretchable sensor; (C) optical images of LIG in Pl film; (D) optical images of the
LIG-PDMS composite prepared by transferring LIG from Pl to PDMS; (E) the 100% and 1,000x SEM images of LIG.

to the softer substrate PDMS surface. As shown in Figure 1B, the configured PDMS solution was
spin-coated on the LIG surface and cured at 70 °C for 1 h after preparing the LIG-PI. The LIG pattern was
peeled off from the PI substrate with the PDMS film. The conductive silver was applied on two sides of the
LIG region to connect the wires. The flexible and stretchable strain LIG-PDMS sensors were successfully
prepared after encapsulating them in a PDMS solution. Figure 1D shows the prepared LIG-PDMS sensor.
The scanning electron microscopy image of the LIG is shown in Figure 1E. During the high energy laser
scanning process, PI is known for its oxygen and nitrogen outgassing at high temperature; finally, it is
graphitized more thoroughly. The surfaces of the PI film in the center of the laser spot break up to release
gas, forming 3D fibers made of porous graphene. The 3D porous structure of the transferred LIG is
embedded with PDMS particles during the transfer process to form a LIG/PDMS composite with good
conductivity and stretchability.

Electrical performances of the LIG-based sensors under the tension loads

Figures 2A and B show the normalized resistance change of the LIG-based sensor with PI substrate and
PDMS substrate under tensile loading, respectively. With the increase in tension, the normalized resistance
of the LIG-PI increases from 0 to 47, corresponding to a strain of 3%. At the beginning of tension from 0%
to 1%, the normalized resistance of the PI-LIG strain sensor increases slowly with gauge factor (GF) = 5 and
then increases sharply with GF = 20. The normalized resistance of the LIG-PDMS increases linearly from 0
to 2,300 with GF = 31, which corresponds to a strain of 70% at this time. The GF, a critical parameter to
evaluate the sensitivity of the sensors, is presented and calculated by using GF = (AR/R,)/¢, where AR, R,,
and ¢ denote the variation of the resistance, original resistance, and the applied strain, respectively. PDMS
has better stretchable performance with more stable linear resistance change by comparing the normalized
resistance change during the stretching of two flexible piezoresistive sensors, LIG-PI and LIG-PDMS, so
LIG-PDMS is used as the smart tire sensor. During the driving of the car, the tire will rotate at different
speeds, which requires the sensor to have stable performance under different strain rates. Figure 2C shows
the variation of LIG-PDMS normalized resistance at different strain rates, from 0% to 20%. The normalized
resistance corresponding to 20% tensile strain is stable with the increase in the strain rate, indicating that
this sensor can be used at different strain rates and has extremely high stability. Figure 2D shows that the
LIG-PDMS strain sensor exhibits excellent durability in the 20% tensile strain range, and the partial
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Figure 2. Electrical performances of LIG-based strain sensor. (A) The normalized resistance versus the tensile strain for the LIG-PI
sensor; (B) the normalized resistance versus the tensile strain for the LIG-PDMS sensor; (C) the normalized resistance values of the
LIG-PDMS sensor during tensile experiments with different strain rates; (D) relative change in resistance under repeated loading and
unloading of 20% strain for 200 cycles.

magnification shows that this sensor has an extremely short response time. This finding indicates that
LIG-PDMS sensors can be used for smart tire sensors.

The feedback mechanism of the smart tire

During the movement of the car, the grounding of the tire will be flattened by the extrusion of the rigid
ground. At this time, the center of the tire circle will be lowered, so the actual effective radius of wheel travel
R, is slightly smaller than the actual radius of the tire R.. Figure 3A shows the mechanical deformation
model of the tire grounding®". The pressure distributed within the tire grounding imprint during motion is
a highly critical object of study. In previous studies of the mechanical properties of tires, researchers
assumed the tire contact force as a symmetric parabolic distribution, and the equation of force distribution
can be expressed as

g.(x) = 34F -y, W
a a

where a is the tire grounding imprint half-length, F, is the vertical load, and ¢,(x) is the tire distribution
force at distance x from the center point.

However, this symmetrical parabolic pressure distribution can only approximate the tire force distribution
under some small load states. When the wheel is under heavy load, the movement causes the wheel’s center
of gravity to deviate due to increased inertia, and the peak force within the tire’s grounding imprint is
shifted. The entire pressure distribution takes the form of a two-end distribution. In this case, the
researchers improved the description of the pressure distribution by establishing an arbitrary pressure
distribution form of the tire, which can be expressed as Equation (2).

I N .
q-(x) = Zen(Z) == (), )
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Figure 3. The feedback mechanism of the smart tie with smart sensors. (A) Grounding deformation and mechanical model of the
moving tire; (B) schematic diagram of tire deformation under different strain types and corresponding waveform.

where u is the relative coordinate of the grounding trace, marked as x/a, and #(u) is the corresponding
distribution function.

As shown in Figure 3B, the tire will go through three deformation stages when rolling on the road, and the
strain sensor will produce different types of deformation when it enters these phases. The tire compresses
because of pressure before the grounding phase, and the sensor enters the compression state with this
compressive strain. The LIG fibers are more tightly connected, resulting in a decrease in sensor resistance.
When entering the grounding phase, the tire will gradually stretch and the sensor resistance will increase
until the sensor is completely in the grounding phase'". The strain state of the sensor changes from tension
to compression and then returns to normal when the sensor is disconnected from the grounding phase.
This condition is reflected in the resistance signal, which becomes smaller, then larger, and finally smoother.
The three phases are defined as the P, Q, and R zones, where P and R are the compression zones, and Q is
the stretch zone. T, is the time between entering the grounding phase and leaving the grounding phase. T,
is the period of the sensor’s strain waveform, that is, the time elapsed when the tire rolls over a week. H is
the change in the resistance of sensor in the fully stretched zone, and the strain can be obtained by
combining the sensitivity curve of LIG-PDMS sensor.

Applications of LIG-PDMS sensors in smart tire

The grounding length of the tire is an essential parameter in tire load estimation. The analysis of the
grounding imprint is simple when the tire is in a static state, whereas measuring the grounding length of the
tire is difficult when the tire is rolling. A LIG-PDMS strain sensor is inserted inside the wheel. When the
sensor enters and exits, the deformation region can be reflected by the feedback resistance signal waveform
so that the length of the grounding can be easily obtained. The calculation equation can be expressed as
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T
6,=-x2rx

‘ g 3)
L,=2R xsin(TA)

where 6, is the tire ground angle, T, is the time of tire roll over a week experienced, and L, is the length of
grounding phase.

The prediction of the ground impression can be achieved by arranging multiple LIG sensors horizontally,
and the ground impression of the tire can be obtained by connecting the ground length predicted by each
LIG sensor. The LIG sensor arrangement is shown in Figure 4A, the distance between each sensor is 10 mm,
the tire width is 10 cm, and the dimension of LIG-PDMS sensor is 20 x 12 mm®. The 2D grounding imprint
can be obtained after measuring and calculating the ground length values of all LIG-PDMS sensors. The
specific steps are as follows: (i) the length values obtained from the LIG sensor test and calculation are
expressed in line segments; (ii) the corresponding line segments are arranged in accordance with the sensor
distribution; (iii) the grounding imprint pattern is obtained by connecting the end points of adjacent
grounding line segments, as shown in Figure 4B. In accordance with the above experimental method,
several experiments were conducted, and the results were obtained, as shown in Figure 4C. The predicted
results of some tire grounding marks are close to the topography map of grounding marks (actual results),
which proves the accuracy of the LIG-PDMS sensor in predicting the grounding marks of tires.

The tire speed information can be read directly by attaching the LIG strain sensor to the inside of the tire.
When the tire rolls on the ground, a wave signal can be obtained for each rolling revolution. Therefore, the
rotation speed of the tire can be obtained by combining the distance that the tire has experienced for each
turn and the time between each wave crest. The calculation equation can be expressed as

“4)

where R, is the running radius of the tire, and u,, is the wheel speed.

Figure 5A shows the attachment position of the LIG-PDMS sensors in the tire, and a sensor is installed
every 25 mm to prevent the connection failure of a sensor due to fast tire speed during the driving process.
The car was driven smoothly with variable speeds from 20 km/h to 60 km/h, and each speed stage lasted for
1 min with gentle acceleration and deceleration during the variable speed process. Figure 5B shows the
signal feedback curve of the LIG-PDMS sensor during the driving process. A section with a similar peak
shape in each speed level (duration 3 s) is randomly selected. T, and T of each cycle are measured, and the
corresponding wheel speeds are calculated in accordance with Equations (3) and (4). The results are shown
in Figure 5C. The calculated wheel speeds are 21.272, 41.713, and 58.980 km/h, and the real-time speeds
read from the speedometer are 22, 40, and 59 km/h. Comparing the theoretical speed calculation with the
actual speedometer speed, the calculation of wheel speed using LI-PDMS sensors has a high degree of
accuracy.
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Figure 4. The prediction of the tire grounding trace based on LIG-based sensor. (A) The arrangement of LIG-based sensor; (B) the
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CONCLUSIONS

In this work, we systematically completed the design, fabrication of LIG-based sensors, and their
applications in smart tires. Two LIG-based sensors were fabricated with PI film and PDMS substrates, and
the better flexibility, stretchability, and excellent linearity with remarkable durability of LIG-PDMS sensor
were determined by tensile experiments for smart tire applications. The feasibility of LIG embedded in the

tire to monitor the tire deformation was confirmed through the experiment, and the time and strain of LIG

sensors entering and leaving the tire grounding area were analyzed to achieve the estimation of the tire

grounding length. The prediction of tire grounding marks and vehicle speed in an accurate manner was

achieved by the arrangement of multiple LIG sensors.
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