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Abstract: Tire mileage and wear provide important information for vehicle applications. There are
more and more studies discussing intelligent tires, but few focus on the role of tire mileage and wear.
The conventional tire pressure monitoring system (TPMS) is one of the intelligent tire applications,
but there has been no significant advancement in recent years in this regard. In order to increase
the additional functions of intelligent tire applications, we propose a method that estimates the
mileage and wear information of tires. The proposed method uses a three-axis sensor and a Hall
sensor to implement the function. The proposed method also has a low power design to reduce the
power consumption of the Hall sensor. The experimental results show the trend of tire wear status,
rendering this method effective. This method also requires more accurate mileage information to
support tire wear estimation. This experiment found that the correct rate of the proposed mileage
estimation method is 99.4% and provides sufficient and correct mileage information for tire wear
methods. If this method is used in autonomous vehicle applications, the autonomous control strategy
algorithm has more conditions to plan the control strategy. The strategy system processes more
meticulous control that increases the safety of autonomous vehicles.

Keywords: intelligent tire; tire wear; three-axis sensor; Hall sensor; TPMS; autonomous

1. Introduction

Vehicles are important tools in everyday life. More and more vehicle applications
are developing, such as autonomous vehicles. Safety is important for vehicle applications
and this issue is continuously being discussed. There are some elements that affect the
safety of vehicles, tires being one of them. The vehicle works with tires that contact the
road surface. These contact points provide some useful information from the road. Using
the information to improve driving safety is not an easy task, which is why there are more
and more studies focused on intelligent tires.

Some researchers provide methods that monitor the tire status. The (TPMS) [1-5] is
one of intelligent tire applications that has emerged in recent years. It is a common device
for vehicle applications that provides tire pressure and temperature information to drivers.
The TPMS alarm indicates that there are some problems with tire pressure or temperature.
This warning message helps the driver or user to pay attention to the problematic tire. This
kind of intelligent tire application has matured in recent years, and we discuss in this paper
means to enhance its function.

The tire has some deformations when used on the road. The deformations provide
some messages about the tire status. Some research uses a Hall sensor to detect tire
deformation [6]. The sensor responds to different voltage values when the field changes.
Researchers use the different magnetic fields to detect tire deformation. This method is
complicated to implement because it needs an advanced semiconductor and tire process,
but provides a suitable foundation for intelligent tires in the future. In this paper, the tire
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wear estimation method uses a Hall sensor to estimate the tire wear status and it has some
differences from the above method. The integrated design makes the implementation easy,
because the Hall sensor does not integrate with the tire rubber.

A strain gauge is used in the method [7]. The method can effectively reduce costs,
but the reliability is relatively not strong enough. A strain gauge is easy to damage when
the structure is used for long period because the material is broken easily by long-term
vibrations. Given this lack of durability, there are few applications in the market. Because
the structure is easy to apply in experiments, we used a similar structure for our experiment
and propose an improved structure to solve the durability issues.

A three-axis sensor is a sensing element often used in intelligent tires. There are
many studies that use three-axis sensors. Some works are based on the sensor to develop
applications such as tire pressure, tire load, and vehicle tracking [8-10]. The road surface
is one of the conditions of the vehicle application. There is research that uses a three-
axis sensor to detect the road surface status for the application [11], employing an ANN
(Artificial Neural Network) to implement the method. These studies have proposed many
effective and reference methods, but they rarely discuss the relationship between mileage
and wear. In this paper, we focus on the relationship between mileage and wear.

Some studies analyze tire wear in intelligent tire applications, using optics sensors to
estimate wear [12,13]. Image recognition is the main method of this technology. One group
of researchers used the camera to catch image information and a computer to execute an
image recognition algorithm [14]. Optics sensors are key, but they are costly. Moreover,
the method needs a lot of calculations, which means more hardware performance and
resources. How and where to install the sensors are issues, too. Another aim of this paper
is to solve the cost and integration issues with some easy-to-use sensors.

In our research, we propose a method to estimate the tire mileage and wear. Our
method integrates a Hall sensor and a three-axis sensor. The integration solution takes some
information that the algorithm needs. The tire lifecycle relates to the mileage and wear,
and we dissect the relationship between mileage and wear. The method also considers
the power consumption that the algorithm does not execute all the time. A process
controls the execution time and considers the algorithm operation time to reduce the power
consumption. With this procedure, the method resembles real-world conditions. Finally,
we verified the system in an experiment using different conditions to confirm the algorithm.

This paper consists of five total sections. Section 2 describes the framework and
method. The method includes a procedure and algorithm. Section 3 presents the verifica-
tion results. The final section reports the conclusions and evolution plan.

2. Framework and Methods
2.1. System Prototype

The concept of the tire pressure monitoring system is to collect tire information and
analyze data from the tire. We propose a framework to improve the method. The framework
is described in this section and the method is based on a wireless communication structure.
There are two parts of the framework, sensors inside and outside the tire. Figure 1 shows
the system architecture of the framework. The elements include a three-axis sensor, a
Hall sensor, and a wireless communication device that is installed in the tire. The method
needs a laptop to connect the wireless communication device. The laptop collects data
from the in-tire sensors. The data collection and analysis platform are shown on the right
side of Figure 1. The laptop provides all of the data collection, analysis, and algorithm
implementation.
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Figure 1. System prototype.

The three-axis sensor and Hall sensor integrate with a PCB. A lithium-ion (Li-On)
battery is the power source that ensures the provision of tire data during the experiment.
The Li-On battery is a temporary power source that is just for the experiments but not
for production. Regarding the production and application, the method designs a process
to reduce power consumption. We discuss the process in the next section. The wireless
transmitter module sends data to the receiver. The tested tire is shown in Figure 2. The
figure shows the result of the final system integration, which we describe in detail below.

In Tire

Hall sensor <

> wiring layer

Figure 2. System implementation.

Figure 2 shows the sensor in the tire. The sensor signal is output by a wire. The wire
runs through the wheel rim and connects to the RF transmission interface. The sensor is
placed on an FPC which is fixed to the tire by pasting. The FPC with a three-axis sensor
is installed on the tire surface inside the wheel. This type of fixing method is only for the
experiments. There was a problem in the FPC reliability that required us to redesign the
installation method. The new design integrates all sensors in a circuit. An integration
device fixes the tire, and the Hall sensor is closest to the tire surface. This design ensures
the Hall sensor can measure the maximum magnetic field value.
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2.2. Method

Each tire has a wear coefficient that can be referenced, but it is not accurate because
different users and usage conditions cause differences in wear. We discuss the method of
estimating tire mileage and wear in this section. The data collection device can provide a
lot of information to implement this request. The method flow chart is shown in Figure 3.
All of the measured data need a filter to filter the signal noises in this flow. The mileage and
wear estimation algorithms calculate the results based on the information from the filter.
There are some differences in implementing the method in mileage and wear, particularly
the operation time. The wear estimation algorithm is not always executed because the
tire wear out is not quick. The wear information is collected based on reference mileage
information in this method. The mileage information is a trigger signal that tells the
system to execute the wear estimation procedure. The Hall sensor needs more power
for the collection of data. If the Hall sensor continues working, this will increase power
consumption. With our proposed process, the algorithm is not executed often, as the tire
wear out is not quick. There are also some advantages to the system’s performance and
power consumption. We discuss the detailed control flow in the next section.

Mileage estimation is different from wear estimation, as it needs real-time data. The
three-axis sensor provides data that the mileage estimation algorithm needs, but it cannot
be used directly. The data need filters to ensure continuity and correctness. The algorithm
uses the data to calculate the result. There are some disadvantages to using the filter.
The filter needs some process resource support. Based on this reason, the method does
not calculate the result at the edge. The result of mileage estimation is produced after
calculation by the algorithm, and the wear estimation algorithm result is referenced.

3-Axis Hall sensor
) data

?

T i i J

Figure 3. Process flow.

LL

2.2.1. Wear Estimation Method Design

For our experiment, we obtained a tire from a manufacturer that used carbon nan-
otubes (CNTs) to establish magnetic properties. The production process and material
properties to make carbon nanotubes magnetic are not discussed here. The magnetic
field relates to tire wear. The tire has a higher magnetic field value when it is new. On
the contrary, lower magnetic field values demonstrate tire wear. Figure 4 describes the
expected state of the new and used tires. The difference between the new and the used tire
is noticeable in the tire block thickness. The “A” thickness is larger than the “B” thickness.
This shows that the new tire magnetic values are larger than those of the used tire. The Hall
sensor provides the magnetic field information. If the tires have different wear conditions,
the sensor provides different magnetic field values. This phenomenon can indicate tire
wear. We used these properties to implement the application.
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New tire Used tire

Figure 4. The difference between the new tire and the used tire.

The wear estimation algorithm references some characteristics of the tire through
the magnetic field. The manufacturer provides a tire spec that denotes the relationship
between wear and magnetic field. Figure 5a shows the curve of the related wear status
and the magnetic field value. The method defines some segments to present tire wear
status, as shown in Figure 5b. The tire spec denotes the effective block thickness as 6 mm.
There are six statuses that are defined for this application and each status presents with a
1 mm thickness.

Magnetic flux density (mT) Magnetic flux density (mT)
1000 1000
900 300
800 800
700 700
600 600 L
500 500 .
400 200 2
300 300
200 200
100 Thread depth 100 Thread depth
° (mm) 0 1 (mm)
0 6 s .
(@ (b)

Figure 5. Wear status and magnetic field value: (a) tire magnetic flux density spec; (b) segmented the
wear status based on tire magnetic flux density.

Although the manufacturer can provide information on the strength of the magnetic
force of a tire so that we can judge the tire wear, such experiments are time consuming.
Our method entails a strategy that can reduce the time for such experiments. Using the
whole tire to perform the experiment takes a lot of time, but our method uses a tire slice to
verify the magnetic force trend. The wear results are verified based on the tire slice. This
slice can provide a simulation environment, as shown in Figure 6. The tire slice is cut from
part of the tire surface. This space is the verification area.

Cut off

Cut off

Figure 6. Schematic diagram of the tire block section.
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Magnets can be a source of magnetic fields, but our method does not use them. Differ-
ent types of magnets have different magnetic fields. We tried many types of magnets for
the experiment and found that the magnetic value cannot be used because although some
magnets can provide a strong magnetic value, they must be installed by the manufacturer.
On the other hand, some types of magnets cannot provide large enough magnetic fields for
the Hall sensor to detect, because the tire has a wiring layer that can shield some magnetic
forces. For our experiment, the tire manufacture prepared a tire slice with a magnetic
field that resembles real-world conditions. We used the tire slice to verify the magnetic
force change trend, checking the different thicknesses of the tire rubber with different mag-
netic fields. The tire slice was cut into six pieces, each piece having a different thickness.
Figure 7a shows the six tire pieces. The different tire pieces have different magnetic fields.
We checked the magnetic field with the Hall sensor. Each tire slice measured by the Hall
sensor is shown in Figure 7b. The distance “D” between the Hall sensor and every tire
piece is the same. The results can help us to understand the different magnetic fields of tire
slices with different thicknesses.

! - N e
With magneticslice \ -

v G S N B e Each piece with magnetic D'_--
| 1. A i
(a) (b)

Figure 7. Tire slice verification: (a) the tire slice cut into six pieces; (b) radial wave.

The strategy used a rubber piece with a magnet to simulate the magnetic field. The
rubber was put in the same position as the tire slice. Figure 8 shows the method of
measuring the magnetic field. The rubber was then put onto the tire slice. The method
used rubber slices with different thicknesses to generate different magnetic fields. The
Hall sensor can obtain different values according to the different magnetic forces. The
thickness of T1 was larger than T2. The strategy delivered two results. First, the method
verified the magnetic field trend without the tire slices to ensure that the rubber pieces
had a magnetic field and that the trend was related to the thickness. Second, the method
verified the magnetic field trend with the tire slice. The magnetic field was affected by
the medium, as expected, because the tire slice has a steel belt layer. Some degree of the
magnetic field is masked by the steel belt layer, which reduces the magnetic field strength.
Therefore, the value of the magnetic field sensed by the Hall sensor will decrease; this is
also predictable. We discuss the results in the next section.

—T

Figure 8. The magnetic field measurement.
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We designed a control circuit to control the Hall sensor power source to reduce the
power consumption of the system. This control circuit always cuts off the power source.
The Hall sensor does not work when the condition is not satisfied with the trigger value.
Figure 9 shows the process flow. The mileage information is the trigger condition of the
process. Different mileage conditions can be set. The process is executed every 1000 km
when the mileage condition (Mc) is set to 1000 km. The Mc is reset after the process outputs
the wear result. The Hall sensor circuit will be not executed before the next condition is
satisfied. This process can effectively reduce power consumption.

No

Yes
No
i mﬂiﬁﬁl j!ic"ii oi ‘ Yes

Mx: Timely mileage

Mc: Mileage condition

Figure 9. The Hall sensor power control process.

2.2.2. Wear Estimation Algorithm Design

The final result presents the measured value as voltage. This result maps the spec,
which uses magnetic flux density to present tire tread depth. Equation (1) is the spec
provided by the sensor vendor, where V,,; is the result voltage, VQ is typically half of the
application voltage, B is the applied magnetic field density, “Sensitivity” depends on the
device option and application voltage, Src is typically 0.12% for device options, and Ta
is the ambient temperature. This system is working in 3.3V and according to the device,
the “Sensitivity” value is 15. Equation (2) uses the results of Equation (1) and the spec to
convert the voltage range.

Vout = VQ + B(Sensitivity (1 4 Src* (Ta — 25 °C))) @)

Vout = 1.65 + 15B @)

The resulting value of Equation (2) can convert the magnetic flux density value to
voltage. There are six statuses that our method defined. Each status must have an upper
and lower boundary. The magnetic flux density range splits according to the provided
specifications. Equation (3) presents each voltage gap of a status, where V is the voltage
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gap, Vout(may) is the maximum magnetic flux density, and V,(yin) is the smallest magnetic
flux density.
(Vout(max) + Vout(min))
. @)
Each boundary is presented by Equations (4) and (5), where V,y) is the maximum
value of the state, Vi) is the minimum value of the state, V,;(u4y) is map the maximum
magnetic flux density, V,,(uin) is map the smallest magnetic flux density, V; is the voltage
gap of each state, and S is status between 0 to 5.

Vg

Vs(max) = Vout(max) — Vg (5—35) 4)

Vs(min) = Vout(min) + Vg% S 5)

2.2.3. Mileage Estimation Method Design

The second part of the method is the mileage estimate. The method uses a three-axis
sensor that provides data in three directions: longitudinal, radial, and axial. The infor-
mation from the three-axis sensor is the tire movement direction. The mileage estimation
method uses the information and develops a method to analyze tire behavior. Figure 10
shows the information that the method catches from the tire through the three-axis sensor.

Amplitude
—radial
axial
i Longitudinal
| | |
| | | |
|
- r‘-"!J.a;H'*--.a s d |“"“ B -.z-‘.~.-".’J Lﬂ* .‘{'J "‘fﬂ" st "JL,;'S"“_._
Time

Figure 10. Longitudinal, radial, and axial data.

Figure 11 shows the flow for mileage estimation. The three-axis sensor provides the
tire motion information to the collection system. The algorithm cannot directly use the
information because the information includes noises. A filter is a necessary solution to
field some noises. The filter that the method uses is IIR (Infinite Impulse Response). All
three-axis information through the filter is provided to the algorithm. Through the filter,
the algorithm can find the peak values of the three directions more easily. The peak value
from the longitudinal direction provides two kinds of information, which are mileage
and speed. The number of tire revolutions multiplied by the tire perimeter is the mileage,
because the mileage information relates to the tire perimeter. Speed information is detected
through the time gap of longitudinal information. The time gap is from the two peaks of
the longitudinal value. We explain the detailed algorithm in the next section.
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Figure 11. Mileage estimation flow.
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2.2.4. Mileage Estimation Algorithm Design

Longitudinal and radial function are the method conditions that the method references.
There are two parts to the method, one is estimating the tire mileage and the other is
verifying the mileage value. Figure 12 shows the three-axis measurement data, where ¢
is the measurement time in milliseconds and Mv is measurement values in the sensor’s
resolution. The resolution is between 0 and 65,535. The longitudinal value is shown in
Figure 12a. This method uses an analysis algorithm to find the peak value and, at the
same time, record the time that the peak value occurs. There is a time gap between the
two peaks. This method uses the time gap to calculate the speed and the method can use
the value to verify distance. Equation (6) provides speed data, where SPD,y, is tire speed,
C is peak number, R is tire radius, and f is the pulse time. Equation (7) provides mileage
data, where L is tire mileage, R is tire radius, and C is peak number. The value correctness
is important for the application. The method uses radial data to ensure the value. The
radial value is shown in Figure 12b. Figure 12¢,d also compare longitudinal and radial
values to find the relation between the two values. Figure 12¢ has 60,000 sample points of
data and Figure 12d has 20,000. The longitudinal and radial values exist at the same time
after observing the experimental results. This method uses this characteristic to verify the
correctness of the result.

SPDavg = (i (27tR * (ty41 —tn)))/C (6)

n=1

L= f 27R @)
Cc=0
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Figure 12. Signal wave: (a) longitudinal wave; (b) radial wave; (c) longitudinal and radial results compared with a
60,000 sample point; (d) longitudinal and radial results compared with a 20,000 sample point.

3. Results

In this section, we verify and analyze the results. Two parts are verified: tire wear
and mileage. The wear state result is presented in the six statuses, as proposed previously.
The tire mileage is displayed in kilometers, indicating how many kilometers have been
traveled. We discuss different loads and speeds that can affect the algorithm.

3.1. Tire Wear Status Result

The tire wear status is presented by voltage value because the method measures the
magnetic through the Hall sensor. The Hall sensor converts the magnetic flux density to
the voltage value. There are two groups of results shown in Figure 13. Group 1 is the
rubber magnetic value. The value set is measured by each piece, and there is no medium.
Group 2 is the measurement data with a medium. The result is compared by the different
measurements with or without the tire. The tire can affect the magnetic flux because the tire
has a wiring layer that can shield some magnetic forces. The results show the influence of
the medium. Although the results are somewhat biased, they have a trend. The deviations
are due to measurement techniques and the experiment’s tire slices. Because there is no
guarantee that the rubber will be placed in the same position every time, this can cause
a measurement error. The impact of deviations is ignored in this experiment. Figure 13
describes the magnetic trend discovered through some measurements. The figure has six
measurement values. The six measurement values compare the rubber magnetic value,
representing the medium’s influence. If the measurement has a tire as the medium, the Hall
sensor senses that the magnetic field value is reduced. The result can describe the magnetic
flux density change as a trend, and the effectiveness of the method is verified. Figure 13
shows that the magnetic values are not the same, but the values have the same trend. The
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result fits the concept of the method. This phenomenon can affect the method design. This
is the reason why the method uses mileage information to support the wear measurement.

Without medium

Voltage
19
185 _— —Measurement 1
1.8 S Measurement 2
1.75 - » Measurement 3
4
_——/ Measurement 5
1.65 -
Measurement 6
1'6 . .
With medium Rubber
155 1
15 + T T T T T 1 Status
1 2 3 4 5 6

Figure 13. Tire wear result.

3.2. Tire Mileage Result

We verified the mileage method on the test platform described earlier with the Hall
sensor installed in the tire. The platform provided the data when the tire was rolling.
The test conditions included speed and load. The speed had three conditions: 40 km/h,
60 km/h, and 80 km/h. The tire spec was 235/60 R18 and the tire load in this experiment
was 585 kg. The conditions are listed in Table 1. The result shows that the tire perimeter
becomes longer when the tire has a load. The perimeter is considered with load in our
experiment. The mileage estimation method is based on the pulse that forms the three-
axis signal. There is a time gap between the two pulses. The speed value is calculated
by the time gap. The speed value can help users verify the correctness of the results
because the speed is a known experimental condition. The results show that there an error
between actual speed and estimated speed. The estimated speed is shown in Figure 14.
The error rate observed from the test result is under 0.38%. Actual mileage is compared
with estimated mileage in Table 1. The method has an error rate under 0.6%. Additionally,
it has an error of 300 km when the tire is used for 50,000 km. The results prove that the
algorithm has a low error rate.

Table 1. Mileage comparison table.

Parameters Speed—40 km/h  Speed—60 km/h  Speed—80 km/h
Perimeter (m) 2.322 2.322 2.322
Perimeter with load (585 kg) 2222 2222 2222
Tire spec 235/60 R18 235/60 R18 235/60 R18
Test time (s) 30 30 30
Test mileage (km) 0.333 0.5 0.667
Estimated mileage 0.331 0.497 0.668

Error rate 0.669% 0.445% 0.0014%
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8 10 12 14 16 18 20 22 24 26 28 30
(c)
Figure 14. Estimated speed result: (a) speed of 40 km/h; (b) speed of 60 km/h; (c) speed of 80 km/h.

Each tire has limited mileage and service life. The mileage and wear have some
relations that include load and usage habits. Driving habits and wear-resistant tires
complicate conditions for the estimation. Tire lifetime is not discussed in this paper. We
executed our experiment in the lab and the evaluation conditions were objective. The
method can provide some reference information and indirectly improve vehicle safety,
which is one of our motivations. There is room for improvement in follow-up studies from
the perspective of mass production, such as power supply size and integration. These
issues will be discussed separately in the future. In sum, our method uses rubber with
a magnetic field to simulate a tire with a magnetic field. We calculated the magnetic
field strength to monitor the tire wear. However, the magnetic field absorbs some metal
substances and increases the tire wear estimation. Verification with long-term experiments
may be useful to elucidate these relations.

4. Conclusions

Every driver knows that there is a certain relationship between tire mileage and
wear. We developed a method to estimate tire mileage and wear status that enables users
to understand tire usage easily. This method uses magnetic force to estimate tire wear.
Tire manufacturers use carbon nanotubes as materials to make tires magnetic through
processing. This method obtains the magnetic field strength value through a Hall sensor.
Considering the relationship between mileage and wear, we propose a mileage estimation
method based on a three-axis sensor to support tire wear estimation. The mileage estimation
uses the longitudinal axis, the radial axis data, and the tire circumference. The distance
traveled is estimated from the longitudinal information. To ensure the correctness of the
vertical axis data, the radial axis information is used for verification. The dynamometer is
the equipment that verifies the mileage estimation algorithm. Our experiments confirmed
that the average error rate of the proposed method is about 0.6%. The result of the
experiment is that mileage information is reference information.

Considering tire wear speed and system energy consumption, we developed a control
mechanism to reduce power consumption. Because tire wear is gradual, the tire wear
estimation algorithm does not need to be functioning all the time. The mileage information
is a signal to trigger this mechanism, which can effectively reduce the application’s power
consumption. This mechanism gives application a longer lifetime if the power source is
a battery. The solutions to these problems establish this method as suitable to adopt in
future applications.
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