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Abstract: With the development of intelligent tires, the tire pressure monitoring system (TPMS)
has become a standard safety feature in cars. However, the existing TPMS has limited ability to
monitor tire pressure in real time due to the passive power supply device’s low power output. This
work presents a conceptual design for a novel energy harvester for TPMS (NEH-TPMS) based on
a mechanical structure to recover energy. The motion of the mechanical structure is driven by the
deformation of the tire in contact with the ground. The energy is recovered and released by a spiral
spring to accomplish the functions of power generation and charging. Mathematical models are
created based on the NEH-TPMS’s movements. The simulation results indicate that the NEH-TPMS’s
power generation capacity is greater than that of existing energy harvesters and can satisfy the
TPMS’s power supply requirements. This work uses finite element analysis and hierarchical analysis
to optimize the shape of the NEH-TPMS. The parameters of the spiral spring are optimized using
simulated annealing and genetic algorithms. NEH-TPMS has been enhanced to provide greater
energy storage capacity. Finally, a prototype was built to verify the structure’s feasibility. The
experimental results are consistent with the simulated results. This NEH-TPMS offers an efficient
means of enhancing the power generation efficiency of the passive power supply device for TPMS.

Keywords: intelligent tire; tire pressure monitoring system; energy harvester; passive power supply;
simulated annealing algorithm; genetic algorithm

1. Introduction

Based on the need for environmental protection and sustainable development, it is
crucial to reduce the automotive industry’s energy consumption [1]. The main factors
that affect the fuel consumption of automobiles include lightweight [2], engine thermal
efficiency [3], hybrid technology [4], energy recovery systems [5], and coefficients of wind
resistance [6]. Recovery of braking energy is an essential technology for energy recov-
ery systems.

In addition to the braking energy recovery system, the intelligent tire also recovers
energy from tire movement via the tire collector [7]. This technology not only decreases
the energy waste of the vehicle and offers a green concept [8], but it also plays a crucial
role in enhancing the vehicle’s road safety. The increase in the number of motor vehicles
has led to a significant rise in traffic accidents. The tire is the only vehicle component that
touches the road, and all road disturbances and forces act on the tire [9]. The utilization of
tire sensors for instantaneous evaluation of tire pressure [10], temperature [11], and other
characteristics can greatly improve the stability and safety of vehicles. The TPMS includes
a monitoring module (used to collect and transmit pressure and temperature information),
an energy emission device, and a central processing module. When the TPMS monitoring
module is in sleep mode, the current consumption is approximately 0.21 mA. When it
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is in working mode, the current consumption is approximately 10 mA. The sleep mode
lasts for approximately 2 s, and the working mode lasts for approximately 12 ms, during
which the average current is 0.3 mA, the power supply voltage is 3 V, and the average
power consumption is 0.9 mW. Each sensor has a battery that must be frequently updated
or replenished [12]. Conventional active power supply technologies are inefficient, and
the replacement procedure is tedious and harmful to the environment. This can be solved
by employing the vibration and rotation of the tires to passively and automatically power
the TPMS.

The primary principles of in-tire energy harvesting are piezoelectricity, electromagnet-
ics, and electrostatics. The main principles involved in in-tire energy harvesting include
piezoelectricity, electro-magnetics, and electrostatics. To incorporate piezoelectric materi-
als into the tire, piezoelectric composites, piezoelectric ceramics, piezoelectric fibers, and
similar materials are utilized [13–16]. According to the piezoelectric effect, when the tire
is deformed, the piezoelectric material is distorted by the force to generate an electric
field [17,18]. However, a significant reduction in material characteristics occurs concomi-
tantly with the decrease in resonance frequency. In addition, fragile piezoelectric materials
are poorly suited to their surroundings and are readily broken. Deng [19] et al. have
proposed a triangular cantilever piezoelectric beam power production system utilizing the
higher rotation and vibration frequencies of tires. The device obtains 42–437 µW of energy
in the speed range of 40–120 km/h. It can handle the demand for low-power devices,
but its reaction to low speeds is inadequate. Esmaeeli [20] et al. designed a rainbow-
shaped piezoelectric energy harvester with a peak voltage of 9.7 V and a power of 5.85 W.
Aliniagerdroudbari [21] et al. designed a new geometry of a strain-based piezoelectric
energy harvester based on a cymbal-shaped piezoelectric energy harvester. The device was
simulated and analyzed to have an output voltage of approximately 7 V and a power of
approximately 5 mW. Electromagnetic energy recovery devices convert vibration energy
into an induced voltage in a coil, which can be obtained by the relative movement of the
coil, and the energy can be obtained by the relative movement between the coil and the
magnet or by changing the magnetic field to produce a change in magnetic flux. Tornin-
casa et al. [22] proposed a cylindrical and compact electromagnetic collector that utilizes the
moment of contact between the tire and the ground to generate a substantial acceleration,
which in turn produces energy through the relative movement of the magnet and coil.
Liu [23] et al. proposed, for the first time, a device that uses an iron-gallium alloy (magne-
tostrictive material) as the core material to harvest rotational vibration energy. The results
showed that at an acceleration of 9.6 g and rotational speed of 90 r/min, the harvester can
reach an output voltage of 1.22 V. Nonetheless, general electromagnetic energy recovery
systems are huge and trending toward multi-energy compounding. Typically, electrostatic
energy recovery systems necessitate an external bias voltage to function. Renaud [24] et al.
presented a corrugated electret-based electrostatic energy harvester. When the tire turns,
it causes the mass block to vibrate. This causes the electrical level charge to change, and
the charge flows through a circuit to provide power. Experiments have shown that this
device is capable of recovering between 10 and 50 µW under tire vibration excitation of
energy. Naito [25] et al. developed an electrostatic energy harvester based on the inorganic
insulator SiO2/Si3N4 thin film to be used as an electrostatic energy harvester for electret
materials. The device has an output of 60 mW under the impact vibrations inside the
tire tread.

Due to factors such as tire condition and air tightness environment, the monitoring
module of a passive TPMS typically uses technologies such as magnetic induction, ra-
dio frequency coupling, or self-power supply for information transmission. RFID is the
most common contactless power transmission technology. Ho [26] et.al utilized the RFID
technique to achieve the power supplement and the data transmission. As the vehicle
moves forward, the responder embedded in the tire rotates and connects with the tire. The
responder embedded in the tire rotates and couples with the receiver coil. At the same time,
power and data transmission also take place during this process. The simulation reveals
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that when running at a speed of 10 km per hour, the duration of VDD being greater than 3 V
is longer. However, when running at 30 km per hour, VDD will never be greater than 3 V. It
can be seen from this that the energy provided by this method is limited and inefficient.
Moreover, its effective range is short, and it is susceptible to electromagnetic interference.
It is worth noting that Marti [27] et al. designed a battery-free near field communication
(NFC) tag, which integrates a pressure sensor placed between the bicycle tire and inner tube.
The system does not use a battery as the energy comes from the magnetic field induced by
the reader to establish communication. The experiments showed that the device maintains
a stable 3 V output at a distance of 8 mm from the outer surface of the tire to the card reader.
However, the device carries the risk of puncturing the bicycle tire. Additionally, the TPMS
in cars requires a specific reader to transmit information to the vehicle’s control system,
which is not applicable to this device.

In addition, mechanical energy can also be converted into electrical energy through
nanoscale frictional generators, known as triboelectric nanogenerators (TENGs). Mao [28] et al.
designed an innovative single-electrode TENG (S-TENG), and simulation results showed
that it achieved a maximum instantaneous power of 1.79 milliwatts, with a load resistance
of 10 MΩ. Tani [29] et al. developed a triboelectric nanogenerator (TENG) for smart tires,
which generated a voltage of approximately 14 V after the tire rotated for 15 min at a
speed of 16 km per hour. Friction-based nanogenerators are relatively environmentally
friendly, and they can generate high voltages, but the current generated is very weak.
Friction also generates heat, which causes a loss of energy and affects the efficiency of the
nanogenerators. Moreover, the nanoscale mechanical components are prone to wear and
tear, which can impact their lifespan and performance. Without addressing these issues, it
is difficult for nanoscale frictional generators to serve as stable power sources for TPMS.

Compared to most other power generation devices and methods, the NEH-TPMS has
a higher voltage and power output, ensuring enhanced safety on the road. It is mounted
between the wheel hub and the inner tire surface. The tire’s deformation under pressure
drives the mechanical structure, which collects and releases energy to power the generator.
Moreover, the energy storage element is inserted to store electrical energy. The power
supply target of NEH-TPMS is the sensors in the tire pressure monitoring system. The
sensors in the tire pressure monitoring system typically require low voltage and current
to operate due to their need for extended, reliable operation inside the wheel. Specifically,
the voltage of the sensors is typically between 1.8 V and 5 V, while the current ranges from
1 mA to 10 mA. The NEH-TPMS has a high power generation capacity and efficiency, and
the excess energy can be stored in a rechargeable battery. To evaluate the efficiency of the
NEH-TPMS, a mathematical model is developed based on the NEH-TPMS’s movements.
By simulation analysis, the effect of device parameters on power generation is explored,
and tests are created to further validate the outcomes.

2. Mechanical Design

The NEH-TPMS’s design is made up of a mechanical structure design and an electrical
circuit design. The mechanical structure is designed to convert the linear motion generated
when the tire is pressed against the ground into rotational motion that generates torque.
This results in the rotation of the generator, which generates electricity. The energy storage
and release mechanism of the spiral spring is utilized. This design approach aims to
generate electricity for a certain period of time, even when the tires are not under pressure,
thereby increasing the efficiency of the unit’s power supply. The basic goal of circuit design
is to convert voltage in both positive and negative directions into voltage in the same
direction, and to charge the battery.

2.1. Structural Design

As illustrated in Figure 1, the primary components of the NEH-TPMS are an elastic
steel pipe, tension rope, generator, protective housing, rotating cylinder, planetary gear,
positioning cylinder, coupling, four-point contact ball bearings, shaft, and spiral spring.
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The NEH-TPMS is mounted between the wheel hub and the tire’s inner surface. Six sets
of restraint plates are attached to the hub’s outer surface. As indicated in Figure 2, the
protective housing is attached between two restraint plates. A dowel pin connects one end
of the elastic steel pipe to the outer surface of the hub and the other end to the inner surface
of the tire. The shaft is fixedly attached to the middle of the rotating cylinder, with tension
ropes wound around the outside. The ends of the rope slide through the protective housing
and are fixed to the ends of the elastic steel pipes. One end of the spiral spring is attached
to the exterior of the rotating shaft, while the other end is attached to the interior of the
rotating cylinder. The positioning cylinder is inserted into the inner ring of the four-point
contact ball bearing. One end of the positioning cylinder is linked to the generator, while
the other end is fastened to the central gear output shaft of the planetary gear.
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2.2. Working Principle

As illustrated in Figure 3, when the tire contacts the ground, it compresses the elastic
steel pipe, causing tension on both sides of the rope. This tension produces a pair of force
couples that drive the rotating cylinder in a clockwise direction, which in turn drives the
shaft. The spiral spring, attached to one end of the shaft, tightens as it is pulled. Once the tire
is no longer in contact with the ground, the elastic steel pipe and spiral spring are returned
to their initial positions, allowing the rotating cylinder to rotate counterclockwise. During
repetitive tire rotation, the elastic steel pipe is continuously squeezed and then regains its
deformation. The rope is repeatedly stretched and then relaxed. The repeated clockwise
and counterclockwise rotations of the rotating cylinder cause the generator’s rotor to rotate
continuously, cutting through magnetic lines of induction and generating electricity.
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Figure 3. Working principle of the NEH-TPMS.

The flexibility of the spiral spring increases the take-up and take-down effect of the
tension rope, hence enhancing the energy collection efficiency. The generator’s sinusoidal
electricity is rectified to produce a sinusoidal waveform in the same direction. After passing
through an inductor and capacitor for filtering, a waveform with less voltage variation is
obtained. The filtered signal is routed into the voltage regulator chip to generate direct
current, which is then connected to the charging chip to charge the battery and store
the power. This helps to meet the power requirements of the in-tire sensors for data
transfer in real-time and provides real-time power to the sensor when the tire stops rotating.
This prevents the sensor from being without power for extended periods, allowing it to
continuously monitor the tire’s condition for longer periods. The circuit processing flow is
shown in Figure 4.
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3. Theoretical Models and Parameter Influence Laws

This section presents a detailed analysis of the device’s movement process, which
comprises four key components. Mathematical models have been developed to facilitate
quantitative analysis of each component. The first section focuses on the tire deformation
model, which explains how the tire gets distorted immediately after it comes into contact
with the ground. The second section deals with the process of converting the linear
motion of the tire into the rotating motion of the transmission mechanism, involving
the storage of energy by spiral springs. The generation of generators is discussed in the
third section. The fourth section involves the regulation of the generator’s raw voltage
to direct current, followed by the charging of the battery and storage of electrical energy.
Through the construction of the mathematical models described above, it becomes possible
to gather crucial evaluation data such as the device’s generation capacity and energy
storage efficiency.

3.1. Tire Deformation Model

The models used to describe tire dynamics include the fixed imprint model and the
finite element model [30]. If factors such as temperature, pressure, and velocity are taken
into account, the tire deformation model becomes nonlinear. The focus of this section
is to determine the rules for tire deformation size, deformation speed, and acceleration,
which provide guidance for the lightweight design of the device and the selection of
components. Therefore, numerical accuracy requirements are relatively low. The accurate
value of the maximum displacement of tire deformation can also be obtained through
measurement. Compared to energy harvesters such as piezoelectric devices, the NEH-
TPMS is a mechanically structured energy harvester that is more reliable in motion and less
affected by temperature and pressure. Nonlinear models, such as finite element models,
have higher accuracy but require longer computing time and are mainly used for tire design
rather than vehicle dynamics calculations. Therefore, the fixed imprint model [30], which
is linear, is used in this section. This approach not only presents the changing rules of the
target variables well but also reduces a large number of computations. The fixed imprint
model assumes that the length of the ground contact patch remains constant during vehicle
motion, and the tire is supported by uniform vertical stiffness and damping elements along
the contact patch [31].

The maximum tire deformation variable can be expressed as Equation (1):

δmax =
P
K

(1)

where δmax denotes the maximum tire deformation variable, P is the single tire load, and K
is the vertical stiffness of tire.

Using the geometric relationship depicted in Figure 5, the circumferential angle cor-
responding to the length of the tire’s contact surface with the ground can be expressed
as follows:

α = 2arccos
(

Rt − δmax

Rt

)
(2)

where Rt is the tire radius.
The NEH-TPMS operates during the time period from the generation of deformation

to the recovery of the tire back to its original shape. The NEH-TPMS does not function
when the tire is not in touch with the ground, and the deformation recovers. Hence, a
segmented representation of the tire’s variables is necessary. The relationship between the
cycle time of wheel rotation, T, the NEH-TPMS work time, t′, the vehicle speed, vcar, and
the tire deformation variable, δ (i.e., the elastic steel pipe deformation variable), is given:

T =
2πRt

vcar
× 3.6 (3)
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t′ =
α

2π
× T (4)

δ =

{ Rt−δmax
cos( vcar

3.6 t− α
2 )

0 ≤ t ≤ t′

0 t′ ≤ t ≤ T
(5)

The velocity, vtire, and acceleration, atire, of the tire deformation can be obtained
by differentiation:

vtire =
dδ

dt
(6)

atire =
d2δ

dt2 (7)

The tire type selected for this work is 185/65R4× 5.5, and its parameters are listed
in Table 1. An individual tire load of 4500 N, a vertical tire stiffness of 225,000 Nm, and
a vehicle speed of 50 km/h are assumed. As depicted in Figure 6a, the aforementioned
equation was simulated in MATLAB to produce an image of tire deformation variable in
relation to time. The maximum tire deformation variable is 0.02 mm, and the wheel rotation
cycle time is 0.1357 s. As shown in Figure 6b,c, the peak velocity of the tire deformation
(i.e., the device’s compression deformation) is 5.155 m/s. The maximum acceleration
is 833.1 m/s2, which varies with wheel rotation. Due to the heavy load on the wheels,
the moment of contact between the tire and the ground results in a significant impact
and a fast change in speed and acceleration. In ideal conditions, the gadget operates for
approximately 0.02 s per cycle and intermittently with the rotation of the wheel. This places
stringent requirements on the durability and portability of the NEH-TPMS’s components.
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Table 1. Tire parameters.

Parameters Value

Wheel width (mm) 185
Hub width (mm) 5.5×33.33 = 183.135

Tire height/NEH-TPMS height (mm) 185×0.65 = 120.25
Hub diameter (mm) 14×25.4 = 355.6
Wheel radius (mm) 355.6× 1

2 + 120.25 = 298.05≈300
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3.2. Torque Transfer and Spiral Spring Energy Storage Model

The elastic steel pipe is compressed in the vertical radial direction and stretched in
the horizontal radial direction when the tire makes contact with the ground. Therefore, the
rope is under tension. Utilizing the ANSYS LS-DYNA module [32], the process of pulling
the rope is simulated. Board 1 represents a pressurized tire in contact with the ground. The
cylindrical body imitates the rotating cylinder and the structure of transmission. Board
2 simulates the hub of the wheel. It is assumed that the tire’s contact area with the ground
is rectangular. The following equation describes the relationship between the tire’s radius,
Rt, the length of the rectangular contact, L, and the tire deformation variable, δ:

R2
t =

(
L
2

)2
+ (Rt − δ)2 (8)

because Rt � δ, Equation (9) can be obtained:

L =
√

8Rtδ (9)

This yields an area of 0.0219 m2 for Board 1 in contact with the elastic steel pipe when
the tire deforms to a maximum of 2 cm.

Nylon is utilized for tension ropes, whereas structural steel is utilized for the elastic
steel pipe. After dividing the meshes and setting the constraints, the step size, time, and
downward load for Board 1 are adjusted according to the deformation and period variation
laws derived from Equations (1)–(5). It should be noted that a displacement of 0.02 m
relative to the elastic steel pipe of the NEH-TPMS constitutes a “large deformation”. This is
a nonlinear problem. Therefore, it is necessary to turn on the “large deformation” switch
in ANSYS. A new stiffness matrix is regenerated at each iteration to improve calculation
accuracy. Figure 7 shows a portion of the process.

The relationship between the tension of the rope and time is shown in Figure 8. In
0.008 s, the tire deformation reaches its maximum value. Thus, the rope’s pulling force
grows first and reaches a maximum of 190.8 N. The following expression is given:

Frope = 2.425× 104 × t− 3.116 (10)

At 0.008 s to 0.0169 s, the tire progressively separates from the ground. The tire
deformation returns to zero, and the tension force reduces. During the remainder of a cycle,
the motion performance of the wheel varies, and there are different impacts between the
tire and the ground at different points. This causes the pull force to fluctuate, generating
a certain resistance to the energy released from the spiral spring. Consequently, it is
advantageous to reduce the tension value during the NEH-TPMS’s non-working time
to improve the energy storage effect and power-generating efficiency. Each end of the
rope’s pulling force corresponds to a pair of force couples. Torque is generated through
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the rotation of the cylinder and shaft. Momentum is numerically equal to torque. The
shaft imparts torque to the spiral spring, causing it to contract and store energy. When the
tire leaves the ground, the spiral spring is released and generates a torque in the opposite
direction, satisfying the following relationship:

T =

Frope × D Tighten up
1
2 T2 + K

(
nh −

θ(t)
2π

)
Release

(11)

where D presents the diameter of the rotating cylinder (i.e., the distance between the force
couples), T2 is the maximum output torque of the spiral spring, K is the stiffness factor
of the spiral spring, nh is the number of revolutions during spiral spring recovery, Ispring
is the moment of inertia of the cross-sectional area of the spring, and θ(t) is the angular
displacement function of the rotation of the spiral spring:

θ(t) = ϕ(t) (12)

where ϕ is the angular displacement.
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The selected material for the spiral spring is 55 CrMnA, whose parameters are detailed
in Table 2. The spiral spring’s end is secured to the shaft. An infinitesimally small spring
unit, ds, is taken along the spring’s length, s. The deformation energy of the spiral spring
within the unitary body is dU. When the effective length of a spiral spring is equal to the
entire length of the curve, l, the spring’s deformation energy, U, is derived by integrating
it throughout the entire length of the curve. After achieving its maximum deformation,
the spiral spring releases its stored energy and pushes the shaft in a counterclockwise
direction [33]. The equation below describes the energy of a spiral spring:

dU =
T2ds

2EIspring
(13)
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U =
∫ l

0
dU =

∫ l

0

T2

2EIspring
ds =

T2l
2EIspring

(14)
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Table 2. Spiral spring parameters.

Symbol Parameters Value

E Elastic modulus (Gpa) 197
σb Tensile strength (Mpa) 1653
ρ Density

(
kg/m2 ) 7800

h Thickness (mm) 1.2
b Width (mm) 30
l Length (mm) 544.7

d1 Shaft core diameter (mm) 8
D2 Spring box diameter (mm) 45

Figure 9a illustrates the simulation conducted in MATLAB using the aforementioned
equation. In a single cycle, the torque grows, then falls, then increases in reverse, then
decreases again, eventually reaching a maximum value of 9544 Nm. The spiral spring is
subjected to torque, which causes it to tighten and store a peak energy of 29.15 J. At this
point, the tension rope turns the cylinder and shaft, which are also revolving. When the
spiral spring is twisted as tightly as possible, its speed gradually increases to a maximum
of 2642 r/min. As the tire leaves the ground, the spiral spring begins to deplete its stored
energy until it reaches zero, propelling the shaft in the other direction. At the present time,
the maximum speed is 2027 r/min. The spiral spring has an energy storage capacity of
76.72%. Figure 9b,c illustrates the relationship between spiral spring energy, shaft speed,
and time.
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3.3. Micro-Generator Model

The above-described mechanical movement mechanism drives the micro-generator.
The NEH-TPMS converts the kinetic energy of mechanical movement into electrical energy.
The prime mover sets the rotor of the generator in motion, and the motion of the cutting
magnetic field creates a counter potential in the copper wires of the armature winding.
An armature current flows when an external circuit is connected to the ends of the motor
winding. The mechanical motion equations are as follows:

J
d
dt

ω = TL − Te (15)

where J denotes the motor rotational inertia, TL is the torque output from the prime mover
and the mechanical torque on the generator shaft, and Te is the motor electromagnetic
torque, which is expressed as follows:

Te = Ki I (16)

where Ki is the motor torque constant and I is the motor winding current. The voltage
equation is as follows:

L
dI
dt

= E− Rα I −U (17)

where L represents the motor winding inductance, E is the motor winding counter potential,
Rα is the motor winding resistance, and U is the motor winding terminal voltage. The
motor winding counter potential, E, expression is:

E = Cvω (18)

where Cv denotes the back electromotive force constant and ω is the mechanical speed of
the motor rotor.

The selected device for this work is a miniature DC permanent magnet generator. The
load resistor used in this work is 30 Ω, which is approximately the same as the internal
resistance of the micro-generator. The model of the micro-generator was simulated with
MATLAB/Simulink. The relationship between the speed and time in Figure 9c was input
to obtain an image of the micro-generator voltage with time, as shown in Figure 10. During
the squeezing of the NEH-TPMS, the generator generates power in a positive direction.
When the maximum deformation is reached, the voltage peaks at 13.28 V. The NEH-TPMS
recovers from the deformation, and the spiral spring releases its stored energy, causing
the shaft to rotate in the opposite direction and the generator to produce electricity in the
opposite direction. Finally, the positive and negative voltage in both directions is rectified
to convert the voltage to a single direction.
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3.4. Steady-State Voltage and Li-Ion Battery Charging Model

It is assumed that the initial speed and current of the generator are zero. If the prime
mover rotates the generator, the generator shaft accelerates and a counter potential is
generated in the armature winding. If both ends of the winding are linked to a circuit, the
armature winding produces current and the generator produces electromagnetic torque.
Currently, the electromagnetic torque is less than the mechanical torque of the primary
mover. The motor shaft continues to accelerate, while the armature winding counter-
potential continues to rise. The winding terminal voltage and current continue to increase
until the mechanical torque and generator electromagnetic torque are of equal magni-
tude. The generator operates at a constant speed and achieves steady-state operation. In
steady-state operation, the counter potential, terminal voltage, and current of the armature
windings are stable. With the mechanical movement, there are various frictional losses,
iron consumption, and eddy current losses in the generator windings.

Because the mechanical torque of the input prime mover is not constant, the speed
is variable, resulting in a variable counter potential and end voltage. The variable DC
generator output voltage results in dangers and losses. To ensure consistent DC generator
power, a large capacitor filter must be connected in parallel to both ends of the DC generator.
With the inclusion of the capacitor filter circuit, the output waveform transforms smoothly,
and the output voltage rises proportionally. When the load resistance is infinite, there is
no discharge channel and the capacitor’s voltage does not decrease. The discharge time
decreases as the load resistance decreases.

The capacitor is charging when the voltage at the generator end is greater than that at
the capacitor end. When the generator’s voltage is less than the capacitor’s voltage, the
capacitor is discharged through the load, releasing energy to the load. This is repeated to
obtain a steady DC voltage at the load. The voltage of the generator is then adjusted, as
depicted in Figure 11. Ten time cycles are selected, and the voltage is stabilized between
14 V and 16 V. The average power generation remains stable at around 0.6 W.
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Figure 11. Simulation results after voltage regulation: (a) The relationship between time voltage;
(b) The relationship between power and time.

Changes in resistance value caused by temperature and internal chemical processes
are ignored. A resistor with a constant value, R, is employed to equalize the ohmic and
polarization resistances. The resistor, R, has dissipated all losses within the battery as heat.
In other words, the battery is analogous to a huge capacitor and resistor connected in series.
The expression for the state of charge, SOC, is then as follows.

SOC = 1−
∫

idt
Qc

(19)

where i is the battery current. Discharge is positive and charge is negative. Qc is the
battery capacity.
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The NEH-TPMS generates more voltage than the lithium battery for constant voltage
or constant current charging of the lithium battery; a Buck circuit [34], as depicted in
Figure 12, is necessary.
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Figure 12. Analysis of Buck converters and the operating states: (a) The Buck converters; (b) Switch
in on state [t, t + DTs]; (c) Switch in off state [t + DTs, t + Ts].

The trigger pulse controls whether the switching tube is on or off. Varying switching
times result in distinct duty cycles, which in turn give distinct output voltages. Simultane-
ously, the switching tube is on and a reverse voltage is applied to the diode, simulating a
break. The power supply serves the load, while the inductor continually stores energy. The
switching tube is turned off, and the inductor supplies the load with energy. The current is
maintained by the diode. Due to capacitance’s role in the process, the voltage at both ends
of the load produces a specific charging and discharging process. It is assumed that the
inductor is sufficiently large, meaning that the current is continuous.

When the Buck converter reaches steady state, the expression is as follows:

〈vL|(t)〉Ti = L
i(t + Ts)− i(t)

Ts
= 0 (20)

where vL represents the inductor voltage and Ts is the control time. This results in the
following relational equation:

〈vL|(t)〉Ti =
1
Ts

∫ t+Ts

t
vL(t)dt =

1
Ts

[∫ t+DTs

t
vL(t)dt +

∫ t+Ts

t+DTs
vL(t)dt

]
= VgD−V (21)

where D denotes the duty cycle, Vg is the input voltage, and V is the output voltage. The
steady-state voltage transfer ratio can be expressed as Equation (22):

V
Vg

= D (22)

If switching losses are omitted, the input and output power balance of the Buck
converter has the following equation:

Vg Ig = VIo (23)

where Ig represents the input current and Io is the output current. Thus, the following
relationship is obtained:

Ig = DIo (24)

The simulation results show that the battery starts charging from the fifth second. As
demonstrated in Figure 13a, because the generating voltage is unstable, the battery voltage
and current are likewise unstable following the Buck circuit. The charging battery voltage
swings by approximately 1.4 V, which is detrimental to the battery. As shown in Figure 13b,
a capacitor is therefore connected in parallel at both ends of the battery to absorb the ripple
and obtain the charging voltage. The charging voltage is constant at approximately 11.82 V,
and the ripple fluctuates within a range of 0.065 V up or down. At this moment, the battery
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is no longer harmed by the charging voltage, which has become more stable. The changes
in charging current and SOC are depicted in Figure 13c,d.
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Table 3 summarizes the values of voltage and average power for several different
types of energy harvesters. NEH-TPMS has a similar or slightly larger mass and volume
compared to the other harvesters. From the table, it can be seen that NEH-TPMS has
higher peak voltage and average power. The average power has reached several hundred
milliwatts. Although its peak voltage is not as high as that of TENG, it does not suffer from
the same drawback of having too small a current, sometimes as low as a few milliamperes.
As shown in Figure 13c, NEH-TPMS has a stable output voltage and a current that is not
too small, even during the typical driving speeds of a car.

Table 3. Comparison of power generation capacity for energy collectors.

Number References Harvester Type Voltage Power

1 1 Elfrink [35] Piezoelectric / 42 µW

2 2 Aliniagerdroudbari
[21] Piezoelectric 7 V 5 mW

3 3 Liu [23] Electromagnetic 1.22 V 8.27 mW
4 4 Miao [36] Electromagnetic <3 V 13.13 mW
5 5 Naito [25] Electrostatic / 60 µW
6 6 Wu [26] RFID 3 V /
7 7 Mao [28] TENG <10 V 1.79 mW
8 8 Tani [29] TENG 14 V /
9 9 This work Mechanical 13.28 V 0.6 W

1 The voltage and average power were obtained under the conditions of a driving speed of 70 km/h. 2 The voltage
and average power were obtained under the conditions of a driving speed of 41 km/h and a load of 4 MΩ. 3 The
voltage and average power were obtained under the conditions of a rotational speed of 50 r/min and a load of
45 Ω. 4 The voltage and average power were obtained under the conditions of a driving speed of 10.14–26.8 km/h
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and a load resistance of 24 Ω. 5 The voltage and average power were obtained under the conditions of a driving
speed of 60 km/h and a load resistance of 5 MΩ. 6 The voltage and average power were obtained under the
conditions of a driving speed below 10 km/h and a load resistance of 2000 Ω. When driving exceeds 10 km/h,
the voltage drops below 3 V. 7 The voltage and average power were obtained under the conditions of a driving
speed of 0.3 m/s and a load resistance of 10 megaohms. As the resistance increases to 100 MΩ, the peak voltage
increases from a few volts to nearly 700 V. However, the current decreases from 8 mA to 2 mA. 8 The voltage and
average power were obtained under the conditions of a driving speed of 16 km/h for 15 min and a load resistance
of 10 MΩ, equivalent to obtaining 1 mJ of energy. 9 The voltage and average power were obtained under the
conditions of a driving speed of 50 km/h and a load resistance of 30 Ω.

4. Optimal Design of NEH-TPMS

The tension imposed by the elastic steel pipe on the tension rope when the NEH-TPMS
is compressed in the tire is a crucial factor in determining the quantity of power generated
by the generator. Consequently, the influence on power generation can be investigated
by altering the shape of an elastic steel pipe subjected to the same pressure. The optimal
shape of the elastic steel pipe is determined by combining multiple parameters, such as the
NEH-TPMS’s lightweight and the subsequent mechanical transmission’s efficiency. When
the generator is reversed, the energy storage capacity and storage efficiency of the spiral
spring determine the size and efficiency of the power generation. This is mostly determined
by the spiral spring’s composition and size. This chapter focuses on optimizing the size of
the spiral spring to increase the energy storage efficiency of spiral springs, thus improving
the efficiency of power generation.

4.1. Elastic Steel Pipe

Three types of flexible steel pipes that have uniform width, height, and downward
pressure distance across their sections were designed. The steel pipes come in three different
shapes, referred to as Shape 1, Shape 2, and Shape 3. The rounded corners of the three
shapes of steel pipes gradually decrease in size at the connection with the pulling rope, as
shown in Figure 14.
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Figure 14. Three different shapes of elastic steel pipes.

The graphics in Figure 15 were generated from simulations conducted using ANSYS.
In the initial stage of tire deformation, the three shapes exert comparable pulling forces.
However, at maximum deformation, Shape 1 exerts a pulling force of 196.4 N, while Shape
2 and Shape 3 exert pulling forces of 190.80 N and 172.8 N, respectively. The drawing force
induced by the rope increases as the angle of rounding between the rope and the steel
pipe increases. As the tire recovers its deformation, the pulling force of Shape 2 gradually
returns to zero. However, Shape 1 and Shape 3 generate greater oscillation, which poses a
greater barrier to the spiral spring’s release.

The shape of the elastic steel pipe must be selected with consideration for the pipe’s
quality. The tensile force on the rope after deformation under pressure and the quantity
of resistance generated during the recovery of the deformation must also be considered.
It is essential to ensure that the spiral spring can release energy in the opposite direction
in a stable manner. As demonstrated by the above analysis, the greater the strain on
the rope, the higher the shaft speed and the larger the power produced by the generator.
However, a lower resistance is better for the spiral spring to release energy in the opposite
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direction, increasing the shaft speed and generating more power in the opposite direction.
As demonstrated by the study in Section 3.1, the NEH-TPMS should be constructed as
light as feasible while taking into account the first two parameters. This is a multi-factor,
comprehensive, semi-qualitative, and semi-quantitative selection and ranking problem.
Hence, a hierarchical analysis is used to analyze three shapes of flexible steel pipes and
determine the best appropriate pipe shape. There is an assumption that the evaluation
criteria outlined in the text are reasonable. The factors considered are, in order, the mass
of the steel pipe, the resulting tension, and the resulting resistance, creating the hierarchy
diagram shown in Figure 16. The first layer is the target layer, where the optimal shape
of the flexible steel pipe is chosen. The second layer for the three factors evaluated is the
criterion layer. The third layer is the solution layer, which consists of Shapes 1, 2, and 3.
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4.1.1. Construction of the Comparison Matrix

Based on the assumptions, a two-by-two comparison matrix, A, of the criterion layer
C to the target layer O is constructed:

A =

1 1
5

1
6

5 1 1
2

6 2 1

 (25)

Comparison matrix B1 is shown in Equation (25):

B1 =

1 3 4
1
3 1 1

2
1
4 2 1

 (26)
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Comparison matrix B2 is shown in Equation (26):

B2 =

1 1
5

1
3

5 1 3
3 1

3 1

 (27)

Comparison matrix B3 is shown in Equation (27):

B3 =

1 1
6

1
3

6 1 4
3 1

4 1

 (28)

4.1.2. Calculation of the Weight Vector and Consistency Test for Hierarchical
Single Ranking

The maximum eigenvalue, λ = 3.209, of matrix A is compared, which corresponds to
the normalized eigenvector ω:

ω = [0.081 0.342 0.577] (29)

With the consistency indicator, CI = 0.015, and the stochastic consistency indicator,
RI = 0.580, the consistency ratio, CR, can be obtained by Equation (30):

CR =
CI
RI

=
0.015
0.580

= 0.026<0.1 (30)

This indicates that A passes the consistency test.
For the pairwise comparison matrix, B1, B2, B3, the weight vector of the total hierar-

chical ranking can be found and tested for consistency, as shown in Table 4.

Table 4. Calculation results of the third level to the second level.

Symbol Value

ω 0.081 0.342 0.577

ωk

0.630 0.151 0.091
0.151 0.637 0.691
0.218 0.258 0.218

λk 3.0108 3.039 3.054

CIk 0.054 0.019 0.027

RIk 0.580 0.580 0.580

4.1.3. Calculation of the Hierarchical Total Ranking Weights and Consistency Tests

The weights assigned to the overall objectives are shown in Equation (31):

0.630× 0.081 + 0.151× 0.342 + 0.218× 0.577 = 0.140 (31)

Similarly, the weights of B2 and B3 on the total objective are 0.609 and 0.232, respec-
tively, so that the weight vector of the decision level on the total objective is as follows:

[0.140 0.690 0.232] (32)

The result of the consistency test is shown in Equation (33):

(0.140× 0.054 + 0.690× 0.019 + 0.232× 0.027)
0.58

= 0.054 < 1 (33)
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The overall hierarchical ranking passes the consistency test and may be used as the
final criterion. The weight ordering of the options is B2 > B3 > B1, so the final decision
should be Shape 2.

4.2. Optimal Design of the Spiral Spring
4.2.1. Mathematical Model

The thickness, width, length, core diameter, and spring box diameter of the spiral
spring are taken as the decision variables, which can be expressed as follows:

X = [h b l d1 D2]
T = [x1 x2 x3 x4 x5]

T (34)

The NEH-TPMS’s motion parameters vary drastically, and its light weight is the
primary optimization target. Likewise, the energy stored in the spiral spring determines
the NEH-TPMS’s power generation efficiency. Based on a uniform energy storage density, a
light mass, and a small volume, the objective function of the spiral spring is consequently to
obtain the highest amount of stored energy. The volume of the spiral spring is divided into
a solid volume and a space volume. The solid volume can be expressed as Equation (35):

f1(X) = hbl +
πd2

1
2

b = x1x2x3 +
πx2

4
2

x2 (35)

The space volume can be expressed as Equation (36):

f2(X) =
πD2

2
4

b =
πx2

5
4

x2 (36)

It follows that it is a multi-objective optimization problem. The three objective func-
tions are min f1(X), min f2(X), and min f3(X). The weighting factors are β1 = β2 = 0.25
and β3 = 0.5. The objective function is given:

min f (X) = 0.25 f1(X) + 0.25 f2(X)− 0.5 f (37)

Constraint 1: The spiral spring is installed on the rotating cylinder. One end is attached
to the rotating cylinder’s inner surface, while the other end is attached to the shaft. The
size of the springs is listed in Table 5.

Table 5. Range of dimensions for spiral springs.

Parameters Value Range

h (mm) 0.65~2.5
b (mm) 10~50
l (mm) 300~800

d1 (mm) 2~20
D2 (mm) 50~100

The expression for Constraint 1 can be shown in Equation (38):

g1(X) = x1 − 0.65 ≥ 0
g2(X) = 2.5− x1 ≥ 0
g3(X) = x2 − 10 ≥ 0
g4(X) = 50− x2 ≥ 0
g5(X) = x3 − 300 ≥ 0
g6(X) = 800− x3 ≥ 0
g7(X) = x4 − 2 ≥ 0
g8(X) = 20− x4 ≥ 0
g9(X) = x5 − 50 ≥ 0
g10(X) = 100− x5 ≥ 0

(38)



Machines 2023, 11, 562 19 of 27

Constraint 2: The torque generated by the tension rope pulling the rotating cylinder
and the shaft rotation shall be less than the limit torque of the spiral spring. As a result, the
following relationship can be obtained:

Tmax ≤ Tj =
bh2

6
σb (39)

The expression for Constraint 2 can be shown in Equation (39):

g11(X) =
x2x2

1
6
− Tmax � 0 (40)

Constraint 3: The number of active working turns of the spiral spring is 5.
The expression for the inner diameter, D1, of the spring coil when the coil is loose is

given as:

D1 =

√
D2

2 −
4lh
π

(41)

The expression for the outer diameter, d2, of a spring coil wound on an arbor is
as follows:

d2 =

√
4lh
π

+ d2
1 (42)

The expression for the number of turns, N1, in the un-torqued state of the spiral spring
is as follows:

N1 =
1

2h
(D2 − D1) (43)

The expression for the number of turns, N2, of the spiral spring wound on the mandrel
is as follows:

N2 =
1

2h
(d2 − d1) (44)

The expression for the number of effective working turns, Ne f f ective, of a spring is
as follows:

Ne f f ective = K4(N2 − N1) (45)

where K4 is the effective coefficient. The expression for Constraint 1 can be shown in
Equation (46):

g12(X) = K4

[
1

2x1

(√
4x3x1

π
+ x2

4 − x4

)
− 1

2x1

(
x5 −

√
x2

5 −
4x3x1

π

)]
(46)

4.2.2. Intelligent Algorithmic Design

For optimizing the aforementioned models, both simulated annealing and genetic
algorithms are employed [31]. The simulated annealing approach is founded on the
resemblance between the solids annealing process and a broad combinatorial optimization
problem. It extends the local search algorithm, and it can select with a certain probability the
state in the domain where the objective function’s value is reasonably high to approximate
the global optimal solution. The solution to a problem is represented by genetic algorithms
as an evolutionary process of “chromosomal” survival of the fittest. By selection, crossover,
and mutation, the development of this population from generation to generation converges
on the ‘best-adapted’ individual. This results in the best possible solution to the problem.
Table 6 displays the structure of the two algorithms.
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Table 6. Simulated annealing algorithm and genetic algorithm design process.

Step Simulated Annealing Algorithm Genetic Algorithm

Step 0

Set the parameters in the simulated annealing
algorithm.
(1) Initial temperature To = 800
(2) End temperature Tend = 10−2

(3) Chain length L = 100
(4) Cooling rate q = 0.9
(5) count = 0

Set the parameters in the genetic algorithm.
(1) Initial population size N = 200
(2) Probability of variation Pm = 0.05
(3) Probability of crossover Pc = 0.9
(4) Number of evolutionary generations
(5) G = 200
(6) count = 0

Step 1 count = count + 1 count = count + 1
Current population size n = 0

Step 2

Generate initial solutions within a reasonable range
of the five decision variables. Determine if the
decision variables can satisfy the constraints at this
point. If they do, go to Step 3, otherwise, repeat
Step 2.

Generate an initial solution within the range of values of
the five decision variables. Determine if this initial
solution satisfies the constraints. If it does not, repeat
Step 2. If it does n = n + 1. If at this point n < N, repeat
Step 2, otherwise go to Step 3.

Step 3

Change a random decision variable in the initial
solution to be the new solution. Determine if the
new solution satisfies the constraints at this point. If
it does, go to Step 4, otherwise repeat Step 3.

Crossover according to the probability of Pc and swap
the random one decision variable in the two
chromosomes. Determine if the new solution satisfies
the constraint. If it does, go to Step 4, otherwise repeat
Step 3.

Step 4

Calculate the objective function of the initial solution
and the new solution at this point and accept the
new solution according to the Metropolis criterion. If
count is equal to L, make count equal to zero. Repeat
from Step 1 to Step 4.

The variation is carried out according to the probability
of Pc. Randomly change the value of a decision variable.
Determine if the new solution satisfies the constraint. If
it does, go to Step 5, otherwise repeat Step 4.

Step 5 Annealing. Exit the cycle if conditions are met. For the number of solutions at this point, the solutions
are selected according to the roulette wheel method.

Step 6 If count < G, go to Step 1, otherwise exit the genetic
algorithm step.

4.2.3. Solutions of the Model

MATLAB was used to program the answer for the aforesaid model and algorithm.
Figure 17 depicts the goal function as a function of the number of iterations. The ideal
solution of the procedure for simulated annealing is as shown below:

X1 = [0.8654, 46.3670, 797.8142, 19.0988, 50.0713] (47)
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The optimal solution of the genetic algorithm is as follows:

X2 = [0.8728, 49.5455, 799.9986, 19.2011, 50.0001] (48)

The optimal solutions of the two algorithms and the initially given parameters are
brought into Equation (14). Figure 18 depicts the image of the energy storage of the spiral
spring. The evolutionary algorithm-based optimal solution yields a peak energy storage of
73.66 J. The algorithm for simulated annealing yields a peak energy storage of 63.38 J for
the ideal parameters of the spiral spring. This is a substantial increase in comparison to the
energy storage before optimization. The ideal option found by the evolutionary algorithm
enhances the energy storage capacity of the spiral spring by almost a factor of 2.5.

Machines 2023, 11, x FOR PEER REVIEW 22 of 29 
 

 

4.2.3. Solutions of the Model 

MATLAB was used to program the answer for the aforesaid model and algorithm. 

Figure 17 depicts the goal function as a function of the number of iterations. The ideal 

solution of the procedure for simulated annealing is as shown below: 

=   1
X 0.8654,46.3670,797.8142,19.0988,50.0713 , (47) 

The optimal solution of the genetic algorithm is as follows: 

=   2
X 0.8728,49.5455,799.9986,19.2011,50.0001 , (48) 

 

  
(a) (b) 

Figure 17. Iteration results: (a) Simulated annealing algorithm iteration result; (b) Genetic algorithm 

iteration result. 

The optimal solutions of the two algorithms and the initially given parameters are 

brought into Equation (14). Figure 18 depicts the image of the energy storage of the spiral 

spring. The evolutionary algorithm-based optimal solution yields a peak energy storage 

of 73.66 J. The algorithm for simulated annealing yields a peak energy storage of 63.38 J 

for the ideal parameters of the spiral spring. This is a substantial increase in comparison 

to the energy storage before optimization. The ideal option found by the evolutionary 

algorithm enhances the energy storage capacity of the spiral spring by almost a factor of 

2.5. 

 

Figure 18. Comparison of energy storage in spiral springs. 

  

Figure 18. Comparison of energy storage in spiral springs.

5. Experimental Verification

The purpose of this experiment is to verify the feasibility of the structural design
principle and to investigate whether the power generation of the prototype can meet the
simulation requirements. Therefore, under the premise of obtaining the rules of parameter
changes, the experiment is designed with low cost and easy operation as much as possi-
ble. There are three simplified schemes for the experimental design, and the reasons are
as follows:

(1) In the concept design of NEH-TPMS, the elastic steel pipe will undergo deformation
in both vertical and horizontal directions due to the load of the tire, and the load of
the car is usually large. By placing weights to simulate the tire load, the experiment
becomes more convenient and easier to operate.

(2) As an important energy storage and transmission component in the concept design of
NEH-TPMS, the coil spring is scaled up proportionally based on the optimized size in
Section 4.2 for ease of production and replacement.

(3) During the operation of the device, the material of the elastic steel pipe has high
requirements and needs to be easy to deform while maintaining a certain stiffness
and fatigue strength. Considering the cost, a lifting structure that can achieve both
vertical and horizontal movements is used to replace the elastic steel pipe’s deforma-
tion process.

The experimental setup, as shown in Figure 19, mainly consists of the NEH-TPMS
prototype, a voltage and current acquisition module, and a display module. The structure
of the NEH-TPMS prototype is shown in Figure 20. Initially, the weight is placed on
the load table. A force gauge is also supplied for recording the weight’s specific gravity.
The object exerts downward pressure on the load table, simulating the process of a tire
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being compressed by the earth. At this stage, the lifting structure is compressed vertically
and stretched horizontally, replicating the process of elastic steel pipe deformation under
pressure. This pulls the rope, which turns the shaft. Simultaneously, the spiral spring is
tightened to begin storing energy while the generator produces power. After the load is
removed, the load table returns to its original location, restoring the length of the lifting
structure to its original value. The energy released by the spiral spring propels the generator
to produce electricity in reverse.
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The voltage and current acquisition module mainly collects voltage through the ADC
circuit and current through current sensors. Due to the opposite direction of motion
during the lifting and lowering processes of the lifting mechanism, there are two voltage
polarities. The acquisition module only collects the voltage generated during the descent
process of the lifting mechanism. During this process, the generator rotates in the forward
direction, generating positive voltage. Finally, the upper computer is designed to display
the measured values of voltage and current on the computer screen.

The horizontal displacement distance of the lifting structure was adjusted, while all
other variables were kept constant. This replicates the variation in horizontal displacement
distance caused by the application of pressure to various geometries of elastic steel pipes.
This results in variations in the resulting tension, shaft torque, and the amount of power
generated by the generator. The process of positive power generation is chosen to evaluate
the device’s power generation based on the voltage of the generator. The horizontal dis-
placement ranges between 0 mm and 1.6 mm. Figure 21 displays the outcomes. More power
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is generated when the horizontal displacement of the lifting mechanism of the experimental
gadget increases. When horizontal displacement reaches 1.6 mm, the generator voltage is
0.87 V. The simulation results correspond to the alteration of the experimental structure’s
appearance, and the simulation value is marginally greater than the experimental value.
The generator’s simulated voltage at 1.6 mm horizontal displacement is greater than 1 V.
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However, this experiment also has certain limitations:

(1) The loading of weights cannot simulate the instantaneous compression of the device
by the tire, and the simulation of the tire’s movement speed is lacking.

(2) There is a lack of research and validation on the material selection and processing
technology of the elastic steel tube.

(3) The prototype’s size and weight are larger than the ideal design and can only verify
the numerical law. There is also some room for improvement in the accuracy of
the data.

The above limitations will affect the adaptability of the device to the tire in practical
use. For example, when facing different types of cars and tire models, the optimized size
parameters of the device will also be different. The fixation method and tightness between
the device and the hub and tread surface also need to be further analyzed and researched.
At the same time, the effects of different driving speeds, loads, and road roughness on the
predicted lifespan and wear rate of the components will also have some impact. In reality,
the impact generated by the contact between the tire and the ground is constantly changing
in magnitude, which poses a significant challenge for the use of components.

To address the above limitations, this work proposes the following improvements:

(1) The NEH-TPMS will be further designed to be lightweight. Currently, the simulated
annealing algorithm and genetic algorithm are used to optimize the helical spring to
achieve the best energy storage effect in the smallest volume possible. This approach
can reduce the weight of the device and improve its adaptability when installed in
vehicles. However, other components also need to be optimized, and materials need
to be carefully considered.

(2) The dynamic balance of the device during tire movement will be considered. As the
vehicle continues to move, additional mechanical loads are added to the transmission.
Over time, this can cause wear and reduced efficiency. Therefore, further analysis of
the dynamic balance of the device is necessary.

(3) Real-world testing will be conducted. Long-term and extensive practical test data will
be collected to better evaluate the practicality of the device.

Overall, the focus of this experiment was to verify the feasibility of the concept design
in principle. The simplified approach used in the experiment makes it convenient to operate,
the structure easy to produce, and the cost relatively low. However, there are also some
limitations that require further research in future work.
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6. Conclusions

This work proposes a novel energy harvester to achieve the passive and efficient power
supply function for tire pressure monitoring systems. Under the continuous and repetitive
operation of the tire, the elastic steel pipe is continuously compressed and returned to its
former shape, and the rotor is driven to revolve following the forward and reverse rotation
of the rotating cylinder to generate power from the generator. This assists in meeting the
power needs of the tire sensors. The spiral spring is continuously stretched and contracted.
After the elastic deformation happens and the force disappears, the spiral spring’s stored
spring force is released, and the spring returns to its initial state. The flexibility of the spiral
spring can be employed to increase the efficiency of energy collecting and power generation
by enhancing the effect of pulling and releasing the rope. To explore the effect of numerous
elements on the efficiency of power generation and energy storage, mathematical models
were constructed to replicate the movement of the tires. After optimizing the design, it was
verified by tests. The following conclusions were obtained.

(1) At a tire load of 4500 N/m and a speed of 50 km/h, the original generator’s output
voltage peaks at 13.28 V. The average power generation remains stable at approxi-
mately 0.6 W. The battery is charged and the voltage is stabilized at roughly 11.82 V
after voltage stabilization. The spiral spring has a peak energy storage capacity of
29.15 J and an energy storage efficiency of 76.72%. Due to the enormous instantaneous
impact of the tire’s contact with the ground, the device’s lightweight and durability
are of more significance.

(2) Using finite element analysis, the shape of the elastic steel pipe is optimized. The
simulation reveals that the tension rope exerts a stronger pulling force the larger
the rounded angle of the connection between the tension rope and the steel tube.
There is no discernible correlation between the size of the fillet and the amount of
resistance generated when the device operates in reverse. Using hierarchical analysis
to compare the weights of the three sets of designs presented in this thesis, Shape 2
was determined to be the best option.

(3) Using a simulated annealing technique and a genetic algorithm, the parameters of
a spiral spring are tuned. The optimal solution of the genetic algorithm calculates a
greater energy storage capacity than the simulated annealing approach and boosts
the spiral spring’s energy storage capacity by a factor of approximately 2.5.

(4) The experimental device simulates the elastic steel pipe through a lifting mechanism.
As the horizontal displacement of the lifting mechanism increases, more power is
generated. The simulation results are consistent with the experimental results. This
experiment effectively verifies the feasibility of the NEH-TPMS conceptual design
in principle.

(5) Compared to other passive power supply devices, this NEH-TPMS generates signifi-
cantly more energy. The energy storage efficiency is high and can support a real-time
tire pressure monitoring system. NEH-TPMS requires high material properties for
important components such as elastic steel pipes and tension ropes. During tire
motion, the forward and backward power generation processes become more compli-
cated. Resistance of the tension rope, the gravity of the rotating cylinder, and other
components affect the generating efficiency.

(6) In practice, the temperature and pressure of tires can change at any time. Compared
with friction-based nanogenerators and piezoelectric energy harvesters, the mechani-
cal structure-based energy harvester is more reliable and less affected by temperature
and pressure. Under different road conditions and driving conditions of vehicles,
instantaneous impact forces or long-term cyclic alternating forces will be generated,
which will cause wear or damage to the components. Therefore, it is crucial to conduct
dynamic balance analysis, stress analysis, fatigue strength analysis, and testing of the
components. Compared with other forms of energy harvesters, NEH-TPMS is more
prone to increase the rolling resistance of the tire to a certain extent, which affects the
tire performance and service life. This is also the reason why lightweight design has
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been emphasized. In the future, NEH-TPMS will mainly face the following challenges:
Firstly, to achieve lightweight design to the maximum extent while ensuring a certain
service life and working efficiency. Secondly, to ensure that the device has good
adaptability to different environments, road conditions, and vehicle motion processes.

(7) The components of NEH-TPMS are relatively common. However, due to the special
working environment, the material requirements for elastic steel tubes and torsion
coil springs, as well as the processing technology requirements for the entire device,
are high, making it difficult to use at a low cost. However, with the popularity of
tire pressure monitoring systems, the demand for accessories related to passive tire
pressure systems will increase. After continuous optimization and testing, when
the technology is mature and widely used, the cost will gradually decrease. In this
process, the combination sales strategy with TPMS sensors is also crucial.

(8) NEH-TPMS uses the deformation of elastic steel pipes to convert the compression of
the tire into the power transmitted by the device, rather than relying on mechanical
transmission forms such as gears and racks. This is conducive to reducing wear and
better adapting to sudden braking of the vehicle or instant impact on rough road
conditions. This work optimizes the design of NEH-TPMS to minimize its weight
and volume while ensuring maximum power generation. This makes it easier to
install NEH-TPMS in the tire and reduces the resistance generated by additional
mechanical structures.

This work offers a solution for increasing the efficiency of passive power supply units
for tire pressure monitoring systems and the ability to significantly improve the current
power supply problem for tire pressure monitoring systems.
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