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Energy harvesting technologies aim to recover wasted mechanical energy and are typically categorized into
piezoelectric, electromagnetic, and electrostatic mechanisms. Among these, piezoelectric harvesters are particularly
appealing due to their structural simplicity, scalability, and high energy density. This study presents a novel vibration-
based piezoelectric energy harvesting system integrated within the spokes of a vehicle wheel to continuously supply
power for autonomous tire sensor systems. The design employs a pendulum embedded inside each spoke that oscillates
during wheel rotation and impacts plates on both sides, thereby exciting the piezoelectric layers mounted on them and
converting vibrational energy into electrical output. Eliminating the use of adhesives and the placement of piezoelectric
plates significantly improve structural integrity, durability, and operational safety compared to conventional
strain-based configurations mounted on the tire’s inner liner. The governing equations were solved and the results were
validated against finite element analyses performed in COMSOL Multiphysics. The proposed configuration achieves
average output power levels exceeding those of previously reported wheel-based designs by factors ranging from 2 to
20,000 while maintaining stable performance within the 20-120 km/h speed range required for Tire Pressure
Monitoring System applications. Genetic algorithm—based optimization further enhanced the performance by 82.27%,
confirming the system’s feasibility for next-generation intelligent tire technologies.
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Fig. 2 Spatial position of the pendulum
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Fig. 4 Impact Energy of the Pendulum with the Blades

(MATLAB)3 355 hlidee (slowepw 13 3955 (5551 ¥ Jguz
Table 2 Impact Energy at Different Vehicle Speeds (MATLAB)

Vehicle Speed (km/h) Impact Energy (m])
20 10.2768
40 10.3566
60 15.1746
80 33.2839
100 54.0183
120 65.6444
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Table 1 System parameters and initial conditions

Parameter Value
Wheel radius R=6cm
Angular velocity of the cylinder w =2.53rev/s
Pendulum length L,=7cm
Mass of the ball m=0.011kg
Acceleration due to gravity g=981"/,
Initial angle 6,=0
Initial angular velocity 6, = 2.53 rad/s
Simulation time interval 1 second
Time step At = 0.001
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Table 3 Geometric Specifications of the COMSOL-Designed Model

Application Area Symbol Value
Inner radius of cylinder Ry 0.05m
Outer radius of cylinder R, 0.06 m
Length of wheel spokes Ly 0.14 m

Length of cylinder L, 0.02 m
Length of pendulum Ly 0.07 m
Radius of sphere n 0.01 m
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Table 4 Impact energies corresponding to various vehicle speeds obtained
from COMSOL simulation

Vehicle Speed (km/h) Impact Energy (m])
20 9.9900
40 10.5493
60 15.8460
80 35.9747
100 53.2620
120 65.5206
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Table 5 Validation and Comparison of Analytical and Numerical
Simulation Results

Vehicle Speed Impact Energy (m]J) ImpactEnergy (mJ) Percentage
(km/h) (MATLAB) (coMsoL) Difference

20 10.2768 9.9900 2.79

40 10.3566 10.5493 1.86

60 15.1746 15.8460 4.42

80 33.2839 35.9747 8.08

100 54.0183 53.2620 1.40

120 65.6444 65.5206 0.19
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Table 6 Comparison of Harvested Energy at Different Speeds Before and
After Optimization and Percentage Improvement

Vehicl
ence Impact Energy (mJ) Impact Energy (m]) Improved
Speed (MATLAB) (optimization) Percentage
(km/h)
20 10.2768 10.9000 6.07
40 10.3566 13.4104 29.46
60 15.1746 27.6126 81.93
80 33.2839 78.5058 135.92
100 54.0183 171.9673 218.39
120 65.6444 79.9685 21.85
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