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Abstract
Piezoelectric energy harvesting is gaining popularity as an eco-friendly solution to harvest energy from tire deformation for 
tire condition monitoring systems in vehicles. Traditional piezoelectric harvesters, such as cymbal and bridge structures, 
cannot be used inside tires due to their design limitations. The wider adoption of renewable energy sources into the energy 
system is increasing rapidly, reflecting a global attraction toward the utilization of sustainable power sources (Aljendy et al. in 
Int J  Power Energy Convers 12(4): 314–337, 2021; Yesner et al. in Evaluation of a novel piezoelectric bridge transducer. In: 
2017 Joint IEEE International Symposium on the Applications of Ferroelectric (ISAF)/International Workshop on Acoustic 
Transduction Materials and Devices (IWATMD)/Piezoresponse Force Microscopy (PFM). IEEE, 2017). The growing interest 
in capturing energy from tire deformation for Tire Pressure Monitoring Systems (TPMS) aligns with this trend, providing a 
promising and self-sustaining alternative to traditional battery-powered systems. This study presents a novel one-end cap tire 
strain piezoelectric energy harvester (TSPEH) that can be used efficiently and reliably inside a tire. The interaction between 
the tire and energy harvester was analyzed using a decoupled modeling approach, which showed that stress concentration 
occurred along the edge of the end cap. The TSPEH generated a maximum voltage of 768 V under 2 MPa of load, resulting 
in an energy output of 32.645 J/rev under 1 MPa. The computational findings of this study were consistent with previous 
experimental investigations, confirming the reliability of the numerical simulations. The results suggest that the one-end 
cap structure can be an effective energy harvester inside vehicle tires, providing a valuable solution for utilizing one-end cap 
structures in high-deformation environments such as vehicle tires.
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List of Symbols
TPMS  Tire pressure monitoring system
DECEH  Dual end cap energy harvesters
COMSOL  Computational Modeling Solution software
MFC  Microfiber composite
Di  Electrical displacement
Sj  Mechanical strain
dij  Piezoelectric coefficient

�j, Tj  Mechanical stress
�ii  Permittivity
Ei  Electric field
eij  Piezoelectric coefficient
sij  Elastic compliance coefficient
cij  Elastic stiffness coefficient
PZT  Lead zirconate titanate
PVDF  Polyvinylidene fluoride
Lp  Total length of the piezoelectric harvester
tp  Piezoelectric transducer thickness
te  Epoxy adhesive layer thickness
A Lp  Adhered length of the piezoelectric harvester 

to the substrate using an epoxy layer
E Lp  Effective length of the piezoelectric harvester 

that performs the tension and compression
Lpf  Piezo-element final stretched a total length
δp  Length change in the piezo-element
δs  Curvature changes in substrate base boundary
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hd  Height of the transducer allowable deforma-
tion limit

ts  Substrate thickness
hs  Substrate height
ws  Substrate width
Ai  Original corner position of a piezoelectric 

harvester
Bi  Final corner position of the stretched piezo-

electric harvester
Ci  Center of structure rotation
Mi  TSPEH model number
θ  Angle of model rotation

Introduction

The development of sustainable materials for energy har-
vesting technologies is critical to meeting the growing global 
requirement for clean energy [3]. The tire pressure monitor-
ing system (TPMS) is a wireless technology that keeps track 
of the air pressure in tires and notifies drivers of under-infla-
tion or other problems in real time, with a growing interest in 
harnessing energy from tire deformation for this purpose [4]. 
By preventing tire failure due to improper pressure, TPMS 
can increase tire safety, fuel efficiency, and reduce tire wear 
[5]. The Firestone tire recall in the late 1990s, which was 
connected to more than 271 deaths and 800 injuries as a 
result of tire tread separation, served as one of the driving 
forces behind the development and widespread use of TPMS 
[6]. The TREAD Act, which was approved by the US Con-
gress in 2000 as a response, made TPMS mandatory in all 
light motor vehicles sold after 2007 [7]. Later, several coun-
tries around the world adopted legislation requiring vehicle 
manufacturers to install TPMS in their tires [8]. TPMS is 
typically powered by batteries. However, these batteries 
can have a negative impact on the environment when they 
need to be replaced. Additionally, if the TPMS malfunctions 
due to low or dead batteries, it can result in dangerous tire 
damage. In most cases, it is not economical to replace all 
the TPMS when their batteries run low. As a result, piezo-
electric energy harvesting has emerged as a promising and 
self-sustaining energy source for powering TPMS. This tech-
nology allows for the storage of energy in capacitors for later 
use [9, 10]. This makes tire-embedded piezoelectric energy 
harvesters a sustainable solution for powering TPMS. When 
mounting energy harvesters inside vehicle tires, there are 
two common energy sources: tire deformation and vibration. 
Of these two options, deformation energy is more viable 
than vibration energy. This is due to several limitations of 
tire vibrational transducers, including difficulty in match-
ing frequencies, transducer location, and proof mass char-
acteristics [11]. These limitations make them inadequate for 
multi-directional tire deflection [12, 13]. Additionally, the 

cantilever beam is difficult to stabilize when using the vibra-
tion scavenging method inside tire [12]. Furthermore, due to 
the vibration harvester's small size as compared to the host 
size, the resonance frequency cannot be matched [14]. In 
contrast, strain energy harvesting is a more convenient and 
efficient option [15]. Strain energy harvesting structures are 
usually more simple than vibrational ones. However, a high-
flexible material must be used to harvest high tire strain. 
Different configurations of tire strain transducers have been 
fabricated, and the strain harvester assembly depends on the 
type of excitation applied, such as bending and pressing.

Overview: vehicle tire piezoelectric energy 
harvesting technologies

Vehicle tire wasted energy refers to the energy that is lost 
when a tire deforms during motion on the road. Piezoelectric 
energy harvesters can convert this wasted energy into usable 
electric energy. Researchers have attempted to transduce 
these energies by installing harvesters close to the tire–road 
interaction. The installation location of the harvester can be 
classified into two types: outside vehicle tire and inside vehi-
cle tire harvesters. The characterization of each type depends 
on the host environment. For instance, if the harvester is 
installed outside the vehicle tire, which is usually inside the 
road pavement, it should be able to withstand high traffic 
stresses and climate changes. Additionally, if the harvester is 
installed inside the vehicle tire, it should be highly flexible, 
lightweight, and durable to withstand the harsh environment 
of the tire, such as high pressure and vibration. The literature 
has been classified according to the position of the energy 
harvester and the working principle relative to the vehicle 
tire. In addition, this classification helps to understand how 
the outside tire harvesters can be adapted for inside tire 
application with some design modifications.

Inside vehicle’s tire strain energy harvesters

To ensure a stable and dependable power source for tire 
pressure monitoring systems (TPMS), piezoelectric energy 
harvesters can be installed inside the vehicle tire in proxim-
ity to the TPMS. This way, the wasted energy can be effec-
tively utilized when required. The typical approach involves 
adhering a piezoelectric element directly onto the inner liner 
of the tire. However, despite the simple installation process, 
these harvesters are susceptible to punctures and cannot be 
replaced or maintained [16]. Three main common piezoelec-
tric shapes used by researchers inside vehicle tire square, 
circular and rectangular.

Makki et al. [17] discovered that the deformation of at 
least 8% of the entire treadwall surface occurred during 
tire rotation while measuring contact patch deformation 
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at various speeds using 40 rows of circular PZT elements. 
PZT material was preferred due to factors such as power 
efficiency, flexibility after 540 million cycles, and cost. To 
prevent damage to the harvester, adhesive was applied to the 
centerline of PZT elements, reducing the deformability of 
the PZT benders and, consequently, the energy generated. 
The research found that power could be increased by increas-
ing the inner tire treadwall surface area, tire rotational speed, 
and piezoelement deflection. The maximum power generated 
during the experiment was 2.3 W. These results show the 
highest energy output achievable from a piezoelectric energy 
harvester mounted in a vehicle tire.

In their study, Kubba et al. [18] evaluated the viability of 
utilizing a piezoelectric fiber composite transducer (PFC) to 
generate power for TPMS from rolling tire deformation. The 
harvester should be placed in the middle of the tire contact 
patch, according to the results of the Abaqus finite element 
simulation. After examining different tire speeds and vari-
ous loading values, it was found that the load has a more 
pronounced effect on tire deformation than tire rolling speed. 
This implies that higher levels of harvested energy can be 
obtained from greater tire deformation. Hence, the vehicle 
load has a greater impact on the amount of harvested energy. 
The highest energy was obtained during traction and brak-
ing, with a value of 48.5 µJ/rev at a speed of 10 km/h, after 
considering the three tire rolling circumstances of free roll-
ing, traction, and braking. Lee and Choi [19] demonstrated 
an interdigitated piezoelectric energy harvester integrated 
in an inner tire. Under 500 kgf load and 60 km/h, the study 
demonstrates that a piezoelectric energy harvester generates 
380.2 µJ/rev. Nevertheless, the harvester could only scav-
enge a quarter of the tire available strain because of the inad-
equate adhesive flexibility. This issue could be addressed 
using a more flexible adhesive material while also consider-
ing other adhesive properties such as high lifecycle. Another 
source of energy loss was in electrical storage, which was 
estimated to be 90.1%. This was due to the leakage in the 
first and second capacitors. This can be avoided using high-
quality capacitors and avoiding conditions with humidity 
and high temperatures.

A study presented by Aliniagerdroudbari et  al. [20] 
involves modifying the upper end cap of the DECEH 
to have legs that can be adhered inside tire, securing the 
piezoelectric element in place and applying the necessary 
stress to harvest electrical energy for inside tire sensors. 
Aliniagerdroudbari et al. [20] introduced a transducer that 
is inspired from the Cymbal piezoelectric energy harvest-
ers. The energy harvester consists of two flexible metal 
substrates, two supporting legs, and a piezoelectric mate-
rial layer. The authors utilized COMSOL Multiphysics 
modeling to analyze the proposed harvester's performance. 
The results demonstrate that the harvester can conserve a 
significant portion of tire strain energy, thus generating an 

output electric energy and voltage of approximately 5 mW 
and 7 V, respectively, when subjected to a force of 500 kgf 
and a vehicle speed of 41 km/h. However, it should be noted 
that the tire analysis was not discussed in the study.

The limited number of researchers experimenting with 
piezoelectric energy harvesters mounted inside vehicle tires 
can be attributed to several difficulties. The complex and 
dynamic nature of the tire structure makes it challenging 
to accurately predict and model the strain and stress pat-
terns within the tire, which can significantly impact the per-
formance of the energy harvester. Additionally, the harsh 
environment inside the tire, characterized by high stresses, 
vibrations, and pressure, poses significant challenges in 
designing energy harvesting structures that can withstand 
these conditions while maintaining high harvesting effi-
ciency. To address these challenges, a novel structure is 
required that can provide both durability and high harvest-
ing efficiency in the high-strain environment of a tire. One 
promising approach is to implement an inspired structure 
from DECEH, which has several advantages over traditional 
piezoelectric harvesters, such as higher energy density, 
larger deformation and stress range.

Outside vehicle’s tire stress energy harvesters

Dual end cap energy harvesters (DECEH) have gained sig-
nificant attention as promising devices for harvesting high-
stress energy by exploiting piezoelectric elements. In these 
devices, the external load applied to the energy harvester 
is transmitted to the piezoelectric material through the end 
caps, making the shape of the transducer a critical factor that 
affects the amount and distribution of stress transferred to 
the piezoelectric element. The DECEH structures include 
cymbal, bridge, arc, and arch configurations, with each con-
figuration having a different deformation mode. The bridge 
structure undergoes bending deformation when subjected 
to an external force or vibration, while the cymbal structure 
undergoes both bending and twisting deformation due to the 
lateral expansion of the piezoelectric disk. The arch structure 
undergoes flexural deformation, whereas the arc structure 
undergoes axial deformation due to the compression or ten-
sion of the curved beam.

Few previous studies have attempted to incorporate 
DECEHs inside vehicle tires. However, the harsh environ-
ment within the tire has posed significant challenges. This 
is because most DECEHs are designed for low deformation 
and high stress, which are not suitable for high-deformation 
applications like vehicle tires. In addition, the operation of 
DECEHs differs from that of tire strain piezoelectric energy 
harvesters (TSPEHs). This is because DECEHs require a 
fixed end cap while the force or stress is applied to the other 
end cap. This cannot be applied inside vehicle tire, as it 
could compromise tire stiffness and safety. Instead, one of 
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the primary applications of DECEH structures is converting 
traffic loading wasted energy into usable electrical energy 
when embedded in asphalt pavement due to their ability to 
withstand high applied stresses. Additionally, DECEH tar-
gets both  d33 and  d31 piezoelectric coefficients, allowing for 
harvesting more electrical energy from the same external 
stress.

Several studies were carried out on investigating dual end 
cap energy harvesters (DECEH). In their study, Yao et al. 
[21] examined the efficiency of piezoelectric Bridge trans-
ducers for energy harvesting from asphalt pavement. The 
authors compared the performance of Arc and trapezoidal 
Bridge transducers under various frequencies and distrib-
uted loads, investigating their efficiency and storage electric 
energy under different conditions. The study found that the 
energy converting efficiency of Arc Bridge transducer was 
higher than that of trapezoidal Bridge transducer, and both 
types of transducers were able to operate under 0.4 MPa 
pressure in the pavement. The maximum voltage output 
measured from the arc Bridge transducer under 5 Hz half-
sine loads and 0.4 MPa was 232 V, while for the trapezoidal 
Bridge transducer, it was only 106 V under the same condi-
tions. These findings suggest that the arc Bridge transducer 
may be a more efficient option for energy harvesting from 
asphalt pavement. In the same manner, the arc bridge struc-
ture can be more suitable for inside tire application.

C. Li [22] conducted a study on the efficiency of pie-
zoelectric transducers for energy harvesting from asphalt 
pavement. The study compared the performance of different 
types of piezoelectric transducers, such as Bridge, Cymbal, 
Moonie, Multilayer, Thunder, and Microfiber Composite 
(MFC) piezoelectric transducers. The results showed that 
the arc transducer generated a significantly higher voltage 
output compared to the rectangular transducer under the 
same load and normal working conditions. On average, the 
voltage generated by the Arc transducer was 63% higher 
than that generated by the rectangular transducer. For exam-
ple, the arc transducer generated a voltage of 220 V under 
0.45 MPa stress, while the rectangular transducer generated 
only 160 V under 0.7 MPa stress. However, the arc trans-
ducer was found to be more susceptible to damage under low 
stress of 0.5 MPa, while the rectangular transducer did not 
show any damage even under high stress of 0.7 MPa. These 
findings are significant because they suggest that the arc 
bridge piezoelectric transducer can produce higher voltage 
output, but its mechanical robustness should be carefully 
considered for practical applications. Further, the arc bridge 
can be installed inside tire after redesign the structure to be 
more suitable for inner tire environment.

In a study by Kim et al. [23], the effectiveness of a pie-
zoelectric cymbal transducer was evaluated for generating 
electrical power from vibrations. This transducer consisted 
of a piezoelectric ceramic disk that was placed between two 

metal endcaps. The experiment involved applying a 70 N 
force within a frequency range of 10–200 Hz. The results 
indicated that the transducer generated approximately 100 
mW of power at 200 Hz, with a 200 kΩ resistor in the circuit. 
The metal endcaps used in the transducer design not only 
increased the endurance of the ceramic but also amplified 
the stress to sustain high loads. However, the cymbal bridge 
transducer might not fit well inside tire compared to the arc 
bridge transducer. This is because on one hand, the cymbal 
structures usually have a flat or low curved shape that can 
affect tire flexibility. On the other hand, the arc bridge can 
be redesigned with matching its radius with tire radius for 
perfectly adhesion without influencing tire stiffness.

Yesner, Kuciej [24] developed a multi horizontal poled 
rectangular bridge transducer using a novel six-electrode 
piezoelectric material. The poling process was carried out 
at 80 °C with 2.15 kV/mm high voltage applied for 10 min, 
parallelizing the poling direction with the end caps' stresses 
direction applied to the piezoelectric element. The result-
ing output power of 2.1 mW was achieved using an 88 nF 
capacitor with 226.8 kg load at 5 Hz. Yesner, Safari [25] 
later reported that connecting 64 of these transducers in par-
allel generates 2.6 mW power under a 226.8 kg load with 
a 300 KΩ resistive load. One of the main structural failure 
causes reported was end caps de-bonding due to insufficient 
thickness of the epoxy layer after 350,000 load cycles. How-
ever, the rectangular bridge cannot be implemented inside 
vehicle tire due to end caps shape that cannot fit with tire 
curved rubber.

Jasim, Wang [26] enhanced the design of the multi-poled 
bridge transducer by studying the effect of geometrical 
parameters on the stresses applied to the piezoelectric ele-
ment using COMSOL software. They found that steel end 
cap thickness and cavity height had more influence on the 
resulting stresses than geometrical parameters, which may 
be attributed to the nature of the bridge structure design 
where forces can be applied vertically. This is important 
because increasing the stress applied to the piezoelectric 
element leads to an increase in the resulting output energy. 
Since end caps’ parameters has a more influence on har-
vester’s performance compared to other factors, it is crucial 
to design an end cap fully compatible with tire inner liner. 
Hazeri and Mulligan [27] conducted an experiment to meas-
ure the voltage and power output of piezoelectric elements 
attached to the outer surface of tires under varying condi-
tions of weight, air pressure, and speed. They discovered that 
the potential for harvesting energy from piezoelectric tires 
is the highest when the elements are connected in parallel 
circuits and when the tires experience higher compressive 
stress. The maximum harvested energy at maximum velocity 
was 0.035 μW. The amount of energy generated is directly 
proportional to the number of piezoelectric elements and the 
speed of the vehicle. They concluded that a vehicle could 
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generate up to 7.84 μW of energy per one complete rotation 
at 100 km/h using piezoelectric tires. However, the experi-
ment cannot be applied on real vehicle tire for many reasons. 
First, the piezoelectric elements adhered to the outer surface 
of the tire which isolate the tire rubber from contacting road 
pavement. This can directly affect tire stability, braking, 
and controlling on roads. Secondly, the harvesters can eas-
ily crack due to the large amount of cyclic tire stress from 
the vehicle load. Not only that, due to tire rotation nature 
and centrifugal forces, the piezoelements could disassemble 
at increased tire speed. Lastly, it is not clear about how the 
harvested energy from outer surface of tire could be utilized, 
for example for powering inside tire-embedded sensors. To 
identify the most suitable configuration for piezoelectric 
harvesters excited by external stresses, a comprehensive 
analysis of the advantages and disadvantages of various 
piezoelectric harvester shapes has been presented in Table 1.

Research problem and study objectives

The use of piezoelectric energy harvesting inside vehi-
cle tires presents a significant challenge due to the high-
deformation and frequency environments present. Previous 
research has shown that the bridge and cymbal transducers, 
which require a force/stress from one side and a fixed other 
side, are not suitable for use inside vehicle tires. Further-
more, the use of such transducers inside tires can negatively 
impact tire flexibility and safety. As such, there is a need for 

a new structure that is specifically designed for use inside 
vehicle tires. In this study, a novel single substrate one-end 
cap transducer was implemented and analyzed under tire 
working conditions. The primary objective of this research 
is to optimize the design of this new structure by collecting 
tire data using Abaqus and applying it to the piezoelement 
and substrate structure using COMSOL software. This study 
aims to fill the existing research gap by addressing the need 
for a reliable and efficient energy transducer for use inside 
vehicle tires. The host environment should be thoroughly 
investigated to gain a deeper understanding of the energy 
harvester. As the primary objective of this study is to har-
vest wasted tire strain energy, it is imperative to model the 
car tire to identify its strain value and other factors that may 
impact the efficiency of energy transduction. The second 
objective of this study is to determine the optimal location 
for the piezoelectric harvester inside the vehicle tire by iden-
tifying the point of maximum strain/stress within the tire. 
The transducer's size and dimensions can then be designed 
based on the tire analysis. The third objective is to demon-
strate the simulation process for the piezoelectric harvester 
and the supporting Aluminium substrate using COMSOL 
Multiphysics solver. This step is crucial in determining the 
optimum dimensions for maximum energy harvesting effi-
ciency. In COMSOL software, various scenarios can be con-
sidered simultaneously in the model, such as the inclusion 
of an electrical circuit setup and cyclic changeable load. The 
study objectives are presented in Fig. 1, which outlines the 
study's flowchart. 

Table 1  Different configurations of DECEH

Configuration Advantages Limitations

Cymbal Difficult geometry fabrication
Exploits both piezoelectric coefficients  d31 and  d33 [28]
Enlarges the stress applied to the piezoelement

Only suitable for situations requiring high-magnitude vibra-
tion sources [29]

The energy produced by a single piezoelectric harvester is 
comparatively small [30]

Traditional Bridge Utilizes the  d33 piezoelectric coefficient for doubling energy 
output [28]

Enlarge stress applied to the piezoelement

Not suitable for inside vehicle tire energy harvesters
More expensive because it requires a larger piezoelectric 

material element
Arc Can generate high-power output with low deformation input

Easy to fabricate compared to other structures
Requires a precise fabrication and assembly due to its curved 

end caps
Require a larger piezoelectric element compared to arch

Arch Can generate high-power output with low-deformation input
Suitable for applications with limited available space

Requires a precise fabrication and assembly due to its curved 
end caps

Limited to low-amplitude vibrations
Multi-poled bridge Produces high energy

Utilizes the  d33 piezoelectric coefficient for doubling energy 
output

It has a high fabrication cost
Not suitable for inside vehicle tire energy harvesters

This study new 
one-end cap 
structure

Suitable for inner tire usage due its high flexibility
Able to maintain a large stress input
Exploits both piezoelectric coefficients  d31 and  d33

Maintains less applied load than the bridge design due to 
using a single base cap instead of double caps
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Theoretical background of piezoelectric 
effect

The working principle of piezoelectric materials can be 
described as follows: when the material bends due to tire 
deformation, a charge is generated [31]. The piezoelectric 
energy harvesting mechanism is illustrated in Fig. 2 and con-
sists of three main parts: the wasted energy, the harvester 
structure, and the final electrical load [32]. To convert the 
wasted energy into a proper load, it is necessary to choose 
the appropriate piezoelectric material [33]. The polarization 
of piezoelectric materials is usually randomly oriented [34], 
so a polarization process is required to permanently align 
the crystal dipoles by applying a high electrical field to the 
material. This process is depicted in Fig. 3.

Figure 4 shows the most common operating modes of 
piezoelectric materials. The  d31 piezoelectric mode is com-
monly used in harvesting tire strain applications because the 
tire stress applied to the piezoelement is usually perpendicu-
lar to the polling direction of the piezoelement. However, 

targeting the  d31 mode only, usually produces less energy 
than considering both  d31 and  d33 modes. To target the  d33 
mode of the piezoelement, a polarization process should be 
applied to the piezoelement to align the polling direction 
with the deformation/force direction. Additionally, using the 
new substrate structure will convert the vertical tire inner 
liner stress to horizontal stress along the X-axis at the piezo-
electric substrate contact region. The  d15 shear mode is not 
related to this study main topic.

Piezoelectric materials are smart materials that can work 
in two modes, the direct and reverse actuator modes, when 
an electric field or load is applied to the material [35]. The 
direct mode, as shown in Fig. 5a, occurs when the piezoelec-
tric material is deformed due to an external force or defor-
mation. On the other hand, the same piezoelectric material 
can work as an actuator, as shown in Fig. 5b, when an exter-
nal electric field is applied to the material.

The direct and inverse piezoelectric modes can be 
described as mathematical models presented below in 
Eqs.  (1) and (2) [36] where the linear elastic material 
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characteristics of piezoelectric materials can be stated as 
follows:

The above-coupled Eqs. 1 and 2 represent the constitutive 
equations in strain-charge form. Additionally, same ques-
tions can be written in a stress-charge coupled form as indi-
cated in Eqs. (3) and (4):

Equations (3) and (4) can be written in a matrix form as 
follows:

(1)Di = dijTj + �
T
ii
Ei,

(2)Sj = sE
ij
Tj + dijEi.
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S
ii
Ei,

(4)Tj = cE
ij
Sj − eijEi.

(5)

⎡
⎢⎢⎣

D1

D2

D3

⎤
⎥⎥⎦
=

⎡
⎢⎢⎣

e11 e12 e13 e14 e15 e16
e21 e22 e23 e24 e25 e26
e31 e32 e33 e34 e35 e36

⎤
⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣

S1
S2
S3
S4
S5
S6

⎤⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎣

�11 �12 �13

�21 �22 �23

�31 �32 �33

⎤
⎥⎥⎦

⎡
⎢⎢⎣

E1

E2

E3

⎤
⎥⎥⎦

(6)

⎡⎢⎢⎢⎢⎢⎢⎣

T1
T2
T3
T4
T5
T6

⎤⎥⎥⎥⎥⎥⎥⎦

=

⎡⎢⎢⎢⎢⎢⎢⎣

cE
11

cE
12

cE
13

cE
14

cE
15

cE
16

cE
21

cE
22

cE
23

cE
24

cE
25

cE
26

cE
31

cE
32

cE
33

cE
34

cE
35

cE
36

cE
41

cE
42

cE
43

cE
44

cE
45

cE
46

cE
51

cE
52

cE
43

cE
54

cE
55

cE
56

cE
61

cE
62

cE
63

cE
64

cE
65

cE
66

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣

S1
S2
S3
S4
S5
S6

⎤⎥⎥⎥⎥⎥⎥⎦

−

⎡⎢⎢⎢⎢⎢⎢⎣

e11 e21 e31
e12 e22 e32
e13 e23 e33
e14 e24 e34
e15 e25 e35
e16 e26 e36

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎣

E1

E2

E3

⎤⎥⎥⎦

Finite element model development

Tire modelling

The host environment (in this case vehicle tire) should be 
thoroughly investigated to gain a deeper understanding of 
the energy harvester working environment and available 
wasted energy. As the primary objective of this study is to 
harvest wasted tire strain energy, it is imperative to model 
the car tire to identify its strain value and other factors 
that may impact the efficiency of energy transduction. Sec-
ondly, it is essential to determine the optimal location for 
the piezoelectric harvester inside the vehicle tire by iden-
tifying the point of maximum strain/stress within the tire. 
The transducer's size and dimensions can then be designed 
based on the tire analysis.

The tire was modelled as an axisymmetric model 
instead of a full 3D model because a full tire 3D model 
requires 50–100 times as many elements as an axisymmet-
ric model, making it impossible to run on normal comput-
ers (Abaqus documents). The tire cross section was built 
using five components: carcass, belts, bead, plies, and rim, 
which can be assembled to form a 175/65 R14 tire size. 
Figure 6 illustrates the five primary tire parts.

Using the parts editor in the software and following 
Abaqus tutorials, three main parts were created: tire car-
cass, rim, and tire plies. Skins and surfaces were created to 
apply properties, loads, boundary conditions, and interac-
tions. Two main surfaces were applied: tire pressure and 
rim–tire contact interaction. The assigned inflation pres-
sure was 200 kPa, which was applied to the inner tire liner. 
The rim was assigned as a rigid body. Figure 7 indicates 
the tire modeling steps.

Fig. 5  Direct and reverse effect 
of piezoelectric materials



Materials for Renewable and Sustainable Energy 

The tire's material behavior was set to be elastic and 
hyper-elastic. Most of the material properties were set auto-
matically from the material library in the software. However, 
some properties were entered manually, and for hyper-elastic 
materials, a Neo-Hookean strain energy potential was used. 
Table 2 displays the elastic and hyper-elastic tire material 
properties used in the Abaqus solver.

Before running the tire analysis, two steps were consid-
ered: mounting and pressurization. In the mounting step, 
the rim rigid body displacement was applied to simulate 

the rim mounting interaction with frictionless interaction, 
and the mechanical tangential behavior was set as the con-
tact property. Additionally, the nonlinear effect of large 
displacements was turned on, and the automatic shrink-fit 
technique was used to gradually remove overclosure at the 
tire–rim interface. The incrementation setting was set to 
automatic with a maximum number of increments of 100, 
and the initial increment size was 0.1 with a minimum 
value of (1 ×  10–5) and a maximum value of one. For the 

Fig. 6  Tire components: a car-
cass b plies c rim d belts e bead

Fig. 7  a axisymmetric tire parts, b applied pressure to tire inner liner c tire–rim interaction, d the symmetry edge boundary condition location
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pressurization step, the pressure load was applied. A step 
restart request was set to 999 for this step.

Meshing generation was established after partitioning 
the carcass geometry into several regions. This minimized 
the meshing process time and provided a finer mesh near 
the tire–rim contact, belts end region, and groove region 
of the tread. A quadrilateral axisymmetric element shape 
was assigned to most regions of the model with the sweep 
technique applied. Furthermore, a triangular axisymmet-
ric element shape with a free technique was assigned to a 
small triangle region in the model. Two element types (fully 
integrated, linear with twist) were assigned to the carcass 
region, namely CGAX3 and CGAX4 (named as in Abaqus 
software). Then, an MGAX1 membrane element with a twist 
appointed to the belts and plies. To verify mesh quality, a 
mesh analysis check was performed. This is because Abaqus 
may terminate the analysis if any poor-quality mesh is found. 
After that, the job was submitted, and the solution was visu-
alized as discussed in the results part.

A half 3D tire can be generated by revolving the axisym-
metric 2D half tire, as shown in Fig. 8a. It is important to 
mention that all model setup and solution were transferred 
to the revolved nodes and elements, such as contact, pres-
sure, and material definition. Furthermore, a road is also 
modeled as a rigid surface separated from the tire tread by 

a small distance. A vertical load of 1650 N was applied to 
the tire (half of the total force = 3300 N). A full 3D tire was 
generated by reflecting the half symmetric 3D tire. Simulta-
neously, the symmetric results were transferred to the second 
half of the reflected tire. The full 3D tire is shown in Fig. 8b.

The steady-state tire rolling was assumed to be traveling 
on a straight line. Additionally, the angular velocity was 
equal to ground velocity (no traction or braking). Brak-
ing occurs when angular velocity decreases while traction 
caused by increasing angular velocity. The following Table 3 
shows the main input parameters and the boundary condi-
tions for the tire simulation using Abaqus software.

TSPEH model design

In this study, a novel substrate structure was developed. The 
new TSPEH structure imply a one-end cap to support the 
piezoelectric material to withstand high tire strain. Addition-
ally, for maximizing efficiency, the new TSPEH pursuing the 
 d33 charge constant and  d31 charge constant for the piezo-
electric material. Figure 9a shows the proposed structure, 
which features a curved substrate base designed to represent 
the contact region with the inner tire surface. The radius of 
curvature of the substrate base is equivalent to the vehicle 
tire radius, and the harvester length is limited to 50 mm to 

Table 2  Elastic and hyper-elastic tire components' properties

Part name Mechanical behaviour Young’s 
modulus 
(MPa)

Poisson’s ratio Mass density (kg/m3) Material den-
sity (kg/m3)

C10 D1

Rebar (steel) Elastic 2.07 ×  105 0.3 7.5 ×  10–9 – – –
Apex Hyper-elastic – – – 1.1 ×  10–9 6.0 0.003
Rubber  = – – – 1.1 ×  10–9 0.6 0.03
Inner liner  = – – – 1.1 ×  10–9 1.5 0.010
Side Wall Compound  = – – – 1.1 ×  10–9 1.5 0.010
Tread  = – – – 1.1 ×  10–9 0.5 0.040

Fig. 8  a symmetric 3D tire 
generated in Abaqus, b full 3D 
tire with the contact surface
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Table 3  Abaqus boundary conditions of 175/65 R14 Tire Analysis Steps

No Step Description Value

1 2D half axisymmetric tire Generation Step Symmetry edge boundary condition 2D half axisymmetric upper edge
2 Mounting Step Rigid body Tire rim

Rim–tire interface Contact interaction Frictionless contact/mechanical tangential 
behavior

Rim–tire interface Large displacements Nonlinear effect of large displacements
Rim–tire interface Shrink-fit Technique Gradual removal of overclosure
Incrementation Automatic with max. increments of 100
Increment Size Initial increment size 0.1, minimum value of 

(1 ×  10–5), maximum value of 1
3 Pressurization Step Tire Inner liner Inflation pressure 200 kPa
4 Meshing step A quadrilateral axisymmetric element shape 

was assigned with the sweep technique 
applied

Applied to most regions of the model

A triangular axisymmetric element shape with 
a free technique was

Assigned to a small triangle region (on the left 
side of rim region) in the tire model

Two element types of CGAX3 fully integrated 
and CGAX4 linear with twist

assigned to the carcass region

MGAX1 membrane element with a twist Appointed to the belts and plies
Mesh analysis check Applied to the full geometry

5 Half 3D Tire Generation Step Revolving the axisymmetric 2D half tire Applied to the full geometry
6 Road Generation step Modeled as a rigid surface Road that separated from the tire tread
7 Vertical load step A vertical load of 1650 N (half of the total 

force = 3300 N)
Applied to the half 3D tire

8 Full 3D Tire Generation Step Reflecting the half symmetric 3D tire Applied to the half 3D tire
9 Steady-state full 3D tire rolling Friction coefficient 0.5

Ground velocity 80 km/h
Angular velocity %1.%2 s

(a) (b)

(c)

Piezoelectric Element

Epoxy Layer

Aluminum Substrate

Boundary load

A1

A2
B1

B2

A3

C1
C2

C3

B3

C4

Force Direction

θ

θθ

Fig. 9  The proposed model structure (Mi) for a new substrate b piezoelectric element adhered to the substrate c transducer movement mecha-
nism before piezo-deformation
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ensure that the maximum stress occurs inside the tire contact 
region.

The piezoelectric element is adhered to the Aluminum 
substrate using a filled epoxy resin (X238) with an initial 
thickness of 0.1 mm, as shown in Fig. 9b. To achieve a 
higher energy harvesting efficiency, the piezoelectric ele-
ment is deformed due to a new substrate moving mechanism, 
represented in Fig. 9c. The rotational movement of the sub-
strate supporting arms causes the piezoelectric element to 
follow an arc pathway instead of a linear deformation, result-
ing in a slight bending of the piezoelectric element. This 
bending enables energy harvesting in d31 mode in addition 
to the d33 mode. However, the bending of the piezoelectric 
element must not cause failure in the transducer structure 
and should remain below the yield point.

The piezoelectric transducer is adhered to the Aluminum 
substrate using an epoxy layer, and this region is represented 
in Fig. 9a as A_Lp. Hypothetically, the adhered region of 
the piezoelectric element will not produce energy since 
it behaves as a rigid body. Therefore, the only region that 
deforms horizontally along the X-axis is the effective piezoe-
lement length (E_Lp), as shown in Fig. 9a. The total length 
of the piezoelectric element at a static condition can be rep-
resented by the following equation:

Since the adhered region of the piezoelectric element is 
assumed to be constant it will be presented as a constant 
value ( � ) in the above equation as follows:

A rotational movement occurs for substrate sidewalls that 
move on an arc (Ai–Bi) pathway. As a result, the piezoelement 
bends slightly. The arc pathway is shown in Fig. 9c, where Ai 
represents the initial piezoelement coordinates before applying 
the boundary load, while Bi is the final location of the sub-
strate side wall after applying the boundary stress. The center 
of substrate sidewall rotation is represented by point Ci.

(7)Lp = ELP + 2ALp.

(8)Lp = ELP + �.

The deformation of the piezoelectric element is assumed 
to be uniform and symmetric from both ends. The proposed 
increase in the piezoelement before deformation is represented 
in Fig. 10a. For mathematical representation only, the increase 
in piezoelectric material represented in the figure at both ele-
ment ends. This is because in reality the deformation occurs 
uniformly along the piezoelement and not in one specific 
location.

The circular rotation of the radius represents the sidewall 
of the substrate, as shown in Fig. 10b. Figure 10c represents 
the transducer structure after applying the stress that causes an 
elastic deformation to the aluminum substrate and the piezo-
electric element harvester. It can be seen that the piezoelement 
and the substrate was curved due to sidewall rotation. It is 
crucial to mention that arc length (Ai–Bi) from both sides (2δp) 
should be less than the maximum allowable deformation for 
the piezoelement.

When the piezoelement stretched from point Ai to point Bi, 
the increase in piezo-length can be calculated from arc (Ai–Bi) 
length as in the following equation:

The circular rotation radius represents the sidewall of the 
substrate, as shown in Fig. 10b that can be calculated from the 
following equation:

The final extended piezoelement can be calculated as:

From the above equations, the final length of the piezoele-
ment can be represented as follows:

(9)�p = r�.

(10)r = hs + te + tp.

(11)Lpf = Lp + 2�p.

(12)Lpf = ELP + � + 2
(
hs + te + tp

)
.

Fig. 10  Movement analysis for a piezoelement before bending b arc pathway c piezoelement and new substrate structure after bending
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Mesh sensitivity analysis

Finer mesh provides more accurate results. However, a very 
fine mesh might be computationally expensive. A balance 
between result accuracy and computational resources must 
be taken into consideration. During the analysis, it was found 
that stress is concentrated at the corners of the aluminum 
harvester substrate. A mesh sensitivity analysis was con-
ducted for von Mises stresses.

Figure 11a shows a clear relationship between differ-
ent element sizes and the related von Mises stresses deter-
mined by mesh sensitivity analysis. It is noticeable that the 
shown von Mises stresses generally follow the expected 
pattern, exhibiting a predicted rise in stress as the element 
size reduces. Further, when the element size reduces (mesh 
becomes finer), the error decreases. However, the error 
become constant beyond 0.35 mm, suggesting that further 
mesh refinement does not notably improve the results accu-
racy. Therefore, in order to balance results accuracy and 
computational resources, an element size of 0.35 mm was 
fixed during all numerical analysis. Figure 11b shows the 
final meshed structure after refining the critical corners.

Transducer material

Various materials have been developed as a piezoelectric 
tire strain harvesting material; however, each piezoelec-
tric material has its own drawbacks. For example, ceramic 

lead zirconate titanate PZT-4 and PZT-5 are widely used 
in tire-stain piezoelectric harvesters [37]. PZT materials 
have many advantages such as a high mechanical cou-
pling factor [38], higher piezoelectric charge constant 
[39], and high operating temperature [40]. The fabrication 
process of pure PZT material is simple and inexpensive 
[41]. However, PZT ceramic material has some drawbacks 
such as lack of flexibility that reduce its lifespan and cause 
mechanical depoling due to high tire strain inputs [42]. 
Similarly, Polyvinylidene fluoride material (PVDF) offers 
a higher flexibility than PZT which means more compat-
ibility to tire high-strain environment [14]. This is because 
PVDF is a flexible polymer material with piezoelectrical 
properties contrasting to PZT, a ceramic material. How-
ever, PVDF materials have inadequate thermal properties 
for use in automotive tires [31]. One of the fundamental 
aspects of piezoelectric operating temperature is the cur-
ing temperature, the temperature where the piezoelectric 
material loses its piezoelectric effect [43]. It has been 
reported that the PVDF curing temperature is in the range 
of 150–175 °C [44, 45]. While PZT material performance 
decreases slightly at a temperature range 150–250 where 
the PZT curing temperature is 250 °C [46]. PVDF also 
performs poorly in charge constant by around a third com-
pared to PZT [40]. Because of the efficiency of the piezo-
electric energy harvesters varies depending on the material 
properties, a comparison between PZT and PVDF materi-
als was established in terms of the favorable properties 
as indicated in the Table 4 below. In this study, the PZT 
material was selected. This is because the only drawback 
of PZT is the low flexibility that can be enhanced using an 
aluminium substrate.

After generally considering the PZT material as the 
energy harvester material, the specific material type of 
PZT should be identified. One of the known transducer's 
material selection criteria is by Kim and Priya [23, 53] 
approach. They found that the most efficient piezoelectric 
material can be determined with maximum value of multi-
plying piezoelectric charge constant and piezoelectric volt-
age constant. This is because higher charge constant and 
higher voltage constant means greater potential energy. 
In other words, the highest electrical energy material has 
a highest  (g33.d33) value. The 3–3 mode was selected for 
choosing the most efficient material suitable for this study 
application. The following Table 5 shows the important 
piezoelectrical material parameters that chosen for this 
study application based on the above selection criteria.

According to Table 5 above, PZT-5X was selected in 
this study as primary harvester material. This is because it 
has the maximum  (g33.d33) value which leads to a highest 
electrical energy harvesting compared to other PZT types.

Fig. 11  Mesh sensitivity analysis results at point a for von Mises 
stress; b final meshed model
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Results and discussion

Tire strain analysis

The results were accomplished for a stationary deformed 
tire and a steady-state rolling tire. The focus was on tire 
deformation and the developed tire strain. Additionally, 
the contact region was analyzed to find the suitable dimen-
sions for the TSPEH structure. The maximum displace-
ment at tire–road contact patch was 23.2 mm when a ver-
tical force was applied of 1650 N (half of the total load 
of 3300 N). The strain predicted in this step is for a static 
tire (no angular velocity or linear velocity were applied). 
The behavior of the displacement change related to applied 
force was approximately linear. Figure 12 below indicates 
the force–displacement curve.

The displacement curve for a steady state rolling tire 
was predicted using the Abaqus program. The calculation 
was performed at a specific point/node that traverses the 
center of the tire contact region along the entire inner tire 
circumference. The maximum strain was found to occur at 
the center of the tension zone, which spans from 160° to 
240°. The maximum displacement recorded during rolling 
was 16.711 mm and occurred at the center of the contact 
patch. To facilitate analysis, the tire was divided into 360 
sections, with the first section located at the top of the tire 

(at 0°) and the center of the contact region located at 180°, 
where the maximum displacement is observed.

Figure 13 illustrates the deformation of a tire, which 
is divided into three zones based on the magnitude of the 
displacement. The two lowest deformation regions are 
compression zones, denoted as zone one and zone three in 
Fig. 13), with a displacement value of approximately -5 mm. 
The midrange displacement occurs at region 5, where the 
deformation gradually increases as the tire approaches the 
rigid surface and decreases gradually as the tire moves away 
from the surface, resulting in a tensioned zone. The maxi-
mum tire deformation occurs at the center of the tire–road 
interaction region, which is represented as region 4 in the 
graph, with a displacement value of 16.711 mm.

At the point of contact between the tire and the road, 
the maximum strain occurs. To analyze the harvester, 
it is important to determine the maximum host available 
dimensions, which indicates the maximum size limit of the 
harvester structure. The key point is to find the maximum 
contact area where the maximum strain occurs. Figure 14 
illustrates the maximum host dimensions that produce the 
maximum vertical tire strain at the inner liner.

Figure 14a depicts the amount of tire strain in the -Zdirec-
tion at loading and unloading regions. The loading region 
exhibits a maximum strain of 16.711 mm in red color, 

Table 4  Comparing favorable 
parameters for PVDF and PZT 
materials

(+) favorable (–) unfavorable

Properties Units PZT PVDF

Piezoelectric-charge constant 10−12 C/N 110 [47] 33 [47]
Flexibility – Low (–) [48] Excellent (+) [19]
Service lifespan year Poor (–) Good (+)
Service temperature °C Up to 250 (+) [46] 150–175 (–) [44, 45]
Output power density mW  m−2 High (+) [49] Low (–) [50]
Cost $/cm 0.5 (+) (Circular shape 

area 78.5  cm2) [51]
2 (–) (Rectangular 

sheet area 7400 
 cm2) [52]

Table 5  Important parameters for different PZT materials [54]

Material d33 (P C/N) g33 (×  10–3 
Vm/N)

d33.g33 
(×  10–15 
Vm/N)

PZT-4 289 26.1 7542.9
PZT-5H 593 19.7 11,682.1
PZT-5X 750 19 14,250.0
PZT-7A 153 36 5,508.0
PZT-8 225 25.4 5,715.0 0
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Fig. 12  Force displacement curve for 3d half static tire analysis
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located in the middle of the tire–pavement interaction or tire 
footprint. The unloading zone before and after the contact 
region is indicated by a blue color in part (a) and exhibits a 
strain value of – 2.84 mm. It is noteworthy that the piezo-
electric element is exposed to a small amount of stress in 
the unloading zone, which can produce some energy before 
and after the loading region. Same Fig. 14a shows a change 
in tire width in the contact region, where tw1 represents the 
inflated static tire width and  tw2 represents the deformed tire 
width during steady-state rolling. The difference between 
 tw1 and  tw2 comes from the stress applied on the tire at the 
contact region.

Figure 14b indicates that the optimal tire footprint width 
along the lateral direction is 53.621 mm. Therefore, the 
maximum width of the TSPEH structure should not exceed 
53.621 mm to maintain the applied strain at the maximum 
level of 16.711 mm.

Similarly, Fig. 14c shows the optimal tire footprint length 
along the longitudinal direction, which is 50.2 mm. Thus, 
the maximum TSPEH structure length should not exceed 
50.2 mm for maximum performance.

Tire stress analysis

The tire imprint (tire footprint) is the only region of contact 
between the tire and pavement where contact stress occurs. 
The size of the tire–pavement contact area increases with 
increasing load applied to the tire [55]. Changing the tire 
inflation pressure is another factor that affects the size of 

the contact patch [56]. The tire–pavement region is usually 
assumed to be circular or rectangular, but in reality, stress 
is not spread evenly across the contact zone. During rolling, 
the lateral stress in the imprint zone is higher than the lon-
gitudinal and transverse contact stresses because the lateral 
strain of the tire is usually greater than the longitudinal and 
transverse strains [57].

Figure 15 shows the stress contour plot for different stress 
components for the tire cross-section at the center of the 
tire–pavement contact region. From the Fig. 15a, it can be 
noted that the maximum von Mises stress 1.301 MPa occurs 
in the steel belts below the shoulders. Figure 15b indicates 
that the maximum stress is 0.662 MPa located at the tire 
tread. Figure 15c shows the maximum stress of 0.275 MPa 
at the sidewall close to the rim due to the strain applied in 
this region. Figure 15d demonstrates the maximum stress of 
0.559 MPa in the contact region, which occurs along the tire 
sidewall due to the vertical load applied to the tire. There-
fore, the stress amount of 0.559 MPa is considered as the pri-
mary tire stress value that is directly applied to the TSPEH.

Transducer simulation

The initial design of the harvester was simulated using 
the COMSOL Multiphysics software. All the parameters 
and dimensions were set based on the analysis of the tire 
and previous literature. To ensure the proper design of the 
energy harvester, various parameters were carefully selected 
based on previous research and analysis. Specifically, the 

Fig. 13  a Deflection distribution at the contact patch region for a rolling tire on a rigid surface b displacement magnitude with respect to rotation 
angle
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Fig. 14  a The maximum strain area at the tire contact region (b) contact region width for maximum strain b contact region length for maximum 
strain

Fig. 15  Stress nephogram of the tire–pavement contact model. a Von mises stress nephogram. b Stress nephogram of S1 along the tread. c Stress 
nephogram of S2 along the side wall. d Stress nephogram of S3 of the tire contact region



Materials for Renewable and Sustainable Energy 

length of the harvester was determined by considering the 
calculated contact patch dimensions, while the thickness of 
the piezoelectric material was selected based on informa-
tion from prior literature. Moreover, to ensure precise and 
secure installation of the harvester, the end cap radius was 
set at 351 mm, which matches the radius of the proposed tire 
(175/65 R14) used in this study. This approach is to ensure 
a perfect fit and proper mounting of the harvester within 
the tire structure. The primary objective of the harvester 
modeling was to determine the amount of energy that the 
harvester could generate.

As the harvester is intended to be mounted inside a vehi-
cle tire, the properties of the tire's inner environment, such 
as tire stress and rotation frequency, were set as the input 
boundary conditions when simulating the harvester using 
the COMSOL Multiphysics software. The bottom boundary 
of the harvester structure is the only connection between 
the tire and the transducer structure. In previous studies, the 
entire bottom boundary area was adhered to the tire inner 
wall using epoxy material. However, the main drawback of 
this adhering method is that only 25% of the tire strain can 
be transferred to the harvester due to the high stiffness of the 
epoxy. Full details of the TSPEH installation methods can 
be found in [16].

In this study, the bottom layer of the harvester structure 
was designed to be free and not glued to the tire rubber. The 
only adhered regions from the TSPEH to the tire are the two 
external boundaries of the aluminium substrate base. This 
condition is similar to a beam that is fixed from both ends. 
This installation method is proposed to tolerate 100% of tire 
strain to be transferred directly to the harvester bottom layer, 
thereby producing a higher energy. Another advantage of 
this mounting approach is that the tire stiffness would not 
be affected by an epoxy layer, eliminating any tire safety 
concerns. Figure 16 represents the initial recommended 
dimensions that were selected based on previous studies, 
tire analysis findings, and COMSOL pre-tests.

The electrical circuit used in this study for the TSPEH is 
presented in Fig. 17. The circuit consists of a piezoelectric 
material serving as a voltage source, a bridge diode recti-
fier, a capacitor, and a resistor. The piezoelectric material 
generates an AC voltage, which is converted to DC voltage 

through the rectification process. This electrical circuit is a 
single-stage powering system that charges a single capacitor. 
Its main purpose is to evaluate the electrical performance 
of the harvester. In future studies, potential enhancements 
to the circuit may include the addition of a second capacitor 
that can be charged after the first one, as well as a voltage 
regulator for optimal performance.

To evaluate the performance of the  M1 model, two load-
ing modes were applied using COMSOL Multiphysics soft-
ware: tire loading mode and linear stress loading mode. It 
was assumed that the transducer structure would bear 100% 
of the host load for design purposes.

Tire boundary condition loading mode

The first loading mode applied to the TSPEH  M1 involved 
imposing tire boundary conditions in COMSOL Multiphys-
ics, as summarized in Table 6. In this study, the von Mises 
stress distribution was analyzed and the results showed that 
there is stress concentration along the edge of the substrate 
base structure, as illustrated in Fig. 18a. Additionally, the 
deformation pattern of the end cap was found to resemble the 
behavior of the tire deformation at the point of contact with 
the road due to the applied tire stress. This is important as it 
ensures a perfect bonding inside the tire, leading to higher 
deformation cycles and a longer lifespan. The minimum 
stress distribution was at the piezoelement, as the end cap 
absorbed most of the tire high stress and converted the large 
portion of it to horizontal stress applied to the piezoelement. 
This would increase the piezoelement energy production and 

Fig. 16  Initial dimensions for 
the harvester structure  (M1) 15 mm 50 mm

θ=7.5°
R = 351 mm

2 mm

2 mm

Piezo element

aluminum substrate

6.
58

m
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Fig. 17  TSPEH electrical circuit
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lifespan. In previous DECEH models, the maximum stress 
could occur at the adhesive boundary between the piezo-
electric material and the aluminum substrate, causing early 
failure to the harvester structure. However, in this model, 
the adhesive layer area is large enough to distribute stresses 
in that region.

Since the piezo is vertically polarized along its thick-
ness as stated in Fig. 3, Fig. 18b, c illustrates the front and 
side view of voltage distribution between the upper and 
lower piezoelectrodes. The maximum open circuit voltage 
is + 291 V that is distributed on the external boundaries of 
the piezo while the negative charge of – 292 V located in 
the piezoelement center. This distribution of voltage is due 
to the fact that the piezo is subjected to mechanical stress 
and strain that causes the charges to accumulate on its exter-
nal surfaces. The compression and tension zones within the 
piezo-material play a role in creating this stress or strain 
and therefore contribute to the distribution of the voltage 
and charge in this way. For example, the piezoelement area 
that adhered to the end cap usually compressed while the 
remaining piezoelements usually stretched horizontally and 
bent slightly.

Regarding the electric field, Fig. 18d, e shows the front 
and side views of the electric field distribution for the pie-
zoelement. The maximum electric field occurs near the 
upper and lower electrodes, with a value of 676 kV/m, while 
the minimum electric field density was at the piezo-area that 
adhered to the end cap, with a value of 2.76 ×  10–4 kV/m. 
It can be noted that increasing the adhered area of the pie-
zoelement would assist in reducing stress concentration at 
the contact edges between the piezo and the end cap, but it 
would decrease the electric field density. The piezoelement 

area that are adhered to the end cap are only subjected to 
compression, which targets the d31 mode. This is unlike the 
other area of same piezoelement that are simultaneously ten-
sioned and bent, triggering both d31 and d33 modes, result-
ing in greater energy harvesting. Hence, to achieve optimal 
results, a balance between design limitations and energy 
output must be carefully considered.

Linear stress loading mode

External loads applied on tires vary each time due to road 
bumps, rough roads, and the number of passengers in the 
vehicle. To examine the transducer's behavior and effi-
ciency under higher loads, stress was applied in the range of 
0–2 MPa, representing a linear increase in the applied load 
on the transducer substrate. The same boundary conditions 
were applied as the first loading mode, except for the amount 
of the applied stress, which previously was 0.559 MPa for 
the tire boundary loading scenario.

When the transducer pursued a 2 MPa load, the maxi-
mum von Mises stress was equal to 617 MPa at the edge 
of the substrate structure, as shown in Fig. 19a. This is due 
to the bending that occurs at the base boundary of the alu-
minum substrate. When the load increased four times com-
pared to the tire scenario, the maximum von Mises load 
also increased four times. This indicates that the increase 
in external load can be considered equal to the increase in 
internal structure stress, which can be beneficial during the 
design process.

Similar to von Mises behavior, the voltage increased lin-
early with respect to the applied load, as shown in Fig. 19b. 
The maximum open-circuit voltage was equal to 768 V at 

Table 6  COMSOL Multiphysics boundary conditions of TSPEH analysis

Boundary Conditions Description Value

Solid Mechanics B.C PZT-5X width (based on Fig. 14) 15 mm
PZT-5X length (based on Fig. 14) 50 mm
PZT-5X material thickness 2 mm
Tire contact region impact frequency (based on 74.04528 rad/s tire angular 

velocity)
11.78 Hz

Tire loading mode: stress applied to Harvester (based on Fig. 15d) 0.559 MPa
Linear loading mode: stress applied 0–2 MPa with 0.1 MPa interval
Coordinate system of polling direction for PZT-5X Polled along material thickness
Piezoelectric material constitutive relation Strain-charge form
Aluminium and epoxy solid model Isotropic linear elastic material

Electrical B.C PZT-5X dielectric model Relative permittivity
Lower surface of the PZT-5X Ground electrode
Upper surface of the PZT-5X Terminal electrode
Resistance 1E5 to 1E6
Capacitance 100 nF
Rectification bridge diode 1N4007 type
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a load of 2 MPa. Since the relationship between load and 
voltage is linear, the transduced voltage can be predicted 
for untested loads. Therefore, it is expected that the voltage 
would increase in the same manner if the stress increased 
beyond 2 MPa. However, the maximum applied stress should 
be less than the maximum allowable load to avoid structure 
failure.

The voltage distribution along the piezoelement was 
similar to the voltage distribution in the tire loading condi-
tion, as shown in Figs. 19c, d for the front and side view 
electric potential, respectively. The positive charges tended 
to locate at the external piezo-boundaries, while the nega-
tive charges concentrated in the middle. This was due to 
internal piezo-stresses affecting voltage distribution due to 

Fig. 18  TSPEH analysis when applying rolling tire boundary conditions. a Von Mises stresses and substrate deflection. b Front view of piezo-
voltage. c Side view of piezo-voltage. d Front view of electric field. e Side view of electric field
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structure deformation. The adhered piezo-region showed a 
higher voltage compared to the rest of the piezoelement, pos-
sibly due to the direct stresses transferred from the end cap 
to the piezoelement. The adhered piezo-region experiences 
compression stress that is parallel to the polling direction, 
triggering the  d33 piezoelectric coefficients more than the 
 d31 coefficients. The  d33 piezo-coefficient is higher than  d31, 
which results in more voltage being transduced from this 
region.

The front and side view of electric field density for the 
piezoelement is represented in Fig. 19e and Fig. 19f respec-
tively. The maximum voltage density was close to the upper 

and lower electrodes with a value of 1.49 ×  106 kV/m, while 
the minimum electric field density was at the piezo-area that 
adhered to the end cap, with a value of 3.61 ×  10–3 kV/m.

The piezoelectric effect governs the connection between 
voltage and electric field in piezoelectric materials. When 
mechanical strain is applied to a piezoelectric material, it 
generates an electric field that induces a voltage across the 
substance. The intensity of the electric field is proportional 
to the amount of mechanical strain given to the material, and 
its direction is determined by the direction of the mechanical 
strain. It was observed in this study that the regions with the 
greatest voltage had the lowest electric field and vice versa. 

Fig. 19  TSPEH analysis at 2  MPa applied stress. a Von Mises 
stresses and substrate deflection. b Open circuit electric potential 
(V) for M1 under (0–2) MPa applied stress. c Front view of piezo-

voltage. d Side view of piezo-voltage. e Front view of electric field. f 
Side view of electric field
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This is explained by the nonlinear piezoelectric response 
of the PZT-5X material. The material has a high piezoelec-
tric coefficient and a low dielectric constant at low strain 
levels, resulting in a low electric field and a high voltage 
output. As the strain level increases, the piezoelectric coef-
ficient decreases and the dielectric constant increases, which 
leads to a higher electric field and a lower voltage output. 
As a result, the regions with the highest voltage value are 
expected to have a lower electric field since they correlate to 
low strain levels where the material has a high piezoelectric 
coefficient. The locations with the lowest voltage value, on 
the other hand, would have a stronger electric field since 
they correspond to high-strain levels where the material has 
a low piezoelectric coefficient. This behavior is typical of 
PZT-5X and corresponds to the piezoelectric properties of 
other comparable materials.

Validation

Tire model validation

The output of the Abaqus tire simulation must be validated 
against experimental data as a reference strain value. How-
ever, collecting experimental data is a time-consuming 
and costly process. To address this, the tire model's static 
analysis compared with the experimental results of Kubba, 
Behroozi [18], who used the same tire size (175/65 R14) 
and boundary conditions as this study. During Kubba et al.'s 
experiment, a 2.7 kN radial load was applied to the full tire 
specimen, while this study considered only 1650 N for a 
half 3D tire model simulation. This is because simulating a 
full tire 3D model requires 50 to 100 times more elements 
than a 2D model, which is an expensive and time-consuming 
approach. Figure 20 shows the tire load–deflection curve 
comparison between this study and Kubba et al.'s experi-
mental results.

The tire deflection demonstrated a linear response to the 
applied radial load within the load range of 0 N to 1.65 kN, 
as depicted in Fig. 20. This indicates a proportional relation-
ship between the radial load and the resulting tire deflection 
within the specified range, demonstrating predictable and 
consistent behavior of the tire. Specifically, small changes in 
the applied load will result in corresponding small changes 
in tire deflection, in direct proportion to the change in load.

The linear relationship between load and deflection is an 
important characteristic of tire behavior, allowing for accu-
rate prediction of tire performance under varying loading 
conditions. Comparison of the tire model used in this study 
with Kubba et al.'s experimental results shows good agree-
ment, with a maximum error of 1.22%. This finding is sig-
nificant as it provides evidence that the tire model employed 
in the simulation accurately captures the linear relation-
ship between load and deflection observed in experimental 

results. Such validation of the tire model is essential to 
ensure its usability for further analysis and prediction of 
tire performance under varying loading conditions.

TSPEH model validation

Existing studies on bridge-shaped transducers cannot be 
used for validation reasons due to the originality of the trans-
ducer structure explored in this research. This is due to the 
fact that the investigated structure consists of a single end 
cap that is bonded to the tire's inner liner.

To solve this issue, the model was converted into DECEH 
by copying and mirroring the end cap and adhesive in the 
Z-axis. This is to generate a validation structure more closely 
matching typical bridge transducers with two end caps, as 
illustrated in Fig. 21a.

Figure 21a shows the M2 model, which is identical to 
the M1 model except for the inclusion of upper and lower 
end caps that compress the single piezoelectric element. The 
same boundary conditions were employed for implement-
ing the M2 model. The main difference between this model 
and the M1 model was the imposed stress. The M1 model 
has a single stress applied to the lower cap, whereas the M2 
model has stress (0–1 MPa) applied to both the lower and 
the higher end caps. The arc bridge transducer has a similar 
form to this research harvester.

The open circuit voltage for  M2 was compared to the 
Li study [22], as illustrated in Fig. 21b. The incorporation 
of error bars in Fig. 21b shows a comparative analysis of 
this study's outcomes and Li's experimental results. Nota-
bly, the error bars stay minimum within the stress range of 
0–0.5 MPa, which is similar to the comparison range ver-
sus Li's experimental results. As a result, this agreement 

Fig. 20  Tire force–displacement profile validation for static tire 
model compared with Kubba et al.’s study [18]
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supports the validity of the comparison. However, beyond 
the 0.6  MPa stress, there is a small rise in error bars. 
Despite such an increase, the errors remain within an accept-
able range, as illustrated in Fig. 21b.

The harvested voltage increases as applied stress 
increases for  M2 model and Li study. Under one MPa applied 
stress, the voltage of the  M2 model reaches 478.94 V. Under 
0.45 MPa applied stress, the arc bridge from Li's study pro-
duced a maximum voltage of 220 V. This is because the 
arc bridge in their study failed at 0.5 MPa, whereas the 
 M2 model in this study performed normally under 1 MPa 
applied stress. The voltage profile for the M2 shows a very 
good agreement with the arc bridge voltage presented by Li 
study. Therefore, the simulation results can be considered 
as a valid finding.

Figure 21c depicts the deformed M2 model. Because of 
the imposed load on both end caps, the maximum von Mises 
stress of 353 MPa occurs at the two end caps. The largest 
stress occurs away from the piezoelectric element, notably 
on the end caps, as in the M1 model scenario. This is practi-
cal because if the maximum von Mises stress occurs on the 
piezoelement, it will break faster than if it occurs on the end 
cap element because the aluminum end cap is considerably 
more flexible than the fragile PZT-5X element.

The harvested energy of both the M1 and M2 structures 
is presented in Fig. 21d. The collected energy for the M1 
model under the tire boundary condition was 10.201 µJ/rev, 

while the highest energy was 32.645 µJ/rev under a load of 
1 MPa. It is worth pointing out that under the same applied 
stress, the M2 model produced less energy than the M1 
model. Under a stress of 1 MPa, the maximum energy col-
lected by the M2 model was 11.666 µJ/rev. This is because, 
despite the fact that dual end cap energy harvesters such as 
the M2 can withstand higher stresses, they are usually stiffer 
and hence produce less energy than one-end cap energy har-
vesters similar to the M1 in this study, which has more flex-
ibility accounting for its triple energy.

Tire strain experimental measurement

Due to their high flexibility, piezo-strain sensors are one of 
the solutions that are frequently employed to calculate tire 
strain. The LDT2-028K Polyvinylidene Fluoride (PVDF) 
Strain Sensor is often used to monitor tire strain. This is 
because it can transform the applied mechanical stress or 
strain into an electrical charge. Three strain sensors are 
employed simultaneously to monitor tire strain for precise 
results.

Three Sensors of LDT2-028 K installed to the inner liner 
of the 175/65 R14 tire at 135°, 180°, and 225° angles. The 
reason for choosing these angles for positioning the sen-
sors is because of the tire contact patch two compression 
and one tension zones. To accurately define these locations, 

Fig. 21  DECEH M2 a Transducer model b M2 model transduced voltage compared to Li study [22]. c Von Mises Stresses and substrate deflec-
tion d harvested energy comparison for M1 and M2 models of this study
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the tire external and internal circumferences were meas-
ured then divided by 360° as seen in Fig. 22a. Then the 
sensors mounted inside the tire using a strong adhesive tape 
as depicted in Fig. 22b. However, taping the sensors inside 
tire was not successful because the tape removed after few 
tire rotations due to high tire pressure, rotation, and vibra-
tion. Therefore, a filled epoxy resin (X238) used to fix the 
sensors in place by adhering the sensors on the center of the 
marked positions as illustrated in Fig. 22c, d. This method 
works well that perfectly mount the sensors into tire inner 
liner until completing the tire tests.

After mounting the sensors inside the tire, the data wires 
were connected to the data acquisition system (DAS). The 
tire was mounted on Chevrolet Aveo 2006 with axle weight 
of 330 kg. The test was conducted at the School of Mechani-
cal Engineering, USM at a speed of 20, 40, and 80 km/h as 
illustrated in Fig. 23. Measurements were taken at constant 
Driving speeds.

The strain sensor voltage was 6 V peak to peak at a speed 
of 20 km/h. Due to difference in sensors locations, there 
were a time difference between them. The time difference 
between each reading was constant. The voltage reading and 
trend was similar for all three sensors as illustrated in Fig. 24 
below.

To examine the effect of vehicular speed on the strain 
sensor signal, three vehicle’s speeds were conducted namely 
20, 40, and 80 km/h. The output signal voltage was not influ-
enced by the tire frequency. This finding agreed well with 
other researchers who stated that the tire RPM does not 
affect the tire deformation. This is due to the fact that the 
tire deformation is mainly influenced by the vehicle weight 
or external load applied on tire. Figure 25 below depict the 
signal of one strain sensor under different vehicle speeds.

Compare energy output with other studies

Since there is no similar harvesting structure related to 
this study, transducing structures that consist of a flexible 
substrate and piezoelectric material from other research-
ers were used for energy comparison purpose. The piezo-
electric energy harvesters from other studies produced 
energy in the range of 40 µW–6.5 mW [58]. Table 7 shows 
the performance of the TSPEH compared to other trans-
ducers. Although the energy produced in this study was 
lower than other studies, it is important to note that other 
DECEH harvesters were designed to withstand very high 
stresses and low deformation, unlike the TSPEH which 
was designed to be flexible to not affect tire flexibility 

Fig. 22  Strain Sensor Installa-
tion Techniques a circumfer-
ence measurement b sensors 
mounting using tape c adhering 
sensors using epoxy d full 
installed sensors

 

PC to 
Collect 

Data via 
BLE

1. Arduino R1 GIGA.
2. Power Bank.
3. Condi�oning Circuit.

Fig. 23  Tire Strain Measuring Method
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and safety, and to provide a longer lifespan for the brittle 
piezoelement structure that installed in a rough tire envi-
ronment. Another point to consider is that other research-
ers often use very high resistive loads which are usually 
higher than real TPMS applications, which means the 
power presented in their studies is not always realistic due 
to the high resistive loads.

Calculate sensors number in each tire

After energy output was found, calculating number of sen-
sors that can be powered in each tire are essential. The 
power consumed by a sensor depends on the rate of signal 
transmissions per minute. A typical TPMS sensor con-
sumes 120–450 µW at a transformation rate of 10–60 sam-
ples per minute [18]. Energy demand for a wireless sensor 
for each tire rotation could be calculated using equation 
below [61]:

where nsamples , naxes , andnbits are transmission rate per revo-
lution, axis number from which data is collected, and the 
number of transmitted bits, respectively. Usually commercial 
TPMS sensor consumes about 10 µJ/rev [7]. Due to its abil-
ity to collect 32.645 µJ/rev, this research  M1 structure can 
power up to 3 commercial sensors. The harvested energy can 
be further increased using higher capacitors such as super 
capacitors. Additionally, since this TSPEH's width is only 
15 mm, it can be stacked as three within the same spot, pro-
ducing a total energy of 98 µJ/rev.

(13)Erev = nsamples × naxes × 50pJ +
(
nbits + 10

)
× 10 nJ,

Fig. 24  PVDF tire strain signal from three different sensors 20 km/h

Fig. 25  PVDF tire strain signal from three different sensors at various vehicle speeds



Materials for Renewable and Sustainable Energy 

Ta
bl

e 
7 

 T
SP

EH
 p

er
fo

rm
an

ce
 c

om
pa

ra
tio

n 
w

ith
 re

fe
re

nc
e 

to
 o

th
er

 tr
an

sd
uc

er
s

A
ut

ho
rs

O
bj

ec
tiv

e
D

es
ig

n 
sp

ec
ifi

ca
tio

ns
M

aj
or

 fi
nd

in
gs

Sp
ec

im
en

 d
es

ig
n

Te
st 

sc
en

ar
io

s
El

ec
tri

c 
ou

tp
ut

C
on

cl
us
io
ns

Ya
o 

et
 a

l. 
[2

1]
C

om
pa

rin
g 

A
rc

 a
nd

 tr
ap

ez
oi

-
da

l b
rid

ge
 tr

an
sd

uc
er

s f
or

 
as

ph
al

t p
av

em
en

t a
pp

lic
a-

tio
ns

PZ
T-

5H
 su

pp
or

te
d 

by
 

30
 ×

 20
 ×

 2 
m

m
 o

f A
rc

 a
nd

 
tra

pe
zo

id
al

 b
rid

ge
 tr

an
sd

uc
-

er
s

0.
5 

to
 3

.5
 k

N
 lo

ad
15

 a
nd

 2
0 

H
z 

lo
ad

 fr
eq

ue
nc

y
M

ax
im

um
 v

ol
ta

ge
 o

f 1
06

 V
 

fo
r t

ra
pe

zo
id

al
 b

rid
ge

M
ax

im
um

 v
ol

ta
ge

 o
f 2

32
 V

 
fo

r a
rc

 b
rid

ge

Th
e 

ar
c 

br
id

ge
 tr

an
sd

uc
er

 w
as

 
br

ok
en

 a
t 0

.4
5 

M
Pa

 st
re

ss
. 

H
ow

ev
er

, a
rc

 sh
ap

ed
 tr

an
s-

du
ce

r s
ho

w
ed

 a
 h

ig
he

r v
ol

ta
ge

 
ou

tp
ut

 th
an

 th
e 

tra
pe

zo
id

al
 

br
id

ge
 tr

an
sd

uc
er

C
. L

i [
22

]
C

om
pa

rin
g 

of
 e

ne
rg

y 
tra

ns
du

ct
io

n 
effi

ci
en

cy
 fo

r 
ar

c 
an

d 
re

ct
an

gu
la

r b
rid

ge
 

tra
ns

du
ce

rs

PZ
T-

5H
 P

ie
zo

el
ec

tri
c 

Pl
at

e 
w

ith
 si

ze
 o

f 3
0 ×

 20
 ×

 2 
m

m
0.

1 
to

 0
.7

 M
Pa

 st
re

ss
 a

pp
lie

d
1 

H
z 

an
d 

5 
H

z 
lo

ad
 fr

eq
ue

nc
y

M
ax

im
um

 v
ol

ta
ge

 o
f 1

60
 V

 
fo

r r
ec

ta
ng

ul
ar

 b
rid

ge
M

ax
im

um
 v

ol
ta

ge
 o

f 2
20

 V
 

fo
r a

rc
 b

rid
ge

U
nd

er
 sa

m
e 

lo
ad

in
g 

co
nd

iti
on

s, 
ar

c 
br

id
ge

 tr
an

sd
uc

er
 sh

ow
s a

 
40

%
 h

ig
he

r v
ol

ta
ge

Ye
sn

er
 e

t a
l. 

[5
9]

H
ar

ve
st 

tra
ffi

c 
lo

ad
in

g 
en

er
gy

 
on

 p
av

em
en

t u
si

ng
 h

or
iz

on
-

ta
lly

 p
ol

ed
 P

ZT
-5

X
 m

at
er

ia
l

64
 b

rid
ge

 tr
an

sd
uc

er
s o

f 
32

 ×
 32

 ×
 2 

 m
m

3  P
ZT

-5
X

5 
H

z
40

0 
K

 O
hm

50
0 

lb
 lo

ad
in

g 
fo

rc
e

2.
1 

m
W

 p
ow

er
2.

15
 k

V
/m

m
 e

le
ct

ric
 fi

el
d 

be
tw

ee
n 

el
ec

tro
de

s

Li
ne

ar
 re

la
tio

n 
be

tw
ee

n 
ap

pl
ie

d 
fo

rc
e 

an
d 

re
su

lte
d 

vo
lta

ge
 w

as
 

fo
un

d
Le

e 
et

 a
l.[

60
]

Po
w

er
in

g 
tir

e 
se

ns
or

s f
ro

m
 

w
as

te
d 

tir
e 

str
ai

n
60

 ×
 14

 ×
 0.

8 
(m

m
) o

f P
ZT

-5
H

 
in

te
rd

ig
ita

te
d 

el
ec

tro
de

s
45

0 
kg

f l
oa

d
60

 k
m

/h
 v

el
oc

ity
38

0 
m

J e
ne

rg
y

4.
05

 m
W

/m
m

3  p
ow

er
 d

en
si

ty
Th

e 
th

ic
kn

es
s o

f t
he

 p
ie

zo
 

m
at

er
ia

l h
as

 g
re

at
er

 in
flu

en
ce

 
on

 p
ro

du
ce

d 
en

er
gy

 c
om

pa
re

d 
to

 a
pp

lie
d 

lo
ad

 a
nd

 ti
re

 
ve

lo
ci

ty
Es

m
ae

el
i e

t a
l. 

[1
3]

Im
pr

ov
e 

en
er

gy
 e

ffi
ci

en
cy

 o
f 

th
e 

tir
e 

m
ou

nt
ed

 tr
an

sd
uc

er
R

ai
nb

ow
 sh

ap
ed

 st
ru

ct
ur

e 
co

ns
ist

 o
f t

w
o 

pi
ez

o 
m

at
er

i-
al

s s
ep

ar
at

ed
 b

y 
a 

fle
xi

bl
e 

su
bs

tra
te

25
00

 k
g 

ca
r w

ei
gh

41
 k

m
/h

 v
el

oc
ity

9.
7 

V
 v

ol
ta

ge
5.

85
 m

W
 p

ow
er

95
 µ

J/r
ev

 e
ne

rg
y

In
cr

ea
si

ng
 p

ie
zo

 w
id

th
 fr

om
 2

.5
 

to
 8

.5
 m

m
 in

cr
ea

se
s e

ne
rg

y 
effi

ci
en

cy
 fr

om
 0

.6
9 

to
 8

.3
%

A
lin

ia
ge

rd
ro

ud
ba

ri 
et

 a
l. 

[2
0]

A
m

en
di

ng
 c

ym
ba

l s
ha

pe
 h

ar
-

ve
ste

r t
o 

pr
ov

id
e 

su
ffi

ci
en

t 
en

er
gy

 to
 p

ow
er

 ti
re

 se
ns

or
s

C
ym

ba
l s

ha
pe

 p
ie

zo
 w

ith
 a

 
di

am
et

er
 o

f 5
 m

m
 su

pp
or

te
d 

by
 tw

o 
le

gs
 st

ru
ct

ur
e

Fo
rc

e 
of

 5
00

 k
gf

Sp
ee

d 
of

 4
1 

km
/h

7 
V

 v
ol

ta
ge

5 
m

W
 p

ow
er

90
 µ

J/r
ev

 e
ne

rg
y

Th
e 

tra
ns

du
ce

d 
en

er
gy

 is
 su

f-
fic

ie
nt

 to
 p

ow
er

 9
 T

PM
S

Ja
si

m
, W

an
g 

[2
6]

D
es

ig
n 

op
tim

iz
at

io
n 

of
 M

ul
ti-

po
le

d 
br

id
ge

 tr
an

sd
uc

er
32

 ×
 32

x2
 S

qu
ar

e 
PZ

T-
5X

 
el

em
en

t
0.

7 
M

Pa
 lo

ad
in

g
55

6 
V,

 0
.7

43
 m

J p
ot

en
tia

l 
en

er
gy

 fo
r o

pe
n 

ci
rc

ui
t

St
ee

l e
nd

 c
ap

 th
ic

kn
es

s a
nd

 
ca

vi
ty

 h
ei

gh
t h

av
e 

a 
m

or
e 

in
flu

en
ce

 o
n 

th
e 

re
su

lte
d 

str
es

se
s t

ha
n 

ge
om

et
ric

al
 

pa
ra

m
et

er
s

Th
is

 st
ud

y 
TS

PE
H

 m
od

el
s 

 (M
1 &

  M
2)

D
es

ig
n 

a 
ne

w
 e

ne
rg

y 
ha

rv
es

te
r 

an
d 

ev
al

ua
te

 it
s e

ne
rg

y 
ou

t-
pu

t f
or

 ti
re

 a
pp

lic
at

io
ns

A
 P

ZT
-5

X
 a

dh
er

ed
 to

 a
 fl

ex
-

ib
le

 a
lu

m
in

um
 su

bs
tra

te
50

 ×
 15

 ×
 2 

(m
m

)

Th
e 

ro
lli

ng
 ti

re
 b

ou
nd

ar
y 

co
nd

iti
on

11
.7

8 
H

z
0.

55
9 

M
Pa

 a
pp

lie
d 

str
es

s

21
4 

V
 T

ire
 b

ou
nd

ar
y 

co
nd

i-
tio

n 
&

 7
68

 V
 u

nd
er

 m
ax

i-
m

um
 st

re
ss

 o
f 2

 M
Pa

10
.2

01
 µ

J/r
ev

 e
ne

rg
y 

un
de

r 
tir

e 
B

.C
. &

 3
2.

64
5 

µJ
/re

v 
en

er
gy

 u
nd

er
 1

 M
Pa

 st
re

ss

O
ne

 to
 th

re
e 

TP
M

S 
se

ns
or

s c
an

 
be

 p
ow

er
ed

 b
y 

th
e 

no
ve

l o
ne

-
en

d 
ca

p 
TS

PE
H



 Materials for Renewable and Sustainable Energy

Conclusion

This study designed a novel one-end cap tire strain piezo-
electric energy harvester (TSPEH) under different loading 
modes. The decoupled modeling approach was used to ana-
lyze the interaction between the tire and energy harvester, 
and the transducer's dimensions were established based on 
tire analysis. The results revealed that stress concentration 
occurred along the edge of the end cap. Under changea-
ble loads, the maximum von Mises stress and open-circuit 
voltage increased linearly with respect to the applied load. 
Considering the balance between design limitations and 
energy output to achieve optimal results, under normal tire 
load scenarios, the TSPEH was able to generate a voltage 
of 291 V, while a maximum voltage of 768 V was harvested 
under a 2 MPa tire contact patch stress. Based on a 10 µJ/
rev sensor consumption rate, up to three commercial TPMS 
can be powered by this TSPEH, which generates 32.645 µJ/
rev. Due to the lack of sufficient information about one-end 
cap tire strain energy harvesters, experimental work will 
be conducted later based on a sound theoretical foundation 
that includes more analysis for tire-harvester interaction and 
harvester geometrical optimization for maximum reliabil-
ity and efficiency. Overall, this study shows that one-end 
cap piezoelectric energy harvesters have great potential 
as a promising source for sustainable energy harvesting in 
various applications, notably in utilizing wasted host energy 
such as vehicle tires.
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