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ABSTRACT
Piezoelectric materials including Lead Zirconate Titanate (PZT) and Polyvinylidene Flouride
(PVDF) have been used in various forms for energy harvesting using vibrations, repetitive
strikes and bending of structures. This paper discuss the use of piezoelectric materials, both PZT
and PVDF, within a commercial vehicle's pneumatic tire to harvest power that can be used for
power sensors or even run onboard devices. Different ways of harvesting energy using highly
bendable piezoelectric elements, both PVDF and PZT, are explored. Three (3) energy harvesting
are explored, with each relying on the deformation of tire’s Treadwall and Sidewalls due to
vehicle weight acting on it. These methods are compared on the basis of their power production
capacity as well as other significant factors for use within the tire.
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INTRODUCTION
Energy harvesting within the tire has been of great interest in the recent past for the
purpose of powering sensors such as Tire Pressure Monitoring System (TPMS) sensor,
Vehicle Speed Sensor (VSS), Strain Monitoring Sensor (SMS) etc. Energy harvesting allows
integration of such sensors within the wheel by eliminating the need of relying on a limited
permanent power source such as a battery thereby allowing a sufficient increase in usable
sensor life. Some interesting ideas have emerged utilizing piezoelectric elements to harvest
energy through vibration [1], impact [2] and bending [3-4] of such elements. This paper evaluates
three (3) different options for energy harvesting based on the deformation of tire during vehicle
motion.

Deformation of Tire
A tire under no load maintains its circular shape as shown in Figure 1 (a). However, under
the load of the vehicle a section of the tire Treadwall conforms to the shape of the road i.e.
flattens out into an area known as the Contact patch [5]. This section of the Treadwall within
the Contact patch is deformed from its regular circular shape. Moreover, the area of the
Sidewall just above the contact patch also undergoes deformation i.e. bulges out and the
effective Section Height of the tire decreases, Figure 1 (b). As the vehicle moves, new area of
the tire continually deforms and relaxes in a cyclic pattern whose frequency is dependent upon
the vehicle velocity.
The deformation of the Treadwall and the reduction in the effective Section Height due to
the deformation of the Sidewall presents an opportunity for energy harvesting through the use
of piezoelectric bender elements that would deform and relax with the tire.

Fig. 1: (a) Tire under no load (b) deformation of the sidewall and creation of a Contact Patch
due to vehicle weight (B < A).
ENERGY HARVERTING METHODS
Three methods of energy harvesting are being presented that utilize the previously
described tire deformation patterns by bonding PZT and PVDF elements to various parts of
the tire’s Inner liner.
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PZT bender bonded to the tire
Very thin and flexible PZT unimorph elements are bonded to the inner liner of the tire
opposite to the treads. The brass reinforced elements have a total thickness of 0.23 mm with a
0.1 mm thick circular ceramic plate of 25 mm diameter; Figure 2 (a). A 185/65R14 passenger
vehicle tire requires 3.5 mm of end-to-end deformation for a 40 mm element which is beyond
the capacity of many PZT benders available in the market. However, the PZT elements used
in this paper and previous research [4] can withstand up to 9 mm deflection without physical
damage or a permanent shape change; almost thrice as much as the requirement. These
elements are only bendable to such a high degree in one direction as shown in Figure 2 (b) and
can undergo much less deformation in the other direction. Bonding of these elements is
achieved through the use of very flexible high temperature adhesive which allows the element
to deform with the tire while having minimal effects on the deformation pattern of the tire.

44 mm

(a)

25 mm

(b)

(c)

Fig. 2: (a) Size of PZT element [6] and (b) One-sided bendability of the PZT element
Figure 2 (c) shows the circular element bonded to the tire atop a tire circular tire repair
patch. The rectifier attached on top of the element can also be seen with wires extending out to
the rim. These elements generate a voltage peak with each revolution with maximum voltage
rising as high as 45.5V, Figure 3 (a). In order to calculate the maximum power generated by
each deformation various resistive loads were connected in parallel to the PZT element and
the output voltage was measured. The graph of power output from PZT bender at different
load resistances is also presented in Figure 3 (b). A maximum of 4.6 mW of power can be
extracted from the element bonded to the tire at a load resistance of 46 kΩ and a rotational
wheel speed of 80 revolutions per minute (RPM), roughly equal to 9 km/h.
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Fig. 3: (a) Voltage peaks produced by PZT upon each deformation, and (b) Power delivered to
various resistive loads
PVDF bended bonded to the tire
PVDF elements are composed of a thin PVDF sheet with electrodes on either side.
Aftermarket ready-to-use PVDF elements were acquired from Measurement Specialties Inc. in
the form of 216 x 280 mm sheets [7]. These sheets and subsequently the elements developed
from it are 110 µm in thickness with silver ink electrodes on either side. These elements
without any additional reinforcements can only be used in high frequency vibration mode. To
be able to utilize the low frequency (less than 20 Hz) deformations pattern of the tire for
power generation the PVDF elements have to be bonded to a reinforcement layer e.g. a plastic
or brass sheet. There have been several previous publications that describe the need for such a
reinforcement and thus will be omitted in this paper.
A 100 µm thick 40 x 40 mm square element, Figure 4 (a), bonded to a 0.3 mm plastic sheet
is used for this research to provide reinforcement and preserve the flexibility of the PVDF
element. This element was bonded to the tire using the same adhesive as described in the
previous section, Figure 4 (b). Figure 5 (a) shows the peak voltage generated by the element at
a rotational wheel speed of 80 RPM. A peak voltage of 62.3 V and an average voltage of 1.0
V is generated at no load.
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Fig. 4: (a) 40 x 40 mm PVDF element with rectifier circuit attached on top, and (b) the same
element bonded to the tire
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Fig. 5: (a) Voltage peak generated by PVDF element at each revolution, and (b) resulting
power output for various load resistances
The power output delivered by the PVDF bender to different loads is presented in Figure 5
(b). A peak output of 0.85 mW is produced by the element at a high load resistance of 380 kΩ,
very less when compared to their PZT counterpart. However, PVDF elements being a lot more
flexible present themselves as a more suitable candidate for high deformation applications
such as a tire based power generation. Furthermore, unlike the PZT elements PVDF elements
can handle deformation in either direction without suffering physical damage. Lastly, PVDF
elements have minimal impact on the deformation pattern of the tire due to their inherent
flexibility.
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Besides lower power output, PVDF elements also have lower operating temperature of 100
‘C or below and undergo permanent loss in polarization when the temperature negatively
affecting their power output capacity [8].
PVDF ribbon attached to the tire bead
This novel method of energy harvesting does not use the deformation of the tire, as
described earlier, directly as it does not involve the bonding of piezoelectric element on the
deformable part of the tire. Instead it relies on the deformation of a plastic ribbon bonded to
the rigid bead section of the tire due to the changing tire Section height – the height of the
Sidewall of the tire [5]. As stated earlier, the Sidewall deforms and reduces in the overall
height just above the contact patch due to the weight of the vehicle, Figure 1. As the wheel
rotates the Sidewall and consequently the ribbon relaxes and deforms; effective Section height
increases and decreases in a cyclic pattern. The attachment of three (3) PVDF element (blue)
ribbon (red) on to the tire (black) is depicted in the graphic illustration in Figure 6 below. The
ribbon is only bonded to the rigid Bead of the tire at points A and B while the remainder of the
ribbon rests freely on the Inner liner of the tire as shown. The space between the ribbon and
Inner liner of the tire Sidewall is also evident. As the Sidewall deforms under the weight of
the vehicle; the Section width of the tire increases while the Section height decreases, the
ribbon also deforms and moves closer to the Sidewall while getting squished vertically. The
PVDF elements are placed at the location of maximum ribbon deformation and thus produce
power with each revolution of the wheel by deforming with the ribbon.

PVDF
elements

Ribbon moves
closer to the side

Ribbon

Side wall height
decreases

wall

A
A
Ribbon bonded
to the tire bead

B

B
Ribbon bonded
to the tire bead

Fig. 6: Graphical Illustration of the change in the Section Width and Section Height of the tire
and the consequent deformation of the ribbon bonded to the Bead of the tire.
The 20 x 270 mm ribbon is shown in Figure 7 (a) with four (4) PVDF elements bonded to
it. The ribbon used in the actual experiments is of the same size but has three (3) elements
attached to it in a similar pattern Figure 7 (b).
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(a)

(b)

Fig. 7: (a) A 20 x 270 mm plastic ribbon with four (4) PVDF elements and rectifier circuits,
and (b) A plastic ribbon with three (3) PVDF bonded to the Bead of the tire from side to side.
Figure 8 (a) shows the peak voltage of 18.7 V generated by the ribbon, whereas Figure 8
(b) presents the graph of power output from the ribbon for various resistive loads with a
maximum output of 0.23 mW for a load resistance of 400 kΩ at 80 RPM. The Ribbon
produces the least amount of power compared to the two previous methods but has significant
advantages over them as discussed next.
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Fig. 8: (a) Voltage peaks generated by the ribbon, and (b) Power delivered to various loads
Advantages of mounted PVDF elements in this manner include:
1) Damage prevention – since the PVDF elements or the ribbon in not bonded to the
treadwall or sidewalls, chances of damage due to tire puncture or other penetrable
foreign objects is greatly minimized
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2) Minimized effect on the deformation of the tire – The ribbon is bonded to the rigid
bead section of the tire bearing steel wires that do not undergo deformation. Since no
deformable areas of the tire are affected, the overall deformation characteristics of the
tire remain unchanged and the safety rating of the tire unaffected.
3) Damage free removal of the Ribbon – Bonding PVDF and PZT directly onto the tire
poses difficulty of their removal at the end of tire’s service life. This is because the
elements may be subjected to higher deformation than they can undergo during the
removal process rendering them unusable. In case of a ribbon the bonding point is
located conveniently away from the elements allowing easier removal without
damaging the actual elements.
4) Possibility of mounting sensors on the rim – When the energy harvesting piezoelectric
elements are mounted onto the tire, the subsequently powered sensor whether Tire
Pressure Monitoring Systems (TPMS) Sensor, Vehicle Speed Sensor (VSS), or Tire
Health Monitoring Sensor (THMS) have to be mounted on to the tire as well.
However, in case of the PVDF ribbon mounted in close proximity to the Tire-Rim
interface the sensor could possibly be mounted on to them rim itself which is the ideal
location within the wheel assembly.

RESULTS
Comparison of energy harvesting methods
The three (3) methods of energy harvesting presented above have different power outputs
for different load resistances. However, the elements used it all of the three (3) cases are of
different size and thus not directly comparable. In order to better quantify the power
production capability of each method they should be compared on the per unit area basis as
shown in Table 1 below.
Table 1: Comparison of Energy Harvesting methods on per unit area basis
Method

Element

Dimension

Area (mm2)

Power (mW)

Power/area
(mW/mm2)

1

PZT

25 mm disc

491

4.6

9.37 x 10-3

2

PVDF

40 x 40 mm

1600

0.85

5.31 x 10-4

3

PVDF

15 x 40 mm (3 pieces)

1800

0.23

1.27 x 10-4

PZT elements without doubt have the highest power output capability per unit area. The
thickness of the elements employed in the three (3) methods were omitted since the thickness
of PZT elements (0.1 mm) and PVDF elements (110 µm = 0.11 mm) are almost equal.
Besides power output, there are other factors of importance on which PZT and PVDF
piezoelectric materials should be compared regarding their usage in tires. Some these are
compared in Table 2.
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Table 2: Comparison between PZT and PVDF on some basic application criteria
Criteria

PZT

PVDF

Deformability

Low

Very High

Piezoelectric Charge constant (d 33)

High (110) [7]

Low (33) [7]

Cost

$2 per element (25 mm
diameter; area = 491 mm2)

$330 per 216 x 280 mm sheet

Temperature range (C)

High (up to 130) [6]

Low (Up to 80) [8]

($2.71 per 491 mm2)

After a long drive, the tire temperature can rise up to 70 C [9] and so the piezoelectric
materials being used must be able to withstand such high temperatures without failure. Both
PZT and PVDF have operating temperatures that exceed this temperature and are usable
inside the tire for energy harvesting. PVDF elements being more flexible do hold the potential
of providing more deformation cycles than PZT without degradation in the quality of output
power. A very important factor involved with the use of piezoelectric materials for energy
harvesting is that of cost; high cost of harvester can prove to be a major hurdle in their wide
scale usage and replacement of permanent power storage medium such as batteries. The PZT
elements are relative cheap at $2 per piece (from digikey.ca) for a 491 mm2 ceramic area,
while a 216 x 280 mm PVDF sheet costs $330 [7] or $2.71 per 491 mm2. However, PZT
elements offer a greater return due to their higher power output per unit area or cost.
Power generation capacity at various speeds
Comparison of Power Output of the three (3) methods
vs. Vehicle Velocity
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Fig. 9: Power output of the three (3) methods with varying vehicle velocity

Previously presented values of power output were for a contact wheel rotational speed of
80 RPM, roughly equal to 9 km/h for a tire size of 185/65R14. However, power is produced
by the elements every time they are deformed and thus should effectively increase with the
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frequency of deformation i.e. more power should be produced at higher RPM. Figure 9
presents a projection of power output from all the three (3) methods for vehicle velocity up to
100 km/h (870 RPM for a tire size of 185/65R14). The first three (3) values are measured
while the rest are theoretically calculated based upon the frequency of deformation at the
different velocities.

CONCLUSION
Three (3) different methods of power generation utilizing PZT and PVDF were evaluation
based on various performance criteria. Based on the experimental results, PZT elements
directly bonded to the tire have the higher power output per unit area as well as cost but offer
lower flexibility compared to their PVDF counterparts. A novel method using a plastic ribbon
with PVDF elements was also presented as an alternative with attractive advantages over
direct bonding of piezoelectric elements to the tire. In any case, piezoelectric energy
harvesting can be effectively used as a substitute for limited capacity batteries in wheel
embedded sensors to elongate their useful life.
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