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high energy density harvester-cum-sensor to power wireless data transfer.
• Developed
generated energy from tire strain harvester was enough to directly power 78 LEDs.
• The
model for tire-road interaction and piezoelectric response.
• ARealmathematical
environment test for sensing tire-road interaction under diﬀerent variables.
• Demonstrated
the self-powered smart tire sensor for autonomous vehicles.
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We demonstrate the feasibility of the strain energy harvesting from the automobile tires, powering wireless data
transfer with enhanced frame rates, and self-powered strain sensing. For this, we used a ﬂexible organic piezoelectric material for continuous power generation and monitoring of the variable strain experienced by a tire
under diﬀerent driving conditions. Power output of ∼580 µW at 16 Hz (∼112 km/h) from the energy-harvester
and mounted on a section of a tire, is suﬃcient to power 78 LEDs. We further demonstrate that the stored energy
was suﬃcient to power the wireless system that transmits tire deformation data with an enhanced frame rate to
control system of a vehicle. Using sensors mounted on a tire of a mobile test rig, measurements were conducted
on diﬀerent terrains with varying normal loads and speeds to quantify the sensitivity and self-powered sensing
operation. These results provide a foundation for self-powered real-time sensing and energy eﬃcient data
transfer in autonomous vehicles.

1. Introduction
In autonomous vehicles, energy requirement has been increasing
rapidly with the increased number of onboard sensors, and the requirement for an increased rate of wireless data transfer for safe and
reliable driving. There is tremendous development taking place in both

academia and industry to provide devices, systems, and techniques
[1,2] that lead to energy eﬃcient self-governing automobile environment [3,4]. For automobiles, tires act as an interface between the vehicle control system and the external environment. The abundant vibration and strain energy in a rolling tire can be used for energy
harvesting to power wireless sensors [5]. This is especially important
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Fig. 1. (a) Schematic of an autonomous vehicle on the road. (b) Oil spill due to a ﬂat tire-related accident causing serious environmental threat. (c) The distribution
(%) of tire-related crash vehicles including their types. (Source: U.S. Department of Transportation, National Highway Traﬃc Safety Administration).

not only beneﬁcial for the autonomous cars (Fig. 1(a)), but, also will be
helpful in controlling tire-related crashes in traditional vehicles. The
tire-related crashes can be extremely deadly, and sometimes highly
damaging to the environment, as shown in Fig. 1(b). According to a
report [12], out of the total number of crashes, the tire-related crashes
were approximately 6%, 4.6%, 4.3%, and 3.5% for passenger cars,
SUVs, pickups, and vans, respectively. Among diﬀerent kinds of vehicles, the tire-related crashes (as shown in Fig. 1(c)) were highest for
the light passenger car (66.3%), which was followed by SUVs (17.4%),
pickups (11.1%), and vans (4.9%). Therefore, developing an energy
eﬃcient smart tire has been one of the important aspects in achieving
fully autonomous vehicles. Global initiatives such as European Union
project APOLLO (2003) and Bridgestone/Firestone recall helped to fuel
the momentum of intelligent and energy eﬃcienct tire development in

considering the increasing length of the wires with the number of
sensors in modern cars, which further increases weight of the vehicle,
needs more space, and reduces vehicle’s reliability [6]. Such energy
harvesting solutions will ultimately reduce the load on the vehicles’s
main battery, thereby, increasing the eﬃciency of the vehicle. In order
to achieve tire-based self-powered sensing of the external environment
and wireless data transfer, recent focus has been on developing smart
tires with energy generation capability [7,8]. The sensor arrays, in
smart tires, are used for monitoring and evaluating diﬀerent physical
quantities such as road/terrain characteristics, air pressure, road/tire
friction, loadings, wear, and hydroplaning [9]. These quantities are
then used by intelligent algorithms for enhancing the consistency,
longevity, safety, stability and fuel eﬃciency of a vehicle [7,10,11]. The
smart tires equipped with the eﬃcient energy harvesting systems, are
313
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In present work, we provide a cost-eﬀective solution to above
mentioned issues and demonstrate a self-powered sensor based upon an
organic piezoelectric material. A low value of elastic modulus ensures
the high strain development in this piezoelectric patch, which is one of
the important parameters for strain sensors. We realized the high-power
density and high temperature (up to 90 °C) stability of organic piezoelectric based harvester. Further, we demonstrate that the generated
energy from this piezoelectric patch, in normal tire condition, is suﬃcient to power 78 LEDs and wireless systems. This provides an estimate
for the power needed to develop eﬃcient wireless data transfer and
power management. In order to understand the dynamics of the tire
during rotation under load, we developed a mathematical model and
evaluated various key parameters such as radial and tangential displacement of the tire, and voltage from a ﬂexible piezoelectric sensor.
Based upon the mathematical analysis, we integrated piezo patch in a
tire mounted in a mobile test rig. The tests were performed on diﬀerent
types of roads (under variable wheel loading) to demonstrate the sensing capabilities. These experimental results were also validated qualitatively (voltage trend with velocities) through analytical modeling.

the beginning of 21st century [13,14]. During initial stages of research,
the main focus was to develop the tire pressure monitoring system
(TPMS) [15,16]. However, recent studies have shown that other characteristics such as road friction, tire-road interactions, and wheel loads
are equally important to ensure better and safe driving [7,8,11,17,18].
Diﬀerent methods, such as accelerometers [11,19], piezo-based
[20,21], magnetic-based [17,22,23], capacitive-type [24,25], and surface acoustic wave (SAW) [26,27], have been described in previous
studies to measure the parameters such as acceleration, strain, temperature, and pressure. All these technologies have their advantages
and limitations with respect to tire platform. For example, accelerometers are easy to integrate and can work over a wide range of
temperature, however, they are rigid, expensive, not compatible with
large deformations, and extremely sensitive to the surrounding noise
[7]. Capacitive sensors are good candidates for pressure sensing and
strain measurements [25,28], but suﬀer from the drawback that their
sensitivity varies with temperature and hence require additional compensation circuits [7]. Pohl et al. used SAW technique to estimate the
tire deformations and frictional characteristics [29], however, this
method often needs additional acquisition systems, wireless communication infrastructure, passive external power, and may have diﬃculty
to withstand large deformation of a tire [10,30]. Most of these embedded sensors require a robust wireless infrastructure along with the
power source. For example, TPMS [16,31], which is integrated in each
wheel to monitor the tire pressure, usually, consists of a pressure
sensor, a microcontroller for processing, a radio frequency (RF) communication system to wirelessly transmit the data to the vehicle’s
central receiving unit, and a battery as a power source. This scenario is
expected to become more complex with the increasing number of
sensors in the next generation of the autonomous vehicles [32]. Enhanced number of sensors require additional power, which further
depends on the rate of the data transfer. Although batteries are the easy
and inexpensive source for providing constant voltage supply, they
have a major drawback of their limited utilization time, and high labor
cost for replacement [8,33]. The limited availability of energy restricts
the use of increased frame rate for the wireless data transfer, which
renders reduced reaction time for the driver in case of an emergency.
To replace these batteries, various energy harvesting technologies
have been developed for harnessing the untapped mechanical energy of
tire to electricity, which otherwise goes waste. Most of the vehicle-related energy harvesting technologies are focused on vehicle vibration
and/or exhaust heat with the aim of reducing the dependency on the
vehicle’s main heavy battery and extra load on the engine [6,34]. Some
of these methods of tire energy harvesting utilize transduction such as:
electromagnetic [35,36], piezoelectric [16,33], microﬁber/piezoelectric composites [30,37,38], and nanogenerators (based on triboelectric and Zinc Oxide (ZnO)) [39,40]. However, most of these harvesters had certain limitations. For example, electromagnetic harvesters
are cost-eﬀective, but diﬃcult to integrate due to their large size.
Furthermore, MFCs and nanogenerators are ﬂexible in nature and may
exhibit reasonable power density. However, the fabrication process of
these materials is complex, expensive, and they don't exhibit enough
output power. The integration of these sensors would dramatically increase the cost of the tire. Additionally, because these harvesters are
very sensitive to the temperature, the increased tire temperature during
motion could be an issue [37]. The resonance based PZT harvesters are
not able to function beyond the certain frequency ranges and required
tip masses, making the system bulky to integrate in a tire. On the other
hand, ﬂexible PVDF based harvester are good match for harvesting tire
strain energy considering large deformation of tires and ease in integration. In order, to achieve cost-eﬀective and robust intelligent tires,
one needs to develop an eﬀective self-powered sensing method, which
does not depend on the external power source. The sensing element
should be easy to integrate within tire to avoid complexity and possess
low stiﬀness [7,8]. These ﬂexible sensors should have stable behavior as
a function of temperature with low fatigue.

2. Experimental
In order to measure the strain in the tire and for their health
monitoring, the piezoelectric material was used. First, to assess the
power requirements, we mounted a PVDF based piezoelectric patch (KF
Piezo ﬁlm, KUREHA) on a section of the tire. The list of properties for
this material has been provided in the supplementary information
(Table S1). The tire-section was rigidly secured at two ends to provide
the cantilever boundary condition on a vibration isolation smart table
(Newport ST series). The shaker, which was coupled with a function
generator through an ampliﬁer (HP 6826A), was used to excite the tiresection. The output voltage was measured using an oscilloscope
(DSO1014A, Keysight). The 2D scanning laser vibrometer (Polytec PSV500) was used to measure the displacement and the dynamic proﬁle of
tire-section in a lab environment. Furthermore, we conducted the experiments to evaluate the thermal stability and reversibility of the
functional response of piezoelectric patch. A heat gun was used to heat
the system, and the temperature was measured through a K-type thermocouple. During tapping on the tire (through a shaker), we tried to
emulate the real displacement proﬁle of a moving tire in the lab environment. Furthermore, we demonstrated powering of 78 LEDs, and
the capability of the wireless data transfer from a sensor (MIDASCON)
using energy stored from the piezoelectric patch integrated on a tiresection. Lastly, we mounted our sensor on the real tire (Goodyear,
model # P245/70R17) installed on a mobile tire test rig. These ﬁeld
tests were performed using diﬀerent normal loads and speeds at Virginia Tech Transport Institute (VTTI).
3. Results and discussion
Fig. 2(a) shows the schematic of the tire deformation during motion
of a typical vehicle. Please note three zones of the tire deformation; A
and C are compressive zones, and B is the tensile zone. During motion
on a given terrain, the deformation of the tire generates a waveform
sensed through a self-powered piezoelectric sensor. This waveform is
schematically shown in Fig. 2(b) [37]. Using our piezoelectric based
self-powered sensor, mounted on the tire, we experimentally observed
similar waveform due to tire deformation. The waveform characteristics are a function of varying load depending upon vehicle, speed, and
terrain etc. PVDF based organic piezoelectric materials are an excellent
choice here because of a wide frequency range of operation, sensitivity
(Fig. 2(d)), and small Young’s modulus (Fig. 2(e)). Further, this
polymer-based piezoelectric material is stable up to 90 °C (Fig. S1(a)),
which meets the requirement for mounting within a tire.
In order to characterize the voltage output characteristics of the
piezoelectric sensor, mechanical excitation from a shaker was utilized.
314
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Fig. 2. (a) Schematic of the tire deformation with diﬀerent types of strain. (b) Schematic waveform generated due to the tire deformation. (c) Experimental waveform
due to the tire deformation. (d) Voltage coeﬃcient of various piezoelectric materials. (e) Young’s modulus of various piezoelectric elements.

3.1. Electrical characterization in lab environment

Fig. 3(a) shows a photograph of the sensor mounted on a section of a
tire, where shaker is behind this tire-section. The dynamics of the piezoelectric sensor, on such excited tire-section, was investigated using a
laser vibrometer. Tire section was discretized into many points, which
were scanned through a laser. The root mean square (RMS) displacement proﬁle, during one of the measurement, can be seen in Fig. 3(b).
This proﬁle shows almost a ﬂat dynamic response (each point has the
same displacement) across the scanned area of the tire-section, which
illustrate that the tire-section was systematically excited with no relative motion among various points on the surface at a given frequency.
These results were used to emulate the dynamics of a tire in a real
moving vehicle, when a particular section of a tire gets a repetitive
normal reaction force from the road after a regular interval of time (or
at a particular frequency). Fig. 3(c) shows the displacement at the
center point of the tire section. We have calculated the strain values
across the tire section by using the displacement proﬁle (as input)
measured at the center of the patch (Fig. 3(d)). Corresponding to the
displacement of 2 mm at 16 Hz, a 0.8% maximum strain was estimated
for one cycle. During vehicle movement for a long period of time and
then applying brakes, could sometimes heat-up tires to the temperatures ∼80–90 °C [37], which requires sensors to be stable in that
temperature regime. Fig. 3(d) shows the peak to peak voltage at variable temperatures. The piezoelectric sensor used in this work was found
to exhibit stable voltage output over a temperature range of 25–90 °C.
From the results under a given thermal cycle, one can infer that the
sensor was stable up to 90 °C and did not exhibit hysteresis losses due to
thermal cycling. It is worthwhile to mention, we tested the piezoelectric
patch under controlled mechanical excitation at 16 Hz for 3 days, and
did not observe any signiﬁcant change in the patch output, as shown in
Fig. S1(b).

We measured the voltage output from the piezoelectric patch under
diﬀerent displacements at various frequencies (7–16 Hz). The frequency
range was derived from the vehicle’s speed (48–112 km/h) considering
average tire dimensions (overall diameter- 0.63 m). One can clearly
observe in Fig. 4(a)-(e) increase in the open circuit voltage (OCV)
output with increasing displacement at the center of the patch. Increased displacement enhances the strain in the tire, which in turn,
results in enhanced voltage output. Fig. 4(f) shows the summary of
voltage output as a function of frequency at diﬀerent displacements.
The output voltage was found to increase monotonously with increasing
frequency for displacements up to 1.5 mm. However, for displacements > 1.5 mm, the output voltage was found to decrease with increasing frequency. The voltage-frequency response indicated that the
resonance frequency of our experimental system doesn’t fall within the
given frequency range. This provided us an opportunity to conduct the
systematic study on the tire (which should represent the real case as
well), in a laboratory environment. Power generation for two diﬀerent
cases was quantiﬁed: (i) ﬁxed tire displacement (2 mm) with varying
frequencies, and (ii) ﬁxed shaker power input at varying frequencies.
In order to measure maximum instantaneous power generated from
the piezoelectric patch, at 2.0 mm displacement, a range of the load
resistances was utilized, as shown in Fig. 5(a). The maximum power
was obtained to be 150 µW at a frequency of 16 Hz across 2 MΩ load
resistance. We also measured the power output at various other frequencies using the same experimental setup (at 2 mm displacement),
and found that the peak power range varied from 100 µW to 150 µW.
On further increasing the input voltage amplitude for the shaker, the
maximum power was obtained to be 580 µW (Fig. 5(b)). Fig. 5(c) shows
the open circuit voltage generated at diﬀerent frequencies for a ﬁxed
shaker amplitude. With increasing frequency, the output voltage was
315
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Fig. 3. (a) Photograph of the laser scanning path for measuring displacement. (b) Surface displacement measured using laser vibrometer. (c) Displacement at the
center point of tire section. (d) Simulated maximum strain contour for the displacement input shown in Fig. 3(c). (e) Performance of organic piezoelectric patch at
diﬀerent temperatures. Inset image shows an infrared camera photograph indicating temperature distribution.

management for this wireless data transfer.

found to increase up to 13 Hz before slightly dropping at 16 Hz.
Fig. 5(d) shows the force input of shaker to the tire setup. The force
measurements were carried out using a Futek force sensor having a
sensitivity of 48.6 Newton/Volt (Fig. S2). It can be observed that there
is a signiﬁcant diﬀerence in the force dynamics (at variable frequencies)
at diﬀerent excitation input. This force diﬀerence can be easily observed in power output as well. On increasing the shaker input, although tire displacement saturated, force input to the tire was found to
increase (as shown in Fig. 5(d)) signiﬁcantly, thereby, increasing the
voltage and power output.
This harvester-cum-sensor patch can have multiple functions, because, it can sense tire dynamics, and provide power for wireless data
transfer. Fig. 6(a) shows the setup for the successful demonstration of
lighting 78 LEDs directly using the power generated from this piezoelectric patch. To demonstrate real applications of the power generated,
we powered a commercial wireless sensor using stored power (in a
capacitor) through a rectiﬁer circuit (Fig. S3) from the piezoelectric
patch, and demonstrated wireless data transfer related to the temperature and humidity, as shown in Fig. 6(b). The data transfer was
accomplished using a commercial wireless sensor (installed on an
electric kettle) and a mobile phone based app. Fig. 6(c) illustrates the
temperature and humidity information from the surface of a kettle with
respect to time. After switching on the kettle, the surface temperature
increased, which, in turn, made the surrounding ambient dry reducing
humidity. This demonstration shows the capability of this piezoelectric
patch as a sensor to read the real-time information without external
bias, and powering the onboard wireless data transfer system to
transmit the sensed information. Next, we discuss the power

3.2. Power management for the wireless data transfer
In a TPMS system, the communication system regularly sends
message frames containing tire pressure information. If the tire pressure
is below a threshold, the central receiving unit presents an alert on the
driver’s dashboard. In a TPMS, most of the battery’s power is consumed
during transmission of the message frames [41]. Hence, to conserve
energy and extend battery life, the frame rate transmitted from the
TPMS is traditionally limited to a very low value, e.g., the communication system transmits only one frame per minute [42]. Note that the
transmission of a message frame only lasts for a few milliseconds, and
the communication system remains idle for the rest of the time to
conserve energy. This reduces drivers’ precious reaction time in case of
the tire blowout or sudden puncture, which could lead to an accident.
Further, the wireless communication system in traditional TPMS cannot
support a large amount of data transfer, and hence the data is limited to
the minimal information related to tire pressure. The communication of
additional information about other important characteristics, such as
road friction and tire-road interactions, require more advanced communication systems, such as Bluetooth and Wi-Fi. Fig. 6(d) exhibits the
power required for the wireless data transfer for the diﬀerent number of
transmitted frames per minute in diﬀerent state-of-the-art technologies.
These plots show increased power requirement for highly eﬃcient data
transfer rate in technologies like Bluetooth and Wi-Fi as compared to
TPMS. Therefore, advanced wireless data transfer technologies require
more power, increasing the load further on the available energy.
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Fig. 4. Output voltage at diﬀerent displacements for (a)7 Hz, (b) 9 Hz, (c) 11 Hz, (d) 13 Hz, (e) 16 Hz. (f) Output voltage versus frequency at diﬀerent displacements.
The displacements were measured at the center point of tire section.

total of 160 µJ is required to transmit a frame. A detailed transmission
process is shown in Table S2. With an average power generation of
around 225 µW in our self-powered sensor, the required energy can be
generated and stored in one second. Hence, our self-powered sensor is
capable of sending at least one frame per second (60 frames per
minute). From the above analysis, we observe two advantages of using

Here, we analyze the frame rate that could be achieved by our selfpowered sensor ﬁtted with a state-of-art Bluetooth Low Energy (BLE)
communication system [43]. This communication system requires
around 4 ms to transmit one message frame which comprises of monitoring information of 512 bits [44]. On average, the communication
system draws around 40 mW at 3 V during this transmission. Hence, a

Fig. 5. (a) Power output versus resistance at
diﬀerent frequencies at controlled displacements (measured at center point). (b) Power
output at the increased level of shaker amplitude (50 V input) from the piezoelectric
sensor. (c) Voltage output at diﬀerent frequencies for an increased level of shaker
amplitude selected in (b). (d) Force input to
the tire from shaker at diﬀerent frequencies.
Inset image shows the waveform of the force
applied by the shaker on the tire section.
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Fig. 6. (a) 78 LED were powered using the piezoelectric patch under consideration. (b) Wireless data transfer demonstration using power stored from the piezoelectric patch mounted on the tire section. (c) Temperature and humidity data transferred wirelessly by utilizing stored energy. (d) Power management analysis for
various current technologies (Data sheets are included in supporting information). The dotted lines show the power (∼225 µW) requirement for data transfer (∼60
data per minute).

It may be noted that the inextensible condition (w = −ν′) was employed
in deriving Eq. (2). Following the procedure developed by Meirovitch to
estimate the response of gyroscopic systems [51], the radial deﬂection,
w , can be given by

our sensor. Firstly, we could utilize Bluetooth technology which supports the transfer of a larger amount of data as compared to the TPMS.
Secondly, the achievable frame rate with our sensor could be two orders
of magnitude higher than the conventional TPMS. The aﬀordability of
sending data with increased frame rate per minute provides increased
critical reaction time to the driver to handle the situation in case of a
tire blowout or puncture increasing road safety [45].

∞

w (θ , t ) =

n=1

After detailed experimental analysis in a lab environment, a theory
has been developed to illustrate the integration of tire dynamics with
our piezoelectric patch for the real road conditions to predict the voltage outcomes. In this section, through mathematical modeling, we
predicted the displacements of a tire, the voltage output from a patch
for diﬀerent driving conditions such as tire speed.

b0 e31 (t + tp)
V (t )
(v′ (θ0 , t ) + v′̇ ′ (θ0 , t )) = 0,
θ0 + Cp V̇ (t ) +
2r
R

∫ (c11 S112−2e31 S11 E3−εE32 ) dΓ,
Γ

1
z
(v + v′ ′)2 + 2 (v′ + v′ ′′),
2r 2
r

(4)

3.3.2. Simulations
The tire model used in the experiments and simulations was P245/
65R17 105S. Based on the experimental modal analysis, the equivalent
radial and tangential stiﬀness were estimated to be 1562 kN/m2 and
2212 k N/m2 respectively. These numbers were obtained by matching
ﬁrst three tire resonant frequencies corresponding to n = 2, 3 and 4
with experimentally observed frequencies 93, 108 and 132 Hz, respectively. The radial displacement was estimated for a load of 3000 N
at three speeds namely, 8 km/h, 16 km/h and 32 km/h. The piezoelectric patch had a width of 80 mm and spanned over an angle of 12°on
the tire. The radial displacement and tangential displacement were
estimated from Eq. (3), and are plotted in Fig. 7(a) and (b) respectively.
It can be observed that both radial and tangential displacement amplitudes of the tire do not change with speed. However, the rate of
change of the displacement was higher with increasing speed. The
voltage developed by the piezoelectric patch was estimated by solving

(1)

The tire was modeled as a rotating ring with radial and tangential
stiﬀness, as described in references [47–49]. The circumferential strain
in the tire, S11, can be written as a function of circumferential deﬂection, v(θ,t), as [50]

S11 =

(3)

where b0, t, tp and Cp are width, thickness of tire, piezoelectric patch
spanning over an angle of θ0 and ﬁlm capacitance respectively.

3.3.1. Theory: Voltage response from an organic piezoelectric patch on a
rotating tire
The voltage response from a PVDF based piezoelectric patch,
mounted on a tire, was estimated from the electrical enthalpy density
by applying Hamilton’s principle [46]. The electrical enthalpy density
H, for a piezoelectric patch on a tire, deﬁned by the domain Γ as a
function of strain S11, electric ﬁeld E3, Young’s modulus c11, permittivity ε, and piezoelectric stress coeﬃcient e31 is given as:

1
2

Fn2 cos(n (θ−φ0 + Ωt ))
,
πb (nΩ(mn nΩ−gn )−kn )

where the force at an angle ϕ0, width, stiﬀness, mass, and damping of
nth mode, and wheel rotation rate are denoted by F, b, kn, mn and gn,
and Ω respectively [48]. It was assumed that the piezoelectric patch
would not aﬀect the dynamics of tire motion. Hence, the voltage developed by the patch was determined by solving the following diﬀerential equation obtained by collecting the terms containing the ﬁrst
variation of voltage from the action integral.

3.3. Tire modeling for ﬁeld condition

H=

∑

(2)

where r is the radius of the tire and z is the distance along the thickness.
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Fig. 7. (a) Radial displacement of the tire as a function of angular position at three diﬀerent speeds of 8 km/h, 16 km/h, and 32 km/h. It can be noticed that the
displacement remained same for all the speeds with respect to the angular position. (b) The tangential displacement as a function of angular position for three speeds.
It can be observed that the amplitude of the displacement remains the same. However, the rate at which the displacement changes with time, increases with speed. (c)
The voltage response as a function of angular position for three speeds. (d) The voltage developed by the piezoelectric patch at diﬀerent speeds is shown as a function
of time. Although the displacement of the tire was not increasing with speed, the generated voltage and the power was found to increase with speed.

decreased signiﬁcantly. This phenomenon could be attributed to the
redistribution of the stress at the tire-road contact area, under increased
normal load (on the same path) [52]. This redistribution of stress led to
a higher stress on the outer periphery (tire shoulder) of the tire-road
contact area, reducing stress on the central part (tire crown), where the
piezoelectric patch was attached. This resulted in reduced voltage
output. In order to observe the eﬀect of the speed, output waveform was
measured at 16 and 32 km/h. The higher speed was found to result in
the higher magnitude of the peaks in the output waveform (Fig. 8(e)).
This phenomenon can be explained by considering the fact that with
increasing velocity, the rate of change in displacement of the tire increases, which further increases the voltage output. This behavior was
also modeled in our theoretical calculations. Magniﬁed image of the
waveform (Fig. 8(f)) clearly shows that our piezoelectric sensor-cumharvester clearly captured the waveform of tire’s compression and
tension cycle. We have also performed additional ﬁeld test under conditions like varying tire pressure, normal load, speed. The corresponding results have been added to the supplementary information
(Fig. S5). Our experimental results are qualitatively in very good
agreement with modeling results. The experimental voltage proﬁle
(compression-tension-compression) and trend of increasing voltage
with an increase in tire speed (because strain rate of tire-patch increases
as explained in modeling section) are consistent with modeling predictions. These results clearly indicate the eﬀect of external variables on
the sensor output and their eﬀect on the tire dynamics, which can be
used for sensing terrain characteristics, tire pressure, normal load, and
vehicle speed.

the diﬀerential equation given in Eq. (4). The voltage developed by the
piezoelectric patch at a load resistance of 100 kOhm for three diﬀerent
speeds is shown in Fig. 7(c) as a function of angular position. The
voltage developed by the patch in a time domain is shown in Fig. 7(d).
The RMS voltage at 8 km/h, 16 km/h, and 32 km/h speeds was 0.21 V,
0.62 V, and 1.1 V, respectively. The resulting average power at 8 km/h,
16 km/h, and 32 km/h speeds was 0.4 µW, 3.8 µW and 12 µW, respectively. We performed simulations for diﬀerent sensor patch length and
found that the voltage output increases with the increase in the sensor
patch length (Fig. S4). By arranging multiple piezoelectric patches
along the tire, the generated power can be scaled up.

4. Real-time ﬁeld testing of the sensor integrated within a tire
After characterizing the piezoelectric patch and performing the
modeling, we mounted the patch on a tire (shown in video S1) integrated within a mobile test rig, as shown in Fig. 8(a). The tire was
initially inﬂated to 193 kPa. The waveform due to tire deformation was
measured using a piezoelectric sensor mounted inside the tire. The
experiments were performed on diﬀerent terrains such as asphalt and
concrete mostly at the speed of 16 km/h, and normal loads of 3kN and
4kN. The waveform output is shown in Fig. 8(b)-(d). These results illustrate that under the same normal load and varying terrains, the
voltage output from the piezoelectric patch remained almost same
(Fig. 8(b)). This behavior can be explained as stress generated in the tire
is proportional to radial acceleration, which remained unchanged for
diﬀerent terrain characteristics (under the same load). This leads to the
unchanged voltage output waveform from the sensor.
In another parametric study during the ﬁeld test, we observed that
with increasing normal load on the tire, the voltage output was
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Fig. 8. (a) Test setup for the ﬁeld experiments. (b)-(d) Waveform generated due to tire deformation at the speed of 16 km/h on diﬀerent terrain and loads at 193 kPa
tire pressure. (e) Comparative waveform change at diﬀerent speeds of 16 km/h and 32 km/h. (f) Zoomed image of one cycle of waveform having diﬀerent wheel load.

5. Conclusions

and its integration with a tire. Theoretical calculations were performed
to model the tire-piezoelectric ﬁeld testing results. The key features of
the present work can be summarized as:

In summary, we demonstrated the feasibility of a self-powered tire
sensor based on the piezoelectric eﬀect for the autonomous vehicles.
We report a detailed experimental analysis of the sensor-cum-harvester

• Detailed experimental analysis of polymer-based piezoelectric patch
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•
•

•

in the lab environment at diﬀerent frequencies corresponding to
diﬀerent vehicle speeds. Maximum peak power was evaluated to
be ∼ 580 µW at 16 Hz.
Demonstrated the wireless data transfer from the sensor by utilizing
the stored energy generated from the piezoelectric patch. The output
power was enough to light up 78 LEDs directly. The analysis shows
that the power requirement for the wireless data transfer is met
using the piezoelectric patch.
Developed a mathematical model to calculate the radial and tangential displacement of the moving tire, and the generated voltage
from the piezoelectric sensor mounted on the tire of the mobile test
rig. Our modeling (of real ﬁeld conditions) results indicated increased voltage output from the sensor (mounted on the tire) with
increased vehicle speed.
Finally, we conducted the ﬁeld test with the real tire having a piezoelectric sensor, for diﬀerent parameters, such as diﬀerent tire
speeds, loads and terrains. These ﬁeld tests indicated no observable
change in voltage output (from the sensor) due to change in terrain
under the same load. Remarkably, we observed a clear change in the
voltage output under varying normal loads and speeds, which were
in agreement with our modeling results.
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