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Abstract:    In the USA, there are over 4 million miles (6 million km) of roadways and more than 250 million registered vehi-
cles. Energy lost in the pavement system due to traffic-induced vibration and deformation is enormous. If effectively harvested, 
such energy can serve as an alternative sustainable energy source that can be easily integrated into the transportation system. It is 
well known that most piezoelectric materials are also pyroelectric materials, which convert temperature change into electricity. 
However, the potential of polyvinylidene fluoride (PVDF) as a hybrid piezo-pyroelectric energy harvester has been seldom stud-
ied. The uniqueness of this study lies in that the electrical responses of PVDF under coupled mechanical and thermal stimula-
tions are investigated. Through a series of well controlled experiments, it is found that there exists an interesting coupling phe-
nomenon between piezoelectric and pyroelectric effects of PVDF: the voltage generated by simultaneous mechanical and ther-
mal stimulations is the algebraic sum of voltages generated by separate stimulations. This means that there is neither strengthen-
ing nor weakening coupling effect when the piezoelectric and pyroelectric phenomena are coupled. This also makes the model-
ing process of the hybrid piezoelectric and pyroelectric effect straightforward. An estimation of power generation through piezo-
electric and pyroelectric effect is conducted, and the overall effects of temperature on hybrid piezo-pyroelectric energy harvest-
ing are discussed. 
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1  Introduction 
 

Fossil energy sources such as coal, natural gas, 
and petroleum have been mainly used in countries as 
they become developed. However, because of exces-
sive consumption, those energy sources will become 
depleted in the future, and sustainable energy is an 
ideal replacement. Traditional sustainable energy 
sources such as wind energy, solar energy, geother-
mal energy, and hydraulic energy have been devel-
oped for decades or even thousands of years. How-
ever, these forms of energy are greatly subjected to 

weather and location. A novel sustainable energy 
harvested from pavement systems is proposed in this 
study. By embedding energy harvesters in the pave-
ment structure, electricity can be generated when 
vehicles pass by. The concept of piezoelectric energy 
harvesting from a pavement system exhibits great 
potential, as indicated by a recent investigation con-
ducted by the California Energy Commission: less 
than two miles of pavement implemented with pie-
zoelectric energy harvesters can supply enough en-
ergy to power a typical home (Hill et al., 2014). 
While promising, this concept is still in its infancy 
due to various challenges in system design, materials, 
modeling, and implementation. 

In the proposed energy harvester system, a pie-
zoelectric material is utilized that is able to convert 
mechanical deformation into electricity. Piezoelec-
tricity was discovered in 1880 by Jacques Curie and 
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Pierre Curie (Ueberschlag, 2001). Piezoelectric ma-
terials can be found in nature, such as in quartz and 
animal bones. Synthesized piezoelectric materials, 
such as lead zirconate titanate (PZT) and polyvinyli-
dene fluoride (PVDF), are more commonly used for 
engineering applications. PZT is an inorganic ceram-
ic material and is fragile in nature, although it has a 
large piezoelectric coefficient. On the other hand, 
PVDF is a flexible and durable polymer material 
with a much smaller piezoelectric coefficient. As a 
pilot study, Virginia Tech proposed a pavement en-
ergy harvesting system consisting of a metal box and 
stacks of PZT discs (Xiong et al., 2012). The design 
is thought to be bulky and would adversely affect the 
pavement system due to a mechanical mismatch be-
tween the pavement and the metals. The durability of 
the system was found to be questionable due to the 
fragile nature of the ceramics. Furthermore, the po-
tential pyroelectric effect is not considered. Zhao et 
al. (2010) proposed a cymbal-shaped PZT-based 
energy harvester and analyzed its coupling with as-
phalt pavement structure using a finite element mod-
el. PVDF-based energy harvesters have also been 
investigated that convert ambient vibration into elec-
tricity (Chen, 2014). However, the energy efficiency 
of a piezoelectric energy harvester is fairly low, 
which limits its broad application.  

To combine the merits of inorganic and poly-
meric piezoelectric materials, hybrid materials have 
been developed in the recent years. Thomas et al. 
found that the additive of CaCu3Ti4O12 (CCTO) in 
PVDF increases the dielectric constant to 95 
(Thomas et al., 2010). Guan et al. (2013) discovered 
that PZT/PVDF doped with carbon nanotubes gradu-
ally increase the piezoelectric constant (d33) with 
small volume fractions. However, when the volume 
fraction of carbon nanotubes approximates to 1%, 
d33 decreases. Luo et al. (2014) presented the rela-
tionship between volume fractions of calcium bari-
um zirconate titanate (Ba0.95Ca0.05Zr0.15Ti0.85O3, 
BCZT) and dielectric constant. They found the die-
lectric constant increases with the addition of BCZT. 
Huang et al. (2014) demonstrated that the loading of 
graphene oxide changes the properties of PVDF and 
that 0.1% (weight fraction) of reduced graphene ox-
ide (rGO) increases the piezoelectric constant by 
78.6%. However, Rahman and Chung (2013) added 
0.3% (weight fraction) of rGO in PVDF, and it was 

reported to increase the dielectric constant by 320%. 
Zhang et al. (2001) synthesized Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT), and they found PMN-PT to ex-
hibit a very high value for the piezoelectric coeffi-
cient. Appropriate addition of multi-walled carbon 
nanotubes (MWCNTs) in PVDF increases the piezo-
electric constant. However, extensive use of 
MWCNTs can reduce d33 (Kim et al., 2009).  

It is also well known that most piezoelectric ma-
terials are pyroelectric materials, which convert tem-
perature change into electricity. The pyroelectric 
properties of PZT/PVDF composites have been re-
cently investigated. Dietze and Es-Souni (2008) added 
PZT to poly[(vinylidenefluoride-co-trifluoroethylene] 
(PVDF-TrFE) to produce a PZT-PVDF-TrFE com-
posite. This increased both the dielectric constant 
and the pyroelectric constant. However, the high 
PZT content was reported to decrease the dielectric 
constant and pyroelectric constant. The PZT con-
tained in the PZT/PVDF-HFP composite contributed 
to both its pyroelectric and piezoelectric constants. 
Under high temperature conditions, the pyroelectric 
constant of PZT/PVDF-HFP composite was reported 
to increase greatly (Malmonge et al., 2003). Howev-
er, the potential of using PVDF composites as a hy-
brid piezo-pyroelectric energy harvester has seldom 
been studied.  

The ultimate goal of the present study is to de-
velop a highly efficient pavement energy harvesting 
system utilizing the hybrid piezo-pyroelectric effect 
of PVDF composites. As the first step, this paper 
discusses the effects of temperature variation on the 
power generation using pure PVDF samples. The 
temperature effects are often neglected in most of the 
previous studies but they may have significant influ-
ence on the modeling of the energy harvesting sys-
tem. This is because temperature not only influences 
the piezoelectric effect, it may also induce pyroelec-
tric charges when the temperature changes. A series 
of experiments on electricity generation from the 
pure piezoelectric effect, pure pyroelectric effect, 
and hybrid piezo-pyroelectric effect are conducted. 
Based on the test results, theoretical models are de-
veloped to predict the power generation through the 
hybrid piezo-pyroelectric energy harvesting system. 
A case study is presented to illustrate the effects of 
temperature variation on energy harvesting from 
pavement. 
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2  Piezoelectric and pyroelectric effect of 
PVDF 

 
PVDF is selected as an energy harvesting mate-

rial due to its excellent flexibility, chemical re-
sistance, thermal stability and good mechanical 
properties. PVDF usually has amorphous micro-
structures and crystalline structures with polar and 
non-polar phases. The β phase conformations of 
PVDF result in net non-zero dipole moments and 
thus demonstrate piezoelectric and pyroelectric ef-
fects. To achieve the desirable content of polar crys-
talline β phase, it is typically necessary for the PVDF 
to be polarized under mechanical or electrical fields.  

PVDF is a piezoelectric material, since the me-
chanical stress/deformation of the material will 
change the directions of the electric dipoles with a 
net effect of accumulating charges on the surface 
electrodes. The direct piezoelectric effect can be de-
scribed as 

 

,D E d                            (1) 
 

where σ is the mechanical stress, D and E are the 
electric displacement and electric field, respectively, 
εσ is the dielectric permittivity in a constant stress 
status, and d is the piezoelectric coefficient. Eq. (1) 
considers the full coupling effect between the me-
chanical and electrical fields. When the inverse pie-
zoelectric effect and the effect of the generated elec-
tric field (E) are neglected, the second expression in 
Eq. (1) can be simplified to Eq. (2), which can be 
utilized to calculate the charges (integration of D on 
electrode areas) induced by the stress field (σ): 

 

.D d                                     (2) 
 

PVDF is also a pyroelectric material that exhib-
its a spontaneous polarization (Ps) in the absence of 
an applied electric field. Pyroelectric materials pro-
duce electricity from temperature fluctuations (dT/dt) 
and are analogous to piezoelectric harvesters, which 
convert mechanical oscillations (dσ/dt) to electric 
energy. Eq. (3) defines the generated pyroelectric 
current (Ip) under temperature change (dT/dt): 

 

T
p

d d
,

d d

Q T
I A

t t
                             (3) 

 
where QT is the pyroelectric charge, A is the surface 

area of the material, and ρ is the pyroelectric  
coefficient. 

Note that the mechanical and thermal boundary 
conditions for the PVDF films will affect its pyroe-
lectric coefficients (Li et al., 2013; Bowen et al., 
2014): the primary pyroelectric effect is mostly rele-
vant to the condition that the film is perfectly 
clamped and under constant strain with uniform heat 
distributions; if the film is not clamped and free to 
deform with temperature change, the secondary py-
roelectric effect is present since thermal expansion/ 
contraction induces strain that alters the polarization 
via piezoelectric effect; if the film is under special 
temperature gradient, the tertiary pyroelectric effect 
is present since the gradient will result in shear stress 
which can also alter the polarization. Therefore, it is 
important to establish appropriate mechanical and 
thermal boundary conditions when studying the hy-
brid piezo-pyroelectric effect.  

For pavement energy harvesting applications, 
the harvester will be subject to both mechanical 
stimuli (i.e., traffic-induced deformation and vibra-
tions), as well as thermal stimuli (i.e., transient tem-
perature changes). Therefore, it is interesting to 
study the coupled piezoelectric and pyroelectric ef-
fects and investigate how the temperature changes 
affect the piezoelectric effects as well.  

 
 

3  Laboratory experiments on the piezoelec-
tric, pyroelectric and hybrid piezo-
pyroelectric effects 

 

Three series of experiments were conducted in 
this study to investigate the coupling between piezo-
electric and pyroelectric effects. Fig. 1 illustrates the 
material and experimental setup. 

The PVDF sample measured as 1 inch by 1 inch 
(1 inch=2.54 cm) for the experiments was cut from 
commercially available PVDF film (Product 1-
1004346-0, Measurement Specialties Inc., USA). 
The PVDF was originally produced from a melting-
stretching-poling process. The process began with 
the melt extrusion of PVDF resin pellets into sheet 
form; the sheet was then mechanically stretched to 
reduce the sheet thickness to one-fifth. Stretching 
was performed at temperatures well below the melt-
ing point of the polymer, which caused chain  
packing of the molecules into parallel crystal planes, 
or the β phase (Measurement Specialties Inc., 2013). 
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The β phase polymer was then exposed to very high 
electric fields to align the crystallites relative to the 
poling field (thickness direction) to enhance the pie-
zoelectric activity (Measurement Specialties Inc., 
2013). The manufacture values for the piezoelectric 
coefficient, pyroelectric coefficient, and the dielectric 
constant of the PVDF film can be found in Table 2. 
These values will be used in the modeling process 
later. Note that these parameters are not directly 
measured in this study since the main purpose is to 
test the hybrid piezo-pyroelectric effect, where the 
absolute values of these coefficients do not matter. 
Care was taken to remove the electrodes by the edges 
of the PVDF film to prevent electrical short circuit. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As discussed in the previous section, the me-

chanical and thermal boundary conditions will affect 
the measurement of pyroelectric effects. To reduce 
the secondary pyroelectric effect, the PVDF film was 
clamped to an aluminum beam which had much 
smaller thermal expansion coefficient; to reduce the 
tertiary pyroelectric effect, the aluminum beam was 
used as a heat conductor to avoid heating the sample 
directly. The PVDF film was bounded to one end of 
the aluminum beam, and an electrical insulation lay-
er was added between the sample and the beam. The 
other end of the beam was fixed on a hot plate 
(Model 97042-690, VMR). The two electrodes of the 
PVDF sample were connected to a PC oscilloscope 
(Model 3204B, PICO® Technology) for voltage 
measurement. In addition, two thermocouples (PICO 
TC Probe, SE000) were bonded on the top and bottom 

surfaces of the PVDF sample to measure the tempera-
ture. The thermal signal was logged with a thermo-
couple data logger (TC-08, PICO® Technology).  

The detailed procedures for the three series of 
experiments are as follows: 

1. To study the pure piezoelectric effect, the 
temperature conditions were kept constant when me-
chanical loading was applied with a weight of 31.7 g. 
The weight was placed on top of the PVDF and then 
immediately withdrawn, inducing an impulse type of 
loading which is similar to the traffic loading but 
with a much smaller magnitude. From the oscillo-
scope output, the duration of the loading is about 
0.7 s. The loading tests were conducted at different 
temperature conditions (such as 35 °C, 40 °C and the 
like). These temperature conditions were controlled 
by a hot plate as shown in Fig. 1b. All the tests were 
conducted when the temperature was stabilized to 
eliminate possible pyroelectric effects. At each tem-
perature, seven tests were conducted and the average 
piezoelectric effect induced voltage at different tem-
perature conditions is shown in Fig. 2a.  

2. To study the pure pyroelectric effect, the 
temperature of the PVDF sample was first heated to 
about 60 °C and then it was allowed to cool down 
freely to the room temperature of 30 °C (Fig. 2b). No 
mechanical loading was applied. Seven tests were 
conducted and the average pyroelectric effect in-
duced voltage is shown in Fig. 2c. 

3. To study the coupled piezo-pyroelectric ef-
fect, the temperature of the PVDF sample was first 
heated to about 60 °C. The same mechanical loading 
was repetitively applied as in Step 1, while the tem-
perature gradually went down. Seven tests were con-
ducted and the average of the generated voltage at 
the instances when the mechanical loading was ap-
plied is shown in Fig. 2d. 

The output voltage of the PVDF film under dif-
ferent mechanical and thermal loadings is summa-
rized in Fig. 2. Fig. 2a shows that the piezoelectric 
voltage under the same mechanical loading changes 
linearly with temperature. The increase of piezoelec-
tric coefficient d33 of PVDF with temperature (be-
tween the glass transition temperature (−40 °C) and 
the breakdown of the piezoelectric film (80 °C)) is a 
well-known phenomenon (Destruel et al., 1984; 
Guthner et al., 1992; Faust and Lakes, 2015). Note 
that this is independent of the pyroelectric effect. 
Pyroelectric effect only occurs when the temperature 

(a)                                          (b) 
 
 
 
 
 
 
 

 
(c) 

Fig. 1  Material and experimental setup 
(a) PVDF film; (b) Hot plate and PVDF film; (c) PC oscillo-
scope and thermocouple 
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is fluctuating. However, the pure piezoelectric ef-
fects were tested under constant temperature. Several 
different mechanisms may contribute to this phe-
nomenon. First, the higher temperature will cause a 

decrease of the stiffness of the polymer and therefore 
larger deformation will result from a same loading 
(Destruel et al., 1984; Guthner et al., 1992); a recent 
study indicated that the change of stiffness is not the 
only reason and their analysis indicates that flexo-
electric effect may also play a role, especially when 
the PVDF is mounted on a non-polymer material 
such as aluminum used in this study (Faust and 
Lakes, 2015). The thermal stress on the voltage was 
included in the entire voltage. Since all the experi-
ments were conducted under the same conditions 
except the mechanical loading and temperature, the 
effect from thermal stress is beyond the scope of this 
study and will not affect the validity of the conclu-
sions which are mainly on the hybrid piezo-
pyroelectric effects. 

With decreasing temperature (Fig. 2b), the tran-
sient pyroelectric voltage also decreases (Fig. 2c). 
Note that if the temperature is decreased at a con-
stant rate, from Eq. (3), the pyroelectric current and 
voltage should be constant. With the temperature 
profile shown in Fig. 2b, the decreasing rate (slope 
of the temperature curve) is decreasing. Therefore, 
the pyroelectric current and voltage are decreasing. 
The latter is shown in Fig. 2c. 

Fig. 2d illustrates that the hybrid piezo-
pyroelectric effect is close to the algebraic sum of 
the pure piezoelectric effect and the pure pyroelectric 
effect, indicating that when the two effects are cou-
pled no strengthening or weakening effects will oc-
cur. Therefore, the total charges induced by the hy-
brid effect can be expressed as 

 

T M ,Q Q Q                               (4) 
 

where Q, QT, and QM are the total charges induced 
by the hybrid effect, the pure pyroelectric effect, and 
the pure piezoelectric effect, respectively.  

 
 

4  Modeling of the harvested energy consid-
ering the hybrid piezo-pyroelectric effects 

4.1  Harvesting circuit 

The PVDF energy harvester can be modeled as 
a current source with internal impedance (internal 
capacitance Cp and internal resistance Rp) and the 
energy will be stored in an external capacitor CE and 
will be consumed by the external loading RE (Fig. 3). 

(a) 
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Since the harvester will experience both cooling and 
heating processes, the direction of Ip will change. 
Therefore, a full bridge with a four-diode rectifier is 
used to ensure that the charges will flow to CE in the 
same direction. The capacitance of the PVDF har-
vester can be calculated using parallel plate theory, 

PVDF
P

0 r ,
A

C
h

 
  where ε0 is the permittivity of a 

vacuum, εr is permittivity of PVDF, APVDF is the 
electrode area, and h is the thickness of PVDF. The 
internal resistance is typically very large, and it can 
be assumed that no internal leakage will occur. To 
further simplify the modeling, it is assumed the di-
odes are ideal and no dissipation of energy occurs 
due to rectification. The external capacitance is usu-
ally large enough so that most of the charges will be 
harvested. In the following sections, the charge, 
voltage, and energy stored in CE are modeled.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 

4.2  Pyroelectric effect induced charge, voltage, 
and energy 

Soedjatmiko et al. (1999) verified that pave-
ment temperature varies with time and depth. During 
a day, temperatures typically reach the lowest in the 
middle night and the highest after midday. At a cer-
tain depth below the pavement (at a depth of 1.5 m 
in Ohio), the temperature remains constant (15 °C in 
Ohio). At the pavement surface, the temperatures are 
the highest in the summer but the lowest in the win-
ter. At the current stage, we simply assume that the 
PVDF film is embedded just beneath the wearing 
layer, and its temperature is assumed to be approxi-
mately the same as the pavement surface temperature. 

The pyroelectric effect induced charges can be 
calculated by 

T PVDF ,Q TA                                (5) 

 
where ΔT is the temperature change and APVDF is the 
surface area of the harvester electrode. Assuming 
that during one cycle of cooling or heating process, 
the pyroelectric effect–induced charge is QT. In a 
random nth cycle, the charge is distributed between 
the internal and external capacitors (Cuadras et al., 
2010), which is expressed as 

 

P E P E( 1) ( 1) ( ) ( ),Q Q n Q n Q n Q n          (6) 

 
where ΔQ is the charge induced in the nth cycle; QP 
and QE are the charges stored in the external capaci-
tor (CE) and the internal capacitor (Cp), respectively. 

Typically, CECp. 

 

P P

E E

P P

E E

( ) ( ) ,

( ) ( ) ,

( 1) ( 1) ,

( 1) ( 1) ,

Q n V n C

Q n V n C

Q n V n C

Q n V n C



   
  

                   (7) 

 
where V is the voltage across CE. Note that the sign 
in the third term in the left hand side of Eq. (6) de-
pends on the sign of temperature change ΔT. That is, 
if both the nth and (n−1)th cycles are cooling or 
heating processes, the current generated will be in 
the same direction; however, if the nth cycle is cool-
ing (heating) while the (n−1)th cycle is heating 
(cooling), the current generated in these two cycles 
will be opposite, and a negative sign will be used.  

By substituting Eq. (7) into Eq. (6), we obtain 
the following equation (Cuadras et al., 2010; Batra et 
al., 2011): 

 

E P
1

E P E P

PVDF E P
1

E P E P

.

n n

n

C CQ
V V

C C C C

A T C C
V

C C C C







 
     

  
     

             (8) 

 

Assume V1=0 and with CECp, Eq. (8) reduces 

to 
 

PVDF

E P E P

,n
n

A T Q
V

C C C C

  
 

 
                    (9) 

Fig. 3  Standard circuit for energy harvesting (modified 
from (Batra et al., 2011)) 
Cp and Rp are the capacitance and resistance of the clamped
PVDF harvester, respectively, and CE and RE are the external
capacitance and resistance, respectively. D1, D2, D3, and D4

are diodes, which are used to rectify current direction 
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where Qn is the accumulated charges on CE after the 
nth thermal cycle. The energy stored in CE is thus 

 
2

PVDF
E

E P

1
.

2n

A T
E C

C C

   
  

 
                   (10) 

 

4.3  Piezoelectric effect induced charge, voltage, 
and energy 

Considering that vehicles change lanes on a 
roadway, the PVDF harvester must be designed to 
cover the full lane width. The width of the harvester 
can be determined considering the length of the con-
tact patches of the tires. The tire contact area can be 
assumed as a circular shape with a radius which can 

be determined by wheel )tire(πpr F  (Huang, 1993), 

where Fwheel is the axial wheel load of vehicle, ptire is 
the tire pressure, and r is the contact radius. It is as-
sumed that the width of the PVDF harvester is 2r.  

Assuming that the harvester is embedded at 
depth z, the stress at this depth can be expressed as 
follows (Huang, 1993): 

 
3

cont 2 2 1.5
1 ,

( )z

z
p

r z


 
   

                   (11) 

 

where σz is the stress at the depth of z, and pcont is the 
contact pressure, which can be assumed to be equal 
to ptire.  

Therefore, the piezoelectric effect–induced 
charge when a single tire passes the harvester is 

M 33 cont .zQ d A  

Assuming that all the vehicles are two-axle ve-
hicles and the traffic volume is N per day, the charg-
es induced by the vehicles in a single day will be 

 

M_day 33 cont4 .zQ Nd A                          (12) 

 

Substituting Eqs. (9) and (12) into Eq. (4), the 
total charges induced by the hybrid piezo-
pyroelectric effect in a day is 

 

day T_day M_day

PVDF 33 cont
day

4 .z

Q Q Q

A T Nd A 

 

          (13) 

 

Similar to Eqs. (9) and (10), the voltage and en-
ergy can be calculated.  

5  Case study and discussion 
 
A typical pavement section in Wooster, Ohio is 

selected for the case study. This section is selected 
because both the air temperature and traffic data are 
available. The traffic data are summarized in Table 1 
and the temperature record in 2014 is shown in Fig. 4a. 

The harvester is designed to have a length of 
3.7 m and a width of 24 cm. Other parameters used 
in the calculations are summarized in Table 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Based on Eq. (1) and the available weather and 
traffic data, the accumulated charges due to the py-
roelectric and piezoelectric effects during one year 
are plotted in Fig. 4b. It is clear that the piezoelectric 
charge is significantly larger than the pyroelectric 
charge. However, it should be noted that the temper-
ature we used is the air temperature, which is differ-
ent from the pavement surface temperature. However, 
the data for the latter are not currently available. 
Fig. 4c shows the differences between the air tem-
perature and asphalt concrete (AC) pavement surface 
temperature in a typical summer day in Cleveland, 
Ohio. It can be concluded that during the daytime, 
the pavement surface temperature is significantly 
higher than the air temperature, while late at night, 
the pavement surface can be cooler than the air. 
Fig. 4d illustrates the differences between the  

Table 1  Parameters of trucks and cars 

Vehicle 
type 

Wheel load 
(kN) 

Tire pres-
sure (kPa) 

Contact 
radius (cm) 

Traffic vol-
ume (d−1) 

Car 4.79 220 8.25 26 290 

Truck 25 550 12 4000 

Reference Tao et al. 
(2014) 

AASHTO 
(1993) 

Huang 
(1993) 

ODOT  
(2015) 

Table 2  Parameters of circuit components 

Parameter Value Reference 
CE (F) 1×10−3 n/a 
A (m2) 0.888 n/a 
ρ 

(µC/(m2·K))
30  Measurement Special-

ties Inc. (2013) 
d33 (nC/N) 33 Measurement Special-

ties Inc. (2013) 
h (µm) 28 Measurement Special-

ties Inc. (2013) 
εr 12.5 Measurement Special-

ties Inc. (2013) 
ε0 (nF/m) 8.82 n/a 
CP (µF) 3.50 n/a 

Note: “n/a” indicates that the reference is not available 



Tao et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2016 17(7):502-511 
 

509

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

pyroelectric charges calculated using both the air 
temperature and the pavement surface temperature. It 
can be concluded that if the pavement surface tem-

perature is used, the pyroelectric charge becomes 
closer to the piezoelectric charges. This means that 
the pyroelectric effect cannot be neglected when us-
ing PVDF as a pavement energy harvester. 

To better harvest the ambient thermal and me-
chanical energy, it is a straightforward approach to 
use materials with higher piezoelectric and pyroelec-
tric constants. PZT is another commonly used piezo-
electric material that has much larger piezoelectric 
and pyroelectric constants. However, the fragile na-
ture of the material might affect its service life in the 
harsh pavement environment. As discussed in Sec-
tion 1, PVDF nanocomposites provide another viable 
alternative to improve the energy harvesting poten-
tial. Table 3 summarizes the properties of recently 
developed PVDF nanocomposites. These properties 
are used for calculating the daily average accumulat-
ed charge, voltage, and energy. 

From Table 3, it can be concluded that the use 
of PZT results in much higher energy than other ma-
terials, despite its fragile nature. For pure PVDF, 
PVDF-TrFE, and PZT 5H, the piezoelectric charges 
are much larger than the pyroelectric charges. For 
PVDF composites such as PVDF-TrFE/PZT and 
PVDF-TrFE/CNT, the pyroelectric effect outplaces 
the piezoelectric effect. PVDF-TrFE/CNT also re-
sults in the second highest accumulated charge. The 
energy stored in a day is more than sufficient to 
power commonly used wireless sensor nodes and 
even light-emitting diode lights. 

 
 

6  Conclusions and future work 
 
In this paper, the concept of energy harvesting 

from a pavement with hybrid piezo-pyroelectric effects 
is discussed. Laboratory experiments were conducted to 
study the hybrid effect, and it was found that the hybrid 
effect is equivalent to the algebraic sum of the individ-
ual piezoelectric and pyroelectric effects and no cou-
pling effect (mutual strengthening or mutual weakening) 
is detected. Analytical models are developed to esti-
mate the charge, voltage, and energy harvested consid-
ering the weather and traffic data. With such models, 
case studies are conducted to illustrate the feasibility of 
the concept. It is concluded that pyroelectric effect can-
not be neglected when modeling the energy harvesting 
capacity of ferroelectric materials when used in pave-
ment systems. It is also found that other materials such 
as PZT and PVDF nanocomposites can generate more 

Fig. 4  (a) Temperature record in Wooster, Ohio, in 2014;
(b) Comparison of piezoelectric and pyroelectric charges
accumulated in one year; (c) Comparison of air tempera-
ture and pavement temperature in a summer day in
Cleveland, Ohio; and (d) Comparison of pyroelectric 
charges calculated using air temperature and pavement
temperature 
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energy than pure PVDF materials. While PZT is 
fragile and may not be used directly in a pavement 
system, PVDF-TrFE/CNT nanocomposites are via-
ble alternative materials that can better harness both 
the thermal and mechanical energy wasted in pave-
ment systems. Ongoing efforts include synthesizing 
new materials which will enhance the piezoelectric 
and pyroelectric conversion efficiency of ferroelec-
tric materials and optimizing the geometry and dis-
tribution of the energy harvester. Experiments are 
also being conducted to further validate the analyti-
cal model developed in this paper. 
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中文概要 
 

题 目：路面能量收集：聚偏氟乙烯的混合压电-热释电

效应 

目 的：研究聚偏氟乙烯的混合压电-热释电效应；评估

混合压电 -热释电效应在路面能量收集中的 

潜力。 

创新点：首次实验验证了混合压电-热释电效应可视为压

电效应和热释电效应的代数总和，即压电效应

和热释电效应相对独立，既不相互压制也不相

互促进。 

方 法：通过分别控制机械荷载和热荷载，实验测定聚

偏氟乙烯压电效应、热释电效应及混合压电-热

释电效应（图 1 和 2）；根据实地交通量和气温

变化，通过简化的混合压电-热释电能量收集解

析模型，估算美国俄亥俄州东北部地区路面能

量收集的潜力（图 4）。 

结 论：混合压电-热释电效应可视为压电效应和热释电

效应的代数总和；在聚偏氟乙烯路面能量收集的

建模中应该同时考虑压电效应和热释电效应；以

本文中所选地区和材料为例，热释电效应弱于压

电效应；混合压电-热释电效应能量收集效率的

提高有望通过新型的纳米复合材料实现。 

关键词：压电；热释电；混合；路面；能量收集 


