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a b s t r a c t

A zinc oxide (ZnO)/polyurethane (PU)-based generator composite was fabricated and its piezoelectric
performances were examined in the present work. In addition, the influence of multi-wall carbon nan-
otubes (MWNTs) and copper powder incorporation on the piezoelectric performance of composites
was also studied. The performance level of the composites with various ratios of the constituents was
compared in terms of piezoelectric responses obtained from three different tests, i.e., foot stamping, vehi-
cle loading, and cyclic wheel loading tests. The foot stamping and vehicle loading tests revealed that the
generator composite solely embedded with ZnO nano materials exhibited the best performance among
the others, while the influence of MWNT and copper powder addition on the performance was minor.
The cyclic wheel loading test (durability test) demonstrated that the generator composite sustained
2000 cycles of 400 kg-weighed wheel loading and a prominent output voltage peak produced was as high
as 40.45 V.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Currently, global energy consumption has dramatically
increased due to the growth of the population and advances in
industrialization, while the depletion of energy resources and glo-
bal warming due to carbon dioxide emissions are considered as the
main problems faced by the global society over the past few dec-
ades [1,2]. In particular, research on the depletion of energy
resources revealed that the use of fossil fuels, considering the rate
of world consumption, may end in next 40–50 years for petroleum,
50–60 years for natural gas, and 200–220 years for coal [3].

To overcome these problems, many refer to the use of renew-
able energy resources, which are available at most places [1,2]. In
the recent years, sources of reproducible energy have been solar
[4], wind [5], hydro power [6], biomass [7], tidal [8], piezoelectric
energy [9] and other types of energy. Among these methods,
employing piezoelectric generator composites which convert
vibrational and mechanical energy sources from human activities
such as pressure, bending, and stretching motions into electrical
energy, has shown promise.

Recently, different types of nano-sized piezoelectric materials
such as ZnO nanowires [10], BaTiO3 nanoparticles [11], and ZnO
nanoparticles [12] have been used to develop generator composite
technologies. For instance, Wang and Song [13] reported that
mechanical energy was converted into electrical energy by means
of piezoelectric zinc oxide nanowire arrays at an approximate effi-
ciency rate of 17–30%. This experimental work opened up a new
trend in research to convert mechanical, vibrational, and hydraulic
energy into electricity to generate power for nano-devices [13]. In
a work of Xu et al. [14], a self-powered nanowire device was fabri-
cated and the response of the device under different frequencies
and compressive stress levels (from 0 to 6.25 MPa) was examined.
The output voltage was increased as the compressive load
increased, and the maximum generated voltage was around
50 mV under compressive stress of 6.25 MPa [14]. Zhu et al. [15]
demonstrated a new type of nanogenerator incorporating ZnO
nanowires. The peak open-circuit voltage reached 58 V under the
impact of a human palm [15]. Lin et al. [16] fabricated a transpar-
ent flexible nanogenerator as a self-powered sensor using ZnO
nanowires grown on PDMS substrates. The fabricated sensors were
used as a traffic sensor and were examined at a range of speeds to
monitor traffic [16]. It was also demonstrated that a heavier vehi-
cle could generate higher output voltage [16].

http://dx.doi.org/10.1016/j.compstruct.2015.08.112
0263-8223/� 2015 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +82 42 350 3623; fax: +82 42 350 3610.
E-mail address: leeh@kaist.ac.kr (H.K. Lee).

Composite Structures 134 (2015) 579–586

Contents lists available at ScienceDirect

Composite Structures

journal homepage: www.elsevier .com/locate /compstruct

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2015.08.112&domain=pdf
http://dx.doi.org/10.1016/j.compstruct.2015.08.112
mailto:leeh@kaist.ac.kr
http://dx.doi.org/10.1016/j.compstruct.2015.08.112
http://www.sciencedirect.com/science/journal/02638223
http://www.elsevier.com/locate/compstruct


Furthermore, BaTiO3, which is frequently adopted as a piezo-
electric material, has been assessed by several researchers. For
instance, Park et al. [17] fabricated BaTiO3-based generator com-
posites on polymer substrates. When these were periodically
deformed by bending with the fingers, the output voltage was as
high as 1 V [17]. Lin et al. [18] fabricated BaTiO3 nanotube-based
generator composites that were not only flexible but also transpar-
ent. The open-circuit voltage peak reached 5.5 V under compres-
sive stress of 1 MPa [18]. Park et al. [19] fabricated lead-free
BaTiO3 nanowire-based flexible generator composites using PDMS
as the matrix material. The maximum generated voltage reported
in their work was approximately 7 V in bending/unbending states
[19]. Another outstanding and novel study was conducted by Park
et al. [11], in which flexible generator composites were fabricated
using BaTiO3 nano-particles and graphitic carbons. In this work,
carbon nanotubes (CNTs) were used to enhance the output voltage
of the generator composite and the reported value for the maxi-
mum output voltage under bending/unbending cyclic loading
was 3.2 V [11].

Furthermore, ZnO nano-particles (NPs) have attracted a consid-
erable amount of attention due to their outstanding piezoelectric
properties compared to other piezoelectric materials. Kandpal
et al. [20] fabricated generator composites with a ZnO
nanoparticle-embedded polymer (SU-8), which showed piezoelec-
tric coefficients peak ranging from 15 to 23 pm/V, the highest value
for this material thus far. Yang et al. [21] fabricated a spring-
connected generator composite composed of a mixture of ZnO
nano-particles and multi-wall CNTs (MWNTs). Their test demon-
strated that the voltage and power could reach 9 V and 27 lW
per cycle, respectively [21]. Sun et al. [12] fabricated a novel flexible
generator composite consisting of ZnO nano-particles and MWNTs
in PDMS. According to their experimental results, the generator
composite showed peak voltage values of 0.4 V, 7.5 V, and 30 V as
a consequence of a finger gesture, cyclic hammer knocking, and foot
stamping, respectively [12]. However, there is a lack of research
corresponding to applications in traffic flowmonitoring and energy
harvesting with the aid of generator composites on roads.

In the present study, ZnO nano-powder was used due to its
superior piezoelectric property in comparison with other types of
nano-sized piezoelectric materials to fabricate a generator com-
posite to be applied to monitor traffic flows and to serve as a power
generator. A foot stamping test, a field test, and a durability test,
which involved repetitive wheel loading were conducted on differ-
ent types of generator composites to assess their performances.

2. Specimen preparation

In preparation of the generator composites, ZnO nano-powder
was utilized as a piezoelectric material, as they have a greater
surface-to-volume ratio and their shape effect improves the piezo-
electric properties [12].

The nominal size of these nano-powders was less than 100 nm.
The material was a proprietary product of Sigma–Aldrich Co. (Item
number: 544906). As received MWNT, two components of polyur-
ethane (PU), toluene, and copper powder were also used. The
MWNT was a proprietary product of Hyosung Inc. (M1111) pro-
duced by the chemical vapor deposition (CVD) growth method.
Their diameter and purity were 12.29 ± 2.18 nm and 96.6%, respec-
tively. The PU material included the two components of PF-359
and E-145, which are proprietary products of Kangnam Hwasung
Chemical Co. Ltd. As another type of conductive filler, copper pow-
der was used. The nominal size and purity of these spheroidal cop-
per powders were 14–25 lm and 99%, respectively. The copper
powder was a proprietary product of Sigma–Aldrich Co. (Item
number: 326453).

As shown in Table 1, various types of generator composites
based on different filler ratios were manufactured. The MWNT
ratio was held constant, whereas the ZnO nano-powder content
ratio varied from 5.7 to 20 times with regard to MWNT. The copper
powder content ratio ranged from 0 to 20 times with regard to
MWNT. The amount of toluene used for each type was approxi-
mately 5 wt.% by weight of total PU.

The preparation method of the generator composite specimens
proceeded as explained below. The proper amounts of two compo-
nents of PU were poured into a plate for mixing with measured
amounts of the other constituent materials, in this case MWNT,
ZnO nano-powder, copper powder, and toluene. The mixtures were
completely pre-mixed for 2 min. Toluene was used to lower the
viscosity of the mixture so that it could be poured into a three-
roll milling machine. After the pre-mixing process, a three-roll
milling machine (EXAKT80S, EXAKT Technologies Inc., Germany)
was employed to enhance the dispersion quality of the generator
composites [22]. The gap size and speed of the rollers were set to
5 lm and 200 rpm, respectively [22]. This mixing process was per-
formed five times for each batch [22]. During this process, the
toluene mostly evaporated from the mixture.

After the mixing process by the three-roll milling machine, the
mixture was cast in 5 � 7 � 0.7 cm3 molds. After the specimens
were demolded, the surfaces on the bottom and top were ground
in order to create smooth surfaces. In an effort to make the contact
more effective, silver paste was coated onto both the bottom and
top surfaces of the composites. Afterwards, copper conductive tape
was attached on the both the top and the bottom sides to act as
electrodes to effectively transfer the electric charges created by
the ZnO nano-powders. In order to insulate the electrodes, non-
conductive tape was utilized to cover the top surface of the elec-
trodes. Fig. 1 shows a prepared piezoelectric sensor of the type
used in both lab and field-scale tests. Scanning electron microscope
(SEM) images were taken of the ZnO-based piezoelectric sensor,
where the amount of ZnO nano-powder was 5.7 times greater than
that of MWNT. As shown in Fig. 2, both the MWNT and ZnO nano-
powder were well dispersed within the matrix.

3. Test methods

Generator composites fabricated with a variety of filler ratios
were stamped by the foot of a person with a mass of approximately
80 kg and the peaks of the output voltage from the specimens were
measured. Fig. 3 shows the experimental setup during the foot step
test. The copper tape, which served as electrodes, was connected to
the wires of a digital multi-meter (DMM) such that the generated
voltages could be measured. At the same time, the obtained data
were recorded on a computer which was connected to the DMM.
Efforts were made to ensure that every foot stamp was similar in
terms of the magnitude of the applied load and the timing when
applying the load.

4. Test results and discussion

The use of conductive fillers, especially nano-sized materials
such as CNTs, has been shown to have an effect on the magnitude
of the voltage generated by generator composites [11,12]. In accor-
dance with findings in Park et al. [11] and Sun et al. [12], MWNTs
can play a key role as a ‘‘nano-electrical bridge” between different
piezoelectric material to transmit energy to electrodes. In addition,
MWNTs can effectively improve the dispersion of the particles of
piezoelectric material [11,12]. Another role of MWNTs is to
increase the mechanical properties of the composite [23,24]. Con-
sequently, the use of MWNTs and copper powder in the compos-
ites was examined in this study in an effort to evaluate the
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