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Abstract—In this paper, Lead Zirconate-Titanate (PZT)/Poly-
dimethylsiloxane (PDMS) based composite is fabricated and char-
acterized for its potential application as a flexible piezoelectric
material. Thin films of the composite are prepared by dispersing
different volume percentage of PZT particles in cross-linked
PDMS matrix. Corona poling of the films is performed to in-
crease the piezoelectric charge constant. X-ray diffraction results
indicate that poling aligns the randomly oriented ferroelectric
domains in the PZT particles along the poling axis. Piezoelectric
voltage response and piezoelectric charge constant values before
and after the poling show the improvement in piezoelectricity due
to poling. The piezoelectric charge constant, ds; and magnitude
of relative permittivity of the films increase and flexibility of
the films decrease with the increase of PZT particle volume
percentage in the composite. Results show that for 28 v% PZT
composite poled film a ds3 of 78.33 pC/N was achieved with a
Youngs modulus of around 10 MPa and magnitude of relative
permittivity of 10. The film demonstrates effectiveness for tactile
sensing by generating charges across the film proportional to the
finger pressure applied on them. The easy fabrication process
makes the composite a promising candidate to build flexible low
cost tactile sensing devices.

Index Terms—Composites, Flexibility, Tactile, PDMS, Piezo-
electricity, PZT, Thin film, Sensors

I. INTRODUCTION

Piezoelectric materials can convert mechanical energy into
electrical energy and electrical energy to mechanical energy.
They have wide range of applications in sensors, microphones,
speakers, accelerometers, strain gauges, medical imaging,
energy harvesting [1]. Piezoelectric sensors have attracted a lot
of attention because they have the lowest power need among
other kinds of sensors [2]. Most piezoelectric materials
used in systems are based on ceramics such as Barium
titanate (BaTiOg3), Lead titanate (PbTiO3), Lithium niobate
(LiNbOg3), and Lead zirconate titanate (PbZr, Ti;_,Og3, 0
< x < 1) due to high piezoelectric charge constant, dss.
For example, depending on the synthesis and processing
conditions, dss >300 pC/N for PZT, dss > 200 pC/N for
BaTiO3 can be achieved. [3]-[5]. However due to their
brittleness, they are not suitable for flexible applications and
are weak in tension [6]. Piezoelectric polymer materials offer
mechanical flexibility, biocompatibility and easy solution
based processability. Moreover, low acoustic impedance
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makes them favorable for sensing in the environments like
water, human tissue and other organic materials. They are
being widely researched for acoustic transducer, implantable
medical devices, non-volatile low voltage memories and
sensors. Although piezoelectric polymers offer wide range
of advantages, their dss is low compared to ceramics. For
example, polyvinylidene fluoride (PVDF) which is one of the
most widely studied and used piezoelectric polymer has a ds3
of 20 to 34 pC/N [7]-[11].

Piezoelectric composite materials have formed to combine
the high piezoelectric charge coefficient and dielectric
constant of piezo ceramics with the flexibility and low density
of polymers. Numerous processing techniques have been
investigated to form composites of different connectivities.
Most of the works have investigated connectivities which
are easier to form such as 0-3, 1-3, 2-2, 3-1, 3-3. Here
the first digit in the notation represents the connectivity
of the electromechanically active ceramic (piezoelectric)
phase, and the second digit refers to the connectivity of the
electromechanically passive phase (polymer). For example,
composites with 0-3 connectivity have randomly dispersed
piezoelectric particles in the 3D polymer matrix [12]. A
wide variety of piezoelectric ceramic nanoparticles have been
used with compatible polymer matrices to produce some
compelling nano piezocomposites (nPC) for sensors, energy
harvesters, vibration dampers and actuators. [13]-[17] have
reported nPCs where they used PDMS as polymer matrix and
BaTiOj3 nanoparticles, BeFiO3 nanoparticles, PZT nanowires,
NaNbOs3 nanowires, LiNbO3 nanowires, respectively. In [18],
researchers used PVC polymer matrix with BaTiO3 nanowires
to develop a nPC. In this work, we have reported fabrication
of thin films of 0-3 PZT-PDMS piezoelectric composite,
investigated their piezoelectric, crystalline and mechanical
behaviour, and demonstrated their application for tactile
sensing.

PZT is a widely used piezoelectric ceramic with high dss
and dielectric constant value and has a spontaneous electric
polarization in multi dimensions. PZT is physically strong,
chemically inert, relatively inexpensive to manufacture,
and one of the widely used piezoelectric ceramics in the
world. Further, PZT can be doped with donor and acceptor
impurities which further modifies its piezoelectric properties
for tailor made applications [19]. Polydimethylsiloxane
(PDMS) and its co-polymers are one of the widely used
polymer matrices for nPCs due to their viscoelasticity and
softness. Variation in chemical cross linking is used to tune
the mechanical properties of PDMS [20], [21]. Ease of
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preparation, bio compatibility, chemical resistance, low cost,
optical transparency and thermal stability of PDMS renders
to its wide use. Although some researchers have explored
composite made of PDMS and PZT nanostructures, most
of them involve complicated high-cost and low-throughput
fabrication processes [15], [22], [23] . The composite
film reported in [22] was made from highly-ordered
PZT hemispheres embedded in PDMS matrix. It involves
complicated process of LangmuirBlodgett deposition of the
PS beads and RF sputtering of PZT on the spheres. In [15],
researchers fabricated a textile composed of aligned parallel
PZT nanowires by electrospinning. Then they embedded the
PZT textile in PDMS. In [23], researchers electrospun PZT
nanofibers on electrodes and then embedded the electrodes
and nanofibers in PDMS.

In these contexts, we report an easy fabrication of PZT-PDMS
composite by dispersing PZT particles in PDMS. Although
very few groups have researched easy fabrication PZT-PDMS
composite, our work has achieved higher piezoelectric charge
constant than the piezoelectric charge constants reported by
these groups [24], [25]. Prepared composite films have a
piezoelectric response scalable to the PZT content in the
polymer matrix. The effect of poling on the piezoelectric
property was investigated by measuring the open circuit
voltage across the film during bending and by measuring
induced charge on applying a compressive force. The effect
of poling on crystalline character was examined using X-ray
diffraction (XRD) analysis. The mechanical properties and
relative permittivity of the films were obtained from tensile
tests and impedance measurements, respectively. Finally, the
potential of the films for tactile sensing was demonstrated.

II. EXPERIMENTAL
A. Materials

PZT particles of purity 99% with an average particle size of
560 nm were purchased from American elements, USA and
PDMS (two part Dow corning Sylgard-184 silicone elastomer)
was purchased from Paisley, Canada. All the chemicals were
used as received. The morphology of PZT particles was
observed with FESEM (Field Emission Scanning Electron
Microscope). Fig. 1 shows the FESEM image of PZT particles
exhibiting a large variation in their shape and size.

B. Fabrication of piezoelectric composite

Fig. 2.a shows the schematic of the composite film prepa-
ration. At first, the PDMS solution was prepared by adding
curing agent to the base. The volume ratio of the base to
curing agent was 10:1. Then the PZT particles were dispersed
into the PDMS solution at various concentrations: 3.5, 8.2,
11.3, 13.3 and 28 v%. For each v% of PZT particles, the total
PZT particles were divided in three equal portions. After one
portion was added, the mix was stirred for few minutes before
adding the next portion. This helped with uniform dispersion
of PZT particles in PDMS. After the third portion was added,
the solution was stirred for 15 minutes. As shown in Fig. 2.a,
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Fig. 1. FESEM image of PZT particles.
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Fig. 2. a) Schematic of the composite film fabrication; b) Isolated composite
film with 13.3 v% PZT after peeling off.

after mixing, the viscous solution was spin coated on to a FR-
4 board at 1000 rpm for 15 seconds. As the viscosity changed
with the PZT content in PDMS, there was a slight variation in
the thickness of films for different PZT v% films. Measured
thicknesses of all the films were in between 130-165 microns.
Following the spin coating, the films were left to cure in the
oven at 120°C for 20 hours. After curing, the films were peeled
off from the FR-4 substrate and cut into the sizes of 5x2.5
cm for corona poling. Since FR-4 is made of non-conductive
glass fiber, the cured PDMS can be peeled off easily with little
dexterity. Fig. 2.b, shows the softness and flexibility of 11.3
v% isolated PZT film.

FESEM of different v% of PZT films was carried out by
high resolution SEM, Hitachi model SU8000. Fig. 3 shows
the cross section of the 28 v% PZT film. It can be seen that
the PZT particles are uniformly distributed in PDMS. It is
important to note that PZT particles are heavier. Therefore,
they tend to agglomerate at high concentrations in the polymer.
Even in our case we observed small agglomerated particles at
28 v% PZT. Agglomeration can be reduced by dispersing the
ceramic particles in a solvent such as toluene before adding it
to the polymer matrix [26].
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Fig. 3. FESEM image of cross-section of 28 v% PZT film.
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Fig. 4. Packaging of piezocomposite films. a) Image of a packaged film
showing the flexibility of the packaging b) Schematic of the packaged
composite film.

Corona poling causes the aligning of ferroelectric domains
in the PZT particles in the direction of electric field. This
eventually increases the piezoelectricity [27], [28]. Corona
poling is advantageous over contact poling because large
area samples can be poled without contact electrodes which
minimizes the chance of dielectric breakdown of the sample.
The 0-3 PZT-PDMS films were corona poled using an applied
electric filed of 9 kV/mm at a temperature of 120°C for
2 hours in air. Resistivity of the polymers is much higher
than the ceramic particles. During corona poling, piezoelectric
composites are heated to decrease the resistivity of the polymer
so that the voltage drop across the ceramic particle increases.
This increases the poling efficiency [29].
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Fig. 5. Open circuit voltage response across the thickness of the films for
bending and release of a) unpoled and b) poled films.

III. CHARACTERIZATION AND RESULTS
A. Piezoelectric voltage response

The piezoelectric response of the films was observed by
measuring the open circuit voltage generated across the thick-
ness of the films when subjected to bending and releasing mo-
tions. Because of the hydrophobic nature of composite surface
due to PDMS, it is difficult to adhere the metal inks to compos-
ite [30], [31]. To have a better metal contact to the composite
surface, conductive silver ink (Voltera-Flex conductor) was
coated on one side of the thin Kapton (polyimide) films (125
micron thick) and the PZT-PDMS films were packaged as
a sandwich in between these silver coated kapton films as
shown in Fig. 4.a and b. Before sandwiching the composite
films in between the Kapton films, the ink was cured in
oven at 180°C for 30 minutes. The Kapton films with silver
electrodes were flexible and offered easy bending and releasing
for the packing while providing good metallic contacts to the
composite surfaces. Bending and releasing with fingers were
performed to create agile mechanical moments on the films.
By virtue of piezoelectric nature, the films produced voltage
across the thickness which clearly corresponded to the bending
and release motions. These voltage responses were captured
with the NI, USB-6009 serial data acquisition interface. The
open circuit voltage produced across the thickness of the film
is a function of piezoelectric charge constant (dy5) and Young’s
modulus(Y) [32] given by

Vocz/gl5$(l)Ydl (1)

Here, g;5 is the piezoelectric strain constant which equals to
dis/e and x(1) is elastic strain produced along the thickness I’
and e is the absolute permittivity of the composite.

Fig. 5 shows the piezoelectric voltage responses of the poled
and unpoled films with different v% PZT during bending and
release motions. Here, positive and negative peaks correspond
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to bending and release motions, respectively. Maximum volt-
age responses observed for unpoled films were 0.095, 0.23,
0.49, 0.84, and 1.14V for 3.5, 8.2, 11.3, 13.3 and 28 v%
PZT, respectively. Maximum voltage responses for poled films
were 2.13, 2.37, 3.34, 4.12 and 4.7V for 3.5, 8.2, 11.3, 13.3
and 28 v% PZT, respectively . Achieved responses show that
the output voltage of the poled composite film is at least 4
times higher than the unpoled films for all v% of PZT. This
demonstrates that the output is associated with the piezoelec-
tricity of PZT-PDMS composite and corona poling essentially
improves the piezoelectricity of the composite. Results also
show that the piezoelectricity of the composite increases with
the increase of v% of PZT. However, the flexibility of the
composite decreases with the increase of v% of PZT.

B. XRD results

For the crystalline characterization of PZT-PDMS films, we
employed a Bruker D8 Discovery X-Ray Diffractometer with
a Cu Source of Ko radiation, 1.54060 A°. The XRD results
showed that the dispersed PZT particles in PDMS have a
tetragonal structure with lattice parameters a= 4.03466 A°,
c= 4.13262 A°. We performed the XRD on same location
of the film before and after the poling. Fig. 6.a and b show
the XRD spectrum for [001] and ¢ and d show the [002]
and [200] orientations of one sample of 13.3 v% and two
samples of 30 v% PZT composite films, respectively before
and after poling. It can be seen that the XRD curves for
two samples of 30 v% PZT are very similar showing the
repeatability of the poling process. During corona poling, the
ferroelectric domains in PZT particles try to align with the
applied electric field which causes a orientation change in their
texture. It can be seen from Fig. 6, after poling, the average
peak intensity increased for [001] and [002] orientation and
decreased for [200] orientation. After poling, the orientation
distribution of ferroelectric domains in PZT particles changes
to a new stable state. However, due to dielectric relaxation
of the PZT particles in PDMS matrix, the intensity difference
of diffraction peaks after poling starts decreasing with time.
In these experiments, the XRD was performed several hours
after the poling which resulted in small difference of the
XRD diffraction peaks before and after poling. Although the
difference of peak intensity before and after poling is small, the
same trend was observed for all the films. On an average, the
ratio of 002/200 peaks for 13.3 v% poled films has improved
to 64.72% from a ratio of 56.42% for unpoled films. For 30
v% poled films, the average ratio of 002/200 peaks improved
to 62.5% from a ratio of 48.12% for the unpoled films. This
indicates that the effect in the tetragonal PZT particles is
associated with increase in [001] and [002] orientation [29],
[33]. Preferably, the ferroelectric domains change their random
orientation mostly to [001] direction. From these results, it can
be understood that the poling aligns the randomly oriented
ferroelectric domains in PZT particles in the direction parallel
to the applied electric field which improves the piezoelectric
charge constant predominantly, dss.
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Fig. 6. XRD spectrum of 13.3 and 30 v% PZT composite film samples before
and after poling; a and b) XRD spectrum of [001] orientation of 13.3 and 30
V% respectively; ¢ and d) XRD spectrum of [002] and [200] orientations of
13.3 and 30 v% respectively.

C. Dielectric properties

The highly adaptable dielectric properties of piezoelectric
composites is advantageous for making them suitable for
applications like transducers, hydrophones, sonars, and storage
capacitances [34], [35]. In a piezoelectric composite, dielectric
permittivity is a function of volume fraction, ceramic particle
size and temperature [36]. The relative permittivity of the
prepared films was measured with an LCR meter (Keysight
E4890A) using parallel plate method. Relative permittivity, €,
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Fig. 7. Comparison of measured dielectric constant of all PZT v% with
theoretical models.

was determined by the equation.

G, .G

o C() ]ng
where C,, and G are is the measured parallel plate capacitance
and conductance of the PZT-PDMS film and Cj is the capac-
itance of air for the same area and thickness.

Theoretical models such as Maxwell-Wagner, Rayliegh’s, Fu-
rukawa and Bhimasankaram (BSP) are used for prediction
of relative permittivity of piezoelectric composites. Most of
these models consider spherical particles for filler material.
For our analysis, we have considered Modified Lichtnecker
and Yamada models as each of them allows some leverage
to the particle shape with fitting factors. Fitting factor also
accounts for the interaction between the filler and matrix.
Fig. 7 provides the comparison between the experimentally
measured relative permittivity values with the theoretical mod-
els. A fitting factor of 0.3 for Lichtnecker and 8 for Yamada
are best suited for our results [37]. It can be seen that the
measured values were closer to the theoretical values for lower
concentration of PZT compared to the higher concentration of
PZT due to inferior dispersion at high concentrations.

It can be seen that magnitude of the relative permittivity
increases with v% of the PZT in the composite. This shows
that the composites can be tailored for various dielectric
constant requirements.

2)

€r

D. Piezoelectric properties

The piezoelectric properties of PZT-PDMS films were
studied by measuring the charge induced across the films
when subjected to a compressive force. After packing with
kapton electrodes, the poled and unpoled films were placed
on Electroforce-5500 machine and step forces were applied
across the thickness of the films. Kistler 5015 Charge meter
was employed for measuring the induced charge against cor-
responding force. Fig. 8 shows the charge response of poled
and unpoled films for a step force of IN. This curve clearly
indicates the developed charge difference between poled and
unpoled for all v% PZT films. Another experiment was carried
out on all poled films where increasing step forces, i.e, 0.5,
1 and 1.5 N were applied on the films and charges were
measured across the films. The results are shown in Fig. 9.
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Fig. 8. Charge response of a) unpoled and b) poled films for a step force of
IN. Red, Yellow, Green, Magenta and Cyan indicates 3, 8, 11, 13 and 28 v%
PZT, respectively.
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Fig. 9. Charge response of all v% PZT poled films against variation of
force.Red, Yellow, Green, Magenta and Cyan indicates 3, 8, 11, 13 and 28
v% PZT, respectively.

The charge response is proportional to the amount of force
applied and v% PZT. The same curve is used to calculate ds3
using the following equation [38].

Total Induced Charge
Total force ’

33 = 3)
The d33 values obtained by the above equation are tabulated
in Table I for all v% PZT films.For the 28 v% PZT film , a d33
of 78.33 pC/N was achieved. For similar v% of PZT, the ds3
obtained in our work is higher than the ds3 reported for PZT-
PDMS composites prepared following an easy process. [24]
reported a dss of around 8 pC/N for 30 v% PZT and [25]
reported a dsz of around 11 pC/N for 35 v% PZT composites.
Higher ds3 achieved in our work may be attributed to the larger
size of PZT particles [39] and an efficient poling process.
Another important observation is that the charge response
saturates at a certain low compressive force producing a non-
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TABLE I
PIEZOELECTRIC CONSTANTS EVALUATED FOR ALL PERCENTAGE VOLUME
OF PZT
v% PZT  ds3 (pC/N)
3 14
8 29.66
11.3 40.33
13.3 49.3
28 78.33
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Fig. 10. linearity of charge response of a 28 v% PZT poled film for varying
finger pressure.

linear behavior . This may be attributed to the maximum
piezoelectric strain, x(l) achieved at a low force because of
the small thickness (around 150 microns) of films. In order
to measure higher forces the thickness of the films need to be
increased. We captured the non linearity in the charge response
of 28 v% poled film by varying the step force between 0-2.5 N
with the Electroforce machine. The charge response is plotted
in Fig. 10. The key observation is that the charge response
saturates above a certain force for these films, say above 1.5
N for the 28 v% films.

E. Mechanical characterization

The elastomeric nature of the PZT-PDMS composite can be
critical to device performance in tactile sensor operations. In
order to study the mechanical behaviour of the PZT-PDMS
films, tensile tests were preformed on all v% films using an
Instron mini 44 series testing system. Samples were prepared
in sizes of 35x5 mm size and mounted between the jaws
of the testing machine which were set to move apart at 6
mm/minute. The tensile test results are shown in Fig. 11.
It can be observed that the tensile strength decreases as the
concentration of PZT powder increases. The unevenness in the
break points of increasing PZT v% is due to the small variation
in thickness and sample size. Further , the inset of Fig. 11
indicates that the initial slope of all curves is proportional to
the v% PZT.

Young’s modulus values of the samples were calculated
from the initial slope of tensile stress vs strain plots. Table II
shows the Young’s Modulus values for films with different
percentage volume of PZT. As the percentage volume of PZT
in the composite increases the Young’s modulus increases.
High Young’s modulus results in effective transfer of stress
and improvement in the open circuit voltage as explained in
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Fig. 11. Tensile test results for different volume percentage of PZT-PDMS
films

TABLE I
YOUNG’S MODULUS VALUES FOR FILMS WITH DIFFERENT PERCENTAGE
VOLUME OF PZT

v% PZT Y modulus (MPa)
0 4

3 7.098

8 7.97

11.3 8.98

13.3 8.69

28 9.92

Eq. 1. Results indicate that 28 v% PZT can be used as flexible
film for tactile sensors.

F. Tactile sensing

To demonstrate the tactile sensing capability of our piezo-
electric composite film, a 28 v% PZT film was sandwiched
between Kapton substrates with electrodes and placed on a
reference force sensor (Force Sensor integrated in the Electro-
force 5500 machine). The force exerted on the piezoelectric
composite film due to the finger pressure was measured using
the reference force sensor, while the response of the piezoelec-
tric film was measured using the charge meter (Kistler 5015A).
Care was taken to ensure that there is no electromagnetic
interference due to finger touch by wearing insulating gloves
and reducing the time constant of input charge amplifier
unit in charge meter to the minimum. Moreover, the Kapton
films are sufficiently insulating. Therefore, the charge from
human hands cannot transfer to the films and the silver layer.
Fig. 12 shows the piezoelectric response of composite film for
four touch events along with the corresponding force exerted
measured by force sensor. It can be seen that the magnitude
of the charge induced across the film highly depends on the
magnitude of the force exerted on each touch. For example,
for the first event the charge induced by the paper is 141 pC
(force exerted is 0.75 N) and it produced a lower charge for
a smaller tactile pressure (second touch, 115 pC at 0.7 N).
The film showed a similar signal amplitude for the third and
the fourth event as well. This indicates that, while each tactile
event leads to a sensor signal, the signal amplitude is directly
proportional to the force applied on the film.

IV. CONCLUSION AND DISCUSSION

A simple and low cost fabrication process is reported to
produce 0-3 PZT-PDMS thin films. The fabrication approach
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Fig. 12. Charge response of all 28 v% PZT poled films against finger pressure.

utilizes PZT particles and PDMS as base materials and the
process involves dispersing of PZT particles in PDMS matrix
by stirring, spin coating and curing. Results of FESEM show
that the dispersion of the PZT particles is uniform and sta-
ble. Corona poling is performed for aligning the dipoles in
ceramic particles and thus improving piezoelectric response.
Piezoelectric response and piezoelectric charge constant, ds3
measurements and XRD studies of the films before and after
poling suggest that poling successfully aligns the randomly
oriented ferroelectric domains in PZT particles and increases
the piezoelectricity of the films. Piezoelectric charge constant,
relative permittivity of the films increase and flexibility of the
films decreases with increase of PZT volume percentage in the
composite. The 28 v% PZT composite poled film achieves a
piezoelectric charge constant of 78.33 pC/N with a Youngs
modulus of 10 MPa and relative permittivity magnitude of 10.
It produces an open circuit voltage of 4.7 V under bending
and releasing by fingers.

Curie point of some PZT types such as PZT-4, PZT-5A and
PZT-8 are above 300°C [40]. With high thermal stability of
PDMS (around 300°C [41]) PZT-PDMS composites can be
made for high temperature applications. Response of PZT
particles varies with temperature. The same is evident For
example, the resonant frequency of PZT discs changes with
temperature. Our composite films will have response changes
due to temperature variations as well. In order to address the
variations of sensor performance due to temperature changes,
various temperature compensation techniques using statistical
methods such as data normalization technique using Ker-
nel principal component analysis (KPCA), Hilbert transform
method can be employed [42], [43].The piezoelectric and
dielectric properties of the composite films are better than
piezoelectric polymers, such as PVDF. When compared with
piezoelectric polymers such as PVDF with Young’s modulus
of 2.5 GPa, these composite films are highly flexible with
lower Young’s modulus which makes them favourable for
flexible tactile sensing applications such as robotic e-skin. The
proposed films can be an ideal candidate for low cost flexible
tactile sensing.
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