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Electroactive polymer (EAP) blends of relaxor-ferroelectric P(VDF-TrFE-CTFE) and ferroelectric P(VDF-
TrFE) were investigated for enhanced electromechanical transduction. Blends containing 0-30 wt%
copolymer were stencil-printed onto thin steel substrates for characterization in dielectric, mechanical,
and structural properties, while unimorph cantilever actuators were produced for characterizing
transduction. Copolymer addition increased the Young’s modulus and promoted ferroelectric ordering
while reducing dielectric permittivity and dielectric loss in the EAPs. Maximum quasi-static actuation
displacements improved from 8.1 mm at 50 V/pm in neat terpolymer samples to 9.2 mm at 48.3 V/pm
in 10 wt% blends, that showed the highest overall improvements. At 20 V/pm, the maximum deflection
and transducer efficiency respectively reached 2.1 mm and 0.0576%, corresponding to 94.4% and 357%
improvements over the pure terpolymer. Under dynamic operation, the 10 wt% blends also produced
the highest resonant displacement (2.30 mm at 6.7 V/pm), yielding a 53.7% improvement over the pure
terpolymer. Higher copolymer contents (20 and 30 wt%) further increased in stiffness and unimorph
efficiency but showed lower displacement due to reduced EAP film stress. These results demonstrate that
polymer blending is an effective strategy to tune transduction performance in PVDF-based unimorph
actuators, with further gains expected through optimization of blend composition and actuator design.

1 Introduction simple in construction, and able to generate comparatively large
Electroactive polymer (EAP)-based transducers have attracted  electrically induced strains [1,2]. Among EAPs, poly(vinylidene
growing interest as alternatives to conventional actuation fluoride) (PVDF) and its derivatives have been extensively studied
technologies because they are lightweight, mechanically flexible, in haptics, soft robotics, and microfluidic devices due to their
strong electromechanical response, combined with good chemical

o stability and processability [3-8].
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[9,10], while further addition of bulky termonomers such as
CFE (chlorofluoroethylene) or CTFE (chlorotrifluoroethylene)
introduces structural defects that induce relaxor-ferroelectric
behavior [11,12]. The resulting terpolymers, P(VDF-TrFE-CFE)
and P(VDF-TrFE-CTFE), exhibit slim hysteresis loops and large
electrostrictive response, described by the quadratic strain-
field relation S = ME?, where M is the apparent electrostrictive
coefficient [13].

Relaxor terpolymers have been shown to exhibit lower
Young’s modulus and crystallinity than P(VDF-TrFE), but higher
dielectric permittivity and larger field-induced strains, which have
motivated extensive research into their use in actuators and
transducers [14]. One limitation, however, is the high electric field
(e.g., >90 V/um) often required to achieve significant strain [15].
Depending on actuator design, this can lead to limited output
displacement and hinder practical application.

Several strategies have been explored to improve actuation in
these terpolymers. Small amounts of plasticizers or conductive
nanofillers have been reported to increase low-field strain through
modifications of dielectric, mechanical, and structural properties
[16-18]. However, such improvements often come at the
expense of reduced breakdown strength and increased fabrication
complexity. In conductive filler nanocomposites, the interfacial
polarization and percolation effects that increase permittivity can
also increase dielectric losses and intensify local electric fields
when fillers are poorly dispersed, making surface functionalization
and dispersion control critical [16,17]. Plasticizers offer a simpler
route, but their concentration is limited by compatibility with the
EAP matrix and by reduced breakdown strength due to increased
charge transport and dielectric heterogeneity [7,19-21].

Another versatile approach is blending the terpolymers with
other EAPs. Gorny et al. reported unchanged strain but improved
energy density upon blending P(VDEF-TrFE-CFE) with 2.5 wt%
P(VDF-CTFE), reaching up to 0.73 J/cm? at 150 V/um [22], while
Chu et al. reported improved breakdown strength in similar blends
containing 5 wt% P(VDF-CTFE) [23]. In both cases, the effect was
attributed to the increase in Young’s modulus of the blends.

P(VDEF-TrFE) blending has been shown to improve quasi-static
actuation in terpolymer-based unimorph bending actuators at
room temperature and 60 °C, depending on the compositions of
both the terpolymer and the copolymer [24,25].

Unimorph tip displacements have been reported to increase
from 0.4 mm to 0.47 mm (110 V/pm, L = 45 mm) in terpolymer
(3.8 mol% CFE) blends with 20 wt% P(VDF-TrFE) (55 mol% VDF),
while increasing the VDF content of the copolymer to 75 mol%
improved high-temperature actuation response (60 °C) [24].

Similar trends were recently observed in P(VDEF-TrFE-CTFE)-
based blends containing up to 20 wt% P(VDEF-TrFE), increasing
cantilever tip displacements from 0.41 mm to 0.49 mm for
10 wt% P(VDEF-TrFE) actuators (L = 45 mm, 110 V/um, 25 °C) [25].
Cantilever deflections were mapped to terpolymer and copolymer
composition- and temperature-dependency, and one terpolymer
composition (4.2 mol% CTFE) blended with two copolymers (75
and 55 mol% VDF) was studied in detail in terms of film stresses,
strains, microstructure, and chain conformation.

While these are very promising results, more research is
needed in terms of blend materials (constituent polymers and

blend composition), their properties (mechanical, dielectric,
structural, transduction) and implementation for actuation. This
work investigates the dielectric, mechanical, structural and
transduction properties of P(VDF-TrFE-CTFE) blends with P(VDEF-
TrFE) for actuation. P(VDF-TrFE) copolymer (70 mol% VDF) was
blended with the terpolymer (8.6 mol% CTFE) in 0 to 30 wt%
P(VDEF-TrFE) compositions.

The blends were stencil-printed and integrated into
unimorph bending cantilever actuators, as described in
Sections 2.1 and 2.2. The effect of copolymer content (0-
30 wt%) on dielectric properties, mechanical properties, local
chain conformations and actuation performance was investigated
through impedance analysis, nanoindentation, Fourier transform
infrared spectroscopy (FTIR), and actuator characterization,
including tip deflection, transverse strain, film stress, energy
density, and transducer efficiency, as detailed in Section 2.3. The
resulting material properties and actuator performance are then
compared across blend compositions in Section 3, and the main
conclusions are summarized in Section 4.

2 Materials and methods

2.1 Materials

P(VDE-TrFE-CTEFE) terpolymer powder (Piezotech RT-TS, 8.6 mol%
CTFE) and P(VDEF-TrFE) copolymer powder (Piezotech FC30,
30 mol% TrFE) were obtained from Arkema, Germany. Methyl
ethyl ketone (MEK), purchased from Sigma-Aldrich, was used as
the solvent. A 10 pm thick steel foil (Hasberg, Germany) was
used as both the flexible substrate and bottom electrode for the
unimorph cantilever actuators, while a 350-400 nm thick gold leaf
was used for the top electrode.

Separate terpolymer and copolymer solutions were first
prepared in MEK by dissolving 8 g of polymer in 72 g of
solvent. The solutions were then mixed and stirred (Stuart UC152
magnetic stirrer) for 2 h at room temperature to obtain P(VDF-
TrFE)/P(VDF-TrFE-CTFE) blends containing O, 10, 20, and 30 wt%
P(VDF-TtFE).

2.2 Fabrication
Separate EAP samples were fabricated for experimental
characterization of mechanical, dielectric and transduction
properties. In the first step, EAP films of 45 pym and 100 pm
thickness were stencil-printed onto 50 pm thick steel substrates,
respectively for nanoindentation (Section 2.3.2) and dielectric
(Section 2.3.3) characterization. These samples were also used
for ATR-FTIR characterization (Section 2.3.4). For transduction
and actuation characterization, 30 pm thick EAP films were
stencil-printed on thin steel substrates (thickness 10 ym). The
as-deposited EAP films were immediately covered with a glass
Petri dish and left to dry at room temperature for 6 h, followed
by thermal annealing at 110°C for 3 h to improve crystallinity.
While nanoindentation samples did not require any further
fabrication steps, the dielectric characterization samples were
completed by applying a circular electrode (10 mm in diameter,
350-400 nm thickness) on top of the EAP layer via gold leaf
transfer. A steel mask was fixed by permanent magnets to the EAP-
on-steel samples, and then, gold leaf was placed over the mask
and covered by a thin PTFE film to facilitate release. The stack
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Fig. 1

T-shaped EAP unimorph cantilever actuators.

was pressed by hand, using a steel and foam block to uniformly
distribute the pressure. The unimorph cantilever actuator samples
fabrication followed the same procedure. The top electrode was
defined by a rectangular stencil that left a ca 0.5 mm electrode-
free perimeter at the edges of the 20 mm x 6.5 mm EAP film
area to prevent electrical short-circuit with the steel substrate. The
actuator outline (Fig. 1) was then released by femtosecond laser
micromachining (Lasea LS Lab).

2.3 Characterization
2.3.1 Morphology

Morphology of the EAP films and unimorph actuators was
investigated using scanning electron microscopy (JSM-6010LA,
JEOL Ltd., Tokyo, Japan). Top-view and cross-sectional images
were acquired at an accelerating voltage of 10 kV. Cross-sections of
the samples were exposed using a femtosecond laser cutting (Lasea
LS Lab, Pharos PH1 10W 1030 nm source).

2.3.2 Nanoindentation

Young’s moduli of the EAP samples were evaluated via
nanoindentation (Piuma, Opticsl1 Life) using a cantilever probe
with a spherical tip (10.5 pm radius) and a stiffness of 203.4 N/m.
Measurements were conducted in displacement-control mode,
consisting of a loading phase at 1.1 pm/s, a 1 s hold phase, and an
unloading phase at the same rate. At least 20 indentations were
conducted over the surface of each sample (20 mm x 6.5 mm) for
reliable measurement.

The Young’s modulus Y was evaluated by fitting the Hertzian
contact model to the loading segment of the indentation curves
[26]:

4 Y
P=31-n2
where P is the applied load, R is the indenter tip radius, h is
the indentation depth, and v is the Poisson’ ratio. A Poisson’s
ratio of v = 0.48 (reported for P(VDF-TrFE-CTFE) [27,28]) was used
for all formulations and assumed not to vary significantly upon
blending.

VRI3?, 1)

2.3.3 Impedance analysis

The dielectric properties of the terpolymer blends were
characterized using a Keysight E5061B vector network analyzer
(VNA) operated in impedance analysis mode [29,30]. The VNA
was equipped with Kelvin clip test leads (RS-PRO 123-5979)
and custom-made clamp with circular Ag contact electrodes
(10 mm diameter). The disc-shaped area defined by the sample
electrodes (Section 2.2) formed the parallel plate capacitor
geometry for impedance measurements. The relative permittivity

Clamped actuator
PC with LabVIEW
Voltage Amplifier
1500/50

use

{

use

Data s Analog OUT Di

NI-USB 6211 AnalogIN  (¢—

laser sensor
OptoNCDT 1900-10

Fig. 2

Schematic of experimental setup for actuator characterization.

&r and dielectric loss tangent tans were evaluated in the 100 Hz —
1 MHz frequency range (0.6 V excitation), respectively from
_Ct
&r = 807’
where C is the capacitance (parallel configuration), t is the sample
thickness, A is the electrode area, gy = 8.85 x 10~ 12Fm™! is the
permittivity of free space, and

2

G
tans = 3 fC 3)

where G is the conductance and f is the frequency.

2.3.4 FTIR spectroscopy

ATR-FTIR spectroscopy was used to detect structural changes
in the local chain conformations of the terpolymer films upon
blending with P(VDF-TrFE). Spectra were collected using a Thermo
Scientific Nicolet iS50 FTIR spectrometer in ATR mode over the
400-1500 cm~! wavelength range, with a spectral resolution of
2 cm™t

Measurements were performed at multiple spots on the 45
um and 100 pum thick EAP films stencil-printed on steel (see
Section 2.2) to verify consistency across film thicknesses. The
absorbance spectra were baseline-corrected and normalized before
comparison.

2.3.5 Actuation

Actuation and transduction properties of the EAP actuators
and materials were characterized in quasi-static and dynamic
actuation experiments using a custom-built set-up (see Fig. 2).
The actuators were mechanically fixed using 3D-printed clamps
(Elegoo standard resin 1.0, Elegoo Mars 3), equipped with
copper tape electrodes for electrical connections. The actuators
were driven by a high-voltage amplifier (HVA 1500/50, Smart
Material Inc.) and their deflections were measured using a laser
displacement sensor (Micro-Epsilon OptoNCDT 1900-10, 10 mm
range, +£2 um linearity, 0.4 pm repeatability) through a USB-6211
data acquisition unit (National Instruments). The experiments
were controlled and data was stored using a custom LabVIEW
2018 (National Instruments) interface on a PC laptop (Lenovo
X201i). Videos of all measurements were simultaneously recorded
(SM-A266B/DS) with a millimeter paper background to estimate
actuator deflection when they exceed the laser displacement
sensor range (10 mm). Data was processed and plotted in MATLAB
R2024b environment.

A sequence of three actuation experiments were performed on
each sample using unipolar sinusoidal excitation: (i) quasi-static
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actuation at 0.1 Hz, 200 V; (ii) frequency response measurements
at 200 V in the 1 Hz - 40 Hz interval (at 49 individual
logarithmically spaced frequencies), extended up to 60 Hz for
stiffer samples; and (iii) actuation at incrementally increasing
voltage (at 1 Hz, 10 s, 25 V increments) up to the amplifier voltage
limit (1.5 kV) or sample breakdown.

The field-induced in-plane strain § (i.e., the transverse strain)
was estimated from the quasi-static tip deflections § using the
small deflection model for a two-layer unimorph cantilever, in
which bending arises from the passive substrate constraining the
expansion of the active layer [31,32]:

s LH . 2AB(1 + B)? s

2t A2B*+2A(2B+3B2+2B%)+1
where L and t respectively are the unimorph length and total
thickness, A = Ysub/Yeap is the ratio of the substrate and EAP layers
Young’s moduli, and B = ty/fgap is the ratio of their thicknesses.
Based on the actuator design and substrate properties, L = 20 mm,
Ysup = 200 GPa and ty,, = 10 um. The resulting transverse strains
were further used to determine the EAP film stresses o = YpapS
and elastic energy densities Us = %YEAPSZ, while the actuator

(4)

transduction efficiencies k2 were estimated using the analytical
formulation derived by Wang et al. for unimorph benders [33]:

= 9kEap
" 4
A2B%(1 + B)?
(AB + 1)[A2B* + 2A(2B + 3B% + 2B%)+1 — kZ,,AB(AB3+1)]
o)
where k%AP = YEAPSZ/(YEAPSZ + Sré‘oEz) denotes the
electromechanical coupling factor of the EAP [7]. Since

Egs. (4) and (5) are based on a small-deflection approximation,
the material strains, film stresses and actuator efficiencies are only
extracted for § < 3 mm in this study (coherent with prior research
[7,34]).

3 Results and discussion

3.1 Fabrication

Stencil-printing the EAP films on steel substrates yielded a similar
behavior for all inks, producing continuous EAP films with a
visually translucent surface. Actuator fabrication produced EAP
films with a thickness of 30 pm, allowing to deliver high
field strengths of up to 50 V/pum. Thicker films were used
for dielectric and ATR-FTIR characterization since the delicate
films respectively needed to make contact with the Kelvin clip
electrodes (Section 2.3.3) and the ATR crystal (Section 2.3.4). In
nanoindentation (Section 2.3.2), thicker films were necessary to
prevent measurement error due to the stiff steel substrate.

As described in Section 2.2, it was important to immediately
cover the deposited films with a glass Petri dish and allow MEK
to slowly evaporate at room temperature, resulting in dense
surface morphologies shown in Fig. 3a. In contrast, uncovered
samples exhibited surface drying, observable as rapid whitening
of the film surface within the first minutes after printing, and
consistently developed porous cellular morphology (Fig. 3b). This
has previously been associated with rapid solvent evaporation
(MEK boils at 80 °C), humidity-induced pore formation and phase

Fig.3

Comparison of surface morphology in neat P(VDF-TrFE-CTFE) films that were
covered (a) and uncovered (b) during solvent evaporation.

Fig. 4

Layered structure of the unimorph actuator cross-sections (a) in the middle of
the sample, and (b) at the top electrode boundary (near the edge EAP layer
boundary). Annotations: A - steel substrate, B - EAP layer, C - gold leaf top
electrode, and D - electrode-free EAP surface.

separation during drying [35-38]. The denser surface morphology
observed in the covered samples can therefore be attributed to
the reduced MEK evaporation rate in the solvent-rich atmosphere
and the reduced humidity-driven pore formation. Higher boiling
point polar solvents such as N,N-dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO) could therefore be explored in future
studies to gain further control over drying kinetics and film
density.

Unimorph actuator samples are shown in Fig. 1. After release,
all samples exhibited a small zero-field curvature, attributed to
residual stresses generated during fabrication. Such curvature has
been reported in unimorph actuators as a consequence of residual
stresses in the actuator layered structure after thermal treatment
[32,39]. Deflections were measured with respect to the zero-field
shape and the applied voltage caused actuation towards straight
configuration (see Section 3.5). Remaining in the vicinity of
a straight shape allowed to ignore non-linearities between tip
deflection and material strain.

SEM images of the unimorph actuator cross-sections are shown
in Fig. 4 (see Section 2.3), indicating a well-defined interface
between the 30 pm EAP layer and the 10 pm steel bottom
electrode, as well as good adhesion of the gold leaf top electrode to
the smooth EAP surface. In the middle of the sample (Fig. 4a) the
EAP layer is uniform in thickness, while an increase is observed in
EAP thickness near the edge of the sample (Fig. 4b). This is likely
caused by meniscus formation at the stencil boundaries during
MEK evaporation (see Section 2.2).

3.2 Mechanical properties

Nanoindentation measurements were performed according to
Section 2.3.2 and are summarized in Fig. 5. This approach enabled
direct measurement of the Young’s modulus of the EAP films on
steel, closely reflecting the respective films within the actuators.
Macroscopic tensile testing would require free-standing samples
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Young’s moduli of the P(VDF-TrFE)/P(VDF-TrFE-CTFE)
nanoindentation experiments at different blend ratios.

blends from

with sufficient thickness and gauge area that may exhibit slightly
different effective Young’s moduli and are impractical to fabricate.

The EAP Young’s modulus gradually increased upon blending
with P(VDF-TrFE), from 120 MPa for the neat terpolymer to 140,
184, and 233 MPa for the 10, 20, and 30 wt% blends, respectively.
The increase was modest at 10 wt% and became more pronounced
at higher copolymer loadings, indicating progressive stiffening
upon blending. P(VDE-TrFE) copolymers have been shown to
generally exhibit higher crystallinity and stiffness than relaxor
terpolymers [14], explaining why incorporation of the copolymer
into the relaxor matrix increases the overall Young's modulus.
Similar stiffening upon P(VDEF-TrFE) addition has been reported
in blend studies of both P(VDE-TrFE-CFE) and P(VDF-TrFE-CTFE),
with the magnitude of the effect depending on the terpolymer
species and copolymer content [24,25].

3.3 Dielectric properties

Relative permittivity ¢, and dielectric loss tangent tané of the
EAP blends were evaluated at room temperature over the 100 Hz-
1 MHz frequency range, according to Section 2.3.3, and are
shown in Fig. 6. All blends exhibited decreasing permittivity with
increasing frequency, with a noticeable relaxation occurring near
103 Hz, consistent with dipolar relaxation associated with the glass
transition of the amorphous phase [40].

At 1 kHz, &, of the neat terpolymer was 28, comparable to
values reported for P(VDF-TrFE-CTFE) films prepared from MEK
and annealed under similar conditions (110 °C, 2 h) [21,34].
This remains near the lower bound of the 30-60 interval (1 kHz)
reported in the material datasheet [41]. With increasing P(VDEF-
TrFE) content, ¢, decreased to 24 (10 wt%), 21 (20 wt%) and 15
(30 wt%), consistent with previously reported terpolymer blends
[24,42]. This behavior can be attributed to the incorporation of a
low-¢, copolymer in a high-e, relaxor terpolymer matrix [14]. This
effect is likely further enhanced by the high VDF content of the
specific P(VDF-TrFE) 70/30 copolymer studied here, as more VDE-
rich P(VDF-TrFE) compositions have been associated with stronger
ferroelectric character and lower room-temperature permittivity
[43].

The loss tangent also decreased with increasing copolymer
content across the whole frequency range, with the decrease

* Terpolymer
= 10 wt% P(VDF-TrFE)

20 W% P(VDF-TrFE)
30 Wt% P(VDF-TrFE)

102 10% 10* 10° 108
Frequency (Hz)

ol s N i e e e e o
10% 10° 10* 10° 108
Frequency (Hz)

Fig. 6

Dielectric permittivity (¢,) and loss tangent (tan§) measurement results for all
four EAP formulations.

TGTG'
(Te),

30 wt% P(VDF-TrFE)

Absorbance

20 wt% P(VDF-TrFE)

10 wt% P(VDF-TrFE)

Terpolymer

T T T T
1400 1200 1000 800 600 400

Wavenumber (cm")
Fig.7

ATR-FTIR absorbance spectra of the neat terpolymer and its blends with P(VDF-
TrFE).

becoming more pronounced at higher frequencies, where the
dielectric response is more sensitive to dipole mobility. For
instance, tan § decreased from 0.42 in the neat terpolymer to 0.31
in the 30 wt% blend at 1 MHz, compared with a smaller decrease
from 0.065 to 0.053 at 1 kHz.

3.4 Chain conformation

ATR-FTIR measurements were conducted as described in
Section 2.3.4, and similar changes with composition were
observed for both film thicknesses. The normalized absorbance
spectra of the neat terpolymer and its blends with P(VDF-TrFE)
are plotted in Fig. 7.

The terpolymer exhibits different chain conformations
consisting of trans and gauche segments, including T,,.3
conformation at 847 and 1290 cm~!, a TGTG contribution
near 613 cm~!, and a low-wavenumber band near 504 cm~!.
While the latter band has previously been assigned to T:GT3G,
recent studies suggest that it is more accurately described as a
disordered 3/1-helical (T'G)3 conformation [44-46].

The relation between these low-wavenumber bands and relaxor
behavior is treated differently in the literature, with the 504 cm~!
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Table 1

Summary of transducer tip displacements (3), material strains (S), stresses (o),
energy densities (Us) and actuation efficiency (k2) at 20 V/pm (1 Hz).

Material®  § (mm) 5 (%) o(kPa) U (kJ/m3) k2 (x107%)
0 wt% 0.352-1.08 0.045-0.138  54-166 0.012-0.115  0.13-1.26
10 wt% 0.741-2.135  0.083-0.240 115-332  0.048-0.398  0.69-5.76
20 wt% 0.542-0.982 0.047-0.086 87-158 0.020-0.068 0.43-1.43
30 wt% 0.572-0.940 0.041-0.067 96-157 0.020-0.053  0.71-1.92
@ Mass fraction of P(VDF-TrFE) in the blends.
Voltage (kV) $ 4
0 03 06 09 12 150 03 06 09 12 150 03 06 09 12 150 03 06 09 12 15 * 1" 4
9»11:‘ Ta‘rpalym‘er ‘ Hof101 10wl%P(VDF-TrF‘E) 9079 ZDM'/.P(VDF-TrIlE) B g—ons‘aowt:A.P(VI;F-TrF‘E) < » -— 5|
~+Sample A Jalelal 4+ 444
8102 8090 - 8fo70 - 8|os7 :::mz::g g | ‘.T 1 | IO | F.’l N0 EREE" L YEE i)
-+ Sample D 11 i, B L1 g+ ‘_ + :L ::
 epcandsi: rfose jSmaes mEnE T NN
Measured from laser -~ Sample G . " P d=| el -
26077 61043 x Breakdown g M—;A-7A<;‘ 1 L st +
< 2 B 1 L i BE SRR =
és i 5036 g A 1 IFl HEREE5 s _+~.-—v4l—-al<—’-— T (X
8 3 b ! NENEEE gEEE
24 I 4029 I - 1 =] I EE 1] 1 4 LU LRl
el 5 CEECE AR
--------- ::"*‘ ol 0 V/IJ.YL 483 V/um. Ly L L
4 '« 1 | [l St
- Fig. 9

10 20 30 20 30 40 500 10 20 30 40 50

o
40 50 0 10
Electric field (V/uim)

Fig. 8

Actuator maximum tip displacements at incrementally increasing electric
field amplitudes (1 Hz sine excitation) for each EAP composition. Up to
3 mm displacements (marked in dashed line) are used for strain analysis and
maximum displacements above 6.5 mm were identified from video.

band often linked to intrinsic relaxor ferroelectricity in PVDF-
based EAPs [45-47], while studies on terpolymer blends mainly
relate the 613 cm~! TGTG’ band to relaxor behavior [24,25].
Upon blending with P(VDE-TrFE), the integrated absorbance
of the 504 and 613 cm~! bands gradually decreased, whereas
the bands at 847 and 1290 cm™! increased monotonically
with copolymer content. These results indicate that P(VDF-
TrFE) addition promotes longer trans sequences characteristic of
the ferroelectric g phase while suppressing frans-gauche chain
conformations associated with relaxor properties, in agreement
with recent work by Van Duong et al. on similar blends [25].

3.5 Transduction
3.5.1 Quasi-static actuation

Actuator tip displacements in the quasi-static experiments
(1 Hz sine excitation) are summarized in Fig. 8 and Table 1.
Compared to the neat terpolymer, only the 10 wt% P(VDE-
TrFE) blend produced improved displacements, while the higher
copolymer contents (20 and 30 wt%) led to slight reduction in
actuation. At a 20 V/um field strength, the 1.08 mm displacement
in neat terpolymer increased to 2.1 mm in the 10 wt% blend
and decreased to 0.982 and 0.940 mm respectively in the 20 and
30 wt% formulations. At higher fields (40-50 V/um), the highest
tip displacements (up to 9.2 mm) were exhibited by the 10 wt%
blends (see images in Fig. 9), followed by the neat terpolymer
(8.1 mm) and the 30 wt% blends (7.2 mm). In contrast, the 20 wt%
actuators produced only up to 5.0 mm deflection, and 6 out of 7

Actuation response to 48.3 V/um excitation (1 Hz, 1.45 kV) in 10 wt% copolymer
blend samples.

Table 2

Fit parameters for S = ME? within the § < 3mm range.

Material® 2-20V/pm 2-40V/pm

mP R? mP R?
0 wt% 1.23-298 0.983-0.978 1.28-3.22 0.656-0.917
10 wt% 2.59-494 0.898-0.957 2.41-5.02 0.987-0.938
20 wt% 1.10-1.71 0.995-0.946 1.19-1.88 0.828-0.825
30 wt% 1.01-145 0.991-0.975 1.08-1.57 0.877-0.878

2 Mass fraction of P(VDF-TrFE) in the blends.
b Mis given in nm?2/V2.

samples failed below 40 V/um, likely due to manufacturing defects
(e.g. top-electrode cracks and bubbles, pores, and dust particles in
the EAP films).

The apparent electrostrictive coefficients indicated in
Fig. 8 were obtained by fitting S =ME? using S estimated
from Eq. (4), and the corresponding R? values are summarized
in Table 2. M is the highest for the 10 wt% blends (M =
2.6-4.9 nm?/V?), followed by the neat terpolymer (M = 1.2-
3.0 nm?/V?), and decreases for the 20 wt% (M= 1.1-1.7
nm?/V?) and 30 wt% (M= 1.0-1.4 nm?/V?) formulations.
These transduction coefficients (and later the film stresses and
transduction efficiencies) were calculated only for § < 3 mm, as
they depend on in-plane strains that can be reliably calculated
from Eq. (4) only for small deflections (see Section 2.3.5).

The transverse strains for § <3 mm are plotted against the
electric field strength in Fig. 10, where most samples exhibit an
approximately quadratic response below 20 V/pm (see Table 2).
Deviations from this behavior become pronounced at higher
strains due to gradual deviation from a linear deflection-strain
relation (Eq. (4)) and at higher field strengths due to the samples
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Fig. 10

Transverse strain versus electric field strength. Strains were calculated from the
experimentally measured tip deflections (1 Hz, § < 3 mm) using Eq. (4).

nearing their breakdown. The latter is hypothesized to be caused
by the localized fabrication defects, where the field strength is
much higher than elsewhere in the sample. Near breakdown, these
defects start drawing current, reducing actuation via locally or
globally lowered field strength across the electrodes. At lower field
strengths, these defects have limited effect on actuation, since
their surface area forms a negligible fraction of the total actuator
area.

Maximum strains in Fig. 10 decrease with copolymer content
because the strain-deflection relation (Eq. (4)) is a function
of EAP Young’s modulus that varies with P(VDF-TrFE) content
(Fig. 5). The spread between lower- and upper-bound responses
in Figs. 8 and 10 is attributed mainly to sample-to-sample
manufacturing variability (stencil-printing is a manual process).
The lower bounds are likely affected by fabrication defects and
the upper bounds are closer to the intrinsic material response
limits. This spread decreases with increasing P(VDF-TrFE) content,
especially in the 30 wt% formulation, suggesting improved
manufacturing repeatability or reduced defect sensitivity in the
stiffer blends.

Low-voltage cyclic actuation is shown in Fig. 11 for the
four EAP compositions upon 200 V excitation (6.7 V/pm) at
two operating frequencies (0.1 and 1 Hz). At 0.1 Hz, the neat
terpolymer actuators showed deflections of up to 108 pm,
increasing to 160 pm for the 10 wt% blend and decreasing to 92
and 105 pm for the 20 and 30 wt% blends, respectively. At 1 Hz, a
small reduction (5-7%) was observed in the deflection amplitude
of all actuators (see Section 3.5.3). While the plots show additional
resonant responses due to ground vibrations and displacement
bias due to 100 V bias in the 200 V input, copolymer addition
did not cause observable broadening in the hysteresis loops.

3.5.2 Film stress and actuator efficiency

The EAP film stresses (o) and energy densities (Us) are plotted
against the field strengths in Fig. 12 and summarized in Table 1.
At 20 V/pm the 10 wt% copolymer blend exhibits an increased o
(332 kPa) and Us (0.398 kJ/m?) compared to the neat terpolymer
(166 kPa and 0.115 kJ/m? respectively), while the 20 w% and
30 w% blends show an incremental reduction is both the film
stresses (up to 158 kPa and 157 kPa respectively) and energy
densities (up to 0.068 kJ/m3 and 0.053 kJ/m? respectively).

Table 3

Summary of actuator dynamics parameters extracted from Fig. 14.

Material®  §gs (mm) Sres (Mm) fres (H2) Q(-)

0 wt% 0.041-0.100 0.562-1.502  20.03-25.22  8.00-13.11
10 wt% 0.040-0.150  0.355-2.309 17.18-25.22 6.10-14.94
20 wt% 0.054-0.080  0.581-1.531 15.91-27.24 7.70-15.78
30 wt% 0.056-0.090 0.635-1.340 18.55-23.36 6.92-15.23

2 Mass fraction of P(VDF-TrFE) in the blends.

Improved actuation properties upon blending P(VDEF-TrFE-
CTFE) with low concentration of P(VFD-TrFE) are probably caused
by a combination of film stiffness and field-induced strain.
A recent work on P(VDEF-TrFE)/relaxor-terpolymer unimorph
actuators, although based on different terpolymer and copolymer
compositions, reported a ¢ maximum at 10 wt% copolymer
content (over 0-20 wt% range) and further related it to changes
in film nanostructure [25].

Actuator coupling efficiencies (k2, see Eq. (5)) are plotted
in Fig. 13, indicating variation between EAP compositions and
individual samples, with a near-quadratic field dependence up
to 20 V/um (k2 o« E2) that becomes superquadratic at higher
fields (k2 o E", n=2.2 — 2.8 from fits). Efficiencies at 20 V/pm
are further indicated to evaluate the performance at low field
strengths, as before break-down specifics complicates comparison.
The 10 wt% blends exhibited the highest low-field (0.0576% at
20 V/um) and peak efficiencies (0.0819% at 22.5 V/um), followed
by the 30 wt% blends (0.0192% at 20 V/pm and 0.0742% at
30 V/pm), 20 wt% blends (0.0143% at 20 V/pm and 0.0569%
at 29.2 V/um), and pure terpolymer (0.0126% at 20 V/pm and
0.0423% at 29.2 V/um). Therefore, the blends showed up to 357%
and 93.6% improvement in low-field and peak efficiencies over
P(VDE-TrFE-CTFE). While the maximum in k2 at 10 wt% P(VDF-
TrFE) follows from the maximum in film stress (Fig. 12), the
higher k2 values of the 20 and 30 wt% blends relative to the neat
terpolymer likely reflect improved mechanical coupling with the
stainless steel substrate and reduced dielectric energy storage due
to their lower permittivity (Fig. 6).

3.5.3 Dynamics

The frequency response of each actuator was measured at 200 V
(6.7 V/um) excitation, following methodology in Section 2.3.5.
The magnitude plots of each four material compositions are
given in Fig. 14, and the key results are summarized in Table 3.
Actuation responses are dominated by the second-order dynamics
of a cantilever beam that is agitated by the field-dependent
stresses in the EAP film layer, i.e. they start with a near-flat low-
frequency response (see Section 3.5.1), followed by a strongly
increased response near the resonance, and a steep roll-off at
higher frequencies.

At low frequencies (1 Hz), the neat terpolymer and the blends
showed up to 0.1 mm (neat terpolymer), 0.15 mm (10 wt%),
0.08 mm (20 wt%) and 0.098 mm (30 wt%) deflections peak-to-
peak. In resonance, the respective figures increased to 1.502 mm
(21 Hz, neat terpolymer), 2.309 mm (17.2 Hz, 10 wt%), 1.531 mm
(18.5 Hz, 20 wt%) and 1.340 mm (20 Hz, 30 wt%). Resonance
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EAP film stress versus electric field strength (1 Hz, § < 3 mm). Corresponding
energy density levels are shown in gray.
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Transducer efficiency versus electric field strength (1 Hz, § <3 mm).
Corresponding kﬁAP (Eq. (5)) levels are shown in gray.
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Frequency response of EAP actuators in the 1-60 Hz range at fixed voltage
amplitude (200 V, 6.7 V/um).

Q-factors (see Table 3) remained in the 6.1 to 15.78 interval.
Strongest actuation dynamics were therefore exhibited by the
10 wt% blends, improving the quasi-static and dynamic responses
respectively by up to 50% and 53.7% compared to the neat
terpolymer.

Resonant frequencies vary significantly between samples
(Table 3), and no clear relationship can be observed between the
resonant frequency and copolymer concentration (EAP stiffness

rises with copolymer content, Fig. 5). This is due to insignificant
contribution of the EAP layer to the total sample stiffness (ca
103x lower in EAP compared to steel), and more dominant
role of the variations in mass distribution due to manufacturing
imperfections (non-uniformities at the stencil edges and exact
placement of the stencil). Additionally, some samples exhibited
significantly higher resonant frequencies, in 40-42 Hz interval,
possibly caused by the residual biaxial stresses (EAP shrinkage and
steel sheet delivery on rolls) that cause curving in the samples,
leading to multi-stable switching near the straight configuration
(curving first along the length and then along the width),
and increasing the apparent stiffness. Low-field and quasi-static
experiments are significantly less sensitive to these effects.

4 Conclusions

This work investigated the actuation properties of EAP blends
based on a relaxor-ferroelectric P(VDF-TrFE-CTFE) terpolymer
(8.6 mol% CTFE) and a ferroelectric P(VDF-TrFE) copolymer
(70 mol% VDF). Blends containing up to 30 wt% copolymer
were stencil-printed onto thin steel substrates and thoroughly
characterized in dielectric and mechanical properties. Unimorph
cantilever actuators were produced for characterizing actuation
properties and transduction.

Addition of P(VDF-TrFE) gradually increased the Young's
modulus from 120 MPa for the neat terpolymer to 233 MPa for
the 30 wt% blends, while dielectric permittivity and dielectric
loss tangent decreased with increasing copolymer content in the
100 Hz-1 MHz frequency range. Structurally, P(VDF-TrFE) addition
promoted the ferroelectric T;,-3 conformation while reducing
trans-gauche contributions related to relaxor properties.

Among the investigated compositions, the 10 wt% blends
provided the best overall actuator performance, resulting from
the highest film stress (up to 445 kPa, 22.5 V/um) and strain
energy density (up to 0.72 kJ/m?, 22.5 V/um). Actuation dynamics
of unimorph cantilevers was characterized for up to 60 Hz
frequency and 50 V/pm field strength. Unimorph cantilever
actuators (20 mm length) showed strongest responses for 10 wt%
blends, with up to 9.2 mm displacements (48.3 V/um, 0.1 Hz)
and 0.0819% transducer efficiencies (22.5 V/pum, 0.1 Hz), i.e. a
13.6% and 93.6% improvement over neat terpolymer actuators,
respectively. Higher copolymer contents (20 and 30 wt%) showed
lower displacements, while increasing in stiffness and actuator
efficiency (up to 0.0742% at 30 V/pm in 30 wt% blends). Highest
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low-field response (6.7 V/pm) was also seen in 10 wt% copolymer
samples, showing a quasi-static response of 0.15 mm (1 Hz) that
increases to 2.3 mm at resonance (17.2 Hz), corresponding to a
53.7% improvement over the neat P(VDF-TrFE-CTFE) actuators.
These findings support simple polymer blending as a
practical strategy to enhance performance in PVDF-based
unimorph actuators. Further improvements are expected through
optimization of blend composition and actuator design.
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