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ARTICLE INFO ABSTRACT

Keywords: Electroactive polymers have received substantial attention for actuation because of their muscle-like actuation
PVDF ) behaviour. These polymers are typically studied under ionic and electric classes based on their fundamental
P‘e?oemcmc actuator response mechanisms. In this study, a hybrid piezo-ionic actuator is developed and characterised by its elec-
ITonic actuator : : P P . . . .

. tromechanical response to analyse the piezo-ionic synergistic effect in a cantilever beam actuation design. The
Electromechanical response . .. . o 1. . . . . A
Hapic feedback piezo-ionic actuator was developed using polyvinylidene fluoride (PVDF) combined with an [Pmim][TFSI] ionic

liquid (IL) filler. The addition of IL into the PVDF network promotes the formation of electroactive phases (4 and
), consequently enhancing the electromechanical response of PVDF while maintaining the characteristic fast
response time of piezo materials. The IL also plasticize the PVDF polymer and increases its conductivity which
also causes the electrical parameters to vary with frequency. It results in higher dielectric loss, energy storage and
hysteresis in PVDF/IL responses. To evaluate the actuator performance, the force generated by the hybrid
actuator is measured and a finger sleeve is designed for haptic feedback analysis.

1. Introduction [9] and Ren et al. [10], used ionic actuators in the development of

refreshable Braille display, and Hardy et al. demonstrated their appli-

Electroactive polymers capable of converting electrical energy into
mechanical motion and vice versa [1], have received substantial atten-
tion for their applications across different sectors, including industry [2]
and healthcare [3]. The soft nature of these polymers makes them ideal
for lightweight actuation while offering straightforward and flexible
design options [4]; although with limited output force [5,6]. These
polymers are commonly classified into ionic and electric types based on
their response mechanism [7]. In ionic actuators, the actuation response
is caused by the displacement of ions within the polymer, typically
requiring low voltages to trigger a mechanical response. In contrast,
electric actuators respond to the electrical stimuli through the polari-
zation of dipoles [8]. Ionic actuators are known for their slower response
time and relatively lower force output, which can constrain their use in
applications where minimal force is sufficient. For example, Heydt. et al.

cation in drug delivery systems [11].

Piezoelectric materials, categorised under electric actuators, employ
the converse piezoelectric effect, to alter their shape in response to
electrical stimuli. Piezoelectric polymers, such as polyvinylidene fluo-
ride (PVDF) known for its high piezoelectric constant among the poly-
mers [12], demonstrate lower displacement when compared to
ionic-based polymers [13,14,15]. However, their response is quicker,
making the piezoelectric actuators ideal for high frequency and preci-
sion positioning tasks [16]. For example, it has been used in bimorph
actuators for laser scanning actuation at high frequencies [17], ideal for
high-speed manipulation as well as in haptics [18], and touch displays
[19]). The actuation performance of PVDF is influenced directly by the
presence of electroactive phases (4 and y), which are typically minimal
in pure states [20]. These phases can be enhanced through a phase
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transition, solvent casting, the addition of nucleating fillers or the
development of new PVDF copolymers [21]. The incorporation of ionic
liquid as nucleating fillers to enhance piezoelectricity has received in-
terest, with studies comparing different types of ionic liquids in the
composition [22,23,24], the porosity of the polymer [25], and
embedded electrodes [26]. The inclusion of IL in the PVDF network can
potentially have a synergistic effect on the actuation mechanism
benefiting from both ionic and piezoelectric actuation principles. First,
ionic liquids act as a plasticizer in the network, reducing Young’s
modulus of the actuator [22,27], thus enabling larger deformation for
these actuators. Second, the inclusion of ionic liquids allows for ionic
mobility and conductivity in the composite, decreasing the actuation
voltage when compared to pure piezoelectric materials. The actuation
behaviour of these hybrid piezo-ionic actuators, along with their hys-
teresis and durability, has not yet been thoroughly investigated. They
are influenced by various factors, including the type of ionic liquids in
the polymeric network, electrode composition, and fabrication param-
eters such as solvent and curing process. This work aims to address this
gap by investigating the electromechanical properties and actuation
performance of a PVDF-IL composite (Fig. 1) for potential haptic ap-
plications. Our material development process involves optimizing the
fabrication process with a non-toxic solvent, dimethylsulfoxide (DMSO),
and leveraging the thermoplasticity of the film for a straightforward
heat-transfer printing technique to embed electrodes. We have based our
studies on the 1-Methyl-3-propylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([PMIM][TFSI]) as the ionic liquid, which
has been reported to significantly increase the crystallization of elec-
troactive phases of PVDF, among various cations and anions studied [22,
23]. Our mechanical characterization shows that this reduces the
Young’s modulus of the films by approximately tenfold compared to
pure PVDF, confirming the plasticizing effect of IL [27], with the mean
Young modulus of 144 MPa and a yield stress of oyieig=9 MPa.

2. Materials and methods
2.1. Actuation development

The PVDF/IL material was developed using a PVDF powder (Solef
6020 by SolvayLda), an ionic liquid(IL)(1-Methyl-3-propylimidazo-
liumbis (trifluoromethylsulfonyl)imide, [PMIM][TFSI], > 99 %) from
IoliTec-Ionic GmbH, and a polar non-toxic solvent to dissolve and mix
PVDF with the IL, dimethylsulfoxide (DMSO, 99.9+% ACS) from
Thermo Fisher Scientific.

The PVDEF/IL films were prepared using the protocol outlined by
André et al. [27]. First, DMSO and IL were mixed and after achieving a
homogeneous mixture, PVDF was added to the solution. The ratio be-
tween the materials is 40 % w/w IL/PVDF and 12/88% w/w
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PVDF/DMSO. The solution in a sealed beaker was stirred within a
thermal bath maintained at 50°C. Once a transparent and homogeneous
solution was achieved, the mixture was poured onto a glass substrate.
The wet film thickness was defined as 0.6 mm through the doctor blade
technique (using an applicator, Proceq ZUA 2000). For total solvent
evaporation, the wet film was taken into the oven, set at 85°C to avoid
the formation of pores [28], and to allow a better piezoelectric # phase
crystallization [29]. Fig. 2a provides a schematic representation sum-
marizing this fabrication process.

For voltage application, thin gold leaf sheets were laminated on both
faces of the samples using a hot-press printing technique. PVDF/IL films
were sandwiched between the gold sheets on the top and the bottom
faces and compressed at 180°C for 45 seconds (Fig. 2b). Fig. 2c shows
the PVDE/IL film (with a thickness of 0.06 mm) both before and after the
gold lamination step.

2.2. Electrical characterization

The capacitance (C) and ohmic resistance (R) of the PVDE/IL film
were measured using an LCR meter (Agilent E4980A) across a frequency
range of 20 Hz to 2 MHz and a voltage intensity (Va¢) of 1 V. Circular
electrodes with a diameter of 5.3 mm were used on both faces of the
samples for the measurements. Based on these results, we determined
the real part of the relative permittivity (¢') using & = g—jdA and AC con-
ductivity (cac) using cac = R%‘A where d represents the thickness of the
samples, &g stands for the permittivity of vacuum (8.85x 10712 F/m) and
A denotes the electrode area.

2.3. Electromechanical analysis

The piezoelectric constant (ds3) of the PVDF/IL composite was
determined using the piezoresponse force microscopy (PFM) technique.
Local piezoresponse and polarization switching spectroscopy of the
PVDF/IL film were conducted with a commercial scanning probe mi-
croscope (Veeco Multimode Nanoscope IV microscope, Houghton, MI,
USA). A conductive probe (NSG10/Pt, NT-MDT) with a spring constant
of 14 N/m was used and the piezoresponse force microscopy out-of-
plane images were scanned in the single frequency mode at 7.5V and
with a frequency of 35 kHz.

We studied the electromechanical responses of the PVDF/IL film
samples cut in a rectangular shape (6x30 mm?). The samples were
displaced vertically in a cantilever beam configuration, constrained at
the top end and free at the bottom end, where a laser was pointed for the
measurements. For sinusoidal stimulations, we used input signals with
frequencies of 0.11, 0.2, 1.1 and 2 Hz and voltages of 5, 10, 15 and
20 Vpp for the duration of 90 seconds. Actuation signals were generated
by a function generator (Multicomp Pro MP750064) and the resultant
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Fig. 1. The PVDF-IL film sandwiched between electrodes: (a) Schematic representing the actuation mechanism; (b) Movement of the sample under applied voltage

(10V, 0.05 Hz).
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Fig. 2. Fabrication process: (a) Schematic illustration of PVDF/IL film development; (b) Gold-layer heat printing; (c) Photograph showing the uncoated sample (left)

and gold-coated sample (right).

displacement was measured using a laser displacement meter (controller
Keyence LK-G3001P + laser Keyence LK-G152) directed to the tip of the
samples. Each PVDF/IL sample was tested once for a set of frequency
and voltage. For analysis at 20 V, the mean of two sample measurements
was used for each frequency due to higher movement variance in this
voltage. We considered the first 15 peaks of each trial for the mean sine
displacement + standard deviation (STD) analysis, excluding the first
and last peaks to ensure movement stability. The displacement at each
peak (crest or trough) was regarded as the peak-to-peak amplitude.

We investigated the active displacement of the samples with a single
square pulse per duration of 1, 5 and 10 seconds. Each pulse duration
was applied at least 5 minutes apart to ensure complete relaxation of the
samples, while the voltage amplitude was maintained at 10 V. This also
includes phased displacement analysis, which reflects out-of-phase ris-
ing or relaxation of the samples. Each case was tested with 5 pulses.

The rising speed, from the time of pulse application to the moment of
maximum displacement within the pulse duration, and the relaxation
speed, calculated from the end of the pulse to the minimum position of
the samples, were investigated at different pulse amplitudes (2.5, 5, 7.5
and 10 V). These signals were applied to 3 samples in single pulses
lasting for 1 s each. Additionally, the reversal motion speed was deter-
mined by applying a bipolar square pulse 9 times, distributed across 3
samples with at least 5-minute intervals between each pulse. This
measurement indicates how quickly the sample returns to its initial
position after the polarity of the signal is inverted. The square waves had
a period (T) of 2 s and a voltage amplitude of 20 V.

To investigate the performance of the samples under continuous
cyclic stimulation, we applied periodic sine waveforms at 0.2 Hz and
input voltages of 10 Vp, to the actuators for 25 minutes.

The actuation force was investigated using a setup where the actu-
ators displaced against a compression spring with a spring constant of k
= 0.0294 N/mm (5055, Misumi) during the first half of the biphasic
square pulse. A total of 9 pulses, each with a voltage of 20 V}, and a
period (T) of 2 were applied. The contact force between the actuator and
spring is equal to the compression force of the spring, which is directly
proportional to the decrease in length of the spring (x) in Hooke’s law: F
= —k-x

All data was collected using a data acquisition device (National In-
struments USB-6001) and subsequently processed in MATLAB.

3. Results and discussion

Fig. 3a shows the real part of the relative permittivity (¢’) and con-
ductivity o4c measured for the PVDF-IL film. The data shows that &’
decreases with the frequency, from 1.83x10%+156.96 to 2.91+0.11,
while the electrical conductivity (cac), increases with frequency
from.86x10°+2.37x10~7 S/m to 2.50x10"*£5.80x107® S/m. These
trends are consistent with those reported in the literature for hybrid
piezo-ionic materials [22,30]. This behaviour is attributed to the pres-
ence of IL in the polymeric matrix. In contrast, pure PVDF does not
exhibit such frequency dependence with 64¢ remaining at 1.61x107%
S/m and ¢’ at 10, considering a frequency range of 100 Hz - 1 MHz [22].
Higher values of 4 represent higher electrical losses in the piezoelec-
tric film, while higher values of ¢’ indicate the material’s enhanced
capability to store electrical energy [31].

Fig. 3b shows the topography of the PVDEF/IL film obtained from the
scanning of the surface, showing an average roughness of ~120 nm. This
measurement employs the standard contact mode atomic force micro-
scopy (AFM) to reveal the topography of the samples. In comparison, the
pure PVDF films show a lower average roughness of around 30 nm (see
supplementary figure 1a). The increased roughness in the PVDF/IL films
can be attributed to the incorporation of the ionic liquid, which induces
greater surface irregularities Moreover, we conducted PFM measure-
ments to evaluate the local piezoelectric response of the PVDF/IL and
PVDF sample. This technique is based on the standard contact mode
AFM setup, in which the cantilever and the tip are electrically conduc-
tive, and an alternating voltage is applied to the tip, evaluating the
electromechanical properties in addition to the sample topography.
Fig. 3c shows the nanoscale topography of the PVDE/IL film through the
PFM technique, with the correspondng topography for the pure PVDF
samples shown in supplementary figure 1b. Moreover, Figs. 3d and 3e
show out-of-plane amplitude and phase images, respectively for PVDF/
IL samples, with the corresponding images for pure PVDF provided in
the supplementary figure 1c. These images were obtained over a scan
area of 20x20 um in the virgin state of the film. The PFM amplitude
represents the piezoelectric displacement of the sample when subjected
to an AC voltage, while the PFM phase specifies the orientation of po-
larization. The observed weak contrast regions suggest a low piezo-
electric response, possibly due to the lack of the polar  phase in the
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Fig. 3. Electrical and piezoelectric characterization: (a) Relative permittivity and electric conductivity of the PVDF/IL actuators as a function of frequency; (b) AFM
topography image of the PVDF/IL film; (c) PFM Topography; (d) Out-of-plane amplitude (A*cos); (e) Out-of-plane phase images; (f) PFM amplitude image after
applying +150 V to create artificial domains; and (g) Piezoresponse hysteresis loop obtained by PFM. Error bars in the first figure represent the standard deviation of
relative permittivity (black line) and electric conductivity (orange line).
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scanned region. Further investigations were performed by applying a DC
bias voltage of £150 V to the tip, effectively inducing microscale tip-
induced poling as a means of artificially writing domains. As seen in
Fig. 3f, opposite bright and dark contrasts were observed, though with
some instability which can be attributed to the higher conductivity of
these films. This becomes more apparent when compared to the results
for pure PVDF samples, as shown in the supplementary figure 1d.

To further study the local piezoelectric response behaviour, we
investigated the hysteresis loops on the PVDF/IL and pure PVDF films
(Fig. 3g) using a cantilever tip. These loops were obtained in pulse mode
by sweeping the DC bias voltage (Ug) between £150 V. The results
confirm a negligible difference in the ferroelectric characteristics of the

Sensors and Actuators: A. Physical 381 (2025) 116038

film at the nanoscale, with coercive voltages of 55 V for PVDF and 25 V
for PVDEF/IL, respectively. This reflects only a marginal variation in the
ds3 coefficient values, approximately 0.8 pm/V for PVDF and 0.6 pm/V
for PVDEF/IL.

Infrared spectroscopy also confirms that the presence of IL leads to a
higher percentage of electroactive phase. Supplementary figure 2 shows
the FTIR-ATR analysis of PVDF samples with and without IL. Despite
similar transmittance (%T) values at 840 em ! (corresponding to EA
phases), a more subtle peak at 766 cm™! (typical of non-EA phases)
suggests a higher EA phase content: 80 % in PVDF/IL samples compared
to 69 % in PVDF samples, as determined by Beer- Lambert law.

The experimental setup used to characterise the displacement of the
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Fig. 4. Electromechanical analysis of the PVDF/IL cantilever beam: (a) Experimental setup; (b) Displacement for sinusoidal input; (c) Displacement for different
pulse durations, highlighting active and phased displacements; (d) Typical displacement behavior for square pulses; (e) Rising and relaxation speeds; (f) Reversal

motion speed with bipolar pulse stimulation; (g) Cyclic test with a sine wave.
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PVDF-IL samples is shown in Fig. 4a. Fig. 4b shows the mean sinusoidal
displacement results, investigating the effect of altering input voltage
and frequency. In general, higher voltages result in greater peak dis-
placements across all tested frequencies. This is because higher voltages
induce stronger polarization, leading to increased displacement, where
lower frequencies allow the samples sufficient time to respond due to
their relatively slower motion. However, the peak displacement at
20 Vpp decreases at higher frequencies because faster frequency induces
more rapid polarization changes, limiting the sample’s response. Sup-
plementary Videos S1 and S2 show typical displacements for high and
low frequencies, 2 Hz and 0.02 Hz, respectively, while actuating with
15V.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2024.116038.

A comparison of the electromechanical response of our IL/PVDF film
with other PVDF-based piezoelectric actuators with a high electroactive
phase, highlights the role of IL in reducing the required input voltage for
achieving greater displacement. For example, in a previously published
study [18] involving P(VDF-TrFE) copolymer with similar dimensions
(25x5 mm) and thickness (=50 um) subjected to a comparable fre-
quency (=1 Hz), a displacement of 0.8 mm was achieved with a sinu-
soidal input. In contrast, our IL/PVDF film achieved a displacement of
0.67 mm, but required a much lower electric field (0.25 MV m!
compared to 50 MV m~! in the P(VDF-TrFE) study) to achieve compa-
rable displacement performance.

Fig. 4c shows the displacement response of the film under pulse
input. It shows active displacement, denoted as the highest displacement
achieved by the sample during the pulse, and phased displacement,
denoted as the rising displacement after the end of the pulse (as a pos-
itive displacement) or the relax- ing displacement during the pulse after
the maximum position (as a negative displacement). The results show
greater active displacements for higher pulse duration. Exposing the soft
actuators to different pulse durations leads to distinct behaviours: with
shorter pulse durations (e.g. 1 s), the samples continued to rise after the
end of the pulse, achieving a post-pulsed displacement higher than the
one achieved during the pulse - see the top inset graph from the typical
displacement result in shorter pulse duration. This could be attributed to
the presence of IL in the PVDF network, partially through increasing
hysteresis [32], which is associated with response delay and remnant
polarization [33]. Moreover, it boosts ¢ leading to increased energy
storage during the pulse duration [31].

In contrast, longer pulse durations lead to a decrease of displacement
immediately after reaching the maximum active displacement (Fig. 4c,
bottom inset). In this study, the loss increases with the pulse duration.
The observed negative phased displacement could be attributed to the
dielectric loss, wherein the polarization can not be sustained. The
presence of IL amplifies this dielectric loss, since the o4¢ increases with
its addition and it is related to low IL density [22]. Moreover, compared
to other phases (such as a), the g phase is associated with greater
dielectric loss [34]. Fig. 4d compares the displacement behaviour of
three different samples when subjected to different pulse durations with
all data filtered to minimise noise. The comparison between raw and
filtered curves is detailed in the supplementary material (supplementary
figure 3).

For the 5 s and 10 s pulses, a different phenomenon is observed. After
the end of the pulse, and the relaxation of the actuators, they show a
secondary rise to a new peak before gradually returning to their initial
position. This effect is known as the memory effect which can be
attributed to the presence of IL that cross-links PVDF [35]. Moreover,
the Joule effect provides a complementary explanation, as it leads to an
increase in the internal temperature of the samples when current is
passing through the film. Therefore, after the pulse, the temperature
gradually decreases, which prevents a rapid return to the initial position
[36].

Fig. 4e shows the rising and relaxation speeds for pulse amplitudes of
5, 7.5 and 10 V. We did not observe a noticeable response for 2.5 V.

Sensors and Actuators: A. Physical 381 (2025) 116038

Supplementary figure 4 presents the original and filtered curves for each
case. Both rising and relaxation speeds show an increase in pulse in-
tensity, which is related to higher polarization. While 10 V pulse
resulted in higher rising and relaxation speeds, it also showed higher
standard deviation values. Particularly, at 7.5 V, the relaxation speed is
notably lower than the rising speed. This disparity is attributed to the
positive phase displacement occurring after the pulse ends, which delays
the relaxation speed. In such cases, the relaxation speed was calculated
by identifying the minimum decay position following this positive
phased displacement (supplementary figure 5). When employing a
negative pulse to instantly reverse the actuation, as shown in Fig. 4f, the
reversal motion speed showed a faster and consistent response of 9.39
+2.06 mm/s. This suggests that bipolar square pulses could serve as a
viable option to ensure a consistent relaxation response for practical
applications such as haptic feedback devices.

Fig. 4g shows the results of the cyclic test conducted to evaluate
actuation stability under continuous sinusoidal input. This shows no
significant deterioration in peak-to-peak amplitude during 300 cycles of
a sine wave input at a voltage amplitude of 10 V,, and a frequency of
0.2 Hz.

To quantify the generated force (Figs. 5a and 5b) our experiments
showed that the PVDF/IL can compress the spring by 0.31+0.11 mm,
which corresponds to 11+3 mN according to the Hooke law. It falls
within the typical threshold values for cutaneous touch perception
(10-100 mN) as reported by [37], demonstrating its potential use for
haptic feedback, especially considering its relatively quicker actuation
response compared to the ionic actuators.

3.1. Finger sleeve design

Figs. 5¢c and 5d show the initial design and prototype of the finger
sleeve to assess haptic feedback. The sleeve is 3D printed with a flexible
thermoplastic polyurethane filament, incorporating two IL/PVDF
cantilever beams for force feedback. These actuators are positioned
equidistantly from the finger’s center, enabling simultaneous and in-
dependent feedback application on both sides. This setup offers the
flexibility of applying distinct inputs to each side of the finger (left and
right). The supplementary Video S3 showcases the prototype in opera-
tion, demonstrating its response to a sine input wave. A comprehensive
user study will be carried out to evaluate the detectability of the applied
force in different scenarios.

Supplementary material related to this article can be found online at
doi:10.1016/j.sna.2024.116038.

4. Conclusions and future works

The present study provides a critical analysis of the electromechan-
ical response of a hybrid piezoelectric-ionic film for potential haptic
feedback. The inclusion of ionic liquid into the PVDF network offers
several advantages: Firstly, it enhances the electroactive phase during
the polymerisation process, thereby boosting the piezoelectric effect, as
observed in our sinusoidal displacement studies. Additionally, the
addition of the IL reduces the required input actuation voltage, although
it becomes prone to failure at voltages higher than 20 V peak to peak.
The addition of IL also lowers the Young’s modulus of the actuator,
resulting in greater displacement. The addition of ionic liquid also
causes the electrical parameters, o4¢ and ¢’, to vary significantly with
frequency, which leads to higher dielectric loss and energy storage at
specific frequencies. Moreover, it increases hysteresis in PVDEF/IL
piezoelectric responses. These effects result in phased displacement,
which could make the control of these hybrid actuators more chal-
lenging. Nevertheless, using a shorter input pulse with reversed pulsing
for active relaxation can offer a more stable solution.

Further studies on the type of ionic liquid and optimization of the
structure and fabrication process are necessary to fully comprehend
their electromechanical effect in the hybrid design for optimising
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Fig. 5. Force measurement for haptic feedback: (a) Set-up for force measurement; (b) Force result achieved from the compression of the spring. (c) Finger sleeve

design; (d) Photo of the fabricated sleeve.

actuation performance. Furthermore, user-studies are essential to assess
the feasibility of using this technology for haptic feedback.
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