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Abstract

Soft actuators are increasingly being required for a variety of application ranging from
robotics to biomedicine. This work reports on the development of printable materials for
soft actuator applications based on ionic liquids (ILs) and a fluorinated polymer,
poly(vinylidene fluoride) (PVDF). ILs sharing the same cation 1-butyl-3-
methylimidazolium, [Bmim]* and different anions (tricyanomethane, [C(CNa3)J,
dicyanamide([N(CNz)]) and thiocyanate) [SCN]) were incorporated into the PVDF
polymer matrix at 40% wt. and processed by direct writing printing technique.
Rheological measurements of the IL/PVDF solutions allowed to stablish a correlation
between shear stress and viscosity, being observed a shear thinning behavior.
Independently of the IL anion, the inclusion ILs leads to variations in the sample
morphology related to the formation of significantly smaller spherulites than in PVDF
with well-defined borders and an increase of the electroactive B phase content and
crystallinity degree of the polymer. The incorporation of the ILs into the PVDF matrix
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induces a mechanical plasticizing effect. A maximum ionic conductivity of 5.2x107° S/cm
has been achieved for the [Bmim][N(CN.)]/PVDF composite. The potential of the
developed printable materials as soft actuators has been experimentally demonstrated and
theoretically evaluated, the highest displacement of 1.0 mm at an applied voltage of 4
Vpp being obtained for [Bmim][SCN]/PVDF. Finally, the implementation of an all

printed micro gripper shows the potential of the materials for applications.

Keywords: Soft actuators, lonic liquids, PVDF, additive manufacturing, printing,

hybrid materials



1. Introduction

Additive manufacturing technologies are being increasingly developed and applied in
recent years, due to their strong potential in a wide variety of applications, improved
integration of materials into devices, the ability to obtain rapid prototypes and solutions
in nonconventional shapes, design versatility, compatibility with a wide range of
materials, low costs and environmental friendliness [1]. This technologies are based on
the gradual accumulation of material to form a 2D or 3D structure previously designed
with a computer aided design model [2]. Different types of materials can be printed by
these methods, such as polymers [3, 4], ceramics [5, 6], metals [7, 8] or composites [9],
some of them with smart and multifunctional characteristics [10, 11]. Their industrial
application areas include aerospace [12, 13], automotive [14], food [15, 16], medical [17,
18], construction [19], textile [20] and electronics [21, 22], among others. Additive
manufacturing techniques can be divided into seven groups, including binding jetting,
directed energy deposition, material extrusion, material jetting, powder bed fusion, sheet
lamination and vat photopolymerization [23]. Among the variety of printable materials,
smart and multifunctional materials are the focus of increasing attention due to their active
response, including sensing and actuation [24].

Smart materials are defined as materials that change their properties in a well-defined,
reproducible and stable way, when subjected to an external stimulus [25]. In particular,
electroactive polymers (EAPs) are being developed for applications in robotics [26],
environmental sensing and remediation [27] or tissue engineering [28], due to their high
mechanical flexibility, low density, biocompatibility and easily processability in a variety
of shapes [29]. These materials are particularly suited for sensor and actuator applications,
due to their high response, versatility, pattern ability, and compatibility with low
temperature fabrication processes [24]. Among the few electroactive polymers,
poly(vinylidene fluoride (PVDF) and its co-polymers are the most used EAPs for sensor
and actuator applications due to their high performance, environmental, mechanical,
thermal and chemical stability [30].

PVDF is a semi-crystalline polymer with high dielectric constant and polarity, which has
been processes in a large variety of shapes and morphologies [31-34]. There are at least
five different chain conformations for the crystalline phase of PVDF, (a, B, v, 6 and &),
being the B-phase the one with the largest polarity and electroactive response, including

piezo-, pyro- and ferroelectricity [35].



Piezoelectric actuators show low deformation and mainly high frequency response,
requiring typically large driving voltages [36], being therefore limited for some
applications. Thus, a new generation of large deformation, low frequency and low voltage
actuators are being developed, the most promising approaches being based on ILs
introduced in a polymer matrix [36].

ILs can be defined as molten salts, typically composed by an organic cation and an
inorganic anion [37]. They are characterized by high ionic conductivity, low vapor
pressure, high thermal and electrochemical stability and broad electrochemical window
[38, 39]. By developing IL/polymer hybrids it is possible to combine the properties of
both materials, allowing to develop novel materials with tailored mechanical, thermal,
electrochemical and functional response, including electromechanical properties [40].

In particular, hybrid materials based on ILs and PVDF have been developed for soft
actuators. Studies concerning the effect of the IL type, anion type [41-43], cation size
[44], and also the influence of fluorinated matrix [30] in actuators performance have been
reported. Thus, the evaluation of the influence of IL cation chain length of different ILs
sharing the same anion ([TFSI]) shows that the bending displacement increase with
increasing cation chain length, displaying the PVDF/1-propyl-3-imidazolium
[PMIM][TFSI] and the PVDF/1-methyl-1-propylpiperidinium [PMPIP][TFSI] the
highest bending responses of 5.7 and 6.0 mm, respectively [44]. The comparative study
of N,N,N-trimethyl-N-(2-hydroxyethyl) ammonium bis(trifluoromethylsulfonyl)imide
([N11220H][TFSI]) and [EMIM][ESO4] as active fillers revealed a bending response
dependence on IL content more than on IL type [39]. With respect to the influence of
anion type for the same cation, [HMIM][CI] and [HMIM][TFSI], shows the larger
bending for the sample with 40 wt% [HMIM][CI] content [39]. The influence of the
fluorinated matrix type was also addressed upon the incorporation of the IL
[Emim][TFSI] into PVDF and its co-polymers being observed a clear matrix type
dependence [30].

In this scope, a new interesting and needed approach relies on the development of
printable actuators. However, to the best of our knowledge, only a few studies concerning
printable IL-polymer based actuators have been reported. Polymer electrolytes based on
soluble sulfonated polyimide, comprising the IL [Emim][TFSI] and carbon materials as
electron conductive additives (acetylene black, vapor-grown carbon fiber, and Ketjen
black) were prepared by layer-by-layer printing [45]. It was demonstrated that the

displacement and sped is greatly dependent on the electron-conducting carbon material.
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Actuators with Ketjen black and vapor-grown carbon fiber-based electrodes exhibited the
larger displacement at the frequencies exceeding 0.1 Hz than the actuator based on
acetylene black. The printed actuators showed large displacements and a wide potential
window up to 3.5 V, being the largest displacement of ~1.7 mm observed for the sample
containing Ketjen black at a frequency of 0.05 Hz [45].

In the present work, printed samples based on highly conductive ILs from the
imidazolium family (1-butyl-3-methylimidazolium tricyanomethane ([Bmim][C(CN3)]),
1-butyl-3-methylimidazolium  dicyanamide  [Bmim][N(CN2)] and 1-butyl-3-
methylimidazolium thiocyanate ([Bmim][SCN]) and PVDF were processed by direct
write ink printing technique due to its advantages, such as, simplicity, high efficiency to
obtain both simple and complex designs, and scalability, among others [46]. The
IL/PVDF printed films morphology, physical-chemical, thermal and mechanical
properties were studied, together with their performance as soft actuators and their

implementation into a micro gripper device.

2. Experimental

2.1.Materials

The polymers PVDF 6010 (Mw 300—-330 kDa) and sodium carboxymethyl cellulose
(CMC) (Mw~250 000) were purchased from Solvay and Aldrich, respectively. The
solvent the N,N-dimethylformamide (DMF, 99.5%) was acquired from Merck. The ILs
1-butyl-3-methylimidazolium  tricyanomethane  ([Bmim][C(CNs)]),  1-butyl-3-
methylimidazolium dicyanamide [Bmim][N(CN.)] and 1-butyl-3-methylimidazolium
thiocyanate [Bmim][SCN] were purchased from lolitec. Table 1 shows the most relevant
properties of the ILs.

Table 1. Relevant properties of the selected ILs. Data obtained from the provider.

IL Viscosity lonic conductivity
(cP) (mS.cm™)
[Bmim][C(CNs3)] 25.7 (25°C) 8.83
[Bmim][N(CN_2)] 334 9.54
[Bmim][SCN] 35.9 (25 °C) 8.98 (30 °C)




2.2. Inks preparation and samples printing

The IL/PVDF inks comprising the different ILs were prepared as represented in Figure
1 in the following way: first, the ILs were independently dispersed in DMF. Then, PVDF
was added to the solution in a 15/85% wi/w ratio (polymer/solvent). Taking into account
the previous studies on the compatibilization and miscibility between PVDF and ILs
without jellification [47], a ratio of 40/60% w/w (IL/polymer) was used for each IL (step
1). After complete polymer dissolution, the printing process was carried out in a Single
Head 3D Bioprinter (3D Cultures), with a printing speed = 20 mm/s, using a needle with
a diameter 0.5 mm (Figure 1). Printed samples with a thickness of ~ 60 um were obtained

after drying in a hot plate at 100°C (step 2).
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Figure 1. Schematic representation of a) the procedure used for the development of the
printed IL/PVDF samples and b) schematic representation of the modeling geometry,
with L; and L2 representing the actuators total and free length, respectively, and h the

polymer matrix thickness.

2.3.Actuator fabrication

For the development of all printed actuators, printed electrodes were deposited into the
previously printed IL/polymer samples by screen printing. For the electrodes preparation,
0.45 g of CMC were dissolved under magnetic stirring in 15 mL of ethanol. After 5 min,
15 mL of ultrapure water was added followed by 1.05 g of PVP and the solution was kept
under agitation until complete polymer dissolution. Then, the solution was placed under
mechanical stirring and 2.5 g of graphene nanoplatelets (Graphenest) were carefully
added. The final ink solution remained under vigorous agitation for approximately 1 h.
The electrodes were printed in both samples surfaces by screen-printing (DSTAR, model
DX-305D) with a final thickness of ~24 um (step 3 of Figure 1).

2.4.Materials characterization

Rheology tests were carried out in triplicate in a Brookfield DV2T Touch Screen
Viscometer using cone-plate geometry with a CPA-52Z cone (3° cone angle, 1.2 cm cone
radius) with shear rates of 2 to 40 st at 25 °C.

Scanning Electronic Microscopy (SEM) was performed with a NanoSem — FEI Nova 200
(FEG/SEM). Prior to the measurements, samples were coated with a conductive gold
layer by magnetron sputtering with a Polaron SC502 apparatus.

Fourier transform infrared (FTIR) spectroscopy measurements were carried out in ATR
mode using a Jasco FT/IR-4100 apparatus at room temperature, in the frequency range



from 4000 to 600 cm™. The quantification of the electroactive phase content of the

polymer was performed after Equation 1 [48]:

Ag
F(B) = KB 1)
(K_Q)Aoc + AB

where the absorbances (A) of the a and S phases are calculated from the 766 and 840 cm™
peaks, respectively, and K7es and Ksso are the corresponding absorption coefficients, 6.1
x 10* and 7.7 x 10* cm? mol 2, respectively [48].

The thermal properties of the IL/PVDF composites were evaluated by Differential
Scanning Calorimetry (DSC) performed with a Metler Toledo DSC 822 apparatus, using
a heating rate of 10 °C/min under nitrogen atmosphere. The degree of crystallinity of the

samples () was calculated following Equation 2 [48]:

AH

- xAH, + yAHpg 2)

Xc
where the melting enthalpy of PVDF is represented by 4H, AH, is the melting enthalpy
of the o phase (93.07 Jg 1), and 4Hj of the 5 phase (103.4 Jg 1) [48]. The proportions of
each phase (o and B, calculated from the FTIR data) are represented by x and v,

respectively.

The thermal degradation of the samples was evaluated by thermogravimetric analysis
(TGA) using a Mettler Toledo SDTAB851 set up in the temperature range 25 to 800 °C. A

heating rate of 10 °C/min under nitrogen atmosphere was used for the measurements.

The mechanical properties of the samples were evaluated at room temperature under
tensile stress-strain experiments using a Linkam Scientific Instruments TST 360 with a

load cell of 200 N at a constant uniaxial deformation of 10 pm s™.

The ionic conductivity of the samples was determined using the complex plane
impedance technique in an Autolab PGSTAT-12/30 instrument, between 15 and 100°C.
The samples were placed between two 10 mm diameter steel electrodes in a heating
chamber with Buchi oven. The ionic conductivity (i) was calculated using Equation 3:



©)

where Ry is the bulk resistance, d is the thickness and A is the area of the electrodes.

2.5.Electromechanical characterization of the actuator

The displacement of the IL/PVDF printed actuator active materials were first evaluated
with deposited (Polaron SC502) gold electrodes with dimensions of 12mmx2mm in both
sides of the samples. Measurements were carried out, using an Agilent 33220A function
generator and an oscilloscope PicoScope 4227, by applying a square wave signal with an
applied voltage of 4 Vpp at a frequency of 100 mHz. In a similar way, the performance
of the all printed bending actuators were evaluated under the same conditions but in DC
mode. Printing actuators with a total thickness (active layer and electrodes) of ~ 55.2 um
for [Bmim][N(CN2)]/PVDF, 56.8 pum for [Bmim][SCN]/PVDF and 41 pm for
[Bmim][C(CN3)]/PVDF were evaluated.

The micro gripper was evaluated by combining two [Bmim][N(CN2)]/PVDF printed
actuators with the dimension of 30 mm x 5 mm. The two films were separated by a 3 mm
3D printed PLA (Colorfila, 2.85 mm (£0.05 mm)) spacer glued to aluminum tape for
electric contact between the power supply and the [Bmim][N(CN)]/PVDF films. The
micro gripper was supplied with a controlled voltage from a Keithley 2400 sourcemeter.

3. Numerical simulations of the actuator

The DC displacement of the actuators was simulated based on the Poisson-Nernst-Planck

equations by the finite-element method, according to the following equations [49, 50]:

Nernst-Plank equation aC; (4)
E + V. (—Dl-VCi - Zi‘ul'CiFV(I)) =0
Poisson’s equation V2 = g; p=F(C—Cp (5)
' i A B -
Solid Mechanics —V.o; =F; F=f(p) = (;p + F_sz) % (6)



Where C is the ion concentration (C for the cation and Ca for the anion), D the ionic
diffusion coefficient, z the charge and u the mobility of the ions [51], p the charge density,
F the Faradays constant and ¢ the dielectric permittivity. Finally, A and B are empirical
coefficients [49].

A schematic representation of the model geometry is presented in Figure 1b, being a
simple 2D geometry of the cross section of the actuator, composed of: the actuators total
length (L1), the clamped area, the free length (L), the polymer matrix thickness and the
electrodes.

The electrode thickness was negligible when compared to the actuator thickness as it is
considered that ion transfer does not occur into the electrodes during bending. The
molecular weight of the ILs [Bmim][SCN] and [Bmim][C(CN3)] were considered,
respectively, 562.6 and 229.28 according to the manufacturer (lolitec) information. The
values for the ILs simulation constants were as follows: effective dielectric permittivity
= 2x10% F.m, this high value has been theoretically justified based on the high surface
area of the electrodes [49, 52, 53], but it is to notice that it can be also explained by the
highly conductive and dissipative character of the hybrid materials, related to the IL
cation and anion migration contributions within the material [54-57]; diffusion constant
= 1x10*® m2.s? for the [Bmim]* cation and 2x10*3 m?.s for the [SCN] and 1.5x107%3
m?.s for the [C(CN3)]™ anions, as it is dependent on the ion size and geometry. The
cations diffusion being smaller for the anions as they are typically larger in size[50].
Further, the anion shows smaller diffusion also due their nonlinear geometry. The
electrodes are characterized by and electrical resistivity of 0.04394 Qm. The model was

solved for a time-dependent scenario under an applied DC voltage of 4 V.

4. Results and discussion

4.1 Rheological and morphological analysis
The rheological properties of the IL/PVDF solutions comprising the different ILs where
evaluated, as the rheological behavior of the inks determines the 3D printing procedure
and conditions [58]. It is to notice that the electrostatic interactions between the IL and
the polymer can affect the segmental dynamics of the polymer chain in the IL/polymer

solutions [59], leading to nonlinear rheological properties resulting from the viscosity
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increase of the polymer solution [59]. Further, this interaction is particularly relevant in
the case of PVDF due to its polar characteristics [48]. Figure 2a shows that the shear
stress increases with increasing shear rate for all IL/PVDF samples, being independent of
the IL type. It is also observed a correlation between shear stress and the viscosity of the
ILs, the solutions showing a shear thinning behavior characteristic of non-Newtonian

fluids and time-independent response.

The different IL/PVDF solutions do not show any thixotropic behavior and the data can
be fitted by the Herschel-Bulkley law (Figure 2a) which is the constitutive equation
describing yield stress materials [60]:

n

r=ry+Kj/ 4)

where 7 is the yield stress beyond which the material flows with a shear rate y in a non-
Newtonian fashion, characterized by a thinning index n and a constant K [60]. Table 2
shows the different values obtained by fitting of the Herschel Bulkley equation to the data

presented in 2a.

Table 2 - Yield stress, g, thinning index, n, and constant K values obtained from the

fitting of the Herschel —Bulkley equation to the data presented in Figure 2a.

IL/PVDF % (Pa) K n
[Bmim][C(CN3)]/PVDF 8.4+1.9 74+ 18 0.5+0.05
[Bmim][N(CN.))/PVDF 49+1.7 32+29 0.7 +0.02

[Bmim][SCN]/PVDF 10+1.1 38+5.0 0.7 +0.03

The different yield stress values are ascribed to the different IL viscosities that affect the
microstructural arrangement of the solution for stresses above the yield stress, leading to
a flow with pseudoplastic fluid [61]. The thinning index n for the IL/PVDF solutions is
below 1 confirming the non-Newtonian flow behavior [62].

The morphology of the IL/PVDF printed composites was evaluated by SEM and the

surface and cross-section images are shown in Figure 2.

Neat PVDF films obtained by doctor blade at temperatures above 100 °C present a
homogenous and compact spherulitic structure with the absence of pores [63]. The same
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behavior is observed for neat PVDF obtained by direct-ink printing, indicating that the
printing process does not induces morphological modifications in the PVDF films.
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Figure 2. a) Log shear/stress for the different IL/PVDF solutions. b-e: Representative
surface SEM images of the samples obtained by direct-write ink printing: b) neat PVDF
film, c) [Bmim][N(CN)]/PVDF; d) [Bmim][SCN]/PVDF (cross section presented in the
inset) and e) [Bmim][C(CNzs)]/PVDF films.

With respect to the IL/PVDF composites SEM images, Figure 2c-2e, independently of
the anion type, the incorporation of ILs into the PVDF matrix leads to the formation of
significantly smaller spherulites than in pristine PVDF and with well-defined borders.
This fact is indicative that the ILs acts as nucleating agent of polymer crystallization
during solvent evaporation, leading to the formation of a higher number of simultaneously
growing spherulites [64]. As a result, a less compact structure with the presence of voids

is obtained.

4.2 Polymer phase content, thermal and mechanical properties

The influence of anion type into the polymer phase content of the IL/PVDF samples was
evaluated by FTIR-ATR measurements. Figure 3a shows that, independently of the anion
type, the main PVDF characteristic absorption bands are similar for all hybrid samples.
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Figure 3. a) FTIR-ATR spectra, (b) DSC scans, (c) thermogravimetric curves and (d)

stress-strain curves for pristine PVDF and printed hybrid samples with different ILs.

PVDF crystallizes mainly in the electroactive B phase for solvent evaporation
temperatures lower than 100 °C [32]. As it is observed in FTIR spectra of Figure 3, the
electroactive P phase is identified by the presence of the absorption bands at 840 cm™ and
1275 cm™ in all samples being an indication that the main determining factor for polymer
crystallization is the processing temperature. Additionally, also a small amount of y phase
is identified at 1232 cm™ [65].

The IL characteristic absorption bands are also identified in the FTIR-ATR spectra. ILs
sharing the same cation of the imidazolium family present an absorption band at 840 cm-
! characteristic of the NC(H)N and CCH groups of the imidazolium ring [66]. However,

due to the absence of other characteristics imidazolium absorption bands, and additionally
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to the relative low intensity of this IL stretching vibration band [66], the absorption band
at 840 cm™ is mostly ascribed to the electroactive p phase of PVDF. The different ILs can
be also identified by the anion characteristic absorption bands. The C-N stretching
vibration characteristic of the [N(CN2)] and [C(CN3)]" anions is observed at 2164 cm™
[67]. For the [SCN]" anion, a single peak appears at ~2054 cm, which is assigned to the
C-N vibration mode [67].

The quantification of the electroactive p phase was performed using the Equation 1 and
are presented in Table 3. Independently of the anion type and, even when the
crystallization phase is mainly determined by the processing temperature [63], as
discussed before, the presence of the ILs leads to an increase of the B phase content with
respect to pristine PVDF from 67% to 82%. This fact demonstrates that the incorporation
of the ILs into the PVDF polymer matrix promotes electrostatic interactions (ion-dipole)
between the ILs anions and cations and the dipoles of the PVDF chain, supporting the
PVDF crystallization into the all-trans p phase conformation [44]. Additionally, it is also
to notice that no significant differences are observed in the B phase content for the
different ILs, being therefore independent of the anion type. The highest  phase content
(82%) is observed for [Bmim][SCN]/PVDF printed films. The similarity of the anions
does not lead to significant differences between the interaction of the cation with the CF
PVDF groups or between the different anions with the CH> groups of the PVDF polymer

chain.

The thermal properties and degree of crystallinity of the IL/PVDF samples were evaluated
by DSC, as presented in Figure 3b.

All IL/PVDF samples are characterized by the endothermic peak typical of PVDF (Figure
3b), which presents an endothermic peak between 150 and 170 °C [44, 68]. The melting
of IL/PVDF composites occurs at lower temperatures (148 °C), when compared with neat
PVDF, as a result of the crystalline phase destabilization attributed to the electrostatic
interactions between the different ILs and the PVDF chain[47, 69].

The effect of the anion type on the degree of crystallinity was quantitatively evaluated by
Equation 2 on the basis of the DSC data (Table 3).

Whereas PVDF shows a degree of crystallinity of 50%, similar to the values reported for
PVDF films obtained by doctor blade (52%) [44], a decrease in the degree of crystallinity
upon ILs incorporation is observed, with no significant differences between the different
printed IL/PVDF samples. The observed decrease in crystallinity is attributed to the
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mentioned IL-PVDF chain interactions during the crystallization process, promoting the

decrease in the spherulites lamellar size [47].

Table 3. Electroactive B phase content and degree of crystallinity for the different
IL/PVDF printed composites.

B-phase Crystallinity Young Yield
IL/PVDF +3 04 degree 2 % Modulus £10 | Strength +
B B (MPa) 0.5 (MPa)
PVDF 67 50 1840 125
[Bmim][C(CN3)]/PVDF 79 33 91.3 4.56
[Bmim][N(CN2)]/PVDF 78 31 79.3 2.53
[Bmim][SCN]/PVDF 82 28 89.4 3.64

The thermal properties of the composites were further evaluated by thermogravimetric
analysis (Figure 3c). PVDF shows a TGA thermogram with just a single degradation step
with the initial degradation at a Tonset Of ~450 °C, related with the scission of the
carbon—fluoride and carbon—hydrogen bonds scission [70]. On the other hand, IL/PVDF
samples show two degradation steps, independently of the IL anion type. The first thermal
degradation step occurs between 25 °C and 100°C being related to the water loss due to
the hygroscopic characteristic of the imidazolium based ILs [71]. For the
[Bmim][C(CN3)]/PVDF and [Bmim][N(CN2)]/PVDF samples, a second degradation
peak ranging from 230 °C to 236 °C is observed, corresponding to the [Bmim][N(CN2)]
and [Bmim][C(CN3)] ILs [72].

The last weight loss is similar for all hybrid materials, it occurs between ~300 °C and
400°C and is attributed to the degradation of PVDF. Thus, independently of the anion
type, the inclusion of the ILs into the PVDF matrix induces a relevant decrease in the
thermal stability, attributed to the catalytic effect of the anions and cations of the IL on
the degradation reaction of PVDF. It is to notice that the inclusion of the IL [Bmim][SCN]
does not affect the thermal stability of PVDF, occurring the thermal degradation of the IL
and PVDF in one step.

The mechanical properties of the IL/PVDF composites as a function of anion type were
evaluated by tensile measurements. The stress vs strain curves are presented in Figure 3d
and the Young Modulus, determined from the linear regime at 3% of elongation in the

elastic region by the tangent method, is presented in Table 3.
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Neat PVDF films exhibit a mechanical behavior typical of a thermoplastic polymer as
reported in [44] and the same occurs for the IL/PVDF samples. All hybrid samples are
characterized by a plasticizing effect attributed to the presence of ILs, that reduces Young

modulus and yield stress.

From the stress vs strain measurements presented in Figure 3d), the Young modulus and
yield strength are obtained (Table 3). The IL acts as a plasticizing agent, decreasing the
Young Modulus and the tensile strength with respect to PVDF [44], being no significative

the differences observed for the different samples sharing the same cation.

4.3 lonic Conductivity

The ionic conductivity of the IL/PVDF samples was evaluated by impedance
spectroscopy measurements. The Nyquist profiles obtained at room temperature are
shown in Figure 4a, where it is observed a linear region with increasing frequency, being
this linear region associated with the diffusion of IL cations and anions. The resistance
values follow the order: [Bmim][SCN]> [Bmim][N(CN2)]> [Bmim][C(CNz3)] indicating
that anion sizes and high IL viscosity hinder the mobility of the ionic charges. Thus, as
presented in Table 1, the IL [Bmim][SCN] shows the highest viscosity value (35.9 cP).

From Figure 4b it is observed that independently of the anion type, the resistance of the
samples decreases with increasing temperature in the printed composites due to
enhancement of segmental motion of the PVDF polymer chains and increase of ionic
mobility [73]. From Figure 4b and using Equation 3, the ionic conductivity of the

samples has been determined.
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Figure 4. a) Nyquist plot of the IL/PVDF samples at room temperature and b) Arrhenius

plots for the ionic conductivities of the same samples.

The ionic conductivity value of the IL/PVDF films is due to the inclusion of the IL,
leading to an increase of the number and mobility of charge carries (cations and anions).
Independently of the IL type, the ionic conductivity increases with respect to neat PVDF

in up to six orders of magnitude.

The value of the conductivity as a function of temperature follows the Arrhenius equation

and the activation energy is obtained through equation 5:
o = opexp(—E,/RT) (%)

where ¢ is the ionic conductivity, oo, Ea, R and T are the pre-exponential factor, the
apparent activation energy for ion transport, the gas constant (8.314 J KX mol) and the

temperature, respectively.

Table 4. Activation energy and room temperature (RT) ionic conductivity of the printed

samples.
Sample Activation energy (kJ.mol?) RT lonic cé?rrﬁ)uctlwty S
PVDF 63 6.8 x 1011
[Bmim][C(CN3)]/PVDF 11.63 6.0x10°
[Bmim][N(CN>)]/PVDF 10.98 5.2x10°
[Bmim][SCN]/PVDF 16.85 5.4x10°
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The activation energy (Ea) of the samples and the ionic conductivity is shown in Table 4.
The ionic conductivity is higher for [Bmim][N(CN)]/PVDF composite (5.2x10° S/cm
vs 1.6x10° S cm™ for the same composite obtained by the doctor blade technique),
resulting from the higher ions mobility into the amorphous phase of PVDF matrix due to
both the high conductivity of [Bmim][N(CN2)] (Table 1) and the lower crystallinity
degree of the sample. From Figure 4b it is also observed an ionic conductive anion
dependence, being the lowest conductivity value of 6.0x10° S cm™ obtained for
[Bmim][C(CN3)]/PVDF composite.

4.4 Electromechanical measurements

The bending response of the prepared samples for soft actuator applications has been
assessed by electromechanical measurements in both DC and AC modes at applied
voltages of 4 V and 4 Vpp, respectively, the latter at a frequency of 100 mHz. It is to notice
that the maximum AC voltages are half the applied DC voltage. Figure 5 shows the
bending tip displacement of the fully printed actuators in both modes, the bending

behavior depending on the applied voltage mode.
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Figure 5. Displacement of the different IL/PVDF fully printed actuators under an: a) DC
field at an applied voltage of 4V and b) AC field at an applied voltage of 4 Vyp at 100
mHz. ¢ and d) Measured and modeled tip displacements for ¢) [Bmim][SCN]/PVDF (c)
and [Bmim][C(CNz)]/PVDF (d) in an DC field at an applied voltage of 4V.

In DC mode (Figure 5a), the [Bmim][SCN]/PVDF sample developed the largest
displacement when compared to the other composites, being 4.75 mm during the first 60
s. The bending motion when an AC field is applied is shown in Figure 5b. A non-
symmetrical behavior is observed, which is similar for all samples. The highest
displacement has been observed for the sample comprising the IL [Bmim][SCN] (1.0
mm) (Figure 6a and supplementary video S1) followed by [Bmim][N(CN2)] (0.9 mm)
and [Bmim][C(CNs3)] (0.6 mm). This trend is attributed to the higher ionic conductivity
of the [Bmim][SCN] followed by the [Bmim][N(CN2)] and [Bmim][C(CNs)] which
favoured the cation and anion movement into the PVDF matrix. With the application of
the electrical field, the IL ions tend to diffuse within the PVDF matrix, to the positive and
negative (cations and anions, respectively) side of the electrode layers. This fact results
in the accumulation of the cations and anions close to the electrodes [74, 75] and to a
mechanical bending [76] (Figure 6b). The non-symmetrical bending motion of the hybrid
samples is mainly due to the different size of the cations and anions and, therefore, in the
differences in the diffusion of the ions within the PVDF matrix [30].
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Figure 6. a) Bending upon an applied voltage of 4V at a frequency of 100 mHz for the
printed [Bmim][N(CN2)]/PVDF sample (see also supplementary video S1). b) Schematic

representation of the ions movement upon the application of an applied voltage.

Theoretical simulations taking into consideration the previous mechanical, ionic and
electrical properties of the samples were carried out in order to evaluate the electric field
effect in the actuation motion of the composites, the results being shown in figures 5c)
and 5d).

The simulated results are in good agreement with the experiments. In Figure 5c), the tip
displacement movement being accurately described for the [Bmim][SCN]/PVDF
composite. Similar to the [Bmim][C(CN3)] composite, the amplitude of the movement
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for [Bmim][SCN]/PVDF composite is accurate (Figure 5d), the model allowing therefore

the design of bending actuators by properly selecting material physical parameters [49].

4.5 Prototype construction

A potential application of the soft actuators has been demonstrated through the
development of a micro gripper for objects with a weights up to 20 mg, as represented in
Figure 7. For the demonstration, the [Bmim][N(CN2]/PVDF sample has been used as no
significant  differences are observed for both [Bmim][N(CN:]J/PVDF and
[Bmim][SCN]/PVDF sample displacements up to 10 seconds applied signal. As it is
shown in Figure 7a, when a voltage of -5V is applied to the [Bmim][N(CN2)]/PVDF
film, the ionic charges (cations and anions) migrate close to the electrodes and a current
of ~-2.6 mA is generated (Figure 7Db).
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Figure 7. a) [Bmim][N(CN2)]/PVDF micro gripper actuator (see also supplementary
video S2) and b) developed current as a function of time.

At this moment, the micro gripper starts to close. After a few seconds, the current value
starts to decrease as a result of the lower sample mobility due to the ionic charges
separation leading to the halt of the micro gripper. The same process is observed when a
voltage of 5 V is applied, resulting in an initial current of 2.69 mA and in the movement
of the microgripper to the open position, the process occurring until the ionic charge
separation is completed. This movement has been used to grip a plastic cube as

demonstrated in the supplementary video S2 and in Figure 7a.

5. Conclusions

Printed IL/PVDF films containing ILs sharing the same cation [Bmim]* and different
anions were obtained by a direct write ink technique.

For all the printed materials, PVDF crystallizes into the B phase due to the low
temperature processing and, independently of the anion type, the incorporation of ILs into
the PVDF matrix leads to a further increase of the electroactive phase content as a result
of the ion-dipole interactions between the IL anions and cations a the PVDF dipoles. A
highest  phase content of 82% was observed for [Bmim][SCN]/PVDF sample. For all
hybrid samples, a plasticizing mechanical effect is revealed by the decrease of the Young
Modulus and tensile strength, which is also accompanied by a decrease of the degree of
crystallinity with respect to pristine PVDF. The highest ionic conductivity was developed
by the [Bmim][N(CN_2)]/PVDF composite, 5.2x107° S/cm, a value six orders of magnitude
larger than for PVDF.

The performance of the printed actuators was evaluated by electromechanical
measurements in both DC and AC mode. The highest bending displacement was observed
for the [Bmim][SCN]/PVDF composite both in AC mode, with a displacement of 1 mm
at an applied voltage of 4Vpp at a frequency of 100mHz, and in DC mode at 4 V being
the displacement 4.75 mm at 60 s. The bending motions was successfully simulated by

finite theoretical simulations, based on the mechanical and electrical properties of the
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materials. Finally, a micro gripper was developed demonstrating the suitability of the all-

printed soft actuators for applications.
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