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Abstract.
Electroactive polymers (EAP) show a change of properties (size, shape, temperature…) when 
an electric field is applied. Poly(vinylidene fluoride-ter-trifluoroethylene-ter-
chlorotrifluoroethylene) P(VDF-ter-TrFE-ter-CTFE) terpolymers have been extensively 
studied since the 2000s and they found various applications in organic printed and flexible 
electronics, such as smart actuators. They exhibit different electroactive properties depending 
on the CTFE content. For %CTFE = 0, copolymers are ferroelectric and piezoelectric at room 
temperature (RT), while terpolymers are relaxor-ferroelectric and electrostrictive at RT for 
%CTFE > 6%. On the top of the processing conditions, the chemical composition (%CTFE) 
have a strong impact on the crystalline structure and morphology, and consequently on the 
electroactive properties. Unimorph actuators with two different chemical compositions were 
studied by in-situ Wide Angles X-Ray Scattering (WAXS) and by measuring their macroscopic 
deformation under an increasing electric field (up to 110 V/µm). These techniques were used 
to extract their electromechanical coefficients (𝑑31 and 𝑄31) at the macroscopic scale and to 
relate the crystalline scale to the macroscopic properties. By comparing the evolution of the 
crystalline unit cell dimensions and of the macroscopic strain of the actuator under an electric 
field, interesting information on the mechanisms involved were deduced and will be discussed. 
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1 INTRODUCTION 
In the last decades, printed organic electronics have attracted increasing interest for various 
applications, such as actuators. The use of electroactive polymers (EAPs) in these devices 
provides numerous benefits such as flexibility, light weight, low cost, and ease of 
miniaturization. Fluorinated electroactive polymers have been extensively studied for 
application in the field of organic electronics, due to their unique electroactive properties [1,2]. 
While P(VDF-co-TrFE) copolymers exhibit piezoelectric behavior under an electric field, 
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P(VDF-ter-TrFE-ter-CTFE) terpolymers show electrostrictive behavior. In the former, the 
induced strain is proportional to the electric field, while in the latter, it is quadratic to the electric 
field. One of the simplest actuator geometries is the unimorph, where both electrodes and the 
active layer are printed on the same side of a passive structural substrate. Processing conditions 
and the chemical composition of the electroactive layer strongly impact the crystalline structure 
and morphology, and therefore, the macroscopic properties of the device [3,4]. Thus, it is 
crucial to understand the in-situ behavior of these actuators under an electric field at a multi-
scale level. Few studies that combine microscopic and macroscopic scales exist in the literature. 
Several recent studies have focused on measuring crystal lattice deformation to explain 
piezoelectric or electrostrictive movements in various types of PVDF-based polymers, 
including biaxially stretched PVDF, P(VDF-co-TrFE) copolymers, and P(VDF-ter-TrFE-ter-
CTFE) terpolymers [5–7]. However, each study has its own limitations. Lheritier et al. 
compared in-situ WAXS analyses with macroscopic displacement and strain measurements, 
but the use of different substrates for the two analyses made the comparison less ideal.[5] 
Katsouras et al. measured crystal lattice deformation in P(VDF-co-TrFE) copolymers that were 
spin-coated on quartz substrates, while Tashiro et al. measured deformation in biaxially 
stretched PVDF homopolymers [6,7]. These studies primarily focused on crystal lattice 
deformations measured using X-ray analyses, without comparing them with macroscopic 
strains, except for those extracted from the literature. 
In contrast, the current study aims to measure both electromechanical deformation at the 
crystalline scale and macroscopic scale on the same object, which happens to be an actuator. 

2 EXPERIMENTAL SECTION 
2.1. Manufacturing of the actuator 
For this study, two polymer powders (provided by Arkema-Piezotech) were selected with a 
similar VDF/TrFE ratio (~ 65/35) and containing 0 mol % and 8.3 % mol of CTFE termonomer, 
respectively. To obtain homogeneous inks, the polymer powders were dissolved in 
triethylphosphate at 18 wt % using a reflux setup at 80 °C for 3 h and filtered with a 1 µm mesh. 
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Clevios PH1000) 
purchased from Heraeus was used to create the top and bottom electrodes. A 25 µm thick film 
of amorphous poly(ether ketone ketone) (PEKK) was chosen as a substrate (provided by 
Arkema), and all the layers of the device were screen-printed on the same side of the substrate 
as shown in Figure 1a. After each layer was printed, an annealing of 15 minutes at 100-110 °C 
was performed to allow the solvent to evaporate. The two actuators underwent an overall one-
hour annealing at Tm – 15 °C. The final devices are unimorph actuators with an active area of 
4 mm x 10 mm. The two actuators were named TerpoX-Y, where X refers to the VDF/(TrFE + 
VDF) ratio and Y to the amount of CTFE (mol %), so Terpo65-0 and Terpo67-8.3. 

2.2. Electric displacement-Electric field loops 

D-E loops were recorded with a TF Analyzer 2000 (aixACCT System). D-E loops of thin films 
(~ 4 μm) of diverse compositions were measured directly onto the actuators as integrated 
current versus electric field, which was swept as a sinusoidal voltage waveform up to about 110 
V/μm at a frequency of 1 Hz between both bottom and top electrodes. 
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2.3. Macroscopic deformation of the actuator 
The experimental setup used for this study is illustrated in Figure 1b. An electric system, 
including a voltage source, a voltage amplifier, and an oscilloscope was used to apply a 
sinusoidal electric signal to the actuator, which was clamped on the side of electric connections 
and free on the other end. A camera was positioned above the actuator to capture its bending 
motion under the electric field. Subsequently, the videos of the actuators were processed using 
a Matlab code, which detected the lateral section of the actuator as a line and tracked the vertical 
displacement of the actuator tip under the external electric field.  
From a mechanical perspective, the unimorph actuator consists in a cantilever with a uniformly 
distributed load, i.e. the electric field. A scheme of its bending under electric field is presented 
in Figure 1c. The deflection 𝜂 at the cantilever tip can be expressed as follows:  

𝜂 =
1

2
𝛼𝐿2 (1)

where 𝛼 is the curvature of the unimorph and 𝐿 its length. Under this assumption, the Abe 
model for the displacement control of an electrostrictive unimorph actuator can be applied to 
calculate the cross deformation (𝑆31) of the EAP layer under the external electric field, 
according to the following formula [8]: 

𝛼 =
2𝑌𝐸𝐴𝑃𝑡𝐸𝐴𝑃𝑆31

𝑌𝑃𝐸𝐾𝐾[𝑡0
2 − (𝑡0 − 𝑡𝑃𝐸𝐾𝐾)2] + 𝑌𝐸𝐴𝑃[(𝑡0 + 𝑡𝐸𝐴𝑃)2 − 𝑡0

2]
(2) 

where 𝑌𝐸𝐴𝑃, 𝑌𝑃𝐸𝐾𝐾 are the Young’s moduli of the EAP layer and the (PEKK) substrate, 
respectively; 𝑡𝐸𝐴𝑃 and 𝑡𝑃𝐸𝐾𝐾 are the thicknesses of the EAP layer and the substrate, 
respectively; 𝑡0 is the thickness of the neutral layer where the strain is null, and is defined as 
follows: 

𝑡0 =
𝑡𝑝𝑡𝑠

2(3𝑡𝑝 + 4𝑡𝑠)𝑌𝑠 + 𝑡𝑝
4𝑌𝑝

6𝑡𝑠𝑡𝑝(𝑡𝑝 + 𝑡𝑠)𝑌𝑠

(3)

Thanks to these formulae, 𝑑31 and 𝑄31 coefficients can be calculated for piezoelectric and 
electrostrictive behaviors, respectively, using the following equations: 

𝑆31 =  𝑑31𝐸 (4) 

𝑆31 = 𝑄31𝐷2 (5)

𝑑31 and 𝑄31 coefficients are determined at low 𝐸 and over the whole 𝐷2 range, respectively.
2.4. Microscopic deformation of the actuator 
In-situ WAXS analyses were performed on the SWING beamline at Soleil Synchrotron to 
measure the evolutions of the crystalline lattice under an electric field (project n°: 20210035). 
The beam energy was set at 10 keV, resulting in a wavelength of 1.24 Å. The experimental 
setup is shown in Figure 1d. WAXS patterns were recorded using a Merlin detector (Quantum 
Detectors) positioned at 0.092 m from the sample in air, covering a q range between 0.9 Å−1 
and 3.6 Å−1. WAXS acquisitions were performed during increasing and decreasing ramps of 
the electric field, with a step of 11 V/m and an acquisition plateau of 100 ms. Simultaneously, 
the sample was mapped to prevent dielectric breakdowns [7]. The reduction of 2D pattern from 
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3 RESULTS AND DISCUSSION
3.1. Macroscopic deformation under electric field
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field. Figure 2b displays the deflection of the tip (η) relative to the applied electric field is shown 
in. The η values for Terpo65-0 (black curve) can be positive or negative, as the deflection occurs 
in both directions (piezoelectricity), resulting in a butterfly loop. The η-E loop for Terpo67-8.3 
(green curve) only shows positive deflection values since the active layer of this actuator has 
an electrostrictive behavior. The maximum deflection value is approximately 3 mm for both 
actuators.  

Figure 2: a) Electric displacement-electric field (D-E) loops, b) deflection-electric field (η-E) loops, and c) cross 
deformation-electric field (S31-E) loops for Terpo65-0 and Terpo67-8.3 actuators. d) Evolution of S31 with respect 
to D2 for Terpo67-8.3. 

Using the Abe model for unimorph actuators, the cross deformation (𝑆31) of the active layer 
under an electric field was obtained. The results are shown in Figure 2c: Terpo67-8.3 exhibits 
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A progressive decrease in the intensity of the DFE Bragg peak is observed, associated with an 
increase in the intensity of the FE peak, as the electric field is increased. No evolution is 
observed during the decrease of the electric field. This non-reversibility of the intensity 
evolution reflects the evolution observed in Figure 3a. Simultaneously, the interplanar distance, 
dFE increased from 4.44 Å to 4.46 Å and this increase is non-reversible upon decreasing the 
electric field. These observations indicate that a significant fraction of the DFE phase is 
polarized into the FE phase under an electric field. The experimental results presented here 
allow for the in-situ visualization of the evolution of the WAXS spectra, from a non-polarized 
to a polarized state [10]. 

Figure 4: Structural evolution of the Terpo65-0 actuators under an electric field (E): first, E was gradually 
increased up to 110 V/µm, followed by a decrease back to 0 V/µm. a) Polarization, b) relative intensity of the DFE 
and FE Bragg peaks, and c) interplanar distance dFE = d200/d110 of the FE phase.   
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Figure 6: Structural evolution of the Terpo67-8.3 actuators under electric field (E): first, E was gradually increased 
up to 110 V/µm, followed by a decrease back to 0 V/µm. a) Polarization b) relative intensity of the (200) and (110) 
Bragg peaks of the RFE phase c) inter planar distances d110 and d200 of the RFE phase.  

4 CONCLUSIONS 
This study focuses in the correlation of macroscopic phenomena, such as deformations and 
measurements of 𝑑31 and 𝑄31 coefficients, with the polarization and evolution of interplanar 
distances in DFE, FE, and RFE crystalline phases, all measured on the same object: a unimorph 
actuator designed and built for these specific experiments.  
The irreversibility of the polarization of the copolymer under an electric field of 110 V/m is 
associated with the irreversible transition under electric field from the DFE phase to the FE 
phase. The measured deformation of the interplanar distance dFE is very low, consistent with 
the macroscopic variation of less than 0.3% (Figure 2c), which leads to the coefficient 
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𝑑31  33.10-12 C/N. On the other hand, the reversible evolution of the terpolymer Terpo67-8.3
under an electric field leads to larger macroscopic and interplanar deformations, around 1% 
(Figure 2d), resulting in a 𝑄31  7 m4/C2.
It is not intuitive to understand how this 1% deformation of the interplanar distances within 
the crystalline lamellae leads to a macroscopic deformation of the same order of magnitude 
(1%). In particular, one may wonder how the amorphous phase, which represents about 80% 
of the volume of the sample, evolves. 
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