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Abstract: In this study, the effect of porosity and aluminum content on flexoelectricity for 

fluoropolymer/aluminum films was investigated. Specifically, samples with different size scales 

(thin and thick films), manufacturing methods (tape casting and 3-D printing),  fluoropolymers 

(polyvinylidene fluoride (PVDF) and polyvinylidene fluoride trifluoroethylene (P(VDF-TrFE)), and 

aluminum sizes (micrometers and nanometers) were fabricated and tested. Measurements of the 

flexoelectric constant for nAl/PVDF and nAl/P(VDF-TrFE) were conducted for the first time. We 

found that decreasing porosity (increasing infill) increased the average flexoelectric coefficient. 

Also, adding aluminum to the fluoropolymer increased the average flexoelectric coefficient for all 

except one set of samples. These results indicate that the charge generation due to flexoelectricity 

can be altered by changing material/sample parameters, which may be utilized to sensitize energetic 

materials. 
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1. Introduction 

Flexoelectricity is a topic of recent interest in the research community due to its potential 

applications in sensors, actuators, energy generation, energy harvesting and more [1]. 

Flexoelectricity is defined as the mechanical-electro coupling between strain gradient and electric 

polarization [1]. It is similar to piezoelectricity (mechanical-electro coupling between strain and 

electric polarization) except for the difference of strain gradient and uniform strain. Equation one 

defines the change of polarization in a material as a combination of the piezoelectric and 

flexoelectric effects,  

 

 ΔPi = eijkεjk + μijkl

∂εjk

∂xl
, (1) 

 

where ΔPi is the change in polarization, eijkεjk is the piezoelectric contribution and μijkl
∂εjk

∂xl
 is 

the flexoelectric contribution [2]. Flexoelectricity can be present in centrosymmetric materials, 

unlike piezoelectric materials, and is not limited by working temperature [1]. Additionally, 

flexoelectricity in nano scale applications is of note relative to its piezoelectric counterpart. This 

is due to strain gradient scaling with thinner samples. 
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Shu et al. [1] documented three direct measurement methods for quantifying the flexoelectric 

coefficient: cantilever beam, bottom-up side of truncated pyramid and lateral side of truncated 

pyramid. These three methods are used to measure the transverse, longitudinal and shear 

flexoelectric coefficient, respectively [1]. Four literature reviews summarize the literature on 

flexoelectricity [1,3–5]. Shu et al. [1], Zubko et al. [4], and Wang et al. [5] tabulated previous 

experimental data on the flexoelectric coefficient measured for a wide variety of different 

materials.  

 

Poddar et al. [2] examined flexoelectricity by casting a thin film onto a glass slide. The slide was 

then bent as a cantilever beam. Following this, the flexoelectric coefficient was determined 

through the resulting current output and known displacement profile using theoretical 

relationships derived in the paper. Chu et al. [6] used a hot-press manufacturing method to 

produce thick film samples of polymers. A cantilever beam setup was then used to measure the 

flexoelectric coefficient with one sample end fixed and the other moved via shaker. Using 

measured current off the sample and the known displacement profile, the flexoelectric coefficient 

was calculated using a derived relationship between the applied strain and the output electrical 

signals. Zaitzeff et al. [7] used the cantilever beam setup to study the effect of manufacturing 

method (fused filament fabrication 3-D printing, direct ink write 3-D printing, and casting) and 

solids loading of aluminum on the flexoelectric effect of THV (tetrafluorethylene, 

hexafluorpropylene and vinylidenfluoride)/aluminum and PVDF/aluminum composites. The 

flexoelectric coefficient of PVDF has been measured to be between 0.7025 – 15.24 nC/m [6–15] 

with an occasional larger measurement [16–19]. The flexoelectric coefficient of P(VDF-TrFE) 

has been measured to as between 3.04 – 191 nC/m [2,20]. The flexoelectric coefficient of 

μAl/PVDF was measured by Zaitzeff et al. [7] to be between 5.66 and 6.52 nC/m. Prior to this 

work, the flexoelectric coefficient of nAl/PVDF and nAl/P(VDF-TrFE) had never been 

measured.  

 

Zaitzeff et al. [7] claims based on the work of Zhang et al. [21] and Zhao et al. [22] that porosity 

induces strain gradients which contribute to the overall flexoelectric effect. Also, Beni [23] notes 

that increasing porosity increases the electrical polarization for the direct flexoelectric effect 

state. However, Shu et al. [24] found in his study that porosity weakens the flexoelectric effect. 

Additionally, Hahn [25] reported that porosity degraded the flexoelectric coefficients of 

materials in his study. The objective of this work is to investigate the effect of porosity (infill) 

and addition of aluminum particles on the flexoelectric coefficient of fluoropolymer/aluminum 

films.  

 

2. Methods / Experimental 

This study employs the cantilever beam method in order to measure the transverse flexoelectric 

coefficient (μ12) of materials. Two sizes of samples (thick and thin films) were employed. The 

thick films (2 mm thickness) were oscillated in the bending cantilever scheme while the thin films 

(10 μm - 100 μm thickness) were tape casted onto a substrate which was oscillated. The thin film 

experimental methods were based on the work of Poddar et al. [2] and the thick films experimental 

methods were based on the work of Zaitzeff et al. [7] and Chu et al. [6]. 
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The fluoropolymers used were P(VDF-TrFE) (70/30 mol ratio, Arkema) and PVDF (Kynar 711, 

Arkema). The aluminum (nAl, Novacentrix) nanopowders (50 – 80 nm diameter) have 70 wt. % 

active content as determined by differential scanning calorimetry and thermogravimetric analysis 

(DSC/TGA). The micron aluminum (Skylighter Inc) was ~5 μm in diameter. The solvents used 

were dimethylformamide (DMF, Fisher Chemical) and Acetone (Reagents). The PVDF printing 

filament was purchased from 3DXTECH. Electrically conductive tape (3M) was used as electrodes 

and microscope cover glasses (24 mm x 50 mm x 0.17 mm) were used as substrates upon which 

the thin film samples were cast. 

 

The thick films were printed on two different printers: Hyrel 3D SR printer and Ender 3 V2 3D 

printer. For the Ender, the bed and nozzle temperatures were 95 ˚C and 245 ˚C, respectively. The 

prints were done using PVDF (3DXTECH) filament that was 1.75 mm in diameter. The thick films 

have dimensions of 21.25 mm x 67 mm x 2 mm. The porosity of the film was controlled by setting 

the infill at different values from 10% to 100%. The samples at 10%, 20%, 40% used a cubic infill 

pattern whereas the samples at 60%, 80% and 100% infill used the line infill pattern.  

 

The bed and nozzle temperatures were 70 ˚C and 240 ˚C, respectively, for printing using the Hyrel 

printer. The PVDF filament was purchased from 3DXTECH whereas the μAl/PVDF and 

nAl/PVDF printing filament was prepared in the lab. The in-lab materials were prepared by mixing 

DMF, acetone, fluoropolymer, and aluminum powder at a ratio of 7 mL (2mL DMF and 5mL 

Acetone) solvent to 1 g of solid material. Following this, a vortex mixer (Fisher Scientific) was 

used to break up clumps of solid material in the solution. Next, an ultrasonic mixer (Branson) was 

utilized in order to completely mix the solution. Following this, the mixture was cast into 

aluminum tins and allowed time for the solvent to evaporate. After evaporation was complete, the 

material was chopped up into approximately 2 mm x 2 mm x 2 mm chunks by hand. This chopped 

material was then extruded into 3D printer filament using a filament extruder (Filabot). The 

μAl/PVDF and nAl/PVDF samples were both 28.6 wt. % Al. The samples all had a rectilinear 

infill pattern. 

 

To prepare the substrate for tape casting, electrically conductive tape was placed on top of the 

glass slides. Following this, we mixed the DMF, fluoropolymer and aluminum additives (if 

included) at a ratio of 6 mL solvent to 1 g of solid material. A vortex mixer (Fisher Scientific) was 

then used to break up clumps of solid material in the solution. Next, an ultrasonic mixer (Branson) 

was utilized in order to completely mix the solution. After the solution was well mixed, a tape 

caster (MSK-AFA-HC100, MIT) was employed to cast thin films on top of the substrate. For the 

porous solutions, the tape caster bed temperature was 60 ˚C and for the full density solutions, the 

tape caster bed was 100 ˚C. This difference in bed temperature caused the difference in porosity. 

The sample thicknesses were between 10 - 80 μm. The nAl/P(VDF-TrFE) films were 20 wt.% nAl. 

Figure 1 is a schematic of this process. 
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Figure 1: The schematic of the film fabrication process [26] 

 

Density and porosity measurements were done using the Archimedes tests. Scanning electron 

microscopy (SEM) imaging was performed at 5 kV on several thin film samples to investigate 

the microstructure and illustrate the difference between full density and porous thin films using a 

FEI Nova NanoSEM. Prior to imaging, the films were sputter-coated with 10 nm of palladium 

and platin alloy to create a conductive layer on the sample’s surface. 

 

For thick films, Salem and Chu [6] gave an equation relating current and beam deflection, 

 

 i =
2πfμ12

′ bL

x2(1 − x
3L⁄ )

w(x). (2) 

 

We can set x = L and obtain  

 

 i =
3πfμ12

′ b

L
w(L). (3) 

 

A schematic of the measurement setup can be seen in Fig. 2. A diagram of the bending film can 

be observed in Fig. 3. The setup is the same for the thick and thin films, but the theoretical 

equations differ. The electromagnetic shaker bends the film by actuating up and down while the 

other end of the film is fixed. While this is happening, the accelerometer measures the 

acceleration of the shaker in real-time. We can use an equation to relate this acceleration value to 

deflection (w(L)), 

 

 w(L) =
a

(2πf)2
 . (4) 

 

The lock-in amplifier measures the current (i) coming off of the film. The frequency of the 

electromagnetic shaker needs to be equal to the frequency of the reference signal inputted into 
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the lock-in amplifier. The frequency used in this study was 10 Hz. The lock-in amplifier displays 

its current reading as a voltage value that can be converted back into current using the following 

equation: 

  

 i = sensitivity
V

10V
 . (5) 

 

The dimensions of the film (b, L) are measured with a pair of calipers. After the measurements 

were made, the current is plotted against the deflection and the slope of the line is equal to 
3πfμ12

′ b

L
. From there, we can solve for the flexoelectric coefficient (μ12

′ ).  

 

 
Figure 2: Schematic of flexoelectric measurement setup 

 

For thin films, Poddar et al. [2] gave an equation relating the change in polarization ( ∆P =

 
J

2πfA
 ) to strain gradient ( ε′ =

c

L2 ), 

 

 
J

2πfA
= μ12

c

L2
. (6) 

 

The length of the substrate and electrode area are found via calipers. The current (J) and 

deflection (c) are found in the same manner outlined previously. After collecting data, 
J

2πfA
 was 

plotted versus 
c

L2 with the slope being the flexoelectric coefficient (μ12).  

 

 
Figure 3: Diagram of the bending thick film (left) and thin film (right) 
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3. Results and Discussion 

Figure 4 displays the SEM images taken on a porous nAl/P(VDF-TrFE) thin film (left) and a full 

density nAl/P(VDF-TrFE) thin film (right). The cross-section image on the porous film shows 

some defects such as pores and uneven surfaces, whereas the full density film has a solid cross-

section surface with no visible pores. 

 

 
Figure 4: SEM images of nAl/P(VDF-TrFE) thin films 

 

Figure 5 illustrates the effect of porosity on flexoelectricity for 3D printed (Ender) PVDF films. 

All of our PVDF measurements are in the typical range from the literature [6–15]. Near full-

density thick films have flexoelectric coefficient of μ12 = 2.760 nC/m. With increasing the 

porosity up to 10%, a sharp decrease in the flexoelectric coefficient to ~ 0.5 nC/m was observed. 

The higher porosity levels above 10% did not change the relatively lower values of the 

flexoelectric coefficient, which varied between ~ 0.5-1 nC/m.  

 
Figure 5: Flexoelectric coefficient as a function of porosity for PVDF (Ender 3D printed films) 

 

Figure 6 displays the effect of infill percent and aluminum addition on flexoelectricity for 3D 

printed (Hyrel) films. The literature values for PVDF [6–15] and μAl/PVDF [7] are comparable 

to the values measured. The nAl/PVDF flexoelectric coefficient was measured to be 8.017 and 

10 nC/m for the 10% and 100% infill samples, respectively. For the printed low-infill (higher 
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porosity) samples, neat PVDF and μAl/PVDF samples show μ12 of  ~3 nC/m. While the addition 

of the micron particles to the PVDF matrix does not seem to result in any significant difference 

in flexoelectric coefficient at high porosity levels, on the other hand, the addition of Al 

nanoparticles resulted in higher μ12 value. This may be attributed to, in addition to the 

engineered porosities within the sample created by 3D printing, the incorporation of smaller 

porosities in nanometer size scales caused by nanoparticle agglomeration within the PVDF 

matrix [27]. The effect of smaller porosities on flexoelectricity was investigated by Zhang et al. 

[21] which will further be discussed later. Conversely, for near full-density films of the same 

material systems, slightly higher μ12 values were observed for the printed μAl/PVDF film as 

compared to nAl/PVDF and neat PVDF samples, which is in accord with Zaitzeff et al. [7]. This 

might be attributed to higher strain gradients caused by larger particles and larger 

particle/polymer interface compared to nanosized aluminum at the same amount of 

displacement/bending of the sample. We note that the standard deviation is relatively high for 

μAl/PVDF 100% infill.  

 

 
Figure 6: Flexoelectric coefficient for PVDF and nAl/PVDF at 10% and 100% infill (Hyrel 3D 

printed films) 

  

We also investigated the effect of porosity and aluminum on flexoelectricity for P(VDF-TrFE) 

and nAl/P(VDF-TrFE) thin films fabricated by tape casting, and the test results of these materials 

systems are summarized in Figure 7. The values found for P(VDF-TrFE) are comparable to 

values in the literature [2,20]. The flexoelectric coefficient of nAl/P(VDF-TrFE) was measured 

to be 49.04 and 43.486 nC/m for full density and porous films respectively. The addition of 

aluminum nanoparticles increases the flexoelectric coefficient of the thin films regardless of 

incorporated porosity or density, which aligns with Zaitzeff et al. [7]. We note that the 

flexoelectric coefficient of the thin films are 2 to 3 times larger than their thick PVDF 

counterpart. This may be attributed to different chemical and materials property of P(VDF-

TrFE), where a 30% mol ratio of TrFE changes specific material properties such as density, 

elastic modulus, etc., which in return may affect the level of polarization or strain gradient 

caused by the same amount of deflection in the beam. 
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Figure 7: Flexoelectric coefficient values for full density and porous thin films 

 

Overall, the results show that decreasing porosity (increasing infill) of thick and thin films 

increases the average flexoelectric coefficient for all three data sets. Our results are in accord 

with Shu et al. [24], and Hahn [25], where it is found that higher porosity levels decrease the 

flexoelectric coefficients of their samples. However, it must be mentioned that Zaitzeff et al. [7], 

Zhang et al [21], Zhao et al [22], and Beni [23] reported the opposite trend: higher porosity leads 

to larger flexoelectricity levels.  

 

Zhang et al. [21] found flexoelectricity to be inversely related to the average size of pores of a 

porous film. Zaitzeff et al. [7] stated that large pores (millimeter scale) may have a negligible 

contribution to the overall flexoelectric coefficient compared to smaller pores (micron scale). 

This may explain the phenomena we observed in our tests, where 100% infill (near full density, 

low porosity) films may have had smaller pores size than the 10% infill (high porosity), causing 

the average flexoelectric coefficient to be higher, especially for samples with nanosized 

aluminum. Essentially, it is possible that for higher flexoelectricity levels, you may want porosity 

but with small (micrometer scale) pores and not large (millimeter scale) pores. Additionally, it 

can be noted that adding aluminum to P(VDF-TrFE) and PVDF increased the average 

flexoelectric coefficient in all but one case for PVDF, which is in accord with the results 

published by Zaitzeff et al. [7]. 

 

4. Conclusions 

Flexoelectric measurements were made on fluoropolymer/aluminum films to study the effect of 

porosity (infill) and aluminum on flexoelectricity. It was found in all three data sets that 

decreasing porosity (increasing infill) increases the average flexoelectric coefficient. This trend 

matches the work of two authors in the literature [24,25] but contradicts the work of four [7,21–

23]. One potential explanation for the observed phenomenon is that the high infill (low porosity) 

films had smaller pores than the low infill (high porosity) films. This explanation is based on 

work that showed that size of pore is inversely related to contribution to flexoelectricity [21]. We 

also found that adding aluminum increased the average flexoelectric coefficient for all but one 

case which matches trends from previous work [7]. The flexoelectric measurements on 

nAl/PVDF and nAl/P(VDF-TrFE) were done for the first time. Overall, our work helps further 
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understand the relationship between flexoelectricity and porosity for energetic 

fluoropolymer/aluminum films.  
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