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Abstract
   Polyvinylidene Fluoride (PVDF) is a piezoelectric polymer that has 
many different applications and uses. Two measurable characteristics 
of PVDF films are the conformation of the polymer chain and the 
piezoelectric output. There has been little investigation on how 
different abrication factors can influence both characteristics. The 
goal of this study is to determine how different factors can have 
an effect on the chain conformation and the piezoelectric output of 
porous PVDF films. To fabricate the PVDF films, PVDF powder 
was dissolved in 2-butanone and 40 wt% of Zinc Oxide (ZnO) 
nanoparticles were added to the solution. Once the film was dried, 
the ZnO nanoparticles were dissolved using 10M hydrochloric acid 
to leave a mesoporous PVDF film. The fabrication factors studied 
were (1) the total sample weight of PVDF and ZnO, (2) the amount of 
2-butanone solvent, and (3) the % solvent removed in the oven before 
air-drying. To determine the effect of the fabrication factors, the films 
were characterized mechanically via an instantaneous compressive 
load using a tensile tester and measuring the peak voltage generated, 
and structurally using Fourier Transform Infrared Spectroscopy 
(FTIR) to estimate the fraction of electroactive chain conformation. It 
was determined that the total amount of PVDF had a significant effect 
on the piezoelectric voltage output from the compression tests, while 
the amount of solvent affected the relative amounts of the different 
crystalline phases. Interestingly, normalizing the voltage output per 
PVDF mass shows diminishing returns in voltage generated with 
increasing amount of PVDF. Unexpectedly, no direct correlation 
between amount of electroactive chain conformation and the 
piezoelectric output was observed, which suggests other confounding 
factors (e.g., pore size distribution, PVDF network architecture) that 
may influence the piezoelectric voltage output.
Keywords: Piezoelectric polymer, Porosity, Crystalline phases, 
Voltage output, Microstructures, FTIR spectra

Introduction
   Polyvinylidene fluoride (PVDF) is a well-known polyamide 
polymer that has applications in a variety of industries such as 
construction, biomedical, and defense [1-4]. PVDF also exhibits 
piezoelectric behavior, in which forces upon the polymer, such as 
tension, compression, or shear stress result in a net electrical potential 
difference within the material. This voltage can be measured and 
observed to determine the characteristics of the force. Previous 
researchers have used PVDF sensors to measure the arterial pulse 
wave velocity for biomedical applications by measuring the pressure 
propagation through the patient’s arm [5]. It has also been shown that 
PVDF can also serve as a means to measure flow velocity [6]. This 
concept of piezoelectricity also makes PVDF a great candidate for 
applications such as energy harvesting in many different applications. 
Since PVDF is also highly biocompatible, recent investigations have 
focused on the potential of wearable PVDF textiles that convert 
vibrations from the user to usable electrical energy [7-10]. This 
high biocompatibility paired with the high flexibility of the polymer 
in comparison to other piezo ceramics also offers great potential 
for biomedical applications of PVDF sensors for measurements, 
instrumentations, or therapeutics [11]. 
   The piezoelectricity in PVDF, as with many other piezoelectric 
polymers, is dependent on the crystallinity structure of the sample. 
Within PVDF, there are three major phases in which the polymer 
crystallinity can form: α, β, and γ. Due to the stereochemistry of the 
packing, only β and γ phases exhibit piezoelectric characteristics [12]. 
For the β -phase packing, the conformation of the molecule is trans-
trans, which allows for a separation of charge within the polymer 
[13]. For γ-phase PVDF, the conformation of the chain makes it net 
ionic, just as β -phase, but the overall piezoelectricity is weaker due 
to a gauche bond every fourth repeating unit [14]. For the purposes 
of piezoelectricity, the goal for use is to maximize the β  and γ phases
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present in the polymer, having β  phase as the more desired packing. 
The increase of β -phase PVDF has been accomplished in several 
different methods. One technique is to modify the physiochemical 
structure of the polymer system in order to obtain more β -phase 
packing in the system, such as adding cellulose to the solution or 
doping with metallics or reduced graphene oxides [15,16]. Another 
method for inducing the piezoelectric phase is by poling the PVDF 
sample under high voltage. This forces the polymer chain into the 
highest polarized form [17]. There has also been recent investigation 
into increasing the voltage output of the PVDF sample by introducing 
porosity into the polymer system [18]. However, there has been little 
investigation into how the conditions of the fabrication affects the 
β -phase and voltage output of the polymer. Thus, the goal of this 
work is to study the effect that the factors in the fabrication process 
change the output of the mesoporous PVDF sample. To implement 
this porosity in the polymer, Zinc Oxide (ZnO) nanoparticles 
are suspended in the polymer solution before drying. Once the 
polymer is dried, the ZnO can be dissolved out of the system with 
hydrochloric acid (HCl), which does not react chemically with the 
stable PVDF. This will leave a product that contains a system of 
pores that can increase the performance of the material. Ultimately, 
the goal is to maximize the β -phase within the system, since it has 
the strongest piezoelectricity. A large factor in the packing phase is 
the fabrication process for the samples. The method of the fabrication 
process has a majority of the effect on the packing. For example, 
many procedures use electrospinning to increase the β -phase in the 
polymer crystallinity [19]. However, there are other methods, such as 
the flow casting of a PVDF solution into individual dishes for drying. 
This gives high control over the dimensions of the sample and the 
β-phase present based on the work of Wushang et al [20]. It has also 
been shown by previous studies that annealing temperature has an 
effect on the final β -phase in the polymer system [21]. In order to 
explore the effects that the other fabrication conditions have on the 
final product, a full factorial design of experiments was conducted, 
focusing on the solvent volume used, the weight of the PVDF powder 
added, and the percent of solvent that was evaporated in the oven 

before removing and allowing to air dry. For all of the samples, the 
ZnO content in the solution was 40% of the total sample weight. Once 
the samples were fabricated, analysis of the β -phase concentration 
was conducted through Fourier Transform Infrared Spectroscopy 
(FTIR) analysis, and the piezoelectric output was measured through 
compression testing. The results were interpreted within the Minitab 
program to determine the statistical significance of each factor, the 
main effects, interactions, and the optimized scheme for the PVDF 
fabrication.
Materials and Methods
PVDF Fabrication  
   The PVDF films were fabricated similar to the protocol as detailed 
in [18]. Briefly, PVDF powder (Alfa Aesar, Ward Hill, MA) with 
2-butanone (Alfa Aesar, Ward Hill, MA) as a solvent were used 
as the base for the polymerization. To introduce porosity into the 
sample, 35-45 nm ZnO nanoparticles (US Research Nanomaterials, 
Houston, TX) were combined with the polymer solution. To reach the 
desired porosity, the ZnO powder and PVDF were always added in a 
40:60 weight ratio, depending on the total sample weight desired (see 
Table 1 below). First, the PVDF powder was dissolved in the desired 
amount of 2-butanone and allowed to polymerize in the oven at 80°C 
for 30 minutes, shaking every few minutes to keep the polymer from 
solidifying on the bottom of the vial. Once the solution was heated, 
the desired weight of ZnO powder was added to the new polymer 
solution vials. In order to evenly distribute the ZnO particles among 
the PVDF polymer, the new vials were inserted into a float and added 
to an ultrasonic bath for 30 minutes. After sonication, the sample 
was then poured into a 40mL glass petri dish, covered, and put into 
the oven at70°C until a certain percent of the solvent had evaporated 
(see Table 1), followed by air-drying at room temperature with the 
cover still on. To remove the ZnO within the sample to create the 
porous structure, the samples were placed in a 10M HCl (Avantor 
Inc., Allentown, PA) bath overnight with a stir bar to dissolve the 
ZnO. Once dissolved, the samples were placed in a water bath to 
remove the HCl and then dried after an hour. Removal 

Total Sample Weight Solvent Volume % Heat Dried
1000 mg 15 mL 75%
500 mg 10 mL 85%
333 mg 7.5 mL 95%

Table 1: The levels for the different factors used in the DOE

of the ZnO nanoparticles creates the porous microstructure within 
the PVDF network. 
Three factors were investigated in the design of experiments (DOE):
1. Total sample weight: Keeping the weight ratio of ZnO to PVDF 
constant in all cases, here we probe the effect of PVDF film thickness 
on its piezoelectric voltage output. 
2. butanone solvent volume: The amount of solvent used to dissolve 
the ZnO and PVDF during the fabrication process may affect the 
resulting microstructure and/or relative amounts of each crystalline 
phase.
3. % heat dried: Similar to (2), here we investigate the possible 
effects of altering the drying process on the resulting microstructure 
and crystalline composition. In order to evaluate the percent of 
drying of the sample within the oven, the solvent was weighed to 
determine the overall mass. Before the PVDF/ZnO solution was put 
in the oven, the dish that contained the sample, Wtotal, was weighed. 
The final weight, Wfinal, for the desired % drying was determined by 

the following equation:
   Wfinal =  Wtotal − (% drying) × Wsolvent

where Wsolvent is the weight of the initial amount of solvent added. 
Wfinal was determined by weighing the sample every 15 minutes,
and the sample is removed from the oven to air-dry once the desired 
solvent amount has been evaporated. The three levels that were used 
for each factor are shown in Table 1, giving a total of 27 different 
samples.
   In total, three circular PVDF films were fabricated for each set of 
conditions (81 films total). A square of approximately 1.5” was cut 
out from each circular film, and five replicates of the compression 
test were done for each sample square (15 replicates total for each 
set of conditions). Subsequently, FTIR spectra was obtained at four 
different locations of each sample square (12 replicates total for 
each set of conditions). Figure 1 shows (A) an actual sample of a 
fabricated PVDF film, (B) a square sample cut out for testing, and 
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(C) a schematic showing the replicates obtained for each of the factor 
combinations.
Compression Testing
   Samples were prepared for compression testing by applying 1” x 
1” copper tape electrodes on opposite faces of the film. The area of 
the sample covered with the copper tape was then cut out and ½” 
width copper tape leads were attached to both electrode faces. The 
copper tape electrodes were pressed onto the films with the flat edge, 
so as to minimize the amount of air trapped between the electrodes 
and the films. 
   Compression testing was done with a Test Resources Newton 
100 series Tensile Tester with a 1000 lbf  actuator (Test Resources 
Inc, Shakopee, MN). Data was collected with National Instruments 
data acquisition hardware (NI cDAQ-9174 chassis, NI 9215 input 
module) with LabView software. Tests were run for 10 seconds each 
at a sampling rate of 1000 Hz. Four variables were recorded during 
testing: three independent variables (time, position of the tester grips,    

and load applied by the tester), and one dependent variable (electric 
potential difference between the opposite faces of the film).
   The apparatus used for compression testing is shown in Figure 2.  
During testing, PVDF samples were placed flat on a support block 
held between the lower grips of the uniaxial tester. In the upper grips, 
a plastic compression part was held that would be lowered onto the 
PVDF sample below, compressing the center of the sample over a ½” 
x ½” area. Each compression test consisted of two main steps. The 
first step applied a compressive preload of 8.90 N (2 lbf), with the 
tester grips descending at a rate of 1 mm/sec. Once the preload was 
applied, the grips dwelled for 3 seconds before beginning the second 
test step. This second step applied the actual compressive load to 
generate a voltage output, by applying a 0.4 mm displacement of 
the upper grip at a rate of 100 mm/min. These displacements were 
relative to the preloading position to ensure that approximately the 
same load was achieved with each run.

Figure 1: (A) Fabricated PVDF film sample removed from the glass petri dish after complete drying, and (B) square 
cut out for compression testing and FTIR spectra acquisition. (C) Schematic showing three samples for each of the 
27 factor combinations, and the replicate testing on each sample.
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Microstructural Characterization
   The relative amounts of each crystalline phase was estimated using 
FTIR using a Nicolet iS50 FT-IR (Thermo Scientific, Waltham, MA). 
Ominic software was used to control the instrument, collecting 64 
scans for each spectrum at a resolution of 4cm-1. Four replicates were 
collected on each sample, one at each corner of the square film next 
to the copper tape electrode.
   The analysis of each spectrum to obtain the fraction of each 
crystalline phase is detailed in [22]. Briefly, the fraction of 
electroactive conformations β and γ,FEA, is calculated using equation 2:
  

where I840 is the absorbance from the spectra at 840cm-1, I763 is 
the absorbance from the spectra at 763cm-1, K840 is the absorption 
coefficient at 840cm-1 which is 77,000 cm2*mol-1 and K763, the 
absorption coefficients at 763cm-1 which is 61,000cm2*mol-1. 
Subsequently, equations 3 and 4 are used to separate the amount of β 
and γ phases respectively:

where ΔHβ is the difference in absorbance values between the nearest 
peak at 1275cm-1 and the nearest valley at 1260cm-1, and ΔHγ is the 
difference in absorbance values at the nearest peak at 1234cm-1 and 
the nearest valley near 1225cm-1.
Data Analysis
   To analyze the compression data, the voltage generated from the 
sample was filtered using a 5-point Savitzky-Golay fit to increase 
the signal to noise ratio [23]. The voltage peak generated from the 
compression was found by finding the maximum voltage change 
from the baseline voltage when the load from the tensile tester was 
applied, and this voltage value normalized by the load applied. An 
example spectrum is shown in Figure 3.

Figure 2: Setup for compression tests on PVDF film samples. A custom made component 
attached to the upper grip compresses the sample over a smaller ½” x ½” area.

Figure 3: Sample voltage collected from film under compression of 192 N. The orange arrow shows 
where the maximum voltage value was taken and compared to the baseline, which is shown as the red 
line. The positive peak represents the voltage output from compression, while the negative peak is the 
output from releasing the compressive load (data not used).
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   To analyze the effects of each variable, as well as any interaction 
effects between the variables a full factorial DOE was created 
in Minitab® (v19.2020.1, Minitab, Inc., State College, PA). A

general linear ANOVA test was conducted in Minitab® for both the 
compression results and the FTIR spectra results with respect to the 
3 factor levels.

Results and Discussion
   Figure 4 shows the main effects as well as interaction effects of the 
three variables on the compression voltage output. Only the sample 
weight was found to have a statistically significant effect on the 
voltage per load output of the sample (p = 0.002), with the 1000 mg 
PVDF sample exhibiting higher average volts per load compared to 
the 333 mg and 500 mg samples (Figure 4A). The volume of solvent 
used in fabrication was found to have no significant effect on the 
voltage per load output (p = 0.498), and the fraction of drying time 
spent in the oven showed a similarly insignificant effect (p = 0.854). 
Interaction effects between the three variables (Figure 4B) are 
stronger compared to main effects alone, with all p-values less than 
0.1; however, only the interaction between solvent volume and % heat 
dried is statistically significant at the 0.05 level. The highest voltage 
output per load was obtained with the lowest solvent volume of 7.5 
mL coupled with the highest % heat dried at 95%, which suggests 
that minimizing the amount of solvent needed while maximizing the 
rate of solvent evaporation under high heat produces films with the 
better piezoelectric output. While there is little previous research into 
how the rate of drying effects the overall piezoelectricity, there has 
been evidence that points to the effect that drying method has on the 
overall structure of the PVDF as well as piezoelectric performance. A 
study conducted into supercritical drying of PVDF-HFP copolymer 
solution shows that the mesoporous structure of the gel maintains a 
high regularity compared to air-dried samples [24]. This consistency 
within the structure and the porosity of the polymer system allows for 
great interactions between the force, whether compression, tensile, or 
shear, and the surface area of the PVDF interface. This supercritical 
drying investigation also yielded evidence that the rate of the solvent 
removal has a strong effect on the final structure of the system. By 
removing the solvent at a high rate from the polymer system, it has 
less effect on the porosity and crystalline structure of the PVDF. 

This aligns with the evidence found here that the more the sample 
was dried under elevated temperature, the greater the piezoelectric 
output. Drying more under higher temperature will increase the rate 
of solvent removal from the sample. While the ZnO is still present in 
the sample while drying, there is likely still some micropores present 
within the system for the evaporating solvent to affect the structure.
Thus, the results found in this study compares well to the finding of 
the effects of heat drying and sample output.
   In both the main effects and interaction effects plots, the highest 
sample weight of 1000 mg gave significantly higher voltage outputs 
compared to sample weights of 500 mg and 333 mg. This result is 
expected, since the films of higher sample weights are thicker and 
intrinsically contain more PVDF material within the sample. Within 
energy harvesting research, a similar trend was noticed within 
piezoceramic performance. Within piezoelectric transducers, it was 
found that the relationship between layer thickness of the piezoelectric 
material and the voltage output was directly proportional [25]. 
While it was also found that there is a critical thickness in which 
piezoelectric output begins to decline due to rigidity of the sample 
layers, for the purposes of this study, a single layer PVDF sample 
should match the trend of increased performance with increasing 
thickness. By maximizing the amount of material present to create 
a voltage, the greater response there will be to the introduced force. 
Closer inspection of this gain by normalizing the voltage output by 
the amount of PVDF material, however, exhibits an interesting trend 
(Figure 5). The normalized voltage per mass of PVDF decreases with 
increasing amount of PVDF in the film, which suggests diminishing 
returns on voltage gain. As changing the total weight also alters the 
thickness of the film which would influence heat transfer and drying 
characteristics, it is unclear the specific cause(s) for this diminishing 
voltage gain due to these confounding factors which requires further 
investigation.

Figure 4: (A) The main effects plots for the compression voltage output with respect to sample weight, solvent volume, and % 
drying. The effect of sample weight on mean voltage per load was found to be statistically significant (p < 0.05). (B) Interaction 
plots for the factors of sample weight, solvent volume, and % heat dried on compression voltage output. Only the interaction 
between solvent volume and % heat dried was found to be statistically significant.
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   Figure 6 shows the main effects plots and interaction effects of the 
three fabrication variables on the combined concentrations of β and 
γ microstructural phases within the PVDF films. The only factor that 
was found to have a significant effect on the mean β/γ concentration
was the amount of solvent used during fabrication (p = 0.003). The 

smallest volume of solvent, 7.5 mL, resulted in samples that averaged 
nearly 8% less in combined β and γ phases when compared with 
samples prepared with 10 mL and 15 mL of solvent (Figure 6A). The
mechanisms behind why the solvent volume affects the phase 
concentration of the PVDF are not 

Figure 5: Voltage output per load normalized by mass of PVDF shows a decreasing trend with increasing 
sample weight, which suggests diminishing returns despite having more piezoelectric PVDF material 
in the sample. Error bars represent the standard error from all replicates for each sample weight.

Figure 6: (A) The main effects plots for % β and γ phases with respect to sample weight, solvent volume, and % heat dried. The 
effect of solvent volume on % β and γ phases was found to be statistically significant (p < 0.05). (B) Interaction plots for the factors 
of sample weight, solvent volume, and % heat dried on % β and γ phases. Only the interaction between sample weight and % heat 
dried was found to be statistically significant.
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fully understood. However, this observation supports the hypothesis 
that certain variables within the fabrication process can play a 
significant role in determining the characteristics of the material. In 
a 2015 study that considered the effects of fabrication techniques on 
the crystalline phases of PVDF, it was found that the weight-volume
ratio of PVDF to dimethyl formamide solvent had no effect on the 
amount of beta phase that formed in the PVDF films [26]. This finding 
is contrary to the effects of solvent volume found in this study, which 
could potentially be due to other confounding factors that were not 
accounted for in this study. Mahato et al. determined that thermal energy
was a significant factor in the amount of beta phase formed 
during synthesis [26]. This study did not consider variable drying 
temperatures as a factor. However, the % heat drying factor did 
account for differences in the amount of thermal energy the samples 
were exposed to during synthesis. The % heat drying, however, 
showed no significant effect on the concentrations of beta and 
gamma phases in this study (p=0.555), which could potentially be 
due to only small overall differences in the amount of thermal energy 
between the 75%, 85%, and 95% groups. The mass of PVDF also 
proved to have an insignificant effect on the phase concentrations 
(p=0.105).
   The interaction plots in Figure 6B represent how each of the three 
independent variables interact with one another, regarding their 
effects on the phase concentration. The solvent volume and mass 
of PVDF showed no significant interaction with one another (p = 
0.586), and the interaction between the solvent volume and fraction 
of drying time in the oven was also determined to be statistically 
insignificant at the 0.05 level (p = 0.174). The amount of PVDF 
and the oven time fraction were found to interact significantly

(p < 0.001). In this plot, it can be seen that both the 500 mg and 1000 
mg sets exhibited the lowest concentrations of β and γ phases when 
the oven-dried fraction was 85%. However, for the 333 mg set, this 
observation is opposite, as the 85% oven-dried samples exhibited the 
highest β/γ concentrations. This inconsistency is evidence that at low 
masses of PVDF, there is interaction occurring between the PVDF
mass and the fraction of time spent drying in the oven. Since these 
two variables are shown to interact with one another, it would be 
useful in future studies to isolate these variables shown to interact 
with one another, it would be useful in future studies to isolate these 
variables from each other in order to study their individual effects on 
the phase concentrations of PVDF. 
   Taken together, the best combination of factors investigated 
that gave the highest piezoelectric voltage output is a 1000 mg 
total sample weight, using 7.5 mL of 2-butanone solvent, with 
heat drying up to 95% before removal from the oven. This factor 
combination, however, does not contain the highest proportion of 
β/γ phases within the sample, which was observed at 333 mg total 
sample  weight, using 15 mL of solvent, and heat drying up to 85% 
(see Supplemental Data for the full set of voltage output and % β/γ 
phase results). While it is known that only β and γ phases of PVDF 
exhibit piezoelectric properties, our data does not show a distinct 
trend of increasing voltage output with % β/γ phases within the 
sample (Figure 7). This unexpected result suggests that the amount 
of β and γ chain confirmation present is not the sole variable in 
causing a piezoelectric output. Other variables on a microstructural 
level such as porosity or PVDF network architecture could affect the 
piezoelectric voltage output as these pores allow the films to collapse 
further upon compression.
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