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Abstract 
Every year, millions of people incur damage to sensory receptors that inte-
ract with the external environment. Two areas of concern are hearing loss 
(affecting around 430 million) and burns (affecting 11 million annually). Cur-
rent treatments for burns involve skin grafts, which are expensive and prone 
to rejection by the body. Current treatments for hearing loss involve im-
plants and hearing aids, which have limited sensitivity, need batteries and 
charging, are expensive, and are prone to infection. Thus, there is a need 
for a self-powered, flexible, biocompatible, antibacterial, and inexpensive 
solution that can respond to stimuli at a rate comparable to tissue. Piezoe-
lectric materials convert mechanical energy into electricity, thus replicating 
touch and hearing by simulating nerve signals. In this study, piezoelectric 
membranes with varying ratios of polyvinylidene fluoride (PVDF) and zinc 
oxide (ZnO) were fabricated using electrospinning. These membranes were 
characterized with scanning electron microscopy (SEM), X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy (FTIR), stress-strain analy-
sis, and piezoresponse testing. Results showed that increasing the amount of 
PVDF made the membrane more flexible but reduced its piezoelectric po-
tential (decrease in PVDF β-phase). Increasing the amount of ZnO signifi-
cantly increased piezoelectric potential (increase in PVDF β-phase) but de-
graded the flexibility and usability of the membrane. Therefore, a 1:1 w/w 
ratio of PVDF to ZnO is the optimum ratio for balancing both piezoelectric 
potential and flexibility. These results support the hypothesis that compo-
sites of PVDF and ZnO can help realize self-powered hearing rehab devices 
and wearable electronic skin. 
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1. Introduction 
1.1. Current Problems 

According to the World Health Organization (WHO), burns affect around 11 
million people annually. Burns impact low-income countries up to 7 times more 
than high-income nations [1]. This general disparity holds true in the U.S. as 
well in low-income districts, 23.4 people per 100,000 are hospitalized for burns, 
as compared to 14.1 per 100,000 in middle- and high-income areas [1]. About 
1/3 of treatments for burn-related inpatient stays in the U.S. include skin grafts 
[2]. Despite some advancements, this treatment is still riddled with issues. Engi-
neered tissue and immunosuppressive treatments have reduced the risk of early 
graft rejection, but first-set rejection, after 1 - 2 weeks, remains common [3]. Ad-
ditionally, bacterial infections occur frequently [4]. 

Another medical problem worldwide is hearing loss. By 2050, around 700 mil-
lion people worldwide will have hearing loss requiring rehab, and around 2.5 
billion people will have some hearing loss [5] according to the WHO. 30 million 
of these people are in the United States [5]. Hearing loss rehab includes hearing 
aids, cochlear implants, and middle ear implants. However, implants have low 
sensitivity [6], require batteries [6], and are expensive [7]. 

1.2. Potential Solution 

There is a need for engineered solutions that can help alleviate these problems 
and improve the quality of life for millions of people with these medical condi-
tions. Any solution would need to be able to mimic the characteristics of human 
skin and tissue, such as detecting a variety of tactile stimuli (i.e. touch, pressing, 
slippage, bending, vibrations, etc.), responding to stimuli at a rate comparable to 
human tissue [8], and passing on the stimuli to the nervous system. Biological 
tissue is contoured, with varying textures, and electronic skins must be thin and 
flexible to achieve maximum contact (“conformal contact”) with the human body 
part in question [9]. The engineered tissue would need to be antibacterial, as it 
will be in contact with damaged skin in the case of burns or the inner mucosa of 
the ear in the case of hearing loss [10]. 

The piezoelectric effect refers to the natural conversion of mechanical energy 
to electricity within a material. It can also, conversely, refer to the deformation 
in a material when an electric field is applied [11]. This effect can be used to 
connect a piezoelectric membrane to underlying neural tissue, as it can transfer 
charge to the site-specific nerve non-invasively in response to mechanical forces 
[12]. 

This led to the following goal: To develop a self-powered, flexible, biocompat-
ible, antibacterial, and piezoelectric membrane that can be used to mimic human 
sensory receptor tissue. 

1.3. Design Choices 

A literature survey was performed to determine which materials to use. Mate-
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rials were chosen from a list of 20 potential candidates based on their physical 
properties, their piezoelectric or self-powered potential, biocompatibility, anti-
bacterial characteristics, flexibility to conform to the human body, and novelty. 
Polyvinylidene fluoride (PVDF) is a semi-crystalline polymer that can exist in 
four different phases known as: α, β, γ, and δ [13]. The most stable and commonly 
found one is the α-phase, which is amorphous and does not possess piezoelectric 
properties. The β-phase exhibits strong piezoelectric properties and is the most 
significant one for this study [13]. Usually, PVDF will be majority α-phase, with 
small amounts of β- and γ-phases [13]. Any membrane developed would need to 
maximize the piezoelectric potential of PVDF by increasing the β-phase. PVDF 
is also biocompatible [14], flexible [14], and non-hazardous [15]. We also selected 
zinc oxide (ZnO) as the second material in the study as it is biocompatible [16], 
piezoelectric [17], and antibacterial [18]. However, ZnO is not very flexible and 
tends to be brittle [19]. Bulk ZnO also has a low piezoelectric coefficient while 
ZnO nanostructures show increased piezoelectric activity [20]. Thus, we decided 
to combine PVDF and ZnO nanoparticles to create a composite with higher pie-
zoelectric potential and greater antibacterial action than PVDF by itself, and a 
higher flexibility than ZnO by itself. 

Composite membranes are typically prepared by dissolving materials in a sol-
vent to create a homogeneous solution and then removing the solvent in a con-
trolled manner [21]. A solvent was needed to make a homogeneous solution of 
PVDF and ZnO. Dimethylformamide (DMF) was the solvent used most frequent-
ly in the established studies reviewed. However, it is a strong toxin that can cause 
severe vomiting, dizziness, liver injury, and more [22]. Thus, the decision was 
made to use dimethyl sulfoxide (DMSO) instead, as it is also a strong solvent for 
PVDF [23] and is in the safest category for solvents (class 3, lowest toxicity) [24]. 
Additionally, acetone was used in combination with DMSO, as it is a solvent for 
PVDF and can improve the viscosity of the overall solution [23]. 

Electrospinning is a technique in which a syringe pump sprays a solution 
through an electric field, thus causing the solution fibers to be pulled onto a metal 
collector [25]. Electrospinning has tremendous potential in the biomedical field, 
as it can create membranes that can be tailored to match biological tissues in their 
properties [25]. These membranes can conform well to large surface areas of the 
body [26]. 

1.4. Research Question and Hypothesis 

The research question is what is the optimum ratio of PVDF to ZnO for improv-
ing sensory reception using piezoelectricity? The hypothesis of this study is that 
changing the amount of ZnO will change the piezoelectric potential of PVDF. 

1.5. Variables 

The independent variable in this study was the ratio of PVDF to ZnO. The de-
pendent variables in this study include viscosity, homogeneity, piezoelectric po-
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tential (β-phase percentage and crystallinity), and flexibility. The control variables 
are materials, solvents, equipment, equipment settings, and temperature. To the 
best of our knowledge, there has been no prior study on testing ratios of PVDF 
to ZnO for this purpose. 

2. Materials and Methods 
2.1. Materials 

Ethanol (Sigma-Aldrich®), Zinc acetate dihydrate 98% extra pure (Thermo 
Scientific™), Sodium Hydroxide (Sigma-Aldrich®), Poly(vinylidene fluoride) 
(Sigma-Aldrich®), Dimethyl sulfoxide (Fisher Chemical®), Acetone (Sigma- Al-
drich®), Distilled water. 

2.2. Preparation of ZnO Nanoparticles by Sol-Gel Method 

ZnO crystals were precipitated using a sol-gel process described in [27]. 2 g of 
zinc acetate dihydrate was dissolved in 15 mL of distilled water. 8 g of sodium 
hydroxide was dissolved in 10 mL of distilled water. Both solutions were stirred 
for 5 minutes together. Then, 100 mL ethanol was added to the combined solu-
tion drop by drop until ZnO crystals were precipitated. These white precipitates 
were filtered and dried. This process was repeated to obtain sufficient ZnO. 

2.3. Preparation of PVDF and ZnO Membranes 

Three different solutions of varying ratios of PVDF and ZnO were prepared: 
M1: 12% PVDF (2.4 g), 22% ZnO (4.4 g), 66% DMSO/Acetone (3.3 g DMSO 

+ 9.9 g acetone). 
M2: 17% PVDF (3.4 g), 17% ZnO (3.4 g), 66% DMSO/Acetone (3.3 g DMSO 

+ 9.9 g acetone). 
M3: 22% PVDF (4.4 g), 12% ZnO (2.4 g), 66% DMSO/Acetone (3.3 g DMSO 

+ 9.9 g acetone). 
3.3 g of DMSO and 9.9 g of acetone were mixed to make a 13.2 g solvent mix-

ture. The required amount of PVDF was added to this mixture and magnetically 
stirred using a DLAB MS-H280-Pro for 2 hours to make a homogeneous solu-
tion. After this, the required amount of ZnO was added to the solution, and the 
entire solution was stirred for 1 hour. Solutions were sonicated using a Sonics 
Vibra-cell VCX 750 sonicator. Membranes were then electrospun using a Spell-
man H.V. and a Razel R-100E syringe pump on an aluminum foil collector. Pa-
rameters decided upon involved using an applied voltage of 18 kV, tip to collec-
tor distance of 15 cm, flow rate 0.8 mL/h, and collector speed of 500 rpm based 
upon a review of existing literature in the field [28], as well as feedback from the 
lab technician. Characterization tests were carried out on these electrospun mem-
branes. 

2.4. Characterization of Membranes 

Samples of 1 inch by 1 inch were used for SEM Imaging. 10 to 20 SEM images were 
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obtained per sample using a Phenom ProX G6, Netherlands, at a voltage of 15 kV. 
Samples of 2 inches by 2 inches were used for XRD analysis on a Bruker D2 

Phaser, using 30 kV and 10 mA. XRD results were pulled into Excel and a Y-offset 
of 20 K and 125 K were added to M2 and M3 for to create separation in the com-
bined stacked chart for analysis. 

Samples of 2 inches by 2 inches were used for FTIR analysis. FTIR analysis 
was done using a ThermoFisher Scientific Nicolet 6700. 128 scans were performed 
at various locations within each sample and averaged to get the final spectrums. 
FTIR results were pulled into Excel and a Y-offset of 1, 2 and 3 were added to 
M1, M2 and M3 to create separation in the combined stacked chart for analysis. 

Tensile stress testing was performed on samples of 2 inches by 0.5 inch using a 
TestResources 1000 lb actuator with a SM-250-294 force transducer. 

All characterizations were done at room temperature and the same ma-
chine/settings were used for all samples. 

3. Results 
3.1. Visual Analysis 

The solution for M1 was highly viscous, and difficult to use. Membranes pre-
pared were flaky (Figure 1) and tended to stick to the aluminum foil collector 
(Figure 2). Membranes prepared with these solutions were smooth and did not 
stick to the aluminum foil collector (Figure 3, Figure 4). 

3.2. SEM Analysis 

SEM images of all three membranes were taken and showed surface morphology 
(Figures 5-8). 

 

 
Figure 1. M1 (membrane prepared with 12% PVDF and 22% ZnO w/w). Note flakes and 
tears. 
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Figure 2. M1 (membrane prepared with 12% PVDF and 22% ZnO w/w). Note how 
membrane sticks to aluminum foil. 

 

 
Figure 3. Electrospun membrane M2 (membrane with 17% PVDF and 17% ZnO w/w). 

 

 
Figure 4. Electrospun membrane M3 (membrane with 22% PVDF and 12% ZnO w/w). 
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Figure 5. SEM image of M1 (membrane with 12% PVDF and 22% ZnO w/w). Note visible cracks on surface. 

 

 
Figure 6. SEM image of M1 (membrane with 12% PVDF and 22% ZnO w/w). Note visible clumps. 
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Figure 7. SEM image of M2 (membrane with 17% PVDF and 17% ZnO w/w). No surface cracks, and homogenous. 

 

 
Figure 8. SEM image of M3 (membrane with 22% PVDF and 12% ZnO w/w). No surface cracks, and homogenous. 
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3.3. XRD Analysis 

The stacked XRD diffraction pattern for all three membranes is shown in Figure 
9. The diffraction pattern for M2 and M3 was Y-offset for clarity. The diffraction 
peak at 2θ = 20.54˚ is characteristic of the β-phase [29] [30]. The diffraction 
peaks at 2θ = 31.9˚, 34.64, 36.5, 47.7, 56.7 are characteristic of ZnO [31]. 

3.4. Open Specy Analysis 

The FTIR absorption spectra for all three membranes were imported into Open 
Specy, an open access web-based spectroscopy analysis tool [32]. FTIR absorp-
tion spectra for each membrane were plotted for comparative analysis against 
the FTIR absorption spectra for PVDF by itself (Figures 10-12). 

3.5. FTIR Analysis 

FTIR analysis was performed to study the percentage of piezoelectric β-phase in 
the membranes. FTIR absorption data was imported into Excel for analysis and 
charting. The absorption data for M2 and M3 was Y-offset for clarity. Figure 13 
shows the spectra of the three membranes between 600 cm−1 and 1500 cm−1 as 
this is the region of interest for analysis. 

3.6. Tensile Testing Analysis 

Tensile testing was performed on M2 and M3, as M1 was determined brittle. 
Data was imported into Excel for analysis. Load-displacement graphs are shown 
in Figure 14. 

4. Discussion and Conclusions 
4.1. Visual Findings 

The solution for M1 was difficult to spread due to its viscosity. As a result, the  
 

 
Figure 9. XRD stacked chart for all three membranes. 
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Figure 10. Open Specy comparison of FTIR absorption spectra in the range of wavenumbers 0 - 
1500 for M1 (membrane with 12% PVDF and 22% ZnO w/w) to PVDF. Rectangular boxed area 
shows section from 0 - 600 where α-phase peaks were eliminated. 

 

 
Figure 11. Open Specy comparison of FTIR absorption spectra in the range of wavenumbers 0 - 
1500 for M2 (membrane with 17% PVDF and 17% ZnO w/w) to PVDF. 

 
membrane tended to dry out quickly, broke into flakes (Figure 1), and could not 
be separated from the aluminum foil collector (Figure 2). Membranes prepared 
with these solutions were smooth and did not stick to the aluminum foil collec-
tor (Figure 3, Figure 4). This indicates that the ratio in M1 is not suitable for 
use while M2 and M3 are usable. 
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Figure 12. Open Specy comparison of FTIR absorption spectra in the range of wavenumbers 0 - 
1500 for M3 (membrane with 22% PVDF and 12% ZnO w/w) to PVDF. 

 

 
Figure 13. FTIR stacked chart. 
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Figure 14. Load-displacement graph. 

4.2. SEM Findings 

Surface morphology of M1 is rough, with small cracks throughout the surface 
(Figure 5). There are large clumps of ZnO and PVDF on the surface of M1, 
which appear as micrometer-sized particles (Figure 6). Surfaces for M2 and M3 
appear uniform, suggesting a better dispersion of ZnO and PVDF (Figure 7, 
Figure 8). These results indicate, again, that M2 and M3 are homogeneous and 
more usable than M1. 

4.3. XRD Findings 

The XRD stacked chart (Figure 9) shows a strong diffraction peak for M2 at 2θ 
= 20.54˚. This indicates that β-phase in M2 is highly crystalline which in turn 
implies a high degree of piezoelectric potential. Conversely, neither M1 nor M3 
show this strong diffraction peak at 2θ = 20.54˚ which indicates that they have a 
lower degree of crystallinity than M2. Diffraction peaks at 2θ = 31.9˚, 34.64˚, 
36.5˚, 47.7˚, 56.7˚ are visible on all three membranes, which means that ZnO re-
tained its crystallinity and the addition of PVDF did not alter it in anyway. 

4.4. Open Specy Findings 

FTIR data for M1, M2, and M3 were uploaded to the Open Specy tool and com-
pared individually to the known spectrum for PVDF. There were no added peaks 
for the composite membranes (Figures 10-12), which indicates that the reaction 
was physical, not chemical, and no new compounds were created in the process. 
β-phase peak intensity in M1, M2, and M3 were higher than with only PVDF, 
suggesting that the addition of ZnO increased crystallization (Figures 10-12) in 
all instances. Moreover, non-piezoelectric α-phase peaks in range 0 - 600 were 
eliminated (Figures 10-12, rectangular boxed area) which implies that the addi-
tion of ZnO resulted in an overall reduction in non-piezoelectric α-phase in all 
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three ratios. 

4.5. FTIR Findings 

FTIR analysis was performed to study the percentage of PVDF piezoelectric 
β-phase in the membranes. Phases of PVDF can be discerned by using the me-
thodology outlined in [28]. Peaks exclusive to the piezoelectric β-phase were de-
tected in all three membranes at wavenumber = 840, 878 and 1275 (Figure 
13). Peaks at wavenumber = 763 which are exclusive to the non-piezoelectric 
α-phase, were also detected in all three membranes (Figure 13). Thus, some 
quantity of α-phase is present in all three membranes. However, α-phase peaks 
were also detected at 796, 975, and 1385 in M3 (Figure 13). Thus, there is more 
non-piezoelectric α-phase present in M3 than in M1 and M2, proving that the 
α-phase increases as the ZnO amount decreases and the PVDF amount increases. 

The fraction of β-phase (Fβ) can be calculated using Equation (1) derived from 
the Beer-Lambert Law [33]: 

[ ]( )1.3

A
F

A A
β

β
α β

=
+

                     (1) 

where Aα is the absorbance at 766 cm−1 and Aβ is the absorbance at 840 cm−1 
[33]. According to Equation (1), the β-phase content calculated in M1 is 76.47%, 
in M2 is 72.17%, and in M3 is 51.29%. 

The analysis of FTIR absorption spectra indicates that the fraction of the pie-
zoelectric β-phase in the sample fabricated using the ratio in M1 or M2 is signif-
icantly higher than the sample fabricated using the ratio in M3. M1 has the highest 
fraction of the β-phase. Thus, it can be concluded that the percent of β-phase in-
creases as the percent of ZnO increases. 

4.6. Tensile Test Findings 

Both M2 and M3 had the same dimensions (same length, width, and thickness). 
The methodology described in [34] was followed to calculate stiffness. Data be-
fore the yield point (Figure 14) demonstrated the stiffness of M2 and M3 as 
4.135 N/mm and 3.311 N/mm respectively, indicating that M2 is more brittle 
than M3. The maximum and yield loads of M2 are higher than M3 - M2 with-
stood a maximum load of 2.417 N while M3 only withstood 2.348 N before 
breakage. Thus, the ultimate tensile strength of M2 was greater than M3. The 
elongation percentage of both membranes was calculated using the formula de-
scribed in [35], as 7.1% for M2 and 8.6% for M3, demonstrating the higher flex-
ibility of M3. 

Based on these calculations and analyses, increasing the amount of ZnO within 
the membranes increased strength and brittleness but decreased flexibility. 

4.7. Prototype and Proof of Concept 

A prototype system was designed to mimic the natural biological response to 
bending, tapping, and pushing [36]. The schematic of this prototype is shown 
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(Figure 15). The membrane is sandwiched between two electrodes and encased 
in an insulating material. Two leads are attached to the electrodes. When sub-
jected to external stimuli, the prototype should convert mechanical energy to an 
electrical signal due to the piezoelectric effect. A voltmeter connected to the two 
leads of the prototype reads this signal. 

In order to make the prototype, a 2 in × 2 in section of the membrane was 
prepared. Flexible copper tape with one side coated with conductive glue was 
used as electrodes on both the top and bottom surfaces of the membrane. Silver 
conductive ink, which dries at room temperature, was used to attach copper 
wires to the electrodes, and in turn, the copper wires were connected to a volt-
meter (Figure 16). Tapping, pushing on, and bending the prototype resulted in a 
non-zero voltmeter reading (Figure 17). 

4.8. Limitations and Future Research 

Since the researcher is a high school student, there was limited access to specia-
lized equipment (electrospinner, SEM, XRD, FTIR, stress-strain testing equip-
ment). Consequently, there were fewer samples used in testing. Further research  

 

 
Figure 15. Schematic of a nanogenerator. 

 

 
Figure 16. Initial voltmeter reading of zero. 
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Figure 17. Non-zero voltmeter reading as prototype is subjected to mechanical stresses. 

 
can be performed with a larger sample size and additional ratios to establish an 
optimum range of ratios of PVDF to ZnO. Testing antibacterial activity and sur-
face wettability would also provide valuable information. Further investigation 
could reveal ways to improve the synthetic pathway and evaluate yield rates for 
commercial applications. 

5. Conclusion 

Within the stated limitations, this study supports the hypothesis that changing 
the amount of ZnO changes the piezoelectric potential of PVDF, and successful-
ly establishes that an electrospun membrane with a 1:1 ratio of PVDF to ZnO by 
weight is optimal to create a flexible, biocompatible, and piezoelectric nano-
composite. The manifestation of these properties proves that this material has a 
high potential to be integrated into treatments for sensory receptor damage. The 
novelty of the experiment is that analysis of different ratios for this purpose, with 
DMSO as a solvent, has never been conducted before. Furthermore, this process 
does not use hazardous compounds, and the resultant membrane is piezoelec-
tric, biocompatible, and flexible. 
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