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Abstract: The piezoelectric efficiency of Poly (vinylidene fluoride) (PVDF) membranes becomes
restricted by the challenge of generating and stabilizing electroactive B-phase during processing.
Stretching requires control of deformation parameter, while solvent-based methods bring
environmental and occupational health risks. This research suggests hot-pressing as an alternative
method for enhancing B-phase fraction, utilizing multidirectional stress without solvent or chemical
exposure. This study systematically compares uniaxial hot-pressing (Uniaxial HP) and biaxial hot-
pressing (Biaxial HP) setups to determine which stress distribution is more effective at promoting
changes and improving piezoelectric properties in PVDF membranes. The main objective of this
research is to systematically evaluate and compare the impacts of uniaxial and biaxial hot-pressing
on the crystalline phase transformation and electromechanical performance, including the
piezoelectric coefficient (d33) and output voltage response of PVDF membranes. PVDF pellets
were hot-pressed at 220° C under a pressure of 60 MPa for 15 minutes followed by rapid quenching
in ice water. X-Ray diffraction (XRD) and Fourier transform infrared spectroscopy (FTIR)
confirmed phase composition, correlated with performance via the piezoelectric coefficient (d;;),
and assessed piezoelectric activity. Experimental results show that biaxial loading provides a higher
-phase fraction (50.47%) compared to untreated membranes (47.80%) and UHP samples
(49.30%). The crystallinity and the piezoelectric coefficient also increased to 49% and 18.8 pC/N,
respectively. Biaxial stress pattern during hot-pressing induces favourable thermodynamic and
kinetic conditions for B-phase expansion. Beyond phase-related results, the approach delivers
competitive piezoelectric effectiveness while maintaining simplicity and reducing solvent-
dependent processing steps.
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1. Introduction

Poly(vinylidene fluoride) (PVDF) is a dielectric polymer known for its electroactive phases (o, {3,
Y, 8, €), which depend strongly on processing conditions [1],[ 2]. Among these, the 3-phase is most
critical due to its high polarization and superior piezoelectric performance. PVDF has gained wide
attention for applications in sensors, actuators, and energy harvesting systems because of its
mechanical strength, thermal stability, flexibility, and ease of processing [3],[4],[5]. Previous studies
reported that mechanical stretching [6], [7], high-pressure compression [8], [9], and electrical
poling under high voltage [10] can increase 3-phase content. However, stretched PVDF films often

show limited thermal stability, and solvent casting without post-treatment yields insufficient (3-
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phase. Fig.1(a) presentsa representative application of PVDF films in piezoelectric devices, whereas
Fig.1(b) summarizes fabrication approaches employed to promote phase transformation during
PVDF processing.

PVDF has become a fundamental material in the advancement of value arising from its exceptional

piezoelectric capabilities, which are determined by its polymorphism. The electroactive 3-phase of
PVDF, distinguished by an all-trans (TTTT) molecular conformation, is the most desired for
optimal sensing and energy conversion, despite the existence of several crystalline forms [4].

Nonetheless, obtaining a substantial -phase fraction is a drawback, as the non-polar Q-phase
exhibits greater thermodynamic stability during conventional processing methods, such as solvent
casting at ambient temperature [11], [12]. However, the conventional technique for facilitating the

ot-phase to B-phase transformation encompasses mechanical stretching and high-voltage poling [10],
13], [14]. Being effective, these approaches frequently yield membranes with inadequate
piezoelectric intensity or insufficient thermal stability when subjected simply to uniaxial or biaxial
stretching [6], [7]. Recent improvements have studied specialized fabrication methods, including
intra-porous fibres for sensor and environmentally green vapor treatments to enhance membrane
properties [4], [15], [16].
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Figure 1. (a) Representative application of PVDF film in piezoelectric devices, and (b) Phase
transformation methods for PVDF processing [2]

Hot pressing (HP) has been identified as a viable alternative. Through systematically manipulating
the interplay between elevated pressure and temperature, HP can boost structural uniformity,
diminish porosity, and drastically promote dielectric and energy storage properties [8], [9], [17].
Although it has potential, the utilization of HP requires precise optimization, as excessive heat or

mechanical stress may lead to the degradation of molecular mass and chemical bonds [13], [18].

However, recent studies have shown that uniaxial compression can efficiently produce high [3-phase
fraction of PVDF membranes [19], and HP treatments on membranes or films have demonstrated
encouraging crystalline phase transitions [8]. Nonetheless, there is a notable deficit of comparative
studies examining the essential distinctions between uniaxial and biaxial HP arrangements. Biaxial
stretching is recognized for its impact on the mechanical anisotropy of PVDF. However, a
systematic comparison with uniaxial techniques, particularly regarding surface morphology,
crystallinity, and the ensuing piezoelectric response in pure PVDF, has not yet been thoroughly
investigated. This research fills a significant research void by conducting a thorough examination of
the effects of uniaxial compared to biaxial HP on solvent casting of pure PVDF membranes/films.

In contrast to previous studies that rely on additives to enhance the P-phase formation, we
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demonstrate that biaxial HP techniques are more feasible, scalable, and additive-free for generating

dense and uniform [-phase structures. This study provides a method for developing high-
performance PVDF films by investigating the evolution of crystalline phases and surface
characteristics, intended for advancing wearable sensors and other devices.

2. Material and methods

Commercial PVDF pellets (Kynar PVDF®740, Arkema, Mw = 180,000, MFR = 1.1 g/10 min,
specific gravity 1.78 g/cc, average size 0.5 X 4 mm) were used as raw materials. The pellets were
dried in an oven at 50—75 °C for 30 min prior to processing. HP was performed at 220°C and 60
MPa using a stainless-steel mold (30 X 50 X 15 mm). Uniaxial hot-pressed films were prepared
with dimensions of 15 X 15 mm, while biaxial hot-pressed films measured 15 X 15 mm. Cooling
was carried out inside the mold to room temperature to maintain structural integrity. Film thickness
varied depending on pellet mass and mold size. Each sample was fabricated in triplicate to ensure
reproducibility.

2.1 Preparation of PVDF films by uniaxial and biaxial pressing

The experiments were performed using the hot press method shown in Figure 2. PVDF pellets
were dried in an oven at 50-75°C for 30 minutes before pressing. The pellets were melted at 1 80°C
for approximately 50 minutes on a flat plate heater. The molten PVDF was then inserted into a
stainless-steel Mold (dimension: 30 x 50 x 15 mm), which could be pressed between the hot plates
of a hydraulic press machine. The HP machine melted the PVDF pellets while forming the material
uniformly. The PVDF pellet was pressed into the stainless-steel Mold at a pressure of 60 MPa. The
pressure exerted on the pellets and the mold design are the primary variables that can significantly
influence the final thickness of the PVDF membrane. After taking off, the membrane is prepped for
biaxial HP at 15 x 15 mm and for uniaxial HP at 15 x 30 mm. The thickness of the PVDF films was
measured using a digital micrometre (Elcometer 456 model EF1, London, Britain) at five different
positions for each sample to ensure uniformity. The thicknesses of UHP, uniaxial HP, and biaxial

HP  samples were documented as 1500 um(£1.00um), 450um(£1.00um), and
330um(+1.00pm), respectively. The high-pressure compression process was performed at 60 MPa

and 220°C for both uniaxially and biaxially pressed samples. Finally, the PVDF samples were cooled
inside the press Mold until they reached room temperature.
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Figure 2. Schematic of the fabrication of PVDF film by Hot Pressing (HP)
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2.2 Characterization and measurements

The crystalline phases of PVDF processed by uniaxial HP and biaxial HP were investigated using
FTIR spectroscopy (Jasco FTIR-5000, Tokyo, Japan) in the wavenumber range of 600—1500 cm™.
The fraction of the electroactive [3-phase was estimated based on the characteristic absorption bands
of the a and {3 phases. The crystal structure and degree of crystallinity were analyzed using X-ray
diffraction (XRD, Siemens D5000 Diffractometer, German) with Cu-Ka radiation (A = 1.54 A),
collected over a 20 range of 5°-80° with a step size of 0.02°. The output voltage was measured
using an impact-force test to assess the piezoelectric properties.

2.3 Output Voltage response

The piezoelectric coefficient (ds;) is used as a performance index for PVDF film, which is measured
using an impact force test [13], [20]. The drop impact tests are illustrated in Figure 2(a). A steel
ball with a diameter of 0.018 m and a mass of 0.0237 kg is dropped from a height of 0.015 m onto
the surface of the PVDF sensor sample, which has been coated with silver ink as the electrode. A
guide plastic tube was used to keep the steel ball's direction perpendicular to the PVDF surface.
Energy transformation occurs when the potential energy of a steel ball is converted into kinetic
energy upon impact; the impact energy can be calculated to be 3.49 m], which is used to measure
the piezoelectric coefficient (ds;) from the output voltage generated. As shown in Fig. 3, a thin layer
of silver ink was coated on the top and bottom surfaces of the pressed PVDF film as an electrode

layer and wiring system for electrical response measurements.
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Figure 3.  The schematic of the setupj impact force method for measuring the output voltage and
Piezoelectric coefficient (d;;) based on the principle of energy conversion [13]

The piezoelectric coefficient (ds;) along the poling direction can be calculated by [7].

CXV A
d33=F2= . ,Where(,’:erso? (1)

i i

where Q represents the direct charge measurements which are obtained from direct charge
measurement by recording the voltage drop across a known shunt resistor R, to determine the
Current I(t)=Vy (t)/R,. The total charge is then calculated as: Q = f [(t)dt; Here, F represents
the applied force on the sample measured using an inline force sensor, from which the force—time
history F(z) is obtained and the peak force F,., is extracted. C is the capacitance of the PVDF film;
V is the measured output voltage response; €, is relative permittivity with a value of 12; &, (8.854
x10"* F/m) is the permittivity of free space; A is the effective surface area of the electrode with
width (w) =10 mm and length (1)=15 mm; t is the film thickness.
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3. Results and discussion

XRD is used to determine and characterize the diffraction planes of a and b phases, and to assess
crystal orientation in the PVDF sample, as shown in Fig.4. It can be observed that PVDF UHP
showed a less intense peak than PVDF uniaxial and biaxial hot-pressing. The results are almost the
same as the previous work [13], [21] that mentioned that PVDF with a monoclinic structure of a-
phase was found in two intense peaks at positions of 20 = 18.13 (100), 18.83 (021) and 20.86
(020). On the other hand, two peaks of a-phases were found at 27.86 and 39.18 relative to
diffractions in planes (111), (021), and (002), respectively. The phase of UHP PVDF is controlled
by a -phase. In addition, the fraction of b-phase presents a superposition of peaks at 20.86
corresponding (110) crystalline plane. Samples of PVDF were prepared by uniaxially and biaxially
hot-pressing, and the presences of a and [3-phase have different peak intensity positions around 2q
=17.52 to 20.13°, corresponding to diffractions in crystalline planes (020) and (200), respectively.
For the sample with uniaxial HP, the peaks at 2q =17.52° (020), 18.22° (021), 26.47° (021), and
38.58° (002) corresponded a-phase, and 20.00° (110, 200) for b-phase. Meanwhile, the sample
with biaxial HP shows the characteristics of a and b-phases similar to the uniaxial HP, as well as the
peaks at 2q =17.82° (100), 18.58° (100), 26.47° (021), 39.03° (021). It is suggested that this was
caused by the rearrangement of the PVDF macrostructure in the crystalline phase at high

temperature and pressure. The enhancement of the 3-phase in biaxial HP is attributed to the multi-
directional mechanical stress that induces molecular chain stretching along two axes. This biaxial
deformation facilitates the rotation of the C-F dipoles more effectively than uniaxial stress, forcing

the polymer chains to transition from the coiled TGTG' (@) to the extended TTTT (f)
conformation [7], [8]. In contrast to UHP samples, where chains exhibit random orientation, the
biaxial stress distribution provides the requisite energy to overcome steric hindrance, thereby
facilitating dipole alignment. This, in turn, results in enhanced crystallinity and augmented
piezoelectric activity.

20.13

26.47 39.03

\ (c) Biaxial HP -

Intensity (a.u)

(b) Uniaxial HP

27.86 39.18

\ (a). PVDF UHP

5 10 15 20 25 30 35 40 45 50
20(°)

Figure 4. XRD spectra of the PVDF film (a) PVDE UHP (b) Uniaxial HP (c) Biaxial HP

Table 1 shows the diffraction of crystal planes o and [ for each sample of PVDF UHP, uniaxial,
and biaxial HP, and compares with previous studies.

125



https://unp.ac.id/
https://creativecommons.org/licenses/by/4.0/

© The Author(s)
Published by Universitas Negeri Padang.

This is an open-access article under the: https: //creativecommons.org/licenses/by/4.0/

Teknomekanik, Vol. 9, No. 1, pp. 121-136, February 2026
e-ISSN: 2621-8720 p-ISSN: 2621-9980

Table 1.  Diffraction Crystal Plane and angles of different phases for UHP, Uniaxial HP and
Biaxially HP of PVDF Film

Hot o B o B
Press 20 Crystal 79  Crystal 20 Crystal 79  Crystal
Method ©) plane ©) plane ©) plane ©) plane
Present Study Reference [6], [13], [22], [23]
18.13 (100) (110)
PVDF  18.83 ©021) o (110) 200,
UHP  27.86 (111) (200)  17.66, (10,
39.18 (002) 18.30, (100) 2010 (200)
17.52 (020) 19.90, (020) ‘
L 18.22 (021) 1oy 2026 (119)
Uniaxial- g 77 110y 2000 1O o656 0ary 2070 CUO)
HP (200) 20.80 (110)
26.47 (021) 27.80, (1) 5000 oo,
38.54 (002) 3570, (200) 30 o)
17.82 (020) (002) 200,
Biaxial  18.5826.47 (021) . (110)  39.00. 020,
HP  39.03 (111) (200) (o1,
(002)

3.1 Degree of crystallinity

To determine the level of crystallinity index (Xc) and the fraction of o and B phases PVDF in the
sample, the XRD peaks were fitted by using Gaussian curves of Origin Pro Software as shown in
figure 5. The degree of crystallinity is defined as the ratio of crystalline peaks + crystalline
amorphous peaks. The degree of crystallinity was calculated using equation (2) [24]:

Degree of crystallinity (Xc) = % X 100% (2)

where S, and S, represent the sum of areas of the crystalline planes and amorphous peaks in XRD
diffraction peaks, respectively.

Degree of crystallinity (X¢) for all PVDF samples processed by unhot-pressing, uniaxial and biaxial
HP is summarized in table 2. Compared with the unhot-pressing sample, the uniaxial and biaxial
HP PVDF samples exhibit slightly higher crystallinity. The increase in PVDF crystallinity after HP
is due to thermally activated chain mobility combined with pressure-assisted molecular packing. At
high temperature, mobility promotes the rearrangement of PVDF chain segments from disordered
amorphous regions to ordered crystalline lamellae. High pressure simultaneously reduces free
volume and strengthens intermolecular interactions, leading to denser chain packing [25], [26]. This
mechanism primarily promotes the growth and perfection of pre-existing crystallites, rather than
facilitating extensive grain recrystallization. The result is a moderate yet consistent increase in
crystallinity, typical of PVDF annealing, rather than simple melt recrystallization. To maintain the
crystal domain and reduce lattice defects, optimal HP variable setting promotes the densification of
the polymer matrix. While the entire degree of crystallinity is the same, the enhancement of crystal
and molecular orientation is major significance [27]. The rise of piezoelectric properties is due to

structural improvements that favour the 3-phase and facilitate effective dipolar alignment [1].
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Figure 5.  XRD fitted spectra: (a) UHP, (b) uniaxial HP, and (c) biaxial HP

Table 2. Degree of crystallinity calculated crystalline and amorphous peak

No Process Degree of crystallinity (%)
PVDF UHP 45
2 PVDF Uniaxial HP 48
3 PVDF Biaxial HP 49

3.2 Fast Transform Infrared Spectroscopy (FTIR)

FTIR analysis was carried out in the range of 600~1500 with a resolution of 1 cm™' region of PVDF
UHP, uniaxial HP, and biaxial HP, as shown in Fig.6. FTIR is a significant tool for examining the
fraction of b-phase content, a-to-b-phase transformation, and the dipole orientation in the PVDF.
In general, the characteristic peaks of the a-phase are very easily detected by FTIR absorption
because it has vibration bands, suchas at 489, 614,763, 855, and 979 cm . Similarly, some previous
work reported that the strong peak at 840 cm™ is a characteristic of the b-phase [21], [28]. Table 3
shows the characteristic absorption bands of each crystalline phase of the samples. By mean FTIR,

the quantity of B-phase content in each sample of PVDF can be calculated with equations 3 [28]:

__Xg _ Ag _ Ap
Fp) = Xa+Xp  (Kp/Ka)AgtApg  (1.26)Aq+Ag G

Where F(B), represents the B-phase content (%), and K, = 6.1x10* and Kp =
7.7 x10* cm? /mol ™! are the values of absorption coefficients at the respective wavelength of
the number range of 763 -1500 cm™' shown in Fig.6. Where Xy, Xp is the crystalline mass fraction
of o phase and 3 phase. Agand Ap represents the absorption band peaks at 763 and 840 cm!, as

summarized in Table 3. Meanwhile, uni- and biaxial HP have a slightly higher fraction of (3-phase
than PVDF UHP. It is indicated that high pressing can lead to improving the content of the fraction

B-phase.

The increase in B-phase content induced by HP is attributed to the combined effects of thermal
activation and compressive stress, which enhance molecular chain mobility and favor the all-trans
(TTTT) conformation characteristics of the $-phase. HP has been shown to enable o/ to $-phase
transformation and improve crystallinity by facilitating effective rearrangement of polymer chains
under heat and pressure conditions [8], [30]. The higher absorption intensity at 840 cm™" observed
for biaxially HP PVDF reflects an increased density and alignment of polar dipoles, which directly
contributes to enhanced piezoelectric performance [8], [21]. This structural evolution provides a
clear physical basis for the superior dzz values and output voltage response, as improved dipole
orientation maximizes charge generation under applied mechanical stress, thereby increasing the
sensitivity and efficiency of the piezoelectric device [31].
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Figure 6. FTIR absorption spectra of PVDF UHP, Uniaxial HP and Biaxial HP
Table 3.  The characteristics of FTIR absorption peak of o and 3 phases of PVDF UHP, Uniaxial
HP and Biaxial HP
Hot Wave number (cm™) Fraction
press a B a B orf-
method Present Study Reference [6], [7], [28], [29] F}é (%)
760, 793, 410, 531, 442, 468,
SVDE 869, 973, 615, 763, 510, 600,
U 1064, 1144, 840, 1290 764, 765, 742, 838, 47.80
1177, 1209, 766, 795, 840, 842,
1380, 1400. 796, 854, 849, 880,
760, 793, 855, 870, 882, 1234,
U] 55 569, 875, 970, 1275, 1278,
HP 973, 1064, 840, 1290 976, 1067, 1280, 1290, 49.30
1145, 1177, 1175, 1210, 1335, 1430
1210, 1380, 1401 1215, 1383,
760, 793, 1385, 1402,
852, 868, 1430, 1432,
Biaxial HP 973, 1066, 840, 1291 1455 50.47
1144, 1177,

1209, 1380, 1400

3.3 Output Voltage response

The output voltage responses of PVDF UHP, uniaxial HP, and biaxial HP under different impact

forces are shown in Fig.7. Fig. 7(a) shows an example output voltage response of a PVDF film

sensor that was recorded for each dropped steel ball usinga DSO6034A Agilent digital oscilloscope.
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Figure 7. Piezoelectric characterization: (a) Peak-to-peak output Voltage response of the PVDF
sensor recorded via oscilloscope, and (b) quantitative comparison of the average
output voltage across different processing conditions during the impact test

The fluctuating voltage shifts is an important indicator of performance for many PVDF membrane
system for sensor, actuator, and energy harvesting. The sensor produces a distinct quasi-AC signal,
as shown in Fig. 7(b), where the peak-to-peak (Vpp) rises in direct correlation with the impact and
release encountered. The impulsive loading phase produces positive voltages, and the unloading
phase, also called voltage release, follows with negative peaks. In comparison to uniaxial and
standard samples, membranes fabricated with biaxial HP considerably outperform them with a Vpp
range of 0.1 to 0.35 mV. In addition, after 50 loading-unloading cycles. Biaxial HP samples show
minimal signal attenuation, demonstrating superior cyclic stability. It is evident from this resilience
that structural relaxation and dipole randomization are greatly reduced, caused by
thermomechanically induced crystal stability and molecular alignment acquired by biaxial
compression. To enhance the structure-property connection of PVDF, the result demonstrate that
biaxial HP is the optimal processing technique. Simultaneously, raising the B-fraction and dipole
alignment produces a robust piezoelectric response, which is well suited for sensitive sensing.

3.4 Sensitivity of PVDF film sensor
The important parameter that should be considered in a sensor is sensitivity and accuracy. The

sensitivity of the PVDF film sensor is defined as the ratio of the output voltage response (V) to the
input impact force F acting on the PVDF, and can be calculated by using the equation [7], [20].

*)

__ Outputvoltage _ V ( Volt )

input force F \Newton

: : : : 018 . i i
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Figure 8.  Sensitivity (V/N) Vs Impact force (N)
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The responsiveness of the PVDF membrane sensor has been verified by measuring the voltage
response to applied impact load. Fig. 8(a) shows that the peak-to-peak output voltage (Vpp) exhibits
a linear relationship with rising-trend forces, with proportional electromechanical behaviour over
the evaluated force range. Furthermore, Fig. 8(b) shows the sensitivity analysis across two regimes.
The increase in sensitivity in the lower force range (7.35-12.2 N), and a sustained elevation of
sensitivity in the higher force range (23.39-64.24 N). The observations demonstrate that the
fabrication membranes exhibit significant responses across a range of forces, especially in low-force
applications. Analysis of force-related behaviour shows that mechanical attenuation in thicker PVDF
sheets reduces the signal response under increased stress, thereby limiting linearity at higher forces.
Conversely, the biaxial HP PVDF showed greater retention of sensitivity under increased applied
stress, indicating improved structural stability and resistance to stress-induced depletion. This
phenomenon may result from mechanical alterations at the crystalline amorphous interface caused
by biaxial HP, which seems to delay the emergence of non-linear electromechanical behaviour and
enhance interface strength. Furthermore, the findings indicate that the produced PVDF films are
suitable for low-force sensing applications, such as tactile sensors, wearable sensors, and impact
monitoring systems. The biaxial HP arrangement exhibits an ideal equilibrium on sensitivity,
linearity, and mechanical strength, making it the preferred option for sensitive force-detection
applications.

3.5 Piezoelectric properties (ds;)

Piezoelectric coefficient (d;;) measurements from uncompressed PVDF membranes and hot-
pressed specimens are shown in Fig.9. The standard deviation results show a gradual increase in ds;
across the three treatment conditions. The untreated baseline membrane had d;; of 17.046 = 0.065
pC/N, but after uniaxial HP, it elevated to 18.287 £ 0.073 pC/N. The biaxial HP setting produced
the strongest piezoelectric response (18.537 £ 0.093 pC/N). In the measurement distributions,
the data scatter for baseline and hot-pressed specimens overlaps little, suggesting that the reported
improvements are microstructural alterations rather than noise or statistical deviations. Hot-
pressings boosts are reproducible and systematic, as seen by the procedure sample separation across
repeated measurements. These findings present that HP can improve the PVDF sample's
electromechanical response. The thermal and mechanical approach for controlled adjustment of
piezoelectric characteristics in membranes is reliable due to the consistency and magnitude of the
d;; amplification, as well as the non-overlapping measurement distributions.
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The found improvement in piezoelectric performance corresponds with recognized structure-

property connections in PVDF, where the development and presential orientation of the polar [3-
phase are the principal factors driving enhanced piezoelectric response [30]. The orientation of
molecular dipoles in this crystalline phase is crucial to the sensor's overall electromechanical
efficiency. In contrast to uniaxial HP, the biaxial method produces a more isotropic in-plane stress
distribution, promoting homogeneous crystalline phase formation and enhanced crystalline
consistency across the film thickness. This consistency in microstructural arrangement results in
increased functional stability and greater resistance to performance decline under mechanical stress.
To put into perspective the insight within the broader literature, Table 4 combines results from
leading thermo-mechanical HP studies of PVDF, offering a comparative analysis of essential
processing variables, including applied force, processing temperature, and their corresponding
effects on the resultant microstructural properties (3-phase fraction, overall crystallinity, and
piezoelectric properties). This result provides a basis for the selection of processing parameters used

in the current study and shows their conformity with the existing protocols for enhancing the
piezoelectricity of PVDF-based devices [18], [26], [32].

Table 4. Hot—pressing of PVDF: Processing parameters and structure—property outcomes

o/ AP 1 e B B g,
Method °C i ase LIy Y (pC/N :
etho (MPa) (°C)  (min) %) %) (pC/N)

PVDE/HP 0.1 180 180 90 39 13-28  [33]

110-

PVDE/HP 12.25 s 60 8241 Na Na [34]

PVDF

(Hot Rolling 5-40 200 120 ~97  ~47 ~30 (27]

Press)

PVDF 50 100 180 ~58 12 Na 8]

(HP)

PVDF

PVDE/ZnO 2 140— 15 Na 42-70 Na (36]

HP 185

P(VDE-TrFE)/ 10, 20, 80- 1, 15, 57.86, 62.82,

HP 30 140 30 66.33 (633 Na [37]

PVDE UHP 60 220 30 47.80 45 17.40  This

Uniaxial HP 4930 48 18.28  Work

Biaxial HP 50.47 49 18.57

Furthermore, HP promotes densification by removing voids and microstructural flow sheets
present in solution-cast or melt-pressed polymers. This densification mechanism enhances stress
transfer between crystalline domains and fortifies electromechanical coupling at the interface,
which aligns with previous research highlighting the essential role of microstructural continuity in
influencing the piezoelectric performance of PVDF-based systems [8]. The increased ds; values
found under biaxial HP circumstances can be ascribed to synergistic enhancements in both [3-phase
fraction, which exhibits an increase of around 3%, a slight alteration that is nonetheless closely
related to ds; to 18.537 pC/N. This correlation highlights the extent to which microstructural
ordering influences piezoelectric output in thermally and mechanically treated PVDF sheets.
Moreover, from a practical device standpoint, the recorded peak-to-peak voltage outputs (0.1-0.35
mV) signify a foundational performance appropriate for low-power sensing applications. Although
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the values are small, they can be incorporated into device topologies that include signal -conditioning
and amplification stages to ensure compatibility with common data acquisition systems and

microcontroller input standards.

The biaxial HP processing route offers a significant advantage by enabling the thermomechanical
process of dense, avoiding the handling complexities and scalability limitations inherent in solvent-
based techniques. The ease of processing offers a significant benefit for industrial applications. In
addition, the innovation of this study lies in revealing that biaxial HP can significantly improve the
piezoelectric properties of PVDF membranes through mechanical and thermal inputs markedly
different from traditional techniques. Although literature indicates that PVDF formulations can

achieve B-phase fractions greater than 80%, these outcomes generally result from chemically
intensive methods or sophisticated processing equipment, which frequently constrain practical
feasibility and longevity. The biaxial HP method examined herein attains a d;; of 18.537 pC/N,
nearing the efficacy of commercially available stretched film (~20 pC/N) [7], while preserving
operational simplicity and minimizing solvent-related environmental issues. Nevertheless, the
associated enhancement in overall crystallinity (around 4%) is modest, suggesting potential for
adding tuning. Future investigations should explore integrated methods to enhance [-phase
fractions and consequently improve piezoelectric properties.

4. Conclusion

Overall, this study successfully evaluated how stress distribution affects crystalline phase
development in PVDF membranes processed by biaxial HP to improve piezoelectric properties.
The results demonstrate that biaxial HP is more effective in promoting the 0-to-B-phase and
structural order as indicated by an increased B-phase fraction (Fg=50.47 %), and a piezoelectric
coefficient (d;;=18.8 pC/N), quasi-AC signal (Vpp=0.35 mV), and an increased degree of
crystallinity (Xc=49%). These results address a key gap in PVDF membranes processing by
providing quantitative evidence that multidirectional stress can improve polymer crystallization.
This increase is achieved without solvents or chemical additions using the biaxial HP technique, a
thermomechanical alternative to wet-phase routes.
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: Non-polar crystalline phase of PVDF

: Polar crystalline phase of PVDF (piezoelectric active phase)
: Piezoelectric coefficient (pC/N)

: Peak-to-peak output voltage (mV)

: Degree of crystallinity (%)

: Diffraction angle in XRD (degree)

: Temperature (°C)

: Applied pressure (MPa)

: film thickness (mm)

: Poly(vinylidene fluoride)

: Hot Pressing

: Unhot Pressing

: Fourier Transform Infrared Spectroscopy

: X-ray Diffraction

: relative permittivity

: permittivity of free space (8.854 x10"” F/m)
: generator electric

: Capacitance

: Output Voltage Response
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