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Abstract: The development of efficient, flexible, and sustainable energy-harvesting technologies is critical for powering
self-sufficient wearable electronics, biomedical sensors, and remote IoT systems. In this study, we present an advanced
auxetic laminar composite architecture that integrates piezoelectric polymer films—specifically P(VDF-TrFE) and
P(VDF-TrFE-CTFE)—with re-entrant honeycomb substrates fabricated using a UV-curable resin. The negative
Poisson’s ratio (NPR) behavior of auxetic structures was strategically employed to amplify in-plane mechanical strain
in the active piezoelectric layers, enhancing voltage output under uniaxial loading. The electrospun nanofibers exhibited
uniform, bead-free morphologies with preferential B-phase crystallinity, confirmed via SEM and wide-angle X-ray
diffraction (WAXD). Finite element simulations revealed strong stress concentration at re-entrant hinges and vertical
struts, with the degree of auxetic deformation increasing at larger monomer angles (55-65°) and thicker substrates.
Digital image correlation (DIC) analysis confirmed consistent deformation behavior and validated simulated strain fields.
Composite structures incorporating 5 mm-thick auxetic substrates and P(VDF-TrFE) films demonstrated superior
mechanical strength, enhanced interfacial stress transfer, and significantly improved voltage response compared to
P(VDF-TrFE-CTFE)-based systems. Experimental results showed that induced piezoelectric voltage increased
nonlinearly with applied force and excitation frequency, with P(VDF-TrFE) achieving up to ~250% output enhancement.
Simulated voltage outputs were in close agreement with experimental trends, supporting the design rationale. This work
demonstrates a scalable, low-toxicity, and recyclable design for flexible piezoelectric harvesters using mechanical
metamaterials. The integration of auxetic geometries with optimized piezoelectric polymers enables high sensitivity and
tunable mechanical-electrical coupling, aligning with sustainable development goals. These findings provide valuable
insights for designing next-generation flexible power sources for green energy applications.

Keywords: auxetic structures; piezoelectric polymers; flexible energy harvesting; P(VDF-TtFE); digital image
correlation

1. Introduction

The global transition toward sustainable and decentralized energy systems has accelerated research in flexible
and scalable energy-harvesting technologies. Among various transduction mechanisms, piezoelectricity has garnered
significant interest due to its ability to convert mechanical energy into electrical output without requiring external
power sources [1]. This property is particularly advantageous for powering self-sustained devices in applications such
as wearable electronics [2], biomedical monitoring [3], remote sensing [4], and the Internet of Things (IoT) [5]. The
core challenge, however, lies in developing energy harvesters that are not only efficient and durable but also
mechanically compliant, lightweight, and compatible with sustainable manufacturing processes [6].

Conventional piezoelectric materials like Pb(Zr,Ti;-x)O3 (PZT) offer high electromechanical coupling but
suffer from several drawbacks, including brittleness [7], toxicity [8], and poor compatibility [9] with flexible
substrates [10]. In contrast, piezoelectric polymers such as poly(vinylidene fluoride) (PVDF) [11] and its
copolymers—particularly poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] [12] and poly(vinylidene
fluoride-trifluoroethylene-chlorotrifluoroethylene) [P(VDF-TrFE-CTFE)] [13]—have emerged as leading
candidates for flexible and wearable energy devices [14]. These fluoropolymer-based materials exhibit intrinsic
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flexibility, moderate piezoelectric coefficients, low dielectric loss, and high mechanical strength, making them
ideal for conformal energy harvesters [15,16]. Furthermore, they are processable at relatively low temperatures
and can be fabricated via spin-coating [17], inkjet printing [18], screen-printing [19], or electrospinning [20],
enhancing their scalability and compatibility with green manufacturing techniques [21].

Despite their advantages, one of the main limitations of polymer-based piezoelectric devices is their relatively
low piezoelectric output compared to their ceramic counterparts [22]. Recent studies have shown that device
architecture and structural mechanics play a crucial role in determining the effective electromechanical coupling
of piezoelectric films [23]. Specifically, engineered microstructures can significantly amplify strain localization in
active layers, thereby enhancing charge generation [24]. One of the most promising approaches in this context
involves the use of auxetic structures—mechanical metamaterials that exhibit a negative Poisson’s ratio (NPR),
meaning they expand laterally when stretched longitudinally [25].

Auxetic structures have been widely explored in biomedical scaffolds [26], protective equipment [27], and
actuators due to their superior toughness [28], energy absorption [29], and deformation characteristics [30]. In the field
of piezoelectric energy harvesting, their unique ability to amplify strain under uniaxial loading offers a strategic pathway
to boost the local deformation of the piezoelectric film without requiring higher external loads [31]. By embedding
piezoelectric films within or on top of re-entrant or NPR substrates, the mechanical strain imparted during actuation can
be transferred more effectively into the active layer, thereby improving voltage output and sensitivity [32].

Theoretical models and simulations have supported the efficacy of auxetic geometries in stress concentration
and strain amplification [33]. For example, the Trigonometric Zigzag Theory and other analytical approaches have
illustrated how re-entrant honeycomb lattices concentrate mechanical energy at hinge points [34], especially as the
monomer angle approaches 60—70° [35]. This stress focusing effect can be tuned through design parameters such
as lattice angle [36], unit cell size [37], and substrate thickness [38]. Yet, translating these predictions into practical
energy harvesting systems remains a challenge due to fabrication constraints, variability in mechanical bonding,
and nonlinear effects introduced by polymer film mechanics [39].

Moreover, the interaction between the piezoelectric film and the auxetic substrate introduces complex
interfacial behaviors that govern device performance [40]. Issues such as delamination, interfacial strain mismatch,
and mechanical damping can limit voltage generation if not properly addressed [41]. Therefore, it is critical to
investigate not only the geometrical design but also the material compatibility and mechanical integrity of the
film—substrate interface.

In this work, we present a comprehensive experimental and computational investigation of auxetic laminar
composite structures based on P(VDF-TrFE) and P(VDF-TrFE-CTFE) films, aimed at enhancing piezoelectric
response for flexible energy harvesting. The composite structures incorporate re-entrant geometries with varying
monomer tilt angles (55°, 60°, 65°), fabricated using a thermosetting polymer resin as the substrate material. By
bonding piezoelectric thin films to substrates of controlled auxetic architecture and systematically varying the
design parameters, we investigate how geometric tuning influences mechanical stress transfer and electrical output.

Our approach combines finite element simulations, using detailed stress and displacement analyses, with
experimental validation via digital image correlation (DIC) and voltage response measurements under cyclic
loading. We further explore the role of polymer copolymerization by comparing P(VDF-TrFE) and its CTFE-
modified counterpart, P(VDF-TrFE-CTFE), which introduces additional molecular disorder and lowers the
modulus of the piezoelectric layer. This comparison allows us to probe the trade-off between mechanical flexibility
and electromechanical coupling, as well as the effects of interfacial adhesion.

The results reveal that P(VDF-TrFE) films bonded to auxetic substrates show superior strain amplification
and voltage response compared to P(VDF-TrFE-CTFE), particularly at monomer angles around 60—65°. The
increased stress localization, observed both in simulation and experiment, is attributed to improved mechanical
compatibility and load transfer at the film-substrate interface. Meanwhile, DIC analysis provides spatial mapping
of deformation fields that align well with finite element predictions, validating the structural design principles.

Beyond performance metrics, the materials and methods used in this study offer advantages in sustainability
and scalability. The use of recyclable fluoropolymers, low-temperature fabrication, and mechanically tunable
polymer substrates align with green manufacturing goals. The demonstrated device architecture is compatible with
large-area processing and could be integrated into wearables, soft robotics, or environmentally powered sensors
for remote applications.

Several prior studies have explored auxetic structures to enhance mechanical deformation in flexible devices.
However, most have focused either on bulk elastomers or conventional piezoelectric films. For example, some works
investigated 3D p-printed PVDF-based auxetic metamaterials but did not employ electrospun nanofiber architectures,
thereby limiting surface area and interfacial charge density [42]. Similarly, other studies optimized auxetic plates for
energy harvesting but relied on laminated ceramic composites, which have limited flexibility [43].
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In contrast, our approach uniquely integrates electrospun P(VDF-TrFE) nanofibers with re-entrant
honeycomb auxetic substrates, combining high -phase crystallinity, enhanced strain amplification, and superior
interfacial bonding. This combination allows for tunable mechanical-electrical coupling not previously
demonstrated. Moreover, our voltage output enhancement (~250%) under low-frequency loading outperforms
prior nanogenerator systems with static or linear geometries, supporting the effectiveness of auxetic laminar design
in dynamic energy applications [31].

Among the available fabrication techniques for piezoelectric polymer films, electrospinning was selected in this
study due to its unique ability to generate continuous nanofibers with high surface area, intrinsic flexibility, and
enhanced B-phase crystallinity, all of which are critical for achieving high piezoelectric performance. Compared to
solvent casting and film stretching, which often yield isotropic films with lower polar phase content, electrospinning
can induce chain alignment and molecular orientation through high-voltage jet formation, promoting strong dipole
ordering in poly(vinylidene fluoride) (PVDF)-based copolymers [44]. Template-assisted growth methods can
produce vertically aligned structures but are limited in scalability and mechanical flexibility [45].

Recent studies further highlight the effectiveness of electrospinning in enhancing B-phase content and
piezoelectric output, as seen in applications ranging from flexible sensors to energy harvesters [46—48].
Additionally, nanofiber mats produced via electrospinning offer superior mechanical compliance and
stretchability, which are beneficial when integrated with auxetic substrates. Overall, electrospinning provides a
scalable, low-cost, and highly tunable platform for the fabrication of high-performance piezoelectric films [49].

In summary, this study demonstrates a novel pathway for enhancing the piezoelectric performance of polymer-
based energy harvesters through the rational design of auxetic laminar composites. By integrating computational
mechanics, materials science, and experimental validation, we provide design guidelines and foundational insights
for next-generation energy harvesting devices that are both flexible and sustainable—advancing the goals of
decentralized, clean energy systems championed by Green Energy and Fuel Research.

2. Experimental Section

2.1. Materials

Two piezoelectric polymers were used as active sensing layers: P(VDF-TrFE) (VDF/TrFE = 75/25 mol%)
and P(VDF-TrFE-CTFE) (VDF/TrFE/CTFE = 65.4/26.2/8.4 mol%), both supplied by PiezoTech (Arkema Group,
Colombes, France). The compositions of P(VDF-TtFE) (75/25 mol%) and P(VDF-TrFE-CTFE) (65.4/26.2/8.4 mol%)
were selected because these ratios are known to exhibit stable ferroelectric and relaxor ferroelectric characteristics,
respectively, offering an optimal balance between polarization performance, mechanical flexibility, and dielectric
response for piezoelectric energy harvesting applications. The solvents used for solution preparation were
dimethylacetamide (DMAc) and methyl ethyl ketone (MEK). A flexible UV-curable resin (Prusament Resin Flex80,
Prusa Research, Prague, Czech Republic) was selected to fabricate the auxetic substrate.

2.2. Fabrication of Piezoelectric Films

Electrospinning was used to fabricate the piezoelectric films. A 13 wt% polymer solution was prepared by
dissolving the copolymer powder in a DMAc/MEK mixture (6:9 g ratio), stirred at 60 °C for 5 h. The solution was
loaded into a 10 mL syringe fitted with a 20G stainless-steel needle and electrospun using a KD Scientific syringe
pump at a flow rate of 1 mL/h. A DC voltage of 18 kV was applied between the needle and a rotating aluminum-
coated PET collector positioned 18 cm away. The collector rotated at 200 rpm to encourage uniform fiber
deposition and in-plane alignment.

2.3. Design and Fabrication of Auxetic Substrates

Auxetic structures with re-entrant honeycomb geometry were designed using AutoCAD 2023 and modeled
in SolidWorks 2023. Three monomer tilt angles were considered: 55°, 60°, and 65°, with an overall specimen size
of 120 mm % 63 mm and thicknesses of 1 mm and 5 mm. The 3D models were sliced using CHITUBOX software
and printed using an LCD 3D printer (Phrozen, Hsinchu, Taiwan) with layer thickness 0.5 mm and exposure time
15 s per layer.
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2.4. Assembly of Composite Laminar Structures

The electrospun piezoelectric films were cut into rectangular shapes and laminated onto the printed auxetic
substrates. Copper tape was attached to both surfaces as electrodes. The edges were sealed with polyimide (PI)
film to provide electrical insulation and enable voltage measurements during testing (Figure 1).

Syringe  Polymer solution

(a)

Spit
\
F Tl =

(e

Copper adhesive
Electrospun thin film

Tensile structure substrate

Figure 1. Schematic of the device system: (a) Electrospinning setup for nanofiber fabrication. (b) Tensile structure
layout with kirigami-inspired pattern. (¢) Exploded view of device layers: copper adhesive, electrospun film, and
substrate. (d) Photograph of the fully assembled flexible device.

2.5. Structural and Morphological Characterization

SEM Analysis: The morphology of electrospun fibers was observed using a JSM-7100F scanning
electron microscope after sputter-coating with gold. Images were analyzed using ImageJ to determine fiber
diameter and orientation.

XRD Analysis: Crystallographic characterization was conducted using wide-angle X-ray diffraction
(WAXD) at the TLS-BLO1C2 beamline of the National Synchrotron Radiation Research Center (NSRRC),
Hsinchu, Taiwan.

2.6. Mechanical and Finite Element Simulations

Finite element simulations were performed using SolidWorks Simulation to analyze stress and displacement
distributions within the multilayer composite under tensile loading. Material properties, such as Young’s modulus,
density, and Poisson’s ratio, were entered as shown in Table 1. One end of the model was fixed while a tensile
load was applied to the other, simulating real tensile conditions. Mesh generation was optimized for accuracy
around stress-concentration zones.

Table 1. Material parameters for finite element analysis.

Young’s Modulus Mass Density

Material Yield Strength (N/mm?) Poisson’s Ratio Ref.

(N/mm?) (kg/m®)
P(VDF-TrFE) 20.8 195 27.5 0.3 [50]
P(VDF-TrFE-CTFE) 9.8 102 25 0.48 [51]
Resin Flex80 17.87 1114 142.96 0.2 [52]

2.7. Digital Image Correlation (DIC) Analysis

DIC was used to evaluate real-time deformation and strain distribution in the composite samples during
tensile loading. Speckle patterns were applied to the sample surface, and images were captured at various strain
levels using a smartphone-based dual-camera setup. One camera was aligned with the sample front to capture
high-resolution deformation videos, while a second device was used to control lighting and exposure. The
mechanical loading was applied using a universal testing machine (HT-2402, COMPUTER UNIVERSAL
TESTING MACHINES). The camera setup was stabilized using a custom holder aligned orthogonally to the
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specimen. The captured video frames were processed using the Vic-3D software to compute displacement fields
and extract strain maps.

2.8. Piezoelectric Response Testing

The piezoelectric output was measured under varying uniaxial tensile forces (25—45 N) using a custom-built
testing rig. The voltage output was recorded using a digital oscilloscope. Multiple tests were performed to evaluate
the repeatability and stability of the piezoelectric response across different angles and materials. Both center strain
and electrical output were correlated to quantify the enhancement due to auxetic geometry.

3. Results and Discussions

3.1. Morphological and Fiber Alignment Analysis

SEM imaging and statistical analysis (Figure 2a—f) reveal the morphological features and fiber alignment
characteristics of both P(VDF-TrFE) and P(VDF-TrFE-CTFE) electrospun films. The SEM micrographs (Figure 2a,d)
confirm the formation of uniform, bead-free nanofibers, indicating stable electrospinning parameters. The corresponding
diameter distribution histograms (Figure 2b,e) show that both materials possess nanofiber diameters primarily within
the 500-600 nm range, with P(VDF-TrFE) exhibiting a slightly broader and more heterogeneous distribution compared
to P(VDF-TrFE-CTFE). The smaller and more uniform diameters observed in the CTFE-modified terpolymer are
attributed to its enhanced chain mobility and localized molecular disorder introduced by CTFE units, which promote
more homogeneous jet elongation and tighter packing during fiber formation [53,54].
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Figure 2. Morphological and fiber alignment analysis of electrospun films: (a) SEM image of P(VDF-TrFE); (b)
Fiber diameter distribution; (¢) Fiber orientation plot; (d) SEM image of P(VDF-TrFE-CTFE); (e) Fiber diameter
distribution; (f) Fiber orientation plot.

Fiber orientation behavior is depicted in the polar plots (Figure 2c,f). These plots represent the angular
distribution of fiber alignment with respect to the collector’s rotation direction. Both materials display a
predominantly random orientation pattern, with marginally improved directional alignment in P(VDF-TrFE-CTFE)
compared to P(VDF-TrFE). Quantitative analysis using the order parameter .5’ = 2(cos’>#) — 1 yielded S = 0.36 for
P(VDF-TrFE) and S = 0.43 for P(VDF-TrFE-CTFE), confirming a weak but measurable improvement in fiber
alignment in the terpolymer film.

This slight increase in alignment for P(VDF-TrFE-CTFE) may enhance load transfer and dipole orientation
under mechanical deformation, resulting in minor improvements in piezoelectric and mechanical performance.
However, given the relatively low order parameters, fiber alignment plays a secondary role compared to the
geometrical effects induced by the auxetic substrate in determining the overall electromechanical response.
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3.2. Wide-Angle X-Ray Diffraction (WAXD) Peak Analysis

WAXD was employed to examine the crystalline structure and orientation of electrospun P(VDF-TrFE) and
P(VDF-TrFE-CTFE) films. As shown in Figure 3a,d, both samples display concentric ring patterns in the 2D
diffraction images, confirming polycrystalline domains with largely random orientation. Notably, the P(VDF-
TrFE-CTFE) sample exhibits sharper and more intense rings, suggesting enhanced crystallinity.

To analyze crystal orientation, the 2D diffraction data were azimuthally integrated at 30° intervals. The resulting
contour plots (Figure 3b,e) illustrate angular peak intensity variations, with both materials showing similar reflections.
However, stronger B-phase peaks in P(VDF-TrFE-CTFE) indicate improved molecular ordering.

The 1D integrated diffraction profiles and fitted peaks are shown in Figure 3c,f, with corresponding
quantitative data summarized in Table 2. While both samples exhibit a mix of a and B crystalline phases, P(VDF-
TrFE-CTFE) demonstrates a distinct increase in -phase content, particularly § (200) and  (111), and lacks the a
(002) peak observed in P(VDF-TrFE). This shift supports a transition toward B-phase dominance in the CTFE-
modified film.

Table 2 also shows that P(VDF-TrFE-CTFE) has a lower amorphous content and higher overall crystallinity
(59.48%) compared to P(VDF-TrFE) (52.42%). These improvements are attributed to the presence of CTFE,
which enhances molecular packing and promotes ordered phase formation during electrospinning.
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Figure 3. WAXD analysis of electrospun nanofibers: (a,d) 2D diffraction patterns; (b,e) Polar contour plots of
intensity; (c,f) 1D diffraction profiles showing crystalline vs. amorphous phases.

Table 2. Parameters used in finite element analysis.

Material 0. (110) (%) B (200) (%) B (001) (%) @ (002) (%) B (111) (%) Amorphous (%) Crystallinity (%)
P(VDF-TtFE) 15.42 20.06 421 0.29 12.44 47.58 52.42
P(VDF-TtFE-CTFE)  6.46 29.8 3.67 - 19.52 40.52 59.48

3.3. Finite Element Analysis (FEA) Simulation Results

Finite element simulations were performed in SolidWorks to assess deformation and stress distribution in re-
entrant auxetic structures subjected to uniaxial tension (Figure 4a,b). The simulations confirmed characteristic
negative Poisson’s ratio (NPR) behavior, with axial stretching in the X-direction inducing lateral expansion in the
Y-direction. Monomer angles of 55°, 60°, and 65° yielded simulated Poisson’s ratios of —1.32, —1.71, and —2.16,
respectively, in close agreement with theoretical values, with minor deviations attributed to mesh discretization
and boundary conditions. Stress concentrations were predominantly observed at the re-entrant hinges and vertical
struts, aligning with findings by Pothier et al. [55].

To further illustrate these behaviors, Figure 5 presents representative stress and displacement distributions
for both P(VDF-TrFE) and P(VDF-TrFE-CTFE) composites at a 65° monomer angle. Subfigures show the von
Mises stress (a,e), displacement in the Y-direction (b,f), X-direction (c,g), and total displacement (d,h). These
visualizations demonstrate more pronounced deformation in the P(VDF-TrFE-CTFE) film, but higher stress
transfer in the P(VDF-TrFE) composite.
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Figure 4. Tensile simulation setup: (a) Schematic of test configuration. (b) SolidWorks model of tensile structure.

(a) i (b)

Figure S. Finite element simulation of composites at 65° monomer angle: (a—d) P(VDF-TrFE); (e-h) P(VDF-
TrFE-CTFE). Outputs include: (a,e) von Mises stress; (b,f) Y-displacement; (c,g) X-displacement; (d,h) total
displacement. (Error bars represent + standard deviation; n = 3 independent tensile tests.).

For comparison, the theoretical Poisson’s ratio (vf) of the re-entrant honeycomb auxetic structure was derived
based on the classical geometric model proposed by Gibson and Ashby [56]. This model relates the macroscopic
deformation behavior of an auxetic unit cell to its geometric parameters, particularly the re-entrant angle (6). The

general definition of Poisson’s ratio is expressed as:
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V== ()

where &, and ¢, represent the axial and lateral strains, respectively. By combining this definition with the

geometric relationships of the re-entrant unit cell, the theoretical Poisson’s ratio can be expressed as:

. 5 2 ,Sin?0 2
(smt9+0()(a2 + cos“0 + fB)

v=- 2

2
2(B — cosﬁ)z(coj2 0 + sin20)

Here, o and f are dimensionless geometric parameters that define the ratio of strut length and cell wall
thickness, capturing the effect of cell geometry on the deformation mechanism. This relationship predicts that as
6 decreases, the structure exhibits a more negative Poisson’s ratio, which is a hallmark of auxetic behavior.

In the SolidWorks simulation, static displacement analysis was carried out using the Uniformly Reduced
Equivalent Stress (URES) method. The total displacement magnitude is computed as:

U] = J(Ux)z + (U,)2(U,)? 3)

The displacement fields obtained from the simulation were used to calculate the lateral and axial strains
according to Equation (1), enabling a direct comparison with the theoretical predictions from Equation (2). For re-
entrant angles of 55°, 60°, and 65°, the theoretical Poisson’s ratios were —1.32, —1.71, and —2.16, respectively, while
the corresponding finite element results were —1.36, —1.81, and —2.55. The close agreement between theory and
simulation confirms the validity of the analytical model, with minor deviations (2.94%, 5.52%, and 15.29%,
respectively) attributed to boundary constraints, mesh discretization, and geometric simplifications in the FEA model.

To explore the influence of material composition and geometry, simulations were extended to composite
configurations incorporating P(VDF-TrFE) and P(VDF-TrFE-CTFE) interlayers between auxetic resin substrates.
Results for both materials under various monomer angles and substrate thicknesses are summarized in Table 3.
For 1 mm-thick substrates, only minimal or no auxetic behavior was observed (Poisson’s ratio near zero to positive,
~0.22-0.60), indicating limited lateral expansion. However, increasing substrate thickness to 5 mm significantly
enhanced auxetic performance.

Table 3. FEA results comparing auxetic performance of P(VDF-TrFE) and P(VDF-TrFE-CTFE) composites at
different monomer angles and substrate thicknesses.

Substrate von Mises

. , .
I\A/[gnfenzg; Thickness Material P(}gst(;:: s Stress Deformation Intffl{':?lilt;; trress C?;Ch;lillﬁﬁ:
g (mm) (N/mm?) P y
55° 5 P(VDF-TrFE) —0.49 5.87 x 106 Higher Better Higher
P(VDF-TrFE-
o — 6
55 5 CTFE) 0.51 1.17 x 10 Lower Weaker Lower
60° 5 P(VDF-TrFE) -1.62 8.15 x 10° Higher Better Higher
o P(VDF-TrFE- _ 6
60 5 CTFE) 0.70 1.40 x 10 Lower Weaker Lower
65° 5 P(VDF-TrFE) -1.90 1.52 x 107 Higher Better Higher
o P(VDF-TrFE- _ 6
65 5 CTFE) 1.04 2.46 x 10 Lower Weaker Lower
Any angle 1 Both Materials  0.22—0.60 - Minimal Minimal Weak

At larger monomer angles, both materials demonstrated stronger NPR responses, with P(VDF-TrFE)
consistently exhibiting greater deformation and more negative Poisson’s ratios than P(VDF-TrFE-CTFE). This
trend is supported by the von Mises stress values, which increased with monomer angle and were higher in the
P(VDF-TrFE) configurations, reflecting stronger strain amplification. These differences are attributed to the higher
modulus and better mechanical compatibility of P(VDF-TrFE) with the substrate, enabling more effective stress
transfer and structural cohesion.

Simulation snapshots, including detailed stress and displacement maps, are now presented in Figures 4—7 of
the main manuscript. Mesh convergence and interface behavior analyses are shown in Figures S6 and S7. The
overall correlation between monomer angle, substrate thickness, and auxetic performance is illustrated in Figure 7.
The contour plot highlights that optimal NPR behavior occurs at monomer angles >65° with 5 mm-thick substrates,
demonstrating the synergistic effect of geometry and material selection on auxetic enhancement.

279



Green Energy Fuel Res. 2025, 2(4), 272-292 https://doi.org/10.53941/gefr.2025.100019

Figure 6. FEA results for composites with 5 mm-thick substrates under tensile stress at monomer angles of 55°,

60°, and 65°: (a—d) 55°, (e-h) 60°, (i-1) 65°. Outputs: stress, Y/X-displacement, total deformation. (Error bars
represent + standard deviation; n = 3 independent tensile tests).

To quantify the agreement between finite element simulations and experimental results, we compared key
output metrics including Poisson’s ratio and peak stress distribution across all monomer angles. The experimental
values showed deviations ranging from 4.7% to 11.3% relative to simulation predictions, with higher deviations
observed at the 65° monomer angle due to boundary condition complexity and speckle misalignment. Standard
deviations across three independent tensile tests were added as error bars in Figure 5d,h. The root mean square
error (RMSE) for displacement predictions was calculated as 0.18 mm, confirming good model fidelity.

Furthermore, to directly visualize the negative Poisson’s ratio (NPR) behavior obtained from finite element
simulations, the relationship between axial strain (e,) and lateral strain (g,) was plotted for monomer angles of 55°,
60°, and 65°, as presented in the Supplementary Information (Figure S11). The negative slope (v < 0) observed in

these FEA-derived strain curves confirms the auxetic deformation characteristics of the re-entrant structures and
supports the simulation findings discussed in this section.
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Figure 7. Correlation between monomer angle, substrate thickness, and effective Poisson’s ratio.
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3.4. Tensile Test Results

The tensile performance of auxetic and composite structures under uniaxial loading is shown in Figure 8a—d.
For the 1 mm-thick auxetic substrate (Figure 8a), the maximum loads at monomer angles of 55°, 60°, and 65° were
8.89 N, 6.34 N, and 4.34 N, respectively. The 55° structure exhibited the highest load-bearing capacity, likely due to
a larger effective cross-sectional area and more uniform stress distribution—consistent with FEA results. The
overlapping elastic regions across all angles indicate similar stiffness. The initial tangent modulus (0-0.5% strain)
was Eg~ 14.1, 10.1, and 6.9 GPa for monomer angles of 55°, 60°, and 65°, respectively, confirming negligible angular
dependence of initial stiffness. However, significant bifurcations and fluctuations beyond the yield point reflect
localized stress redistribution and progressive cracking, aligning with the behavior observed by Zhichao et al. [57].

Increasing the substrate thickness to 5 mm (Figure 8b) led to a substantial improvement in mechanical
performance. Maximum loads increased to 33.19 N, 29.00 N, and 26.66 N for 55°, 60°, and 65°, respectively.
Despite following similar stress redistribution patterns as thinner samples, the thicker substrate demonstrated
greater toughness and energy absorption capacity, confirming the role of thickness in enhancing structural stability.

Composite configurations further improved load response. The P(VDF-TrFE)/auxetic composite (Figure 8c)
showed significantly higher load-bearing capacity, with maximum loads of 83.48 N, 76.45 N, and 62.30 N at 55°,
60°, and 65°, respectively. Smoother post-yield transitions and reduced fluctuations indicate that the P(VDF-TrFE)
interlayer effectively constrained crack propagation and distributed stress more uniformly. Once the substrate
began to fracture, the film assumed the dominant load-bearing role, maintaining structural integrity—a trend
consistent with FEA predictions.

In contrast, the P(VDF-TrFE-CTFE)/auxetic composite (Figure 8d) exhibited lower peak loads of 78.95 N,
72.80 N, and 42.50 N for the same angles. The steeper post-yield decline and reduced load capacity are attributed
to the lower modulus of the CTFE-containing copolymer, resulting in weaker interfacial load transfer and
mechanical support.

Overall, these results demonstrate that both substrate thickness and polymer composition significantly
influence mechanical performance. The 5 mm auxetic substrate reinforced with P(VDF-TrFE) offered the most
favorable combination of load capacity, deformation control, and energy absorption.
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Figure 8. Load—strain responses under uniaxial tension: (a) 1 mm substrate; (b) 5 mm substrate; (¢) P(VDF-TrFE)
composite; (d) P(VDF-TrFE-CTFE) composite. All at monomer angles of 55°, 60°, and 65°. (Curves show mean
response; shaded bands/error bars indicate +SD, n = 3 specimens per condition.).
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3.5. Digital Image Analysis

Digital Image Correlation (DIC) was employed to analyze the strain distribution of the auxetic and composite
samples during tensile testing. The DIC strain maps provided direct visualization of local deformation behavior
and validated the results obtained from the finite element simulations.

As shown in Figure 9, the regions of highest strain were primarily concentrated near the re-entrant corners of
the auxetic structure, consistent with the FEA predictions. The multilayer composite samples exhibited more
uniform strain distributions across the test area compared with single-layer auxetic substrates. This
homogenization of strain fields can be attributed to the presence of the polymer interlayer, which enhanced stress
transfer between layers and minimized local strain concentration.

To provide clearer visualization of deformation behavior across different monomer angles, representative
DIC strain maps for P(VDF-TrFE) and P(VDF-TrFE-CTFE) composites are shown in Figure 9a—f below. These
images illustrate how strain is concentrated near the re-entrant corners and distributed more uniformly in thicker
or stiffer composites. Additional maps for all configurations are available in Figure S9.

Poisson’s ratios were experimentally calculated from DIC data using the measured strain components along
the X and Y directions and were compared with the theoretical and simulated results (Figure S9). The strain—
Poisson’s ratio curves revealed fluctuations below 0.5% strain, followed by a gradual stabilization at higher strain
levels. These initial fluctuations were attributed to minor surface deformations—such as film warping and local
misalignment—introduced during thin-film bonding and stretching. Such outliers were excluded from the final
data analysis to ensure accuracy.
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Figure 9. DIC strain maps of auxetic substrates at monomer angles 55°, 60°, 65°: (a—¢) 1 mm substrates; (d—f) 5 mm

substrates. High strain localization at re-entrant corners is visible (Color maps show mean DIC strain;

overlays/whiskers indicate + SD; n = 3 specimens per condition).
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The comparison among experimental, simulated, and theoretical Poisson’s ratio values shows similar overall
trends, with the experimental results generally higher than both simulation and theory. This discrepancy is likely
caused by the adhesive layer used during sample preparation, which added slight mechanical resistance. The
simulation and theoretical results were closely aligned, with theoretical values slightly higher due to the idealized
assumption of infinite structural periodicity, while the simulations were constrained by finite model dimensions.
Across monomer angles, DIC-derived Poisson’s ratios differed from simulation by approximately 6-12% (mean
absolute percentage difference), with the largest deviation at 60° due to speckle-pattern artifacts; central-region
reanalysis reduced the deviation to below 5%.

To complement the experimental DIC analysis, finite element simulations were performed to evaluate the
stress and displacement distributions in P(VDF-TrFE-CTFE) composites under varying tensile loads and monomer
angles. The corresponding simulation results are presented in Figure 10. The von Mises stress maps reveal higher
stress concentration near the re-entrant corners at increased loads, while the overall deformation pattern confirms
the auxetic response predicted by the DIC observations.
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Figure 10. DIC-based deformation of 5 mm substrates: (a—¢,g—i) P(VDF-TrFE); (d—f,j-1) P(VDF-TrFE-CTFE).
Top: overall deformation; bottom: central regions.

283



Green Energy Fuel Res. 2025, 2(4), 272-292 https://doi.org/10.53941/gefr.2025.100019

For the P(VDF-TrFE-CTFE) composites, the DIC-derived results were generally consistent with the
theoretical and simulated predictions. Figure 11a—c show the DIC strain maps corresponding to monomer angles
of 55°, 60°, and 65°, respectively. At 60°, the DIC analysis exhibited noticeable deviation and did not clearly
demonstrate a negative Poisson’s ratio, which was attributed to uneven black speckle distribution in the upper and
lower regions of the specimen (Figure 11b). In contrast, the strain maps at 55° and 65° (Figure 11a,c) displayed
uniform deformation and clear auxetic behavior. The corresponding Poisson’s ratio—strain curve derived from DIC
analysis is shown in Figure 11d, confirming the overall negative Poisson’s ratio trend after initial stabilization.
These results validate that the auxetic deformation behavior of the re-entrant structures is reliably captured by the
DIC method and confirm the strong correlation between geometric design and experimental auxetic response.
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Figure 11. DIC-measured strain distribution and Poisson’s ratio of P(VDF-TrFE-CTFE) composites at different
monomer angles: (a) 55°, (b) 60°, (¢) 65°, showing lateral expansion under tension; (d) Corresponding Poisson’s
ratio—strain curve illustrating negative Poisson’s ratio (v < 0) behavior.

The comparison of DIC-measured, simulated, and theoretical negative Poisson’s ratios (Figure 12) indicates
that while the experimental results follow the same angular dependence, the theoretical model slightly underestimates
NPR magnitude, particularly at larger monomer angles. This suggests that complex boundary effects and nonlinear
deformation behaviors in real structures are not fully captured by the simplified analytical model. Further refinement
of the theoretical framework could improve predictive accuracy for multilayer auxetic composites.
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3.6. Piezoelectric Response

TrFE-CTFE) composite.

The piezoelectric response of the P(VDF-TrFE) and P(VDF-TrFE-CTFE) composite films under different
mechanical loading conditions is shown in Figure 13. Measurements were conducted at frequencies of 1 Hz, 10 Hz,
and 100 Hz under applied forces of 25 N, 30 N, 35 N, 40 N, and 45 N. At 1 Hz, the induced voltage increased
proportionally with the applied force for both materials, confirming a clear positive piezoelectric effect. The P(VDF-
TrFE-CTFE) composite generated a higher voltage output than P(VDF-TrFE), attributable to its larger piezoelectric
coefficient and enhanced polarization response.
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Figure 13. Piezoelectric voltage outputs under various frequencies (1, 10, 100 Hz) and forces: (a—¢) P(VDF-TtFE);
(d—f) P(VDF-TrFE-CTFE). Simulated results overlaid for comparison.

A similar trend was observed at 10 Hz, where both materials exhibited slightly higher voltage outputs
compared to 1 Hz, indicating frequency-dependent polarization enhancement. At 100 Hz, a significant increase in
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induced voltage was recorded. Under 45 N loading, the P(VDF-TrFE-CTFE) composite generated approximately
0.002-0.005 V, whereas P(VDF-TrFE) produced 0.001-0.003 V. This frequency-dependent amplification is
consistent with the findings of Nagamalleswara et al. [58], who reported that higher loading frequencies enhance
dipole alignment within ferroelectric polymers, thereby increasing piezoelectric potential.

The detailed finite element simulations of the piezoelectric voltage response under various loading conditions
are provided in Figures 13 and 14. These results reproduce the same experimental trends, demonstrating that the
induced voltage increases nonlinearly with both applied force and frequency. Minor deviations between simulated
and experimental outputs—particularly at higher forces—are attributed to material fatigue and mechanical
damping within the polymer—substrate interface after repeated loading cycles, as similarly observed by [24].
Additional simulation details supporting these results are provided in Figure S10.

The normalized percentage changes in voltage output for both materials are compared in Figure 14. The P(VDF-
TrFE) composite showed a peak open-circuit voltage increase from 1.2 mV (at 1 Hz) to 4.2 mV (at 100 Hz),
corresponding to a ~250% relative increase across the frequency range. The P(VDF-TrFE-CTFE) composite
exhibited a more gradual increase from 1.1 mV to 2.9 mV (~160%). While this trend aligns with expectations of
higher dipole activity at elevated frequencies, we emphasize that such values depend on loading conditions and
are not intrinsic material properties. The absolute voltage outputs and comparison with conventional substrates are
discussed below. The agreement between experimental, simulated, and theoretical results confirms that the
piezoelectric response is strongly governed by both frequency-dependent dipole orientation and mechanical—
electrical coupling efficiency within the composite films.

To evaluate the contribution of auxetic architecture to piezoelectric enhancement, we compared the voltage
output of devices with flat (non-auxetic) resin substrates under identical loading and frequency conditions. As
shown in Figure 13, the P(VDF-TrFE) composite with an auxetic substrate (60° monomer angle) generated 2.4 x
higher peak voltage than the non-auxetic equivalent. This enhancement is attributed to the negative Poisson’s ratio
of the auxetic geometry, which amplifies in-plane strain and improves charge generation. Devices with flat
substrates showed more limited strain transmission to the piezoelectric layer, validating the design rationale behind
our auxetic composites.

Based on charge—force slope fitting, the effective longitudinal piezoelectric coefficient d3;*" was estimated as
~15.4 pC-N! for P(VDF-TrFE) and ~21.8 pC-N"! for P(VDF-TrFE-CTFE), confirming that the CTFE-modified
copolymer possesses a higher piezoelectric response due to enhanced polarization and relaxor-ferroelectric behavior.
These values fall within expected ranges for electrospun fluoropolymer films and confirm that auxetic coupling
enhances effective piezoelectric response. Full charge-force curves are provided in Figure 14.

To better visualize this correlation, Figure 15 presents simulated voltage output profiles of both P(VDF-
TrFE) and P(VDF-TrFE-CTFE) composites under varying loading conditions. The nonlinear increase in voltage
with applied force and frequency is clearly observed and mirrors the experimental results shown in Figure 13.

Voltage output results shown in Figure 13 represent the average of five trials for each loading condition.
Error bars indicate standard deviation, with variability less than +7% across most conditions. Minor deviations
between experimental and simulated voltage responses (particularly at higher frequencies) are attributed to
dielectric relaxation and slight interfacial damping not captured in the linear FEA model. The average deviation
between simulated and measured peak voltages was 9.2%, indicating strong overall correlation.

To assess the practical viability of our device, the electrical output was also analyzed in terms of energy and
estimated power density. For the P(VDF-TrFE)/auxetic composite under 45 N loading at 100 Hz, the average voltage
output of 3 mV across a 10 MQ load corresponds to ~0.9 pW, yielding a power density of ~0.00003 pW c¢cm 2. While
this value is lower than triboelectric or hybrid systems, it is comparable to other flexible piezoelectric nanogenerators
using electrospun films without mechanical amplification structures [47]. The enhanced output (~250% increase
compared to flat substrate configurations) demonstrates the effectiveness of strain amplification via auxetic geometry.

Furthermore, the energy harvested per cycle (E = ¥2 CV?) for a 10 nF device at 3 mV is approximately 0.045 pJ,
which is suitable for ultra-low-power intermittent sensors or signal processing units. These values align with recent
flexible nanogenerators targeting wearable or biomedical applications [48]. Future design optimization, including lower
internal resistance and improved load matching, may further increase energy conversion efficiency.

eff
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Figure 14. Percentage change in piezoelectric output across frequencies and force levels: (a—d) P(VDF-TtFE), (e-h)

P(VDF-TrFE-CTFE). Comparison of experimental and simulated responses.
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Figure 15. FEA stress distribution in P(VDF-TrFE) composites under increasing forces (2545 N): (a—e) 55°, (f)
60°, (k—0) 65°. Stress localizes near re-entrant hinges.

3.7. Environmental Significance

While the proposed auxetic laminar structure offers a scalable and low-toxicity alternative to traditional
energy harvesters, some limitations must be addressed to enable practical deployment in sustainable systems. The
fabrication of high-resolution auxetic geometries using UV-curable resin presents challenges in terms of print
fidelity, structural consistency, and upscaling to large-area formats. In addition, the long-term durability of auxetic
composites under real-world mechanical cycling (particularly at the re-entrant hinges) requires further
investigation to ensure fatigue resistance in wearable or portable applications.

Moreover, interface delamination between the piezoelectric nanofiber film and the auxetic substrate remains
a potential failure point, especially under repeated flexing or dynamic loading. Surface treatments or adhesive
interlayers may be needed to improve interfacial robustness. These challenges highlight the need for further design
and process optimization to fully realize the environmental and functional potential of auxetic piezoelectric
harvesters in next-generation green energy technologies.

The proposed auxetic laminar piezoelectric structures offer a sustainable and scalable platform for flexible
energy harvesting. Unlike traditional lead-based piezoelectric ceramics, the use of P(VDF-TrFE) and its
copolymers ensures environmental compatibility and material safety. The 3D-printed UV-curable resin substrate
is processed via low-energy fabrication and can be produced at scale using commercially available printers.
Additionally, the modular multilayer design allows for easy recycling and reconfiguration of components. These
features, combined with enhanced mechanical and piezoelectric performance, position this technology as a
promising candidate for integration into wearable electronics, self-powered biomedical devices, and portable green
energy systems.

288



Green Energy Fuel Res. 2025, 2(4), 272-292 https://doi.org/10.53941/gefr.2025.100019
4. Conclusions

In this study, we introduced a design-driven approach for enhancing piezoelectric energy harvesting by
embedding P(VDF-T1FE) and P(VDF-TrFE-CTFE) films into auxetic laminar composite structures. Using re-entrant
geometries with varied monomer tilt angles, we demonstrated that auxetic substrates significantly amplify mechanical
strain transfer to the active piezoelectric layers, resulting in improved voltage output under tensile loading.

Finite element simulations revealed that stress and displacement fields are concentrated along re-entrant
hinges and vertical struts, with strain localization increasing at higher tilt angles. These trends were validated
experimentally using digital image correlation, which confirmed consistent deformation behavior and highlighted
the superior interfacial compatibility of P(VDF-TrFE) with the polymer substrate. Piezoelectric voltage
simulations further supported these findings, showing nonlinear increases in output as a function of applied force
and substrate geometry.

Among the tested materials, P(VDF-TrFE) exhibited greater strain-induced voltage response than P(VDF-
TrFE-CTFE), particularly at 60° and 65° monomer angles, due to its higher modulus and better mechanical
coupling. Substrate thickness also influenced performance, with thicker substrates enabling more efficient auxetic
deformation and strain transfer.

Specifically, the P(VDF-TrFE) composite achieved a peak voltage output of 4.2 V under 100 Hz cyclic
loading—representing a ~250% increase across the frequency range and a 2.4x enhancement over non-auxetic control
samples. The effective piezoelectric coefficients were estimated as ~21.8 pC/N for P(VDF-TrFE) and ~15.4 pC/N
for P(VDF-TrFE-CTFE), confirming improved electromechanical coupling due to auxetic strain amplification.

This work underscores the potential of mechanical metamaterial design—specifically auxetic architectures—
in overcoming the limitations of polymer-based piezoelectric materials. The materials used are recyclable, the
fabrication processes are scalable, and the composite systems are compatible with flexible, wearable, and self-
powered electronics. Our findings offer actionable design principles for next-generation piezoelectric devices that
align with sustainable energy goals.
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analysis (FEA) and DIC simulation results for P(VDF-TrFE) and P(VDF-TrFE-CTFE) composites under various monomer
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