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This study investigates how auxetic substrate geometry
affects the performance of cantilever-type piezoelectric
energy harvesters. Based on Hamilton’s principle, we
derive an electromechanical model linking
curvature-induced strain to electrical output. The model
reveals that a negative Poisson’s ratio enhances trace
strain via in-plane deformation alignment, resulting in
stronger electric fields. Finite element simulations using
identical external geometries confirm reduced resonant
frequency and amplified local stress. The auxetic
harvester shows doubled voltage and tripled power,
solely from geometrically induced strain amplification.
These findings demonstrate that structural
design—when guided by field theory—can act asa
multiplier for energy harvesting, enabling lighter and
more adaptive systems without material changes. In this
light, the beauty of materials science lies not merely in
composition but in geometrical tuning.
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1. Introduction

Piezoelectric materials, as anisotropic dielectrics, exhibit

the unique ability to convert mechanical deformation into

electrical signals and vice versa. Among them, ceramic-based

materials such as lead zirconate titanate (PZT) have been

widely employed in vibration based energy harvesting sys-

tems due to their high piezoelectric coefficients, thermal sta-

bility, and fabrication feasibility. However, their electrical

output characteristics are highly sensitive to a multitude of

factors, including crystal symmetry, doping composition,

boundary constraints, and mechanical loading conditions [1].

For practical application, these parameters must be quantita-

tively characterized and reproducible under defined con-

ditions [2].

In response to these demands, the US Navy established a
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standardized classification system in the mid-
20" century to incorporate PZT materials into
military grade devices such as underwater acous-
tic sensors, impact detectors, and communica-
tion equipment [3]. This system, known as the
Navy Type I-VI classification, was grounded in
key material parameters including elastic mod-
ulus, dielectric constant, piezoelectric coeffi-
cients (ds1, ds3), and mechanical quality factor
(Qm), to enable systematic material selection
aligned with specific operational requirements.
By doing so, the Navy ensured the reliability and
performance consistency of piezoelectric compo-
nents in mission-critical environments, trans-
forming material selection from empirical prac-
tice into a structured, data-driven engineering
discipline.

In parallel, the evolution of modern naval
platforms, including unmanned surface vehicles
(USV) and long-duration autonomous sensing
systems, has introduced new challenges for sus-
tained power supply under harsh oceanic con-
ditions. In such environments, where battery
replacement or external power input is im-
practical, self-powered mechanisms have be-
come increasingly vital [4]. Among the various
strategies available, piezoelectric energy har-
vesting emerges as a particularly promising sol-
ution, owing to its ability to convert ambient
vibrations, hydrodynamic forces, or structural
deformations directly into usable electrical en-
ergy [5].

Cantilever type piezoelectric harvesters remain
a popular architecture due to their simplicity in
design and the ability to be tuned to specific
resonant frequencies [6]. Yet, the inherent limi-
tations in output power under fixed material
constraints call for structural optimization ap-
proaches that can enhance energy conversion
efficiency without altering the base material it-
self. One compelling strategy lies in the imple-

mentation of auxetic structures—Ilattices char-

acterized by a negative Poisson’s ratio—which

respond to mechanical strain in a fundamentally
different way [7]. By expanding rather than con-
tracting under tension, auxetic geometries cre-
ate favorable conditions for localized stress
concentration and increased curvature, both of
which contribute to amplified voltage output via
curvature-dependent terms in the piezoelectric
constitutive equations [8,9].

In this study, we propose and evaluate a hy-
brid energy harvester that combines PZT-5H
piezoelectric layers with an integrated auxetic
lattice structure. Using finite element analysis
(FEA), we simulate and compare the voltage out-
put of a bare cantilever and an auxetic embed-
ded cantilever at their respective first-mode res-
onant frequencies. The results provide a quanti-
tative basis for understanding the relationship
between geometry and electrical performance,
demonstrating a measurable improvement in
output due to structural amplification effects.

Moreover, the analysis framework extends be-
yond empirical comparison by introducing an
effective property model that formalizes the in-
terplay between geometric design and electro-
mechanical response. This approach allows us to
capture the emergent behavior of the system as
a function of both material properties and struc-
tural configuration. In doing so, we highlight a
design pathway for maximizing energy harvest-
ing efficiency in naval applications, one that re-
lies not on changing what the material is, but

on remaining what the material does.

2. Theoretical Derivation

We begin from the foundational principle gov-
erning the dynamics of elastic continua, namely
Hamilton’s principle, which states that the in-
tegral over time of the Lagrangian variation
must vanish for all admissible variations of the

displacement field. That is,
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B f (T—Uydt =0 Q)

where T is the total kinetic energy and U the to-
tal potential energy stored in deformation. For
a one-dimensional cantilever beam with trans-
verse displacement field w(x,t), having effective
flexural rigidity E(x)I(x), area A(x), and density
p(x), we express the kinetic and potential en-

ergies respectively as

1 (" dw\*
T=3 fo p(x) A(x) (5) dt @)
1 (" 2w\

The resulting Euler-Lagrange equation yields the

governing PDE of motion:

Pw 82 w
AN TGS + 55 B0 IS5 =0 @
Assuming harmonic base excitation and modal
expansion of the form w(x,t) = ¢(x) cos(wt), the
governing equation becomes a self-adjoint ei-

genvalue problem:

2 2
] rw 10 FE] = ) a0 w20 ®)

The first natural frequency fi = w1/2m arises as
the smallest eigenvalue of this operator, and is
critical for maximizing the efficiency of energy
harvesting, as the system operates at resonance.

In the context of a multilayer cantilever com-
posed of a substrate, intermediate elastic layer,
and a surface mounted piezoelectric layer, the
flexural rigidity and mass per unit length are no
longer constants, but can be homogenized by
using effective properties. Specifically, we de-

note the effective bending stiffness as

Elyy = ZEiIi + ZEiAi (zi —z,) (6)
i i
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where z, is the neutral axis of the composite sec-
tion, and I; = b;t3/12 is the second moment of
area of layer i. Likewise, the effective density is

defined as
A.
Pess =D P @)
i tot

The introduction of auxetic architecture into
the substrate layer alters both E.; and pefr
through the presence of pores or internal voids,
quantified via the porosity parameter ¢ € [0,1],
such that

E.pp =E(1—¢)" 8
Peff =Po(1—¢)" )

The exponent n € [1,3] accounts for structural
sensitivity of stiffness to porosity, which may
vary depending on unit cell geometry.

For the piezoelectric layer located at distance
Zp from the neutral axis, the bending strain
under Euler—Bernoulli assumption is

d*¢
Exx(X) = _me (10)
Due to transverse isotropy and the influence

of Poisson coupling, the lateral strain is

Eyy(x) = Veff Exx (11)

and the resulting in-plane trace strain becomes

Etrace(x) = Exx(x) + Eyy(x) = (1 - 7/eff) Exx(x) (12)

Here, the introduction of auxetic structure with
Vesf < 0 yields an increase in trace strain, a key
driver of electromechanical enhancement.

From the constitutive theory of piezo-
electricity, the linear coupling of mechanical

and electrical fields is described by
Si; = St T + diijEx (13)

D; = d;ji Ty + € Ey, (14)
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where Sjj is strain Ty stress, D; electric displace-
ment, Ey electric field, djjx piezoelectric coupling
tensor, Si?kl compliance at constant electric field,
and 81'71; permittivity at constant stress.

For the present case of a surface-mounted
transversely isotropic piezoelectric layer under
open-circuit condition and dominant 1D axial

stress, the simplified relation becomes
Dy =d3 0xx +E33E3 =0 (15)

Eq. (15) is equal to E; = —-d310x/€33. With gx =
Epéex, and recalling the strain relation above,
the electric field across the thickness of the

piezoelectric layer is

ds1 Eyzp d?¢

= 1
E3(x) €33 dx2 ( 6)
and the induced open-circuit voltage is
v ds1 Bpzplp d*¢
V= ./0 E3(x) dz = T E (17)

This reveals that the second spatial derivative of
the transverse mode shape—i.e., the local curv-
ature—at the location of the piezoelectric layer
directly determines the output voltage.

Finally, the average power harvested over one
oscillation cycle through an impedance-matched
resistive load, modeled via the capacitive ap-

proach, is given by

P= %cpv2 f (18)
bl,

Cp = 833 <t_> (19)
P

leading to the expression:

o-SEE )L w

Thus, the output power is quadratically depend-
ent on the curvature at the piezoelectric site,
and is modulated multiplicatively by the flexu-
ral stiffness and strain-aligned effects of the

substrate geometry.

498 2025; 8(3); pp. 495-502

This mathematical derivation explains our ob-

served result that auxetic geometries with in-
creasing unit cell counts lead to lower resonant
frequencies (due to reduced E.p), yet simulta-
neously yield significantly greater output power
at resonance (due to enhanced curvature and
strain alignment). In particular, the empirical re-
lation between the number of unit cells and out-
put power—although heuristic in appearance—
is in fact a direct consequence of the structural-
softening and energy-focusing effects embed-

ded in the derivation above.

3. Results

To highlight the mechanical advantage of aux-
etic substrates, Fig. 1 illustrates the fundamen-
tal difference in strain behavior between con-
ventional and auxetic structures under tensile
loading. Conventional materials, characterized
by a positive Poisson’s ratio, contract laterally
when stretched axially. In contrast, auxetic struc-
tures exhibit the opposite trend, expanding lat-
erally due to their re-entrant geometry, thereby

demonstrating a negative Poisson’s ratio.

Base Auxetic

Fig. 1. Comparison between conventional and auxetic
structures under tensile loading
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This unique mechanical response has signifi-
cant implications for piezoelectric energy har-
vesting, as it enables &; and &, to share the
same sign, enhancing the trace strain (g + &)
and thus increasing the open-circuit voltage
output, as derived in the previous section.

To move beyond idealized formulations, we
implemented a finite element model that cap-
tures the electromechanical behavior of the sys-
tem under realistic conditions. The goal was not
merely to validate the theoretical predictions,
but to interrogate how geometry reshapes the
field of strain in a tangible, simulated construct.

Fig. 2 outlines the numerical setup. The model
consists of a multilayer cantilever with a fixed
boundary at one end, subjected to base excita-
tion. A piezoelectric patch (PZT-5H) is surface-
edge, bonded
through a thin epoxy layer to an underlying

mounted near the clamped
substrate. The substrate is modeled either as a
homogeneous solid or as a re-entrant auxetic
lattice with identical external dimensions. This

configuration allows us to isolate the geometric

——
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Fig. 2. Numerical setup for the finite element simulation
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influence while preserving boundary and mate-
rial constraints.

The simulation domain was discretized with
structured meshing, and coupled multiphysics
was solved using frequency-domain analysis.
Material properties were selected to match fab-
rication-ready candidates, and mesh refinement
was applied in regions of high field gradient to
ensure numerical stability.

The distribution of von Mises stress under
0.5 g base excitation is shown in Fig. 3, evalua-
ted at the first resonant mode for each con-
figuration. The conventional base structure ex-
hibits its first natural frequency near 170 Hz,
while the auxetic-integrated harvester shifts this
frequency downward to approximately 114 Hz.
This observed softening is not incidental—it di-
rectly reflects the reduced the effective bending
stiffness, Eq. (6) ELj, introduced by the auxetic
substrate, as predicted by the homogenized pow-
er-law relationship, Eq. (8) Eer = Eo(1 - ¢)".

Beyond frequency alone, the spatial local-

ization of stress is markedly different. While the

Epoxy

>

—

0 | T

Von mises stress (MPa)

(b) 1st mode shape, auxetic (114 Hz)

Fig. 3. The distribution of von Mises stress of the base and auxetic structures at the first resonant mode under 0.5 g ex-

citation
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base structure shows a broad and modest stress
field, the auxetic design concentrates mechani-
cal energy more efficiently beneath the piezo-
electric layer. This local intensification of curva-
ture translates—through the governing electro-
mechanical coupling—to a larger induced elec-
tric field, and thus higher voltage output.

In essence, the auxetic structure acts not only
as a mechanical scaffold, but as a geometric
amplifier: one that does not merely deform, but
sculpts the deformation field itself. The reduc-
tion in resonant frequency, when paired with en-
hanced strain localization, represents a dual gain
—more compliant resonance, and more focused
energy transfer—both of which are essential for
maximizing energy harvesting efficiency.

While the resonant frequency and stress con-
centration reveal the macroscopic benefits of
auxetic substrates, a closer inspection of their
directional deformation offers deeper insight.

Fig. 4 illustrates the mode shape response of the

mm mm

x10% x10*

—
(a) Longitudinal deformation of substrate layers
mm mm
x 104 x 104
, i 0.8 i 8
-0.8 -8
(b) Lateral deformation of substrate layers

Stress (MPa)
T T i 1 E——
0 ‘\ ;
[ S— — e

(c) Induced stress in the PZT patch

Stress (MPa)
3.5
0

Fig. 4. Longitudinal, lateral deformation of substrate
layers, and induced stress in the piezoelectric patch at
the first resonant mode

500 2025; 8(3); pp. 495-502

substrate layer in both axial (l-direction) and

transverse (2-direction) directions, as well as the
resulting stress distribution beneath the piezo-
electric patch.

Under first mode excitation, the conventional
base substrate exhibits a classic Poisson con-
traction: as the structure elongates in the axial
direction, it simultaneously narrows transverse-
ly. In contrast, the auxetic substrate undergoes
simultaneous expansion in both directions—a
direct manifestation of its negative Poisson’s
ratio. This geometric behavior is not cosmetic; it
realigns the principal strain components, such
that the trace strain e1; + € becomes maximized
rather than diminished.

The outcome is evident in the stress maps.
While the base configuration shows modest in-
plane stress, the auxetic layer amplifies it near-
ly fourfold. From the perspective of the piezo-
electric constitutive law, where stress drives elec-
tric displacement under open-circuit conditions,
this amplification is not incidental—it is struc-
turally induced. The substrate no longer pas-
sively supports the piezo layer; it actively shapes
the strain field to reinforce the electromechani-
cal coupling.

In this sense, auxeticity transcends material
classification. It becomes a tool of field engineer-
ing—an architectural parameter that tunes not
only stiffness and mass, but the very direction-
ality of energy flow within the structure.

The electrical response under varying load re-
sistance is summarized in Fig. 5. While both
harvesters exhibit the expected saturation be-
havior in voltage and a peaked power response,
the magnitude of improvement offered by the
auxetic configuration is quantitatively signifi-
cant. The open-circuit voltage increases from
0.74 V to 1.55 V—more than a twofold enhance-
ment—while the peak output power rises from
29.86 pW to 92.07 pW, exceeding a factor of
three.

Journal of the KNST
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(a) Electrical output voltage (V) vs. load resistance(Q)
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(b) Electrical output power (uW) vs. load resistance(Q)

Fig. 5. Electrical output voltage and power character-
istics of base and auxetic harvesters as a function of load
resistance

These ratios are not merely statistical; they
encode the underlying transformation in how
mechanical energy is redistributed and con-
centrated within the system. The auxetic struc-
ture realigns the internal strain field, producing
not just greater deformation but more con-
structive deformation—one that synchronizes
with the piezoelectric mechanism to yield am-
plified electrical response.

That this level of gain is achieved under iden-
tical excitation and material constraints high-
lights the essence of structural intelligence: to
achieve more by designing better, not by push-
ing harder. In a domain where mass, size, and
power budget are constrained—as in autono-
mous naval systems—such a geometry-induced
multiplier is not trivial. It is strategic.

The enhancement in output metrics, in light

of the previously derived theoretical framework,

KNST

closes the loop between structure, physics, and
function. Here, the shape of the material dictates

the shape of its consequence.

4. Conclusion

This study explored the role of auxetic sub-
strate geometries in enhancing the electromech-
anical performance of cantilever-type piezo-
electric energy harvesters. Through a combina-
tion of analytical derivation and finite element
simulations, we demonstrated how structural
form alone—without altering materials, mass,
or excitation—can substantially elevate both
voltage and power output. The observed im-
provements, including a more than twofold in-
crease in open-circuit voltage and a threefold
gain in output power, were directly attributable
to strain alignment and localized field amplifi-
cation induced by the auxetic design.

The findings affirm that performance gains in
energy harvesting need not rely solely on mate-
rial innovation or scaling of input energy.
Instead, they can emerge from a deeper under-
standing of how geometry governs internal
fields. By reshaping the substrate to reshape the
strain, we transform the harvester from a pas-
sive receiver into an active participant in its own
amplification.

This is, perhaps, the quiet power of structural
design: to elicit more from the same, not through
force, but through form. In this light, the beauty
of materials science lies not merely in composi-
tion, but in geometrical tuning—the subtle art
of orchestrating deformation to serve function.

Future work may extend this framework to
experimental validation and explore the poten-
tial of reconfigurable or programmable geo-
metries, where form is not fixed but evolves in
response to external demand. Yet even in static
structures, this study shows that how a system is

shaped can determine what it becomes.
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