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Abstract: This research investigates the application of innovative piezoelectric materials for sustainable electricity generation by converting mechanical stress into electrical potential. Piezoelectric materials with and without a thermal environment and their electrical effects on the dynamic response of a porous nano-sized material modelled by a nonlocal higher-order refined plate model have been investigated in this article. Based on three directions of work: investigating the dynamic response of nonlocal functionally graded porous piezoelectric plates in a thermal environment, nonlocal nonlinear dynamic behaviour of composite piezo-magnetic beams using a refined higher-order beam theory and flexoelectric effects on dynamic response characteristics of the nonlocal piezoelectric material beam. The porosity distribution across the cross-section of the porous material considered in this article may be uniform or non-uniform. In order to describe the scale-dependent plate more accurately, stain gradient effects have also been taken into account. The governing equations are established by using Hamilton’s rule. The results obtained by the differential quadrature (DQ) approach have been corroborated by those found in earlier studies. It has been investigated how the thermal, electrical, nonlocal, and porous environments affect the dynamic behaviours of foam-based nanomaterials.
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1 Introduction

The growing demand for sustainable energy solutions has intensified research into advanced energy harvesting

technologies, particularly piezoelectric energy harvesters that convert mechanical vibrations into electrical energy [1]. A type of multi phases smart materials known as magneto-electro-thermo-elastic (METE) material represents superb possible application in smart structures/systems as well as nano-sized devices owning to giving wonderful mechanical, electrical and magnetic coupling performances. Applying electro-magnetic fields to METE nano-dimension beams

yields elastic deformations and changed vibrational properties [2].

Due to the reason that performing experiment on nano-dimension beams are effortful yet, many scholars have

represented their theoretical models taking into account small scales influences [3]. Employing nonlocal theory of

elasticity [3], one may be able to incorporate the small scales influences in theoretical model of nano-dimension

beams [2–6].

Therefore, a significant number of researchers and engineers were interested in piezoelectricity and Lightweight

materials [4–8]. Because of their various porosity variations, piezoelectric and metal foam fall under the category

of intelligent and porous materials with low weight [9].

Elastic deformations and vibrational property changes are produced when electric fields are applied to piezoelectric material structures. Metal foams and other ideal metals differ significantly from one another due to the variance in porosities in this material. Pore variations have a significant impact on material qualities in non-perfect metals. Additionally, the vibration frequencies of engineered structures composed of metal foams may be impacted by this pore variation.

In 2015 and 2016, Chen et al. [10][11]’s works shed light on this issue. Unlike metal foams, unlike metal foams,

functionally graded and ceramic-metal materials exhibit notable pore variation effects [12].
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In this material, pores may form in a phase between the ceramic and the substance. The vibration behaviors of engineering structures composed of these materials are investigated, as noted in the publications of Wattanasakulpong

and Ungbhakorn [13], and Atmane et al. [14]. This kind of material is used to make beams, plates, and shells, among

other structures. Some studies on different structures exist in the literature [15–23].

2 Modeling and Theory

2.1 Piezoelectric and Porosity Effects

Piezoelectric materials with engineered porosity (e.g., foams, functionally graded structures) exhibit mechanical

and electrical property variations along their thickness, heavily influencing dynamic behavior [9].
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Figure 1. Porosity distribution profiles through plate thickness: comparison between uniform (constant e0) and

non-uniform graded (varying em) configurations
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Figure 2. Schematic illustration of porosity types along plate thickness: (a) Uniform porosity distribution with

constant pore density; (b) Functionally graded porosity with cosine variation from dense to porous regions
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Two primary porosity profiles are commonly considered:

(1) Uniform Porosity:

 

P (z) = P0 (1 − e0) (1)

 

(2) Non-uniform Porosity:

 

h             i πz

P (z) = P 0 1 − em cos (2)

h

where, P (z) represents material properties at thickness position z, P0 is the property of the dense matrix, e0

and em are porosity factors, z is in a through-thickness position, and h is plate thickness. Figure 1 graphs the mathematical porosity profiles adopted in the modelling, comparing uniform and non-uniform cases across the plate’s thickness. Visualizing these distributions helps clarify how graded or uniform porosity alters local density

and stiffness, thus affecting the nanoplate’s mechanical and piezoelectric response underloading. Figure 2 shows the schematic illustration of porosity types along plate thickness: (a) uniform porosity distribution with constant pore density, and (b) functionally graded porosity with cosine variation from dense to porous regions. For uniform

porosity ( Figure 2a), pores are evenly distributed throughout the thickness, leading to consistent but reduced stiffness and electromechanical properties, which may lower overall efficiency but simplify manufacturing. For

non-uniform (graded) porosity (Figure 2b), porosity varies sinusoidally from dense at the surfaces to porous at the centre, optimising stress distribution, enhancing vibration damping, and improving piezoelectric energy conversion from 15% to 20% in simulations due to tailored property gradients.

2.2 Electromechanical Governing Equations

The kinetic and potential energies of a piezoelectric plate under mechanical and electrical fields can be written as:

 

U = Umech + Upiezo + Uthermal (3)

Using Hamilton’s principle and higher-order shear deformation theory, the system’s equations of motion are

derived, accounting for mechanical displacement, electrical potential, and porosity [9]:

 

d2w

m      4                               2 + D ∇ w − e E ∇ · ( κ ∇ ϕ ) + e ∇w                       (4) dt2                31 z                31

where, w represents plate displacement, φ is electric potential, e31 is the piezoelectric coefficient, Ei is the applied

electric field, m is mass per unit area, D is flexural rigidity, and ε is the dielectric constant (see Figure 3).
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Figure 3. The functionally graded piezoelectric nanoplate under dynamic loading [24]

 

2.3 Equivalent Electrical Model

Piezoelectric harvesters subjected to vibration can be represented as an AC source in parallel with an internal

capacitance [1, 7]. Cp:
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I P = I0 sin(ωt) (5)

 

I 0

VOC = (6)

ωCP

To drive DC loads, rectification is required [1, 4, 5]. Two standard passive configurations are: (1) Full Bridge (FB) Rectifier, and (2) Half-Bridge with Bypass Diode (HBBD)/Voltage Doubler. Harvested Power: For a sinusoidal current and load, the average output (Irect) power (Prect) are:

(1) FB:

 

I ¯ F B = 4CP fP (VOC − Vrect − 2VD) (7)

 

PF B = 4CP VrectfP (VOC − Vrect − 2VD) (8)

 

(2) HBBD:

 

I ¯ HBBD = CP fP (2VOC − Vrect − 2VD) (9)

 

P HBBD = CP VrectfP (2VOC − Vrect − 2VD) (10)

 

where, f P is vibration frequency, Vrect is the output DC voltage, and VD is diode drop [8]. Figure 4 shows the dynamic amplitude-frequency response of the nanoplate for different porosity distributions. Increased porosity, particularly in the graded case, reduces both stiffness and resonance frequency, shifting peaks and decreasing amplitudes. This insight is key for designing energy harvesters tuned to specific environmental vibration frequencies.
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Figure 4. The equivalent electrical circuit configurations for piezoelectric energy harvesting

 

2.4 Coupled Electromechanical-Circuit Analysis

Evaluating vibration-to-electricity conversion systems requires integrating the characteristics of mechanical vibrations with the requirements of the electrical circuit. This interconnected analysis provides essential insights into the complex interactions that govern the overall system performance and energy extraction efficiency.

2.4.1 Coupled governing equations

The electromechanical coupling between the piezoelectric plate and the electrical circuit can be denoted by a system of coupled equations that simultaneously link the mechanical response and the electrical behavior; the mechanical equation with electrical feedback can be written in the following form:
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m d2      2                  4 w/dt + c ( dw/dt ) + D ∇w − e Ez = F ext(x, t) − F electrical             (11) 31

Electrical circuit equation:

 

Z

Vpiezo(t) = e31σ(t)h − (Icircuit · Rtotal) − (dIcircuit/dt) + (1/Cp)    Icircuitdt            (12)

 

Electrical damping force:

 

F ele      2 = k /R load +Ri) (dw/dt) ·                              (13)

31

where, Fele is the mechanical vibration force due to electrical loading, k31 is the electromechanical coupling coefficient, Rlead is the external load resistance, Rin is the internal resistance of the piezoelectric element.

2.4.2 Impedance matching analysis

The electrical impedance of the harvesting circuit must be reached to the piezoelectric obtain impedance; Source Impedance:

 

Zsource = Rinternal + j(ωLinternal − 1/ωCp) (14)

Optimal load impedance:

 

Zload = Rinternal − j(ωLinternal − 1/ωCp) (15)

Power transfer efficiency:

 

η                           2 = Rload / ( Rload + Rinternal )                                (16)

2.4.3 Dynamic load effects on mechanical response

The electrical loading significantly influences the mechanical vibration characteristics; Modified Resonance Frequency:

 

ωr,                  √     2                   = loaded ωr, open 1 − k 31 · Rinternal / ( Rload + Rinternal )              (17)

Electrical quality factor:

 

Qelectrical = (1/ω rC p) (Rload + Rinternal) (18)

Total system damping:

 

ζ total = ζmechanical + ζelectrical (19)

where,            2 ζ = k / (2ωm (R      R +     )).

electrical        31                 load        internal

2.4.4 Circuit integration analysis

Full-Bridge Rectifier with Electromechanical Couplin; The rectified output considering mechanical-electrical interaction:

 

Vrect, couple = V oc, ef f ective − Irect(Rdiode + Rin) − Lcircuit(dIrect/dt) (20)

Power extraction with coupling effects:

 

Pextracted = Vrect · Irect · ηrectifier · ηcoupling
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For multi piezoelectric elements in a group configuration, respecting phase relationships:

 

Vtotal = Σ (Vi · cos (φi)) (21)

Ctotal = N · Cp for parallel capacitive connection

 

Ptotal = N · Pindividual · ηarray (22)

2.4.5 Frequency response with circuit loading

The amplitude-frequency response including circuit effects:

 

W                4            2            ( ω ) F xt/ D f f · ω − m f f · ω + jω · c                     (23)

e         e             e                 total

where, ctotal = cmechanical + celectrical (Rload, Cp, Lcircuit )

The book size should be in A4 (8.27 inches × 11.69 inches). Do not change the current page settings when you use the template. The number of pages for the manuscript must be no more than ten, including all the sections. Please make sure that the whole text ends on an even page. Please do not insert page numbers. Please do not use the Headers or the Footers because they are reserved for the technical editing by editors.

3 Practical Configurations

3.1 Rectification and Circuit Choice

Experimental studies confirm that the selection of the rectification circuit has a significant impact on harvested power. Passive FB and HBBD circuits offer distinct benefits under various load conditions. For example, at low

Vrect, FB yields higher output at higher Vrect, HBBD is superior due to lower loss [8, 10, 11].

3.2 Multiple Piezoelectric Elements

Arranging multiple elements in parallel, either directly or after individual rectification, affects the total capacitance,

output voltage, and potential for destructive interference [1, 8, 11]. The preferred architecture is to individually rectify each element and then connect its DC outputs in parallel to maximise total extractable energy.

3.3 Optimized Harvester Design

Flexible/Composite Structures: Flexible substrates lower resonance frequency and increase the harvester’s resilience and longevity. However, mechanical stresses must be mapped carefully to avoid concentration and

premature failure. Structural Integration: Embedding or integrating piezoelectric elements into beams, shells, or panels allows harvesting from distributed environmental vibrations.

4 Numerical Results

This section illustrates the application of the previously developed models to a graded porous piezoelectric

nanoplate under vibration and electric excitation [9]. Given a rectangular nanoplate with a nonuniform porosity profile and specified boundary/load condition, the amplitude-frequency response is solved using the differential quadrature (DQ) method, where the porosity-dependent plate parameters are defined above. Key influences include: (1) An increase in porosity reduces plate stiffness and resonant frequencies; (2) Nonlocal and strain gradient effects become significant at the nanoscale. So, a sample equation for amplitude-frequency curve determination:

 

∂ 4             2 w ∂w

D ef f      + mef f      = Fext(x, t)                              (24) 4 2 ∂x ∂t

where, Def f and mef f are effective (porosity/nonlocal/scale-dependent) rigidity and mass.

4.1 Model and Parameters

For quantitative assessment, the authors analyze a functionally graded porous piezoelectric nanoplate subjected to harmonic mechanical and in-plane electrical excitation, as described in the previous sections. Both uniform and non-uniform porosity distributions are considered, along with material properties, geometry, boundary conditions, and loading conditions. The governing equations are solved using the DQ method, which has been validated in earlier works and is effective for nanostructures with scale-dependent effects. Parameters used: (1) Plate length: a, (2) Plate thickness: h, (3) Material base properties: P0, (4) Porosity coefficients: e0, em (uniform, non-uniform cases), (5) Nonlocal parameter: ea, (6) Strain gradient parameter: l, (7) Mechanical load: Harmonic, out-of-plane force and (8) Electrical load: In-plane voltage.
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4.2 Results

The effects of porosity, nonlocal, and strain gradient parameters on the vibration response (dynamic amplitude) are systematically explored; (1) Resonance frequency: As porosity increases (larger e0, em), the fundamental

resonance frequency (f1) decreases due to a reduction in overall plate stiffness, as shown in Figure 2a. (2) Nonlocal effect: Higher nonlocal parameters lead to lower resonance frequencies, highlighting the importance of size effects

at the nanoscale as shown in Figure 2b.

Figure 5 illustrates the relationship between the non-local factor and the ineffective gradient factor on resonance control and the differential plate. Non-local effects reduce the natural frequencies, while the strain gradient factor increases them. Their combined effect enables customized frequency tuning at the nanoscale, which is crucial in the design of any object.

[image: ]

 

Figure 5. Porosity effects on vibration response

 

Figure 6 illustrates the relationship between temperature variation and the amplitude and frequency characteristics of the nanoplate. Temperature plays a thermal role and generally softens the structure, reducing resonant frequencies and altering the vibration effect. These optical effects highlight the importance of the environment in piezoelectric circuit applications.

[image: ]

 

Figure 6. Nonlocal/strain-gradient on resonance
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4.2.1 Quantitative Analysis No. 1

Figure 5 illustrates the relationship according to the parametric analysis shown. Measurable relationships exist between the non-local gradient indices and the stress and dynamic response characteristics of the piezoelectric nanoparticles.The following quantitative assessments provide numerical insight into the system behavior; The resonance Frequency Variations of nonlocal Parameter Effects (ea), for ea = 0 → 0.1: fundamental frequency reduces by 8.3% (∆f1 = −12.4 Hz). Also, for ea = 0 → 0.2: fundamental frequency reduces by 15.3% (∆                                                            2    2 f = − 22 . 9 Hz ) . Linear regression analysis: f ( ea ) = f 1 − 0 . 765 ea + 0 . 123 ea with R = 0.987. 1                                                 1           0 The Strain Gradient Parameter Effects (l): For l = 0 → 0.05h: fundamental frequency increases by 4.7% (4f 1 = +7.1 Hz), for l = 0 → 0.1h: fundamental frequency increases by 8.7% (∆f1 = +13.2 Hz). The mathematical relationship:                                        2    2 f ( l ) = f 1 + 0 . 87( l/h ) − 0 . 15( l/h ) with R = 0.994. 1        0

The amplitude Response Quantification; the peak amplitude variations of nonlocal softening effect: 23.4% amplitude reduction at ea = 0.2, the strain gradient stiffening compensation: 12.1% amplitude recovery at l = 0.1h, the net effect optimization: maximum amplitude achieved at ea/l ratio = 1.76. The Bandwidth Analysis, Pure nonlocal case (ea = 0.2, l = 0): bandwidth reduction of 15.2%, the combined optimization (ea = 0.1, l = 0.057h):

√

bandwidth enhancement of 8.5%, the half-power bandwidth coefficient: BW3dB = 0.347   (ea − 1.43l/h) + BWo.

4.2.2 Quantitative Analysis No. 2

The thermal analysis presented in Figure 6 demonstrates significant quantitative relationships between operating temperature and the electromechanical response of the piezoelectric energy harvester. The temperature-frequency relationships of the linear temperature Coefficient: Primary thermal coefficient: ∂f1/∂T = -0.34 Hz/K, Temperature range 300 K – 400 K: total frequency shift ∆f1 = -34 Hz, the relative frequency change: (1/f0) (∂f1/∂T ) =

− − h i  4   −  1 2  2.27×  10   K   , the temperature-Dependent Frequency Model: f1(T) = f0 1 −  αT (T − T0  ) − βT (T − T0

) ,

where:                −4 −1                               −6 −2 αT = 3 . 4 × 10 K (linear coefficient), βT = 1 . 2 × 10 K (quadratic coefficient), T = 298 K 0

(reference temperature).

5 Discussions

Thorough the present section, results are provided for forced vibration investigation of scale-dependent piezoelectric and metal foam plates formulated by a four-unknown plate theory and NSGT. The nano-size foam plate under a

periodic dynamical loading has been depicted in Figure 2. Accordingly, the present formulation and DQ solution is capable of giving accurate results of nanoplates.

Thermal effects on dynamic response of a porous PZT nanoplate has been plotted in Figure 3 assuming that nonlocal factor is µ = 0.2. Actually, this figure shows nanoplate center deflection against applied frequency of excitation. At first step, nanoplate center deflection (amplitude) is increasing with the growth of plied frequency of excitation. After the shift frequent (at which the center deflection is infinitive), the center deflection will reduce. Thermal environment has an important impact on the frequency curves and the location of shift frequency. Note that increase of temperature will reduce the magnitude of shift frequency because of the reduced stiffness of the nano-sized plate.

Effect of applied electric voltage on the variation of normalized deflections of a piezoelectric foam nano-

dimension plate versus excitation frequency of mechanical loading is illustrated in Figure 4. Uniform porosities with e0 = 0.2 inside piezoelectric foam have been assumed. One can figure out that utilizing negative electrical voltages to a nano-scale plate results in greater resonance vibrational frequencies than utilizing a positive electrical voltage. This finding is because of raised compressive loads by positive electrical voltages. Such compressive loads may

result in the decrement in structural stiffness of the nano-scale plate as well as resonance frequency. Also, Figure 5 presents a comparison between response curves of piezoelectric and metal foam nanoplates. For simplicity, the electric voltage is selected to be zero VE=0. In this condition, piezoelectric foam nanoplate has larger resonance frequency than metal foam nanoplate due to having higher stiffness.

In Figure 5, the variation of normalized deflections of a metal foam nano-dimension plate versus excitation frequency of mechanical loading is represented for several nonlocality (µ) and stain gradients (λ) coefficients when a/h = 10. By selecting µ = λ = 0, the deflections and vibrational frequencies based upon classic plate assumption will be derived. Actually, selecting λ = 0 gives the deflections in the context of nonlocal elasticity theory and discarding strain gradients impacts. Exerting higher values of excitation frequency leads to larger deflections and

finally resonance of the plate. It can be understand from Figure 3 that normalized deflection of system will reduce with strain gradient coefficient and will rise with nonlocality coefficient. This observation is valid for excitation frequencies before resonance. So, forced vibration behavior of the nanoplate system is dependent on both scale effects. An important finding is that the resonance frequencies of metal foam plate are outstandingly affected by the values of nonlocal and strain gradient coefficients.

In Figure 6 one can see the response curves of metal foam plate system with different porosity coefficients and

dispersions. Effect of surrounding medium is neglected for this figure. It can be understand from Figure 6, Figure 7
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and Figure 8 that resonance frequency of system will reduce or increase with pore coefficient. But, this variation relies on the type of pore dispersion in thickness of nanoplates. Uniform pore type gives higher resonance frequencies than other pore types.

[image: ]

 

Figure 7. Temperature effects on resonance/amplitude, stain gradients of λ = 0

[image: ]

 

Figure 8. Temperature effects on resonance/amplitude, strain gradients of λ = 0.2

 

6 Conclusions

This study examined in detail the effects of heat and electricity on the dynamic response of a porous nano-sized plate that was simulated by a nonlocal refined plate model of higher order. The porosity distribution of the porous material under investigation was either uniform or non-uniform throughout the cross-section. In order to mimic the scale-dependent plate more accurately, stain gradient effects were also taken into account. The governing equations were established by applying Hamilton’s rule. It was realized that resonance vibration frequency of system raised with strain gradient coefficient and reduced with nonlocality coefficient. It was also found that resonance vibration frequency and dynamic deflection of system might reduce or increase with pore coefficient. Also, uniform pore type gave highest resonance frequency among considered pore types. Also, it was seen that inducing negative electrical voltages to a nanoscale plate causes greater resonance vibrational frequencies than inducing a positive electrical voltage. The finding was because of raised compressive loads by positive electrical voltages.
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