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1. Introduction 
 

Traditional optimization methods experience difficulty 

when dealing with high-dimensional design spaces during 

nanocomposite beam modeling. Cloud-based computational 

frameworks now present solutions that scale operations for 

real-time simulations along with improved accuracy while 

reducing calculations time. Cloud computing provides 

powerful capabilities to perform lengthy parametric studies 

that allow researchers to examine extensive material 

variations and multiple loading scenarios and different 

geometric features quickly (Kuang et al. 2024, Berghouti et 

al. 2023). 

This paper represents the first study which solves 

buckling optimization problems of nanocomposite beams 

reinforced with ZnO nanoparticles through advanced 

mathematical modeling and optimization techniques. The 

paper uses AAHS to execute optimization on sinusoidal 

beams embedded with nanocomposite under buckling 

limitations for its first instance. The structural modeling 

uses SSDT for analysis while deriving equations through 

the energy method and Hamilton’s principle and applying 

an exact solution to calculate buckling load. This research 

evaluates how optimum design conditions respond to 

changes in axial forces together with applied voltage and 

foundation shear and spring constants and ZnO nanoparticle 

volume fraction levels. By filling the literature void the 

research establishes fundamental foundations for improving 
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nanocomposite beams and generates original findings that 

enhance modern structural design practices. Functionally 

graded sandwich structures have been the focus of multiple 

studies which examined their free vibration responses 

through parametric and uncertainty investigation. The study 

creates crucial understanding about dynamic system 

responses when observing the combination of material 

grading features and boundary conditions and geometrical 

properties (Belarbi et al. 2024a). The analysis of laminated 

sandwich plates through wavelet finite element methods has 

gained attention in recent times to generate more accurate 

vibration analysis outcomes (Sabherwal et al. 2024). 

HSDTs stand as prominent analytical methods for modeling 

FGM plates and beams because they successfully account 

for shear and normal deformations. The authors Belabed et 

al. (2014) developed a straightforward HSDT for FGM 

plate analysis which produced superior accuracy together 

with reduced computational time. The static bending 

analysis of functionally graded plates with different 

material gradient functions such as power-law, exponential, 

and sigmoid through advanced finite element modeling 

became possible (Belarbi et al. 2025). The addition of 

carbon nanotubes (CNTs) as nanomaterials to FGMs serves 

to increase their mechanical properties even further. The 

paper by Daikh et al. (2022) studied static and dynamic 

stability of multiscale CNT-reinforced FGM nanoplates by 

utilizing quasi-3D nonlocal strain gradient theory. Stability 

outcomes in their study depended directly on micro-

structural relationships which the researchers showed 

through their work. The research directed by Daikh et al. 

(2024) presented a thickness-stretching and microstructure-

dependent model for tri-directionally coated plates to study 
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Abstract.  The study evaluates how smart nanoparticles affect beam structural performance while using computational 
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optimization efficiency levels. The algorithm makes two sequential parameter adjustment stages which start by adapting 
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how nanoscale effects influence FGM structures. Research 

on sandwich curved beams with functionally graded 

properties concentrated on mechanical responses through 

refined HSDTs which resulted in better predictions of 

bending as well as vibration behavior (Belarbi et al. 2022). 

Researchers have developed specialized refined shear 

deformation theory for beam bending and free vibration 

assessments of FGM beams to improve theoretical studies 

of these structures (Khechai et al. 2020). Research has 

merged existing methods to analyze nano-isotropic 

structures and nano-FGM composites and CNT-reinforced 

nanocomposites through systematic reviews that set the 

foundation for further investigation (Garg et al. 2022). 

Numerical methods with advanced capabilities evaluate the 

bending and buckling response of FGM nanobeams as a 

part of their analysis. Belarbi et al. (2021) developed a 

nonlocal finite element model with a new shear deformation 

theory which improved the accuracy in modeling size-

dependent effects. Research studies evaluated the vibrations 

of functionally graded sandwich nanoplates while 

experiencing temperature changes (Daikh et al. 2021). 

Researchers studying FGM beams have investigated the 

addition of porosity because of its significance in nano-

composite structures. The analysis model for functionally 

graded porous nanocomposite beams was developed by 

Merzouki et al. (2022) through implementation of nonlocal 

strain gradient theory. Through their study researchers 

gained fundamental knowledge about how nanocomposite 

beam behavior changes due to different porosity 

distributions. 

There are a number of studies on buckling behavior of 

composite structures. Vodenitcharova and Zhang (2006) 

investigated nanocomposite beams with SWCNTs based on 

the Airy stress-function theory. Yas and Samadi (2012) 

investigated buckling in SWCNT-reinforced Timoshenko 

beams on elastic foundations using GDQM. Mehri et al. 

(2016) investigated buckling and vibration of SWCNT-

reinforced truncated conical shells under axial compression 

and external pressure. Nejati et al. (2016) investigated 

cantilever FG beams with CNTs. Alesadi et al. (2017) 

coupled IGA and CUF for the buckling analysis of 

composite plates. Yang et al. (2017) examined postbuckling 

of GPL-reinforced nanocomposite beams on elastic 

foundations. Each GPLRC layer contains distributed GPLs 

that are uniformly scattered throughout them while 

following random orientations regarding the thickness 

direction. The authors Karimian et al. (2018) established a 

multi-layer finite element model for both buckling and free 

vibration analysis of laminated beams following a higher-

order layer-wise theory.  

Research dealing with optimization design conditions of 

nanocomposite structures has not been investigated in the 

above mentioned works. Cheng et al. (2011) focused on 

developing optimized residual thermal–mechanical response 

simulations for the new Flip Chip (FC) technology starting 

from fabrication through completion. Rouhi and Rais-

Rohani (2013) delivered modeling and probabilistic design 

optimization for buckling purposes of nanofiber-enhanced 

composite cylinders. The buckling force strength of hybrid 

laminated nanocomposite was studied by Azadi and 

Rostamiyan (2015) through Taguchi method while 

analyzing the effects of three parameters including carbon 

fiber orientation, nano clay and CNT wt%. The research by 

Horny et al. (2016) investigated thermal and mechanical 

optimization of bio-polymer nanocomposites. The study 

conducted by Mansour et al. (2016) established an effective 

modal testing technique for viscoelastic composite materials 

using analytical–experimental transfer functions coupled 

with genetic algorithms. This method achieved identification 

by minimizing measurement discrepancies between 

experimental test responses and theoretical calculations. 

The research of Zhang et al. (2018) examined aerothermo-

elastic behavior of CNT reinforced functionally graded 

composite panels exposed to supersonic airflow conditions. 

The genetic algorithm helped identify the best placement 

along with size for piezoelectric patches. 

The main effort of the meta-heuristic optimization 

algorithm is to search the global design conditions of 

engineering problems based on random generations of the 

design variables in the feasible region (Keshtegar et al. 

2017, Ouyang et al. 2017). The harmony search 

optimization is a simple and efficient meta-heuristic 

algorithm, which is inspired by music improvisation process 

(Guo et al. 2016, Omran and Mahdavi 2008) a one of the 

meta-heuristic algorithm using modified version of 

harmony search for optimization of complex structural 

(Keshtegar et al. 2017), mathematical (Zou et al. 2011) and 

engineering problems (Akin and Saka 2015). The accuracy 

of the optimum design for applicable nonlinear engineering 

problems is a one of major effort of optimization algorithm 

to search optimum conditions (Wang et al. 2017). The 

feature selection approach for high dimensional optimization 

problems was proposed using self-adjusted HS. The input 

dataset selection for predicting the daily time series 

suspended sediment was applied using response surface 

method basis global harmony search (GHS) (Afan et al. 

2017). The HS was improved by dual strategies and 

adaptive parameters to search best design conditions of 

mathematical optimization problems. Two adjusting steps 

were applied for generating the harmony memory in 

improved global-best harmony search, Gaussian global-best 

harmony search and adaptive dynamic harmony search and 

these improved version of HS the best numerical results 

compared to original harmony search. The HS is high 

performance for the solution space but HS algorithm may 

provide some drawbacks as, (1) the performance of 

optimization process using HS is strongly sensitive to its 

parameters. (2) The improvisation mechanism of HS is 

stochastically to search the optimal conditions but, prior 

knowledge is used to guide improvisation of the 

effectiveness of new harmony vector. The improve version 

of HS is proposed to improve drawbacks of the HS 

algorithm using two adjusting processes for new harmony 

memory with dynamical permeates.  

This paper represents the first study which solves 

buckling optimization problems of nanocomposite beams 

reinforced with ZnO nanoparticles through advanced 

mathematical modeling and optimization techniques. The 

paper uses AAHS to execute optimization on sinusoidal 

beams embedded with nanocomposite under buckling 
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limitations for its first instance. The structural modeling 

uses SSDT for analysis while deriving equations through 

the energy method and Hamilton’s principle and applying 

an exact solution to calculate buckling load. This research 

evaluates how optimum design conditions respond to 

changes in axial forces together with applied voltage and 

foundation shear and spring constants and ZnO nanoparticle 

volume fraction levels. By filling the literature void the 

research establishes fundamental foundations for improving 

nanocomposite beams and generates original findings that 

enhance modern structural design practices. 
 

 

2. AAHS optimization technique 
 
Harmony Search tracks the best solution by following 

five basic methods to conduct its random search (Wang et 

al. 2017). 

1- Our primary step includes describing both the 

optimization job and HS parameter values: Phase 1 requires 

transforming the optimization problem into HS format 

while configuring its basic features. 

2- Initializing harmony memory (HM): To create the 

harmony memory the system generates numbers based on 

the uniform random distribution as: 

𝑥 = 𝑥𝐿 + 𝑟 𝑎𝑛𝑑() × (𝑥𝑈 − 𝑥𝐿 ) (1) 

in which, 𝑟𝑎𝑛𝑑() ∈ [0,1] is random, 𝑥𝑈  and 𝑥𝐿  are the 

upper/lower bounds, respectively. 

3-Generating a new harmony memory: The existing 

harmony memory goes through a random change according 

to the HS set parameters. This process works through: 

𝑥′𝑖
𝑗
= {

𝑥𝑖
𝑗
 with probability 𝐻𝑀𝐶𝑅

𝑥𝑖
𝐿 + 𝑟 × (𝑥𝑖

𝑈 − 𝑥𝑖
𝐿) with probability 1-HMCR

 (2) 

The algorithm uses HMCR to establish the odds of 

drawing information from past HM sources. A bandwidth 

parameter (bw) performs adjustments to the system during 

this process is: 

𝑥′𝑖
𝑗
= {

𝑥′𝑖
𝑗
± 𝑏𝑤 with probability 𝑃𝐴𝑅

𝑥′𝑖
𝑗
 with probability 1-𝑃𝐴𝑅

 

(3) 

The system uses 𝑥 and 𝑥′  to show design parameters 

from the starting and updated hypothesis models. Parallel to 

genetic algorithm mutation this tool is known as PAR and 

adjusts value placement inside the database. This method 

determines change possibilities through the formula of 

HMCR and PAR The effectiveness of HS depends mainly 

on HMS, HMCR, PAR, bw, and NI settings. The HMS sets 

the boundaries where the HS algorithm looks for solutions. 

During step 2 the generated HM parameters get fine-tuned 

through the HMCR-PAR-bw process. 

4-Updating harmony memory: When the new objective 

function f(𝑥′ ) gives higher value than f(𝑥) the algorithm 

updates harmony memory by replacing the least effective 

design vector with this improved solution. 

5-Checking the stopping criteria: The process combines 

these steps 3 and 4 until reaching all preset HS algorithm 

limits or finding the best result. 

The rules for HMCR-PAR and bw remain fixed during 

each iteration of HS’s ordinary function. Ultrasound 

inspection relies on proper parameter selection to work well 

because HS needs more time to find perfect answers 

according to Ouyang et al. (2015). The performance of HS 

has improved through various enhanced methods to achieve 

better optimization results faster. Mahdavi et al. (2007) 

developed an Updated Harmony Search approach that 

automatically changes the settings of PAR and bwbw to 

optimize performance. The rules for HMCR-PAR and 

bwbw remain fixed during each iteration of HS’s ordinary 

function. Ultrasound inspection relies on proper parameter 

selection to work well because HS needs more time to find 

perfect answers according to Ouyang et al. (2015). The 

performance of HS has improved through various enhanced 

methods to achieve better optimization results faster. 

Mahdavi et al. (2007) developed an updated harmony 

search approach that automatically changes the settings of 

PAR and bw to optimize performance as: 

k
NI

PARPAR
PARkPAR minmax

min)(
−

+=  (4) 

]
)()(

exp[)( maxmin
max k

NI

bwLnbwLn
bwkbw

−
=  (5) 

in which, 𝑃𝐴𝑅𝑚𝑖𝑛  and 𝑃𝐴𝑅𝑚𝑎𝑥  are the min and max 

values of the adjusting pitch rate, respectively. 𝑃𝐴𝑅(𝑘)
 

denotes the pitch considered adjusting rate for the kth 

generation.  

The process of improvisation in the IHS works like the 

basic HS algorithm. However, IHS often performs better 

than HS when tackling optimization problems. In 2008, 

Omran and Mahdavi came up with the GHS algorithm. This 

GHS approach uses PAR(k), which is shown in Eq. (4), and 

it relies on the best harmony memory available. In GHS, the 

adjustment pitch step used in HS is updated by 

incorporating the best harmony memory during the 

improvisation stage. 

𝑥′𝑖
𝑗
= {

𝑥𝑖
𝑏𝑒𝑠𝑡  with probability 𝑃𝐴𝑅(𝑘)

𝑥′𝑖
𝑗
 with probability 1-𝑃𝐴𝑅(𝑘)

 (6) 

in which, 𝑥𝑏𝑒𝑠𝑡 denotes the best HM in the memory.  

The IHM may be enhanced for better global 

optimization by using a process that changes over time. The 

AAHS optimization algorithm is introduced, featuring two 

stages of adjustment and incorporating the GHS. At the first 

step of AAHS, the HM is adjusted with a dynamic 

bandwidth and a changing Harmony Memory Considering 

Rate (HMCR). In the 2nd step, a new HM is fine-tuned. The 

AAHS introduces a variable HMCR as: 

𝐻𝑀𝐶𝑅(𝑘) = 0.95 + 0.1 × √
𝑘

𝑁𝐼
− (

𝑘

𝑁𝐼
)2 (7) 

in which, 𝑘 denotes the iteration number, NI denotes the 

total number of improvisations. The dynamic bandwidth 

may be written as: 

𝐵𝑤(𝑘) =
𝑥

𝑚𝑎𝑥𝑚𝑖𝑛
10 𝑒𝑥𝑝[ − 10

𝑘

𝑁𝐼
]
 (8) 
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in which, 𝑥𝑚𝑎𝑥 and 𝑥𝑚𝑖𝑛 present the max and min design 

variables, respectively. The new HM is: 

𝑥′ = 𝑥 + (2 × 𝑟𝑎𝑛𝑑() − 1) × 𝐵𝑤(𝑘) (9) 

To determine the bandwidth of dynamic for each design 

variable, we use a logarithmic function. This function 

considers the highest and lowest values found in the 

harmony memory (HM), which come from Eq. (8) during 

each step. As we keep optimizing, the logarithmic function 

makes the bandwidth get smaller. This results in a very 

narrow bandwidth in the later stages of optimization. After 

narrowing the bandwidth, we adjust the new harmony 

memory (HM) with something called the dynamic pitch 

adjustment rate, written as PAR(k). We use a specific 

formula for this adjustment. This process helps make the 

harmony memory better with each iteration: 

𝑃𝐴𝑅(𝑘) = 0.3 + 0.6 × [1 − √1 − 𝑘/𝑁𝐼] (10) 

The new adjustment is: 

𝑥′ = 𝑥′ + (2 × 𝑟 𝑎𝑛𝑑() − 1) × 𝛼(𝑘) 

[𝑥
𝑚𝑎𝑥𝑚𝑖𝑛

 
(11) 

in which 𝛼 denotes a step size as: 

𝛼(𝑘) = √1 − 𝑘/𝑁𝐼 (12) 

To find the best direction for each variable, we start by 

using the values in the HM. These values help us change the 

HM by looking at the difference between the highest and 

lowest values. In Eq. (11), there’s a part that creates a 

random bandwidth that’s always more than zero. This helps 

us fine-tune the HM. We change each HM from its old state 

using the step size mentioned in Eq. (12). Initially, this step 

size is large, which allows for wide changes in the design 

variables. The harmony memory is adjusted based on a 

probability of HMCR(k) × PAR(k) using a changing step 

size and bandwidth. As a result, the AAHS method might 

reduce the number of best local solutions in problems with 

many possible best solutions. Starting with the initial 

harmony memory, the AAHS can be updated in three 

random ways: 1) by using the old HM members and 

adjusting them with a changing bandwidth, 2) by changing 

the new HM based on the old HM’s statistics, 3) by 

randomly picking each memory member from the available 

options.  

The way AAHS adjusts things is not the same as the 

original HS, IHS, and GHS methods. It creates a new HM 

through two steps that look at the old harmony memory’s 

stats (the gap between the highest and lowest values for 

each design variable in the old HM). This approach figures 

out its settings on its own, with the main ones being the 

HMS and NI. 

 

 

3. Modelling of structure 
 

A beam, which is made with a length L, and a cross-

sectional area of b *h, is shown in Fig. 1. A voltage applied 

in the thickness direction is used to induce the electrostatic 

effects within the material, thus, it affects the mechanical  

 

Fig. 1 The schematic of the beam with smart nanoparticles 

in elastic medium 

 

 

properties. The beam is additionally supported by an elastic 

foundation, which in turn provides extra constraints and 

flexibility to the structure. The interaction and coupling 

between reproducing the nanoparticle reinforcement and the 

voltage source cause changes in the beam deformation, 

stress distribution, and the overall dynamic behavior of the 

beam.  

The incorporation of smart nanoparticles is responsible 

for the material to acquire piezoelectric properties which 

permit the connection of mechanical and electrical 

behaviors. In this nanocomposite material, the stress (σ) and 

strain (ε) in the structure are mainly the results of the 

mechanical loading and the electrical displacement (D) that 

are generated by the applied electric field (E). This 

interaction occurs because of the piezoelectric properties of 

smart nanoparticles, in which the stress and strain are not 

only produced by external forces but also because of the 

interaction with the electric field that causes the electric 

polarization inside the material. The piezoelectric impact of 

the nanocomposite beam can lead to a convertible 

transformation that is between mechanical and electrical 

energy with the strain and stress representing the 

mechanical forces on the material and the voltage-induced 

electric fields. This exclusive association between the 

electrical and mechanical states of the material is indeed a 

vital component in the formation of smart structures and 

devices, where both sensing and actuation capabilities are 

included in the same system. The basic relations are: 

[
 
 
 
 
 
 
𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧
𝜏𝑦𝑧
𝜏𝑥𝑧
𝜏𝑥𝑦 ]

 
 
 
 
 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13 0 0 0
𝐶12 𝐶22 𝐶23 0 0 0
𝐶13 𝐶23 𝐶33 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶55 0
0 0 0 0 0 𝐶66]

 
 
 
 
 

{
  
 

  
 
𝜀𝑥𝑥
𝜀𝑦𝑦
𝜀𝑧𝑧
𝛾𝑦𝑧
𝛾𝑥𝑧
𝛾𝑥𝑦}

  
 

  
 

−

[
 
 
 
 
 
0 0 𝑒31
0 0 𝑒32
0 0 𝑒33
0 𝑒24 0
𝑒15 0 0
0 0 0 ]

 
 
 
 
 

{

𝐸𝑥
𝐸𝑦
𝐸𝑧

}, 

(13) 

[

𝐷𝑥
𝐷𝑦
𝐷𝑧

] = [

0 0 0 0 𝑒15 0
0 0 0 𝑒24 0 0
𝑒31 𝑒32 𝑒33 0 0 0

]

{
  
 

  
 
𝜀𝑥𝑥
𝜀𝑦𝑦
𝜀𝑧𝑧
𝛾𝑦𝑧
𝛾𝑥𝑧
𝛾𝑥𝑦}

  
 

  
 

+ [

∈11 0 0
0 ∈22 0
0 0 ∈33

] {

𝐸𝑥
𝐸𝑦
𝐸𝑧

}, 

(14) 

in which 𝐶𝑖𝑗 , 𝑒𝑖𝑗 and
 
∈𝑖𝑗

 
denote elastic, piezoelectric 
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and dielectric constants, respectively. The electric field (𝐸𝑘) 

is: 

𝐸𝑘 = −𝛻𝛷, (15) 

where: 

𝛷(𝑥, 𝑧, 𝑡) = − 𝑐𝑜𝑠 (
𝜋𝑧

ℎ
)𝜑(𝑥, 𝑡) +

2𝑉0𝑧

ℎ
 (16) 

here 𝑉0 
denotes the voltage. Now, based on SSDT (Thai 

and Vo 2012), we have: 

𝜎𝑥𝑥 = 𝐶11 (
𝜕𝑢

𝜕𝑥
− 𝑧

𝜕2𝑤

𝜕𝑥2
+
ℎ

𝜋
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)
𝜕𝜓

𝜕𝑥
) 

+𝑒31 (
𝜋

ℎ
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)𝜙 +

2𝑉0
ℎ
). 

(17) 

𝜎𝑥𝑧 = 𝐶55 (𝑐𝑜𝑠 (
𝜋𝑧

ℎ
)𝜓) − 𝑒15 (𝑐𝑜𝑠 (

𝜋𝑧

ℎ
)
𝜕𝜙

𝜕𝑥
), (18) 

𝐷𝑥 = 𝑒15 (𝑐𝑜𝑠 (
𝜋𝑧

ℎ
)𝜓) +∈11 (𝑐𝑜𝑠 (

𝜋𝑧

ℎ
)
𝜕𝜙

𝜕𝑥
), (19) 

𝐷𝑧 = 𝑒31 (
𝜕𝑢

𝜕𝑥
− 𝑧

𝜕2𝑤

𝜕𝑥2
+
ℎ

𝜋
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)
𝜕𝜓

𝜕𝑥
) 

−∈33 (
𝜋

ℎ
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)𝜙 +

2𝑉0
ℎ
), 

(20) 

here  𝑢 and 𝑤 present the displacements and 𝜓 is rotation. 

It’s important to understand that for solid materials, we can 

determine their mechanical and electrical properties using a 

model called the micro-electro-mechanical system (MEMS). 

Tang and Tong demonstrated this in 2001. This approach 

allows us to closely examine the interaction between 

mechanical and electrical behaviors in materials, especially 

those with the piezoelectric effect, such as ZnO nano-

particles. The MEMS model helps researchers analyze how 

mechanical stresses and strains interact with electrical fields 

in composite materials. By using this model, we can explore 

how structural changes cause the production and 

distribution of electric fields. It also serves as a valuable 

tool for improving smart materials and devices. The method 

provides insights into how materials respond under various 

conditions, enhancing the accuracy of models for 

applications like sensing, actuation, and energy harvesting 

systems. The potential energy and external work are: 

𝑈 =
1

2
∫

(

 
 
 
 
𝜎𝑥𝑥 (

𝜕𝑢

𝜕𝑥
− 𝑧

𝜕2𝑤

𝜕𝑥2
+
ℎ

𝜋
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)
𝜕𝜓

𝜕𝑥
)

+𝜎𝑥𝑧 (𝑐𝑜𝑠 (
𝜋𝑧

ℎ
)𝜓) − 𝐷𝑥 (𝑐𝑜𝑠 (

𝜋𝑧

ℎ
)
𝜕𝜙

𝜕𝑥
)

−𝐷𝑧 (−
𝜋

ℎ
𝑠𝑖𝑛 (

𝜋𝑧

ℎ
)𝜙 −

2𝑉0

ℎ
) )

 
 
 
 

𝑉

𝑑𝑉 (21) 

𝑊 = ∫(−𝑘𝑤𝑤 + 𝑘𝑔𝛻
2𝑤)𝑤𝑑𝑥.

𝑥

 (22) 

here 𝑘𝑤  
and 𝑘𝑔

 
respectively denote spring and shear 

coefficients. In final, based on Hamilton’s principle, we 

have: 

𝛿𝑢:
𝜕2𝑢

𝜕𝑥2
+
𝜕𝑤

𝜕𝑥

𝜕2𝑤

𝜕𝑥2
= 0, (23) 

𝛿𝑤:−𝐶11𝐼
𝜕4𝑤

𝜕𝑥4
+
24𝐶11𝐼

𝜋3
𝜕3𝜓

𝜕𝑥3
 

−(2𝑒31𝑉0 + 𝑁𝑥
𝑀)
𝜕2𝑤

𝜕𝑥2
− 𝑘𝑤𝑤 + 𝑘𝑔𝛻

2𝑤 = 0, 

(24) 

𝛿𝜓:−
24𝐶11𝐼

𝜋3
𝜕3𝑤

𝜕𝑥3
+
6𝐶11𝐼

𝜋2
𝜕2𝜓

𝜕𝑥2
 

+
𝑒31ℎ

2

𝜕𝜙

𝜕𝑥
−
𝑄55𝐴

2
𝜓 +

𝑒15ℎ

2

𝜕𝜙

𝜕𝑥
= 0, 

(25) 

𝛿𝜙:−
2ℎ

𝜋

𝜕2𝑤

𝜕𝑥2
+
ℎ

2

𝜕𝜓

𝜕𝑥
−
𝜋2 ∈33
2ℎ

𝜙 

+
ℎ

2

𝜕𝜓

𝜕𝑥
+
ℎ ∈11
2

𝜕2𝜙

𝜕𝑥2
= 0. 

(26) 

where 𝑁𝑥
𝑀  is the axial force. The above equations in 

matrix form are: 

  ([𝐾] + 𝑃[𝐾𝑔]){𝑑} = 0 (27) 

where 𝑃  denotes the buckling load, [𝐾𝑔], 
[𝐾]

 
and [𝑑] 

respectively, are the geometric matrix, stiffness matrix and 

deflection vector.  

An easy way to find the critical buckling load of a 

nanocomposite sinusoidal structure is by solving the 

eigenvalue problem. This is a simple method used for 

structural stability analysis. In this process, we investigate 

how the structure reacts to applied loads by using the main 

equations of motion. We usually include a combination of 

elasticity theory and structural mechanics in this work. The 

eigenvalue problem can aid us in the determination of the 

natural frequencies and mode shapes of the structure, which 

are important in the detection of whether the structure shall 

fail under a certain load. We get this from finding solution 

for this problem which tells us the critical buckling load, 

beyond that the systems lose stability and deform suddenly. 

On nanocomposite sinusoidal structures, this analysis can 

be done based on physical properties such as how the 

nanoparticles toughen the material and geometrical factors. 

A more accurate prediction of buckling behavior under 

different conditions is possible with this type of analysis. 

This technique is effective in the case of optimizing the 

design of lightweight, high-performance nanocomposite 

structures where stability and bearing load are predominant. 

 

 

4. Results and discussions 
 
A cloud-based system performed optimization analysis 

for nanocomposite beams containing smart nanoparticles 

and produced valuable results about their structural 

strength. Under 50 GPa restraint and an applied 100 V 

voltage the analysis discovered its best structural outcome.  

We need to verify the buckling results reported here 

through this work. In order to compare our results a simple 

beam buckling test is performed omitting the ZnO 

nanoparticles (𝑟ℎ𝑜 = 0 ), support layers (𝑘𝑤 = 𝑘𝑔 = 0) 

and piezoelectric effects of the system. With comparable 

material specifications and geometric data as Thai and Vo 

(2012), this research shows beam buckling results in Table 

1 for multiple length-to-thickness ratios. The study results  
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Table 1 Validation of this paper with (Thai and Vo 2012) 

L/h 
TBT, 

(Thai and Vo 2012) 

SSDT, 

(Thai and Vo 2012) 
SSDT, present 

5 8.9509 8.9533 8.9533 

10 9.6227 9.6232 9.6232 

20 9.8067 9.8068 9.8069 

100 9.8671 9.8671 9.8673 

 

Table 2 Evaluate several harmony optimization methods for 

best result selection from nanocomposite beam data 

Variable HS IHS GHS AAHS 

L (nm) 0.2688 0.2499 0.2389 0.21817 

h (nm) 0.044 0.046 0.0552 0.0493 

rho 0.048 0.052 0.0503 0.055 

kw (N/m2) 115×109 127×109 133×109 118×109 

kg (N/m2) 27.33 29.17 20.23 29 

Cost ($) 59.87 55.21 60.17 45.78 

 

 

show close agreement with the findings of Thai and Vo 

(2012) which validates our research. 

 
4.1 Optimization results 
 

This section tests four harmony search methods HS, 

IHS, GHS and AAHS using a single voltage value V0=100 

volte under conditions of hollow and upper foundation 

property bounds and spring-shear constants, and 10 memory 

slots with 5000 improvisations each. Our study uses 

HMCR=0.97 for all harmony searches and sets bw to 

(xmax-xmin)/100, PAR to 0.29 for HS, and PARmin=0.12, 

bwmax=(xmax-xmin)/20, bwmin=0.002, PARmax=0.93 for 

IHS and GHS according to Keshtegar et al. (2017). This 

method changes its performance settings with every 

processing cycle. Our research group examines the optimal 

solutions for this complex design applying the HS, IHS, 

GHS, and AAHS methods in Section 4 and lists their results 

in Table 2. 

Our findings in Table 2 confirm that harmony search 

optimization tools produce good solutions for our nano-

composite design problem. By using IHS we achieve better 

outcomes than HS and GHS yet AAHS delivers maximized 

accuracy improvement of 17% for our IHS results. Our 

AAHS system produces the best possible solution among 

the HS, IHS, and GHS designs at Cost= 45.78$. GHS 

provides the most effective solution results among other 

harmony search methods with nanocomposite beam 

designs. The AAHS shows better results than IHS. This 

algorithm finds superior results than all other harmony 

search methods worldwide. AAHS requires better adjustment 

procedures by letting HS use dynamic parameters to better 

modify the harmony memory. The optimal design created 

from AAHS shows (0.21817 m, 0.0493 m, 118 GPa, 29 Pa, 

0.055) as output while achieving a budget of 45.78 dollars. 

In this situation the end results reach their bottom boundary 

levels and deliver their best values for foundation springs 

and shear constants. The thickness of beam h and the 

amount of zinc oxide nanoparticles rho influence the cost 

 

Fig. 2 AAHS algorithm examines forces from bucking 

constraints to determine the effect on four design 

parameters including length to thickness ratio optimization 

and cost reduction analysis followed by foundation spring 

constant optimization and foundation shear optimization 

 

 

values more than they do the buckling force of nano-

composite beams. 

Based on the optimization model in Eq. (30), Fig. 2 

shows the proper design of L/h ratio and cost alongside 

foundation spring and shear constants at multiple buckling 

loads under 100 volte voltage. (30) with applied voltage of 

100 volte. The application uses 118 GPa as the maximum 

value for spring constant (kw) and 29 Pa as the maximum 

value for shear constant (kg) of foundation. The optimized 

ZnO nanoparticle volume fraction reached 0.055 during all 

optimization processes that employed multiple applied 

constraint values. The L/h length-to-thickness ratio and 

45.78 $ cost remain consistent while spring constant and 

shear constant of foundation increase proportionally 

between Pcr = 0 to Pcr = 15 GPa. The study demonstrates 

that the spring constant and shear constant reach their 

maximum values during 15-100 GPa for applied buckling 

forces with spring constant at 118 GPa and shear constant 

equal to 29 Pa. The nanocomposite beam experiences a 

nonlinear increase in L/h ratio and cost values while Pcr 

values rise between 15 and 100 GPa. An increase in the 

nanocomposite beam cost occurs after Pcr exceeds the 

threshold of 15 GPa. By increasing the nanocomposite 

beam length one can enhance its elastic functional strength 

through the application of an optimal spring constant kw = 

118 GPa. 

 
4.2 Impacts of various parameters 
 
Using an optimization model with Pcr force of 50 GPa 

and 100 volte applied voltage the research analyzes how 

ZnO nanoparticle volume fraction (rho) affects the results 

for foundation stiffness coefficients ranging from 50 to 200 

to 150 to 200 GPa. The cost data and length to thickness 

ratio variations of the nanocomposite beam are demonstrated 

in Figs. 3 and 4, respectively based on four different 

foundation spring and shear constants settings. When adding 
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Fig. 3 The impact of spring constant on the cost and 

optimum L/h 

 

 

Fig. 4 The impact of shear constant on the cost and 

optimum L/h 

 

 

greater amounts of ZnO nanoparticles the cost function of 

structure elevates since it requires more nanoparticle 

materials. The study shows that foundation spring constant 

has minor impact on selecting different L/h ratios under 

various kw conditions. The structure cost decreases together 

with the optimal L/h ratio when foundation spring constants 

become higher. When foundation shear constant increases 

the cost function remains unchanged but foundation cost 

changes. The stiffness of the structure enhances as kw and 

kg become larger which leads to enhanced buckling load 

and finally lower L/h optimum value. As the optimum value 

of L/h decreases the required construction materials 

decrease which requires lower cost expenditures. 

The variations in cost and optimum length-to-thickness 

ratio (L/h) of the nanocomposite beam are presented in 

Figs. 5 and 6 according to different volume fractions of 

ZnO nanoparticles (ρ) under applied buckling loads of 20, 

40, 60, and 80 GPa. The optimization model produces result 

by utilizing an applied voltage of 100 volts together with an 

upper stiffness constant of 118 GPa and an upper shear 

 

Fig. 5 The impact of buckling forces on the cost 

 

 

Fig. 6 The impact of buckling forces on the optimum L/h 

 

 

constant of 29 Pa for the foundation. Both the structural 

cost and optimal L/h ratio rise when critical buckling load 

increases according to the presented figures. An increase in 

critical buckling load typically reduces structural stiffness 

which requires more L/h ratio to ensure stability of the 

structure. The extended beam proportions compared to its 

dimensions need additional materials leading to elevated 

overall expenses. The evaluation demonstrates the important 

role that ZnO nanoparticle reinforcement plays during the 

optimization procedures. The addition of ZnO nanoparticles 

to enhance the nanocomposite beam properties produces 

higher costs because these nano-particles have a more 

expensive price than conventional materials. The changes in 

ρ produce minor variations in L/h optimal ratio compared to 

the changes in the buckling load parameters. The findings 

establish that ZnO nanoparticle reinforcement enhances 

mechanical performance yet demands cost evaluation when 

assessing structural modifications especially under high 

buckling loads. Through optimization methods designers 

obtain essential information about picking right design 

criteria which strikes performance quality off against cost-

effectiveness requirements for nanocomposite beams. 
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Fig. 7 The impact of voltages on the cost and optimum L/h 

 

 

Fig. 8 The impact of voltages and volume fraction on the 

cost and optimum L/h 
 

 

Fig. 7 establishes how the nanocomposite beam’s 

structural performance and cost factors link together with 

the applied voltage and ZnO nanoparticle volume fraction. 

Changes in ZnO nanoparticle volume fractions do not 

influence how the beam behaves mechanically when 

measured by its L/h optimum ratio. The increasing amount 

of ZnO nanoparticles in the material leads to greater 

manufacturing expenses resulting from their higher material 

prices. Among the three fixed constants Pcr at 50 GPa and 

upper stiffness of 118 GPa and upper shear at 29 Pa which 

impact the beam performance, the applied voltage stands as 

the leading factor that determines the optimum L/h ratio. 

Portions of the beam develop greater rigidity due to their 

alignment under a negative voltage field allowing for both 

lower L/hL/h ratio selection and cost reduction of the entire 

system. Under specific loading conditions the beam becomes 

more efficient and stable because of this modification. 

When utilizing positive external voltage across the beam 

a tensile stress develops which causes the nanocomposite 

material stiffness to decrease. The improvement in L/h L/h 

ratio combined with increased expense of production arises 

from larger dimensions required for structural support. The 

results indicate the ZnO content influences the L/hL/h ratio 

only marginally but the external voltage has a substantial 

effect on this value. When voltages remain at negative 

levels the material performance becomes stronger but costs 

stay lower yet when voltages turn positive structural 

modifications create higher costs. External voltage 

applications show a trade-off between stiffness and optimal 

design and cost because negative voltages improve 

performance but need greater design changes from positive 

voltage applications. 

The optimization analysis for the nanocomposite beam 

displayed results through Fig. 8 which presented both 

manufacturing cost and optimal L/h ratio data at various 

ZnO nanoparticle volume fractions and applied voltages. 

The left subplot reveals that increasing ZnO nanoparticle 

volume fraction raises manufacturing costs because 

multiple nanoparticles require additional materials during 

production. The costs of production remain higher when 

applying 150 V compared to -150 V but show the same 

upward pattern for both voltage values because the 

structural design gets more intricate with each additional 

voltage. The performance benefits from adding ZnO 

nanoparticles have implications for increased material costs 

which requires optimization of the cost-volume fraction 

relationship. 

The right subplot of Fig. 9 displays the optimum L/h 

ratio for the nanocomposite beam as a function of the ZnO 

nanoparticle volume fraction and applied voltage. The 

structural stability requirement with ZnO nanoparticles 

becomes higher as their volume fraction increases because 

these nanoparticles improve the beam properties. The L/h 

ratio changes when an electric field with various applied 

voltages is used: A negative voltage (-150 V) decreases the 

L/h ratio while positive voltage (+150 V) leads to increased 

L/h ratio because tension develops within the structure. The 

beam exhibits a sensitive response to both its material 

composition through ZnO fraction and external voltage 

conditions because both factors need precise balancing for 

optimal performance. 

 

 

5. Conclusions 
 

The research experiment proves successful in illustrating 

how ZnO nanoparticles affect nanocomposite beam 

performance by showing how loads and voltage levels and 

foundation stiffness work together to reach optimal design 

outcomes. Research applications of advanced adaptive 

harmony search (AAHS) identifies 4.425 L/h ratio along 

with 118 GPa foundation spring constant together with 29 

Pa shear constant in combination with 0.055 ZnO 

nanoparticle volume fraction as optimal design parameters 

for specific applied voltage and buckling force conditions. 

Through the optimization process using the AAHS 

algorithm the performance was enhanced while cutting 

manufacturing costs effectively since the algorithm 

delivered superior accuracy and results compared to 

traditional methods. The results show how system 

performance relates directly to the expenses involved when 
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adjusting ZnO nanoparticle volume fraction along with 

applied voltage values. Through greater nanoparticle 

addition there are better mechanical properties for the beam 

but production expenses increase substantially with elevated 

applied voltages. The analysis proves that negative voltage 

system strengthens the structural rigidity of the beam thus 

reducing the L/h proportion and lowering creation expenses 

yet positive voltage creates longer beams at elevated costs. 

The experimental findings demonstrate why it matters to 

find suitable equilibrium between these design elements for 

creating optimized cost-efficient and high-performance 

nanocomposite beams that serve diverse structural needs. 

Nanocomposite reinforced sinusoidal beam design and 

optimization benefits substantially from the usage of 

adaptive improved harmony search (AAHS) due to its 

ability to produce better outcomes than traditional harmony 

search algorithms. The study identifies the three main 

influential variables applied voltage buckling constraint 

forces and foundation spring constant to create an 

optimization structure for the critical ratio L/h. Through 

such design performance engineers can create efficient 

nanocomposite beams that meet specific design 

requirements involving buckling resistance plus applied 

voltage limitations. The AAHS method provides future 

researchers with a dependable tool due to its robust 

performance and accuracy as they advance both composite 

materials and structural optimization. 
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