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INTRODUCTION

The growing adoption of composite structures 
across various engineering sectors is primarily at-
tributed to their superior strength-to-weight and 
stiffness-to-weight characteristics. As their use 
continues to expand, developing testing models 
becomes essential to reliably estimate structural 
responses. In recent years, considerable atten-
tion has focused on developing advanced engi-
neering structures capable of performing multi-
ple functions simultaneously. Multifunctionality 

has emerged as an important design objective, 
extending beyond conventional load-bearing re-
quirements to incorporate additional functions. 
Alongside structural performance, the integration 
of non-structural functionalities has become in-
creasingly significant in the design of next-gener-
ation smart materials and systems (Ferreira et al., 
2016; Gibson, 2010). 

Researchers have explored several multifunc-
tional attributes, including electrical and ther-
mal conductivity, sensing and actuation, energy 
harvesting and storage, self-repair mechanisms, 
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electromagnetic interference shielding, and en-
vironmentally sustainable features such as recy-
clability and biodegradability. These capabilities 
enhance the overall efficiency and adaptability 
of engineering structures while reducing system 
complexity and weight. Smart structures are a 
major class of multifunctional systems because 
they can respond to external stimuli and adapt to 
changing operating conditions. Among the avail-
able smart materials, piezoelectric materials have 
attracted significant interest because they direct-
ly couple the mechanical and electrical domains. 
Through the piezoelectric effect, these materials 
can convert mechanical deformation into elec-
trical energy and vice versa over a broad range 
of operating frequencies. The unique electrome-
chanical characteristics of piezoelectric materi-
als have enabled their application in numerous 
fields, including structural health monitoring, 
active vibration suppression, adaptive shape con-
trol, and energy harvesting technologies (Zhang 
et al., 2017). However, designing and fabricating 
piezoelectric-integrated smart structures often in-
volves complex material interactions and coupled 
physical phenomena. Recent investigations have 
therefore focused on improving the understand-
ing of these coupled electromechanical systems 
and enhancing their overall performance (Akbar 
and Curiel-Sosa, 2019; Banerjee and Roy, 2018). 

The conversion of ambient vibrational energy 
into usable electrical power has attracted signifi-
cant research interest over the past several decades 
because it can power low-power electronic sys-
tems (Rodriguez et al., 2019). From early devel-
opments in vibration-based energy harvesting to 
recent advances addressing emerging challenges, 
efforts have focused on improving the efficiency 
and applicability of these systems. The growing 
demand for self-powered devices has further ac-
celerated the adoption of energy harvesting solu-
tions, particularly in the applications where battery 
replacement is impractical, maintenance is costly, 
or long-term autonomous operation is required (Li 
et al., 2021). Among these materials, fibre-rein-
forced polymer laminates can exhibit biostability, 
enabling them to maintain multiple stable configu-
rations without continuous external loading. Early 
investigations showed that thermal residual stress-
es generated during the curing of unsymmetrical 
laminates produce stable curved shapes, laying the 
foundation for morphing and energy-harvesting 
composite structures (Kamal et al., 2022; Lee and 
Inman, 2019; Mukherjee et al., 2021).

Harris et al. (2015) developed a bistable pie-
zoelectric energy harvester using an asymmetric 
CFRP cantilever laminate coupled with a fer-
roelectric piezoelectric material. Experimental 
studies were conducted at different excitation 
frequencies, vibration levels, and electrical load 
resistances to evaluate the energy-harvesting per-
formance. The study showed that low vibration 
amplitudes produced linear single-well oscilla-
tions with a narrow operating bandwidth, while 
higher amplitudes triggered snap-through behav-
iour, leading to nonlinear softening and a wider 
frequency response. Syta et al. (2016) investigat-
ed a bistable piezoelectric energy harvester com-
posed of a piezoelectric transducer bonded to a 
bistable CFRP laminate. Experimental responses 
under harmonic excitation were analysed using 
the Fourier spectrum and recurrence quantifica-
tion analysis (RQA). The findings showed that 
RQA successfully identified distinct dynamic 
behaviours, and that chaotic snap-through mo-
tions yielded higher energy-harvesting efficien-
cy. The study concluded that nonlinear bistable 
dynamics can improve the energy harvesting 
performance of piezoelectric systems. Khazaee 
et al. (2020) developed a broadband piezoelec-
tric energy harvester incorporating macro fiber 
composite (MFC) active layers and a composite 
laminate substrate to enhance energy conversion 
under wideband vibrations. The results showed 
that optimising the piezoelectric fibre orientation 
and taper geometry significantly increased pow-
er output and power density while broadening 
the operational frequency range. An asymmetric 
four-corner simply-supported bistable piezoelec-
tric composite laminate was developed by Guo et 
al. (2025) and evaluated for vibration-based ener-
gy harvesting applications. The authors examined 
its dynamic characteristics through nonlinear 
response analyses, including bifurcation behav-
iour, phase-space trajectories, and experimental 
voltage measurements under varying excitation 
conditions. The investigation showed that snap-
through oscillations expanded the effective oper-
ating bandwidth and enhanced electrical output. 
Plagianakos et al. (2024) proposed a post-buckled 
piezoelectric composite beam for harvesting en-
ergy from low-frequency wind turbine blade vi-
brations. Finite element analysis and experimen-
tal testing were performed to assess the bistable 
response and power generation capability. The 
harvester achieved effective energy conversion at 
sub-resonant frequencies, producing measurable 
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electrical output. The findings demonstrated the 
feasibility of bistability-based harvesters for 
self-powered monitoring applications in large 
structural systems.

Bradai et al. (2025) explored vibration-driv-
en energy generation using a piezoelectric patch 
bonded to a bistable composite laminate. The 
authors fabricated the harvester with different 
glass-fibre layups and experimentally evaluated 
it under cyclic excitation. Electrical output was 
measured for various mass configurations to ex-
amine dynamic performance. The results high-
lighted the strong influence of laminate design 
on kinetic-energy conversion efficiency. Daraji 
et al. (2021) examined energy harvesting from 
beam-stiffened composite shells for structural 
health monitoring applications. An optimisa-
tion framework was developed to determine 
the most effective locations for piezoelectric 
sensors to maximise power output. The meth-
odology was validated using a composite wing 
model subjected to flight-frequency vibrations. 
The results confirmed that optimal sensor place-
ment could provide sufficient energy for wire-
less structural health monitoring devices. Akbar 
and Curiel-Sosa, (2018) developed a hybrid 
framework to assess the energy harvesting per-
formance of piezoelectric composite plates un-
der dynamic bending. The approach combined 
NURBS-based iso-geometric analysis with volt-
age-governing equations to predict the electro-
mechanical response and harvested energy. The 
study demonstrated that the proposed method 
achieved improved accuracy for thin structures 
while reducing computational effort, making 
it effective for preliminary design and optimi-
sation applications. Kloda (2026) explored the 
energy harvesting potential of a pentastable 
composite shell possessing five stable equilib-
rium configurations. Finite element simulations 
and experimental investigations were performed 
to determine optimal MFC placement, evalu-
ate dynamic behaviour, and quantify electrical 
output under broadband excitation. The results 
showed that multi-stable snap-through motions 
enhanced vibration bandwidth and power gener-
ation, demonstrating the suitability of pentasta-
ble structures for broadband energy harvesting 
applications. Elsheikh, (2022) studied the use 
of bistable morphing composite structures for 
vibration-based energy harvesting applications. 
The study examined shape-transition mecha-
nisms, dynamic modelling approaches, and the 

integration of artificial intelligence techniques 
for design optimisation and response prediction.

Despite extensive research on beam and 
plate-based piezoelectric energy harvesters, the 
coupled electromechanical response of glass fibre 
reinforced polymer (GFRP) shells incorporating 
multiple bonded transducers remains insufficient-
ly investigated. In particular, experimental infor-
mation on the relationship between global shell 
displacement and the local voltage generated at 
different transducer locations remains limited. 
To bridge this gap, the present study experimen-
tally investigated a centrally excited GFRP shell 
equipped with two diagonally positioned MFC 
transducers. The transverse displacement and 
voltage outputs were measured simultaneously 
to assess the structural response, strain-transfer 
effectiveness, and spatial variation in voltage 
generation. The findings provide an experimen-
tal baseline for the subsequent characterisation of 
snap-through dynamics, frequency response, and 
electrical power generation.

MANUFACTURING AND PROPERTY 
ESTIMATION OF THIN COMPOSITE 
SHELL

The thin Glass Fibre Reinforced Polymer 
cylindrical shell specimens were fabricated us-
ing a combination of hand lay-up and vacuum 
bagging techniques. Unidirectional E-glass fi-
bre was used as the reinforcing material, while 
LY556 epoxy resin and HY951 hardener formed 
the matrix system. The epoxy resin provides 
excellent mechanical properties and adhesion, 
whereas the hardener acts as the curing agent, 
facilitating cross-linking within the matrix. Ini-
tially, a cylindrical mould matching the desired 
shell geometry was thoroughly cleaned to re-
move dust, moisture, and surface contaminants. 
A release wax coating was subsequently applied 
to the mould surface to facilitate easy demould-
ing after curing. The E-glass fibre sheets were 
then cut according to the required dimensions 
of the cylindrical shell, as shown in Figure 1. 
The fibre-to-resin weight ratio was maintained 
at approximately 50:50 to achieve optimum re-
inforcement and matrix distribution throughout 
the laminate. Following standard composite fab-
rication practices, the epoxy resin and harden-
er were mixed at a 9:1 weight ratio and stirred 
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continuously until a homogeneous mixture was 
obtained. The laminate was fabricated using the 
hand lay-up process, in which each fibre layer 
was carefully impregnated with the prepared 
resin mixture and sequentially placed on the 
mould surface, as shown in Figure 2. Two uni-
directional glass fibre layers were arranged in an 
[0°/90°] cross-ply configuration to provide bal-
anced stiffness and improved structural stability 
in multiple directions. After laminate prepara-
tion, a peel-ply layer was placed over the com-
posite surface, and a breather cloth was applied 
to distribute pressure uniformly and absorb ex-
cess resin during vacuum consolidation. The en-
tire assembly was then enclosed in a vacuum bag 
and subjected to a vacuum of approximately 750 
mm Hg for 2 hours at room temperature. This 
process removed entrapped air, reduced void 
formation, and improved fibre-matrix bonding, 
thereby enhancing the overall quality of the 
laminate. After vacuum bagging, the laminate 
was allowed to cure under ambient conditions 
for 24-48 hours while maintaining its cylindri-
cal shape. After complete curing, the composite 
shell was carefully removed from the mould and 
trimmed to the required dimensions. The fabri-
cated shell had a uniform thickness of approx-
imately 0.5 mm, ensuring consistent structural 

characteristics and suitability for subsequent dy-
namic excitation and piezoelectric energy-har-
vesting experiments.

Further, the thin composite shell material 
properties were also determined using the rule of 
mixture approach with the following Equations 
1–5 for material property evaluation, and the fibre 
volume fraction is considered as Vf = 0.40. Here, 
the fibre (f) and matrix (m) properties are de-
scribed in terms of their Young’s modulus, Pois-
son’s ratio, shear modulus, and density, denoted 
as Ef, vf, Gf and ρf and Em, vm, Gm and ρm. 

	• Axial Young’s modulus (𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

):

	

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

	 (1)

	• Transverse Young’s modulus (

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

):

	

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

	 (2)

	• Major Poisson’s ratio (

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

):

	

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

	 (3)

	• In-plane shear modulus (

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

):

	

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

	 (4)

Figure 1. (a) 3D model for the cylindrical shell structure, (b) Geometry for the cylindrical shell structure
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The density of the composite (ρf):

	

𝐸𝐸11
𝑓𝑓  
 

𝐸𝐸11
𝑓𝑓 = 𝐸𝐸𝑓𝑓𝑉𝑉𝑓𝑓 + 𝐸𝐸𝑚𝑚𝑉𝑉𝑚𝑚 (1) 

 
𝐸𝐸22
𝑓𝑓  
 

1
𝐸𝐸22
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐸𝐸𝑚𝑚
] (2) 

 
𝜈𝜈12
𝑓𝑓  
 

𝜈𝜈𝑥𝑥𝑥𝑥 = 𝑉𝑉𝑓𝑓𝜈𝜈𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜈𝜈𝑚𝑚 (3) 
 

𝐺𝐺12
𝑓𝑓  
 

1
𝐺𝐺12
𝑓𝑓 = [𝑉𝑉𝑓𝑓𝐺𝐺𝑓𝑓 +

𝑉𝑉𝑚𝑚
𝐺𝐺𝑚𝑚
] (4) 

 
𝜌𝜌𝑓𝑓 

 
𝜌𝜌𝑓𝑓 = 𝜌𝜌𝑓𝑓𝑉𝑉𝑓𝑓 + 𝜌𝜌𝑚𝑚𝑉𝑉𝑚𝑚 (5) 

 
 

	 (5)

As presented in Table 1, the effective ortho-
tropic material properties of the face sheets, in-
cluding the elastic moduli, Poisson’s ratio, shear 
modulus, and density, were estimated using the 
rule-of-mixtures approach based on the constitu-
ent material properties. 

EXPERIMENTAL METHODOLOGY

The experimental investigation examined 
the dynamic behaviour of the GFRP cylindrical 
shell and its capability to harvest energy under 
vibration excitation. This section describes the 
test setup, measurement instruments, data acqui-
sition procedures, and testing methodology used 
to evaluate the electromechanical response of the 
energy harvesting system. 

Description of the composite shell GFRP/
MFC energy harvester

The developed energy harvesting system 
comprised a GFRP Shell integrated with two 
Macro Fiber Composite piezoelectric transduc-
ers. The shallow cylindrical GFRP shell had a 
square planform of 275 × 275 mm, a radius of 
curvature of 800 mm, and an overall thickness 
of approximately 0.5 mm. The experimental ar-
rangement employed for dynamic characterisa-
tion is illustrated in Figure 3a. The GFRP shell 
was attached to an electrodynamic shaker using a 
centrally located magnetic fixture. This mounting 
strategy ensured secure attachment while allow-
ing unrestricted deformation during vibration. A 
laser displacement sensor positioned above the 
specimen monitored the transverse displacement 
response at the shell’s centre. Simultaneously, the 
piezoelectric transducers generated an electrical 
response, which was acquired under harmonic 
base excitation at a representative frequency of 

Figure 2. Fabricated GFRP cylindrical shell structure

Figure 3. GFRP Composite shell with MFC energy harvester: (a) experimental configuration; 
(b) top view and dimensions
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30 Hz. Two commercially available Smart Mate-
rial MFC M-2807-P1 transducers, each measur-
ing approximately 38 mm × 18 mm, were bond-
ed to the outer surface of the composite shell. 
As shown in Figure 3b, the transducers were in-
stalled symmetrically on opposite sides along a 
diagonal direction of the structure. This diagonal 
placement was selected to locate the piezoelec-
tric transducers in regions expected to experi-
ence substantial flexural deformation during shell 
oscillations, thereby promoting effective strain 
transfer to MFCs. Owing to their flexible archi-
tecture, in which aligned piezoceramic fibres are 
embedded within a polymer matrix and encapsu-
lated by polyimide layers, MFC transducers are 
well suited for integration with curved composite 
structures subjected to flexural deformation (Guo 
et al., 2025; Harris et al., 2015; Syta et al., 2016). 
The energy-conversion mechanism is governed 
by the strain induced in the MFC transducers dur-
ing the curved shell’s dynamic deformation. Un-
der harmonic excitation, the shell’s out-of-plane 

oscillation produces local bending and curvature 
variations at the transducer locations, which con-
vert into alternating electrical voltage through the 
direct piezoelectric effect. Under the excitation 
conditions investigated in this study, the shell 
remained within a bounded oscillatory regime 
around its initial equilibrium configuration, with 
no evidence of complete snap-through. Never-
theless, the resulting flexural deformation gener-
ated measurable voltage outputs from both MFC 
transducers (Akbar et al., 2018, 2019; Banerjee et 
al., 2018; Bradai, 2025) 

Experimental setup and instrumentation

The electromechanical response of the GFRP/
MFC shell was experimentally evaluated using a 
laboratory-scale electrodynamic excitation sys-
tem. Harmonic excitation was applied through 
an electrodynamic shaker (Veb Robotron Type 
11077), driven by a sinusoidal signal generated 

Table 1. Estimated material properties of face sheets

Estimation method (GPa) E22 (GPa) v12 G12 (GPa) ρ (kg/m3)

Rule of mixture 27.1 5.102 0.27 1.966 1676.1

Figure 4. GFRP composite shell structure attached to the shaker system
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using a waveform generator (UNI-T UTG9005C-
II). The power amplifier amplified the signal be-
fore it was transmitted to the shaker. During the 
experiments reported in this study, the excitation 
frequency was maintained at 30 Hz, while the am-
plifier input voltage was set to 7 V. The compos-
ite shell, integrated with MFC transducers, was 
mounted on the shaker head at its centre using 
a magnetic fixture. This mounting arrangement 
allowed the shell boundaries to remain uncon-
strained, thereby facilitating large out-of-plane 
oscillations and snap-through behaviour under 
dynamic loading. A laser displacement sensor was 
positioned above the specimen to continuously 
monitor the transverse displacement response at 
the central region of the shell.

To evaluate the electrical energy-harvesting 
response, the voltage outputs of the two sur-
face-bonded MFC patches were measured simul-
taneously. The signals generated by the trans-
ducers, designated as MFC 1 and MFC 2, were 
acquired using a data acquisition/oscilloscope 
system. Concurrent acquisition of displacement 
and voltage data enabled direct assessment of the 
relationship between the structural dynamics of 
the composite shell and the corresponding piezo-
electric energy generation. Figure 4 shows the ex-
perimental setup, including the shaker-mounted 
shell and displacement-measurement system. 

RESULTS AND DISCUSSION

Time-domain electromechanical response

The time-domain electromechanical response 
of the GFRP/MFC shell was evaluated under sinu-
soidal excitation at 30 Hz. The central transverse 
displacement and voltage outputs from MFC 1 
and MFC 2 were recorded simultaneously to ex-
amine the relationship between the global shell 
motion and the local piezoelectric responses. 

As shown in Figure 5, the central displace-
ment remained bounded between approximately 
-0.72 and 0.88 mm, corresponding to a peak-to-
peak displacement of about 1.60 mm. The dis-
placement remained bounded between approxi-
mately −0.72 and 0.88 mm, corresponding to a 
peak-to-peak value of approximately 1.60 mm. 
No abrupt displacement transition was observed, 
indicating that the shell oscillated around its in-
itial equilibrium configuration under the inves-
tigated excitation condition. Unlike a bistable 
plate, which has two stable shapes, a monostable 
plate only has one stable shape. However, it can 
still snap to an inverted, temporary shape when 
enough force is applied. The key difference is that 
once the force is removed, a monostable plate 
snaps back to its original shape on its own (see 
Figure 6). Accordingly, the present response is 

Figure 5. Time-domain response of the GFRP composite shell with MFC energy harvester under 30 Hz harmonic 
shaker excitation: (a) central displacement, (b) voltage output of MFC 1, and (c) voltage output of MFC 2
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best interpreted as a pre-snap-through, dynamic 
regime rather than a complete transition between 
the two stable configurations. 

A two-dimensional snap-through sequence 
of a monostable shell structure with force ap-
plied from below (upward direction) and invert-
ed curvature (κ) direction is shown in Figure 6. 
Figure 6(a) stable state - negative curvature (κ < 
0), plate curved downward; (b) flattening under 
upward force - negative curvature decreases (κ 
→ 0); (c) Critical point - zero curvature (κ ≈ 0), 
energy barrier reached, maximum force before 
instability; (d) snap-through - positive curvature 
(κ > 0), temporary inverted shape with sudden 
force drop; (e) force release leads to spontaneous 
snap-back - curvature returns to negative (κ < 0), 
which is the original stable configuration. The 
upward force direction represents loading from 
below. The colour gradient from red-purple (neg-
ative) through orange (zero) to blue (positive) 
visually tracks the evolution of plate curvature 
during the snap-through cycle.

Voltage generation and channel 
comparison

Despite the limited global displacement, 
both MFC patches produced clear alternating 

voltage signals. The extracted peak-to-peak 
voltages were 3.68 V for MFC 1 and 3.44 V for 
MFC 2, as shown in Figure 7. This confirms that 
the curved composite shell transfers dynamic 
bending strain to the bonded piezoelectric patch-
es and that the selected diagonal locations are 
mechanically active during vibration. The result 
is particularly relevant because the electrical 
output of surface-bonded MFCs is governed by 
local strain and curvature variations at the patch 
location, not only by the central displacement 
amplitude of the shell. Table 2 summaries the 
operating conditions and the electromechanical 
responses obtained.  The two voltage channels 
were comparable, with MFC 2 reaching ap-
proximately 93.5% of the MFC 1 peak-to-peak 
voltage. This close agreement supports the ef-
fectiveness of the diagonal patch configuration. 
The remaining difference between the two chan-
nels should not be treated only as measurement 
scatter. It may also reflect spatially non-uniform 
bending strain, local curvature asymmetry, bond-
ing-layer thickness variations, patch alignment 
errors, and the influence of the central magnetic 
fixation. Such effects are expected in thin com-
posite shells, where small changes in boundary 
conditions or residual stress may strongly modi-
fy the local strain field.

Figure 6. Snap-through sequence of the shell structure with an applied force

Table 2. Summary of the operating conditions and extracted electromechanical responses at 30 Hz

Quantity Measured value Interpretation

Excitation condition 30 Hz, 7 V amplifier input Representative harmonic shaker test

Central displacement -0.72 to 0.88 mm (1.60 mm p-p) Bounded oscillation around one stable state

MFC 1 voltage 3.68 Vpp Effective local strain transfer

MFC 2 voltage 3.44 Vpp 93.5% of the MFC 1 response

Dynamic regime Bounded/pre-snap-through oscillation No complete snap-through observed in this test
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Implications for energy harvesting in thin 
shell structures

The present results provide initial experi-
mental validation of the GFRP/MFC shell con-
figuration for vibration-induced piezoelectric 
voltage generation. At the tested excitation lev-
el, the device generated volt-level outputs while 
remaining in a bounded oscillatory regime. This 
means that measurable voltage can be produced 
before full snap-through activation, owing to lo-
cal bending and curvature changes in the shell. 
However, the data should not be overinterpret-
ed as proof of broadband bistable harvesting. 
A complete bistable response would require re-
peated inter-well transitions, which should ap-
pear as larger displacement jumps and sharper 
voltage peaks caused by rapid strain redistribu-
tion in the MFC regions. 

Therefore, the 30 Hz result should be con-
sidered a baseline validation point for the har-
vester. To quantify the nonlinear advantage of 
the bistable configuration, the next manuscript 
results should include frequency sweeps, ex-
citation-amplitude sweeps, and load-resistance 
tests. The frequency sweep would identify the 
resonance region and possible softening be-
haviour, the amplitude sweep would define 
the snap-through threshold, and the resistance 
sweep would allow the harvested power to be 
calculated. Only after these measurements can 
the contribution to bandwidth enlargement and 
power enhancement be separated from the con-
ventional bending response of the shell.

CONCLUSIONS

The present study investigated the energy-har-
vesting potential of piezoelectric patches bonded to 
a GFRP laminated shell under low-level vibration. 
The hand layup technique was used to fabricate the 
thin composite shell structure. The Macro Fibre 
Composite piezoelectric transducers were mount-
ed at the extreme locations of the thin shell struc-
ture. A shaker-based experimental setup was used, 
and the base excitation frequency was maintained 
at 30 Hz. The peak-to-peak voltage comparison of 
the two diagonally bonded MFC transducers un-
der the same harmonic excitation condition was 
determined. The extracted peak-to-peak voltages 
were 3.68 V for MFC 1 and 3.44 V for MFC 2. 
This study systematically explained the effect of the 
thin composite shell structure on strain distribution 
and harvested power output. These findings aimed 
to guide the design of lightweight, thin composite 
shell structures, structurally integrated energy har-
vesters for automotive and aerospace applications, 
as well as structural health monitoring applications. 
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