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1. Introduction 

 
Piezoelectric structures or piezoelectric materials are 

materials that produce electrical charges in response to 
mechanical stresses applied to the materials (De Marqui Jr 
et al. 2011, Arshid et al. 2023a). These piezoelectric 
structures have become more and more prevalent in 
engineering because of their ability to convert mechanical 
energy to electrical energy and electrical energy to 
mechanical energy (Leão et al. 2016, Li et al. 2025). These 
structures have many applications, such as power, sensors, 
actuators, and energy harvesting devices (Asadi and Farsadi 
2020). Engineers from many different fields have exploited 
and continue to use piezoelectric material to create energy- 
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efficient systems that are compact and responsive in areas 
like the aerospace, automotive, and robotics industries 
(Beni and Beni 2022). In the area of structural health 
monitoring, a piezoelectric sensor can detect even the 
smallest changes in pressure, strain, or vibrations so 
engineers can assess a large infrastructure problem (Al-
Furjan et al. 2022). In precision control situations where the 
motion must be small and accurate, using piezoelectric 
structures can provide significant benefits if creating a 
device that relies on the precision and quickness 
(Alshenawy et al. 2022). Piezoelectric structures do not rely 
on external energy sources, making them ideal for devices 
in remote, portable, or free-moving situations (Alshenawy 
et al. 2023). Piezoelectric materials are usually lightweight 
structures that can be very durable and act in extreme 
environmental conditions, making them appealing for 
applications involving space exploration and medical 
devices (Hagood and Von Flotow 1991). For example, when 
dealing with energy harvesting from vibrations, 
piezoelectric structures can be used to generate the 
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Abstract.  This paper discusses a new multimodal shunt circuit architecture for simultaneous subsonic flutter control and 
energy scavenging for aerospace, mechanical, etc. The system includes a finite element electromechanical modeling approach to 
investigate a multi-layer composite plate with an embedded piezoelectric. We construct a resonant shunt circuit in parallel, 
utilizing a parallel shunt circuit with two modes operating in parallel to dampen unwanted vibrations. This architecture allows us 
to extract energy from the plate and damp unwanted vibrations, which ideally relates to subsonic flutter. The finite element 
model accounts for the structural dynamics of the plate and the piezoelectric dynamics, but also allows us to tune the energy 
dissipation and scavenging process. The resonant shunt circuit is tuned to specific frequencies and therefore aids the dissipation 
of energy from the vibration modes and dampens any unwanted oscillation. The study provides a comprehensive description of 
tuning the shunt circuit and describes the performance of the system under varying flow conditions. To describe how the 
piezoelectric plate will be subjected to airflow, a diagram was included that provides a good opportunity to visualize part of this 
system’s mechanics. As shown, the presented results indicate that this implementable structure represents innovative 
advancements in flutter control and energy harvesting and is an exciting opportunity for further work on adaptive structures 
within aerospace, automotive, and energy-efficient industries. 
 
Keywords:  composite plate; energy scavenging; finite element modelling; multimodal shunt circuit; piezoelectric 
component; subsonic flutter control 
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appropriate electrical energy to power small electronic or 
sensor devices (Wu 1998). This decreases the need for 
batteries and other conventional energy sources, providing a 
sustainable alternative (Wang et al. 2025). With an increase 
in demand for more intelligent, self-sustaining systems, 
piezoelectric materials will be a major contributor to the 
next wave of technology (Abad and Rouzegar 2019). 
Engineers will be able to leverage this property of 
piezoelectricity to further expand the possibilities of design 
for new energy-efficient devices (Arefi and Bidgoli 2019), 
since the structures left in this study will contribute to an 
updated and novel approach to engineering practices, 
increasing the improvement of sustainability of numerous 
fields of engineering (Arshid et al. 2023b). 

Energy harvesting in structures is becoming more 
important in consideration of the renewed emphasis on 
sustainable, autonomous systems. Essentially, energy 
harvesting is the ability to capture and store small amounts 
of energy from ambient resources (such as vibration, light, 
heat, or wind), and ultimately convert and use this energy as 
power (Dias et al. 2015, Cao et al. 2022, Naranjo-Pérez et 
al. 2024). Energy harvesting offers an alternative to 
dependence on external power grids when implemented in 
buildings and other infrastructures; thus, it serves more 
sustainable and efficient energy solution (Kameyama and 
Makihara 2017). Environmental impacts are minimized 
when energy harvesting systems are included in the built 
environment (Sheeraz et al. 2022), and this is especially 
beneficial when recent calls for sustainable living and 
inferior access to electricity are considered (Lin et al. 
2024). Leading off from all of this, energy harvesting is also 
beneficial for those practicing engineering. As an 
increasingly common practice, engineers incorporate energy 
harvesting into design to create smart buildings capable of 
responding to their environments and managing their own 
power requirements (Lien and Shu 2012, Bahrami and 
Motaei 2025). This could lead to more efficient lighting, 
climate control, and overall energy consumption in 
buildings (Ma et al. 2021). Energy harvesting technologies, 
like piezoelectric devices, thermoelectric generators, and 
photovoltaic cells, enable structures to generate energy from 
motion, temperature differences, and sunlight, respectively 
(Mangalasseri et al. 2023). Piezoelectric materials, for 
example, convert vibrations or mechanical stress into 
electrical energy, which can be used to power sensors or 
other small devices embedded in the structure (Ravanbod 
and Ebrahimi-Nejad 2024). This may improve lighting, 
climate control, and energy use in buildings (Ma et al. 
2021). Energy harvesting technologies, such as 
piezoelectric materials, thermoelectric generators, and 
photovoltaic cells allow buildings to generate energy using 
motion, temperature differences and light, respectively 
(Mangalasseri et al. 2023). Piezoelectric materials convert 
the mechanical stress or vibrations of the building into 
electrical energy, enough to power wire sensors or other 
small devices embedded in the structure (Ravanbod and 
Ebrahimi-Nejad 2024). 

Stability analysis for structures (buildings, bridges, etc.) 
is important in engineering to determine if the components 
will adequately support loads and forces without collapsing 
or experiencing structural failure (Rabczuk et al. 2007). 

This analysis is used to find potential failure modes such as 
buckling, overall structural instability, and excessive 
deflection that might compromise the overall integrity of 
the structure (Rabczuk et al. 2019). The stability analysis is 
utilized when determining material behavior for a structure 
under different loads, including dead loads, live loads, wind 
loads, and/or seismic forces (Bai et al. 2024). This analysis 
is even more relevant to tall buildings or bridges, or other 
large structures, which may have their own unique stability 
challenges, requiring one to realize that stability (under full 
and partial loading conditions) is important to ensure safety. 
By conducting a stability analysis, engineers can ensure 
they are meeting safety standards and building codes, and 
determine other factors like allowable deflections. Also, 
depending on the magnitude of the loads, an analysis of a 
structure can help fortify design materials used, allowing 
for the safe and economical use of materials as well. 
Stability analysis is important in the preliminary stages of a 
design process to evaluate how a structure is supposed to 
behave in real situations to aid the designer in addressing 
changes to the original design. In a dynamic environment, 
like areas that experience earthquakes and heavy winds, 
stability analysis is especially necessary for analyzing the 
effects of these forces on the expected behavior of the 
structure, it may even facilitate the design of new material 
and construction methods that enhance stability over time 
(Zare et al. 2020). Stability analysis mainly considers long-
term stability of a structure to reduce maintenance costs, 
which in turn may improve safety (Foroutan et al. 2022). 

This work presents a novel multimodal shunt circuit 
design that addresses subsonic flutter control and energy 
scavenging in structural systems simultaneously. The 
system is constructed using a finite element electro-
mechanical model to study a composite plate with a 
piezoelectric element fully embedded within. The 
multimodal shunt is based on a resonant shunt circuit that is 
configured in parallel to target and dampen two vibration 
modes separately. The parallel shunt circuit allows energy 
harvesting at multiple frequencies while concurrently 
helping to control vibration. This places the design in a 
category of innovative and advanced systems with 
applications in aerospace, automotive, and multiscale 
energy harvesting technologies. The model captured 
electromechanical coupling between the dynamics of the 
plate and the piezoelectric mechanics. The electro-
mechanical model allows for a more comprehensive 
understanding of the system’s energy harvesting perfor-
mance when applied under varying flow conditions. An 
overall diagram of the piezoelectric plate subjected to 
airflow is given. The results find that this proposed 
multimodal shunt circuit design achieves better flutter 
control, while also supporting improved energy harvesting, 
and presents a compelling example of an adaptive, self-
sustaining system. The contributions of this study can be 
segmented into four areas: 1. The multi-modal shunt circuit 
architecture proposed successfully combines subsonic 
flutter control and energy harvesting into a single device for 
dynamic structural systems; thus, this work delivers a dual-
functional capability. 2. To examine the electromechanical 
coupling between the piezoelectric element and multi- 
layered composite plate, finite element modeling was 
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employed to obtain an accurate representation of the system 
through simulation for performance prediction. 3. The work 
features a design that allows for a parallel resonant shunt 
circuit to operate at multiple frequencies to increase the 
effectiveness of damping against several vibrational modes 
are used for improving energy harvesting and vibration 
suppression for a range of operational conditions. 4. This 
study represented the effects of air flow into the modeling 
scheme so that the live system can also adapt to changes in 
external conditions. This is significant for applying the 
findings of this research to real-world settings, specifically, 
aerospace environments where airflow characteristics are 
paramount. 

 
 

2. Finite element electromechanical modeling 
 
The use of finite element electromechanical modeling 

combines finite element analysis (FEA) with 
electromechanical systems, irrespective of the degree of 
coupling in order to obtain a digital representation in which 
the forces applied result from mechanical and electrical 
conditions. The mechanical portion of a system (e.g., plates 
or beams) is simulated using the same methods as with 
standard techniques of FEA to obtain stress, strain and 
displacement. The electrical portion of the system (e.g., any 
piezoelectric or capacitive materials) is then modeled to 
simulate properties, such as charge distribution, electric 
field, and energy conversion processes. Certain finite 
element models contain both mechanical and 
electromechanical aspects and clocks under both dynamic 
load conditions to allow for accurate predictions of system 
behavior with regards to dynamic stimuli (Kheirikhah et al. 
2012). Finite element modeling of this nature benefits the 
researcher or designer who in these cases are addressing 
problems related to: designing energy harvesting or 
actuation devices, vibration control, and smart material 
structures for applications in aviation or mechanical 
engineering. For a further discussion on modeling 
electromechanical systems according to conservative and 
higher order shear deformation theories (HSDT), see 
(Kheirikhah et al. 2012). 

 𝕬(𝑎, 𝑏, 𝑧, 𝑡) = 𝓪(𝑧)𝓷(𝑎, 𝑏)𝕬𝐞(𝑡), (1a)
 
 

 
 𝓔(𝑎, 𝑏, 𝑧, 𝑡) = 𝓭(𝑧)𝓷(𝑎, 𝑏)𝕬𝐞(𝑎, 𝑏, 𝑡)= 𝓫(𝑎, 𝑏, 𝑧)𝕬𝐞(𝑡). (1b)

 
The vector 𝕬(𝑎, 𝑏, 𝑧, 𝑡) = ሾ𝕦(𝑎, 𝑏, 𝑧, 𝑡)𝕧(𝑎, 𝑏, 𝑧, 𝑡) 𝕨(𝑎, 𝑏, 𝑧, 𝑡)ሿ୘ represents the displacement components in 

the 𝑥, 𝑦 , and 𝑧  directions. The function 𝓷(𝑎, 𝑏) 
corresponds to the shape functions in the local coordinate 
system, where 𝑎  and 𝑏  are defined within the range −1 ൑ 𝑏 ൑ 1  and −1 ൑ 𝑎 ൑ 1 , respectively. The vector 𝕬௘(𝑡) = ൣ𝓊଴೔  𝓋଴೔  𝓌଴೔  𝓊ଵ೔  𝓋ଵ೔  𝓊ଶ೔  𝓋ଶ೔  𝓊ଷ೔  𝓋ଷ೔൧୘ (for 𝑖 = 1, … ,8) describes the nodal displacements. Lastly, 𝓭(𝑧) 
represents the matrix of differential operators. Fig. 1 depicts 
a composite plate with a piezoelectric device installed in a 
multi-layered configuration. The figure shows a coordinate 
system indicating that the problem is likely three-
dimensional with an 𝑥, 𝑦, 𝑧  axis. The numbers 1-8 are 
primary points on the structure, probably denoting indexed 
locations or features in the composite material, which are 
also marked on the outside edge of the plate. It appears that 
the structure is being reviewed with respect to angles, 
defined by the vector 𝜃௞ in the figure, which probably 
indicates a particular angle of analysis within the 
configuration or force or strain orientation or application. A 
piezoelectric device usually generates electrical charge 
output in response to mechanical stress, which seems to be 
the goal of the structure they are analyzing in Fig. 1. The 
figure serves as a visualization tool to assist understanding 
the mechanical or electrical response of the embedded 
piezoelectric element, in the right context. Multi-layered 
structures like this one are important to design and analysis 
of materials properties; specifically, whether the mechanical 
strain, electrical fields, or even coupled interactions in 
material systems can be achieved, and how that can be 
optimized for interaction of the piezoelectric material with 
the layers surrounding it, to be applied in any number of 
applications possibly including sensors, actuators, or energy 
harvesting devices/systems. 

The relationships between deformation and displace-
ment matrices are outlined as follows 

 
 

  

(a) Architecture design of the mentioned structure (b) Mathematical modeling 

Fig. 1 A diagram showing a multi-layered structure with a piezoelectric component embedded in a composite plate
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Fig. 2 shows a resonant shunt circuit designed in parallel 

to dampen 2 modes of vibration. There are many other 
elements; capacitors, resistors, and inductors connected for 
a range of controlling for the dissipation of energy. The 
main components consist of the piezoelectric capacitor 𝕔௣௭௧, resonant capacitor 𝕔തଵ capacitor, inductive resistive 
networks labelled 𝒯ଵ, and 𝒯ଶᇱ as well as resistive compo-
nents 𝕣ଵ and 𝕣ଶᇱ . This type of configuration works by 
connecting energy dissipation through a resonant circuit 

 

 

 

 

 
tuned to the natural vibration frequencies of the modes of 
interest. Each resonant network 𝒯ଵ, and 𝒯ଶᇱ act to absorb 
energy from specific modes of vibration in order to dampen 
an undesired mode. It is the resistive components 𝕣ଵ and 𝕣ଶᇱ  that provide the energy dissipation, while the inductive 
components 𝒯ଵ , and 𝒯ଶᇱ  ensure the circuits are in a 
resonance condition for damping to occur. This type of 
circuitry is ideal for situations when damping is required, 
such as vibration sensitive applications, or where both 

𝓶𝓊𝓊௘ = ා ඳ ඲ න 𝜌௞𝓷(𝑎, 𝑏)𝖳௔ୀଵ
௔ୀିଵ

௕ୀଵ
௕ୀିଵ

௭ୀ௭ೖశభ

௭ୀ௭ೖ

௡

௞ୀଵ
𝓪(𝑧)𝖳𝓪(𝑧)𝓷(𝑎, 𝑏)det(𝐉)𝑑𝑎𝑑𝑏𝑑𝑧, (2a)

𝓴𝓊𝓊௘ = ා ඳ ඲ න 𝓫(𝑎, 𝑏, 𝑧)்௔ୀଵ
௔ୀିଵ

௕ୀଵ
௕ୀିଵ

௭ୀ௭ೖశభ

௭ୀ௭ೖ

௡

௞ୀଵ
𝐓𝓬𝐓𝖳𝓫(𝑎, 𝑏, 𝑧)det(𝐉)𝑑𝑎𝑑𝑏𝑑𝑧. (2b)

In this context, 𝓬 denotes the orthotropic elasticity matrix for the kth layer, aligned with its principal material directions.𝐓 represents the transformation matrix used to modify the mechanical properties of each layer. The electric potential in thekth layer is derived by interpolating interface values with the shape functions 𝓛(𝔃). The electric field is then described as
outlined in Ref. (Tiersten 2013). 𝐄(௞)(𝑎, 𝑏, 𝑧, 𝑡) = −𝛻ℌ(௞)(𝑎, 𝑏, 𝑧, 𝑡) = −𝛻𝓷ℌ(𝑎, 𝑏, 𝑧)𝕳𝒆(𝑡) = −𝓫ℌ(𝑎, 𝑏, 𝑧)𝕳𝒆(𝑡). (3)

In this formulation, 𝓷ℌ is the shape function matrix in the local coordinate system. The electromechanical strain energy
is derived using linear piezoelectric theory (Tiersten 2013) and expressed as shown in Refs. (Al-Furjan et al. 2020, Yang et al.
2024, Wang et al. 2025). 𝑈 = න(𝓔𝖳𝝈 − 𝐄𝖳𝓭)௏ 𝑑𝑉. (4)

Here, 𝓭 is the electric displacement vector, and 𝝈 is the mechanical stress tensor. Using the strain formulations in Eqs.
(3) and (1b), the core stiffness matrices for electromechanical behavior are derived as shown below. 

ቂ𝓶𝓊𝓊 00 0ቃ ቊ𝕬ሷ ௚(𝑡)𝕳ሷ ௚(𝑡)ቋ + ൤𝓴𝓊𝓊 𝓴𝓊𝓋𝓴𝓋𝓊 𝓴𝓋𝓋൨ ቊ𝕬௚(𝑡)𝕳௚(𝑡)ቋ = ቊ𝓕௚(𝑡)𝓠௚(𝑡)ቋ. (5)

In this context, e is the electric permittivity, and 𝝌௘ is the dielectric constant matrix, both initially defined in the principal
directions of each layer and transformed using matrices 𝓕  and 𝓠 . The Jacobian determinant, det(J), governs the
transformation from the local to global coordinate systems, and the motion equations are derived via finite element methods
to model the coupled electromechanical response. 

⎣⎢⎢
⎡𝓴𝓊𝓊 − 𝓴𝓊𝓋 ቆ𝓴𝓋𝓋 − 1𝑖𝜔 𝐙ିଵ(𝜔)ቇିଵ 𝓴𝓊𝓋𝖳ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ𝓴೅

− 𝜔ଶ𝓶𝓊𝓊⎦⎥⎥
⎤ 𝕬(𝜔) = 𝓕(𝜔). (6)

The electromechanical coupling is analyzed in the frequency domain, considering the frequency-dependent electrical
impedance 𝐙(ω) of the external circuit. After system assembly, the coupled model in the frequency domain is expressed as
follows. 

⎣⎢⎢
⎡𝓴𝓊𝓊 − 𝓴𝓊𝓋 ቆ𝓴𝓋𝓋 − 1𝑖𝜔 𝐙ିଵ(𝜔)ቇିଵ 𝓴𝓊𝓋𝖳ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ𝓴೅

− 𝜔ଶ𝓶𝓊𝓊⎦⎥⎥
⎤ 𝕬(𝜔) = 𝓕(𝜔). (7)
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Fig. 2 A resonant shunt circuit configured in parallel, 
intended to dampen two vibration modes

 
 
vibration suppression and energy harvesting is required. By 
tuning the circuit to the resonant frequency of the modes of 
vibration, this type of electrical circuitry would enhance 
overall performance for the purposes of controlling 
vibrations and harvesting energy. 

 
 

3. Parallel shunt circuit operating at multiple 
frequencies 
 
As shown in Fig. 2, the multi-resonant parallel shunt 

circuit allows independent control of subsonic flutter and 
structural vibrations. It features multiple branches, each 

 

 
tuned to specific dynamic modes, focusing on the first two 
modes related to flutter initiation. This configuration, 
introduced in Ref. (Wu 1998), provides effective control 
while minimizing blocking elements, given the mode 
frequencies meet the 𝜔ଵ criterion. 

 

 

𝑍(𝜔) = 𝕣ଵ𝒯ଵ𝜔 ቈ 𝒯భ𝕔భቀ𝒯భ௜ఠି ೔𝕔భഘቁ + 𝒯మᇲ𝕣మᇲ ௜ఠ𝕣మᇲ ା𝒯మᇲ௜ఠ቉ 𝑖
(𝕣ଵ + 𝒯ଵ𝑖𝜔) ቈ 𝒯భ𝕔భቀ𝒯భ௜ఠି ೔𝕔భഘቁ + 𝒯భ𝕣భ௜ఠ𝕣భା𝒯భ௜ఠ + 𝒯మᇲ𝕣మᇲ ௜ఠ𝕣మᇲ ା𝒯మᇲ௜ఠ቉. (8)

 

In Eq. (8), 𝕣௜ = ൣ√2𝕔௣௭௧𝜔௜𝓴ଷଵ൧ିଵ
, 𝒯௜ = ൣ𝕔௣௭௧𝜔௜ଶ(1 −0.5𝓴ଷଵଶ )൧ିଵ , and 𝕔௣௭௧ = 𝓴𝓋𝓋 − 𝓴𝓊𝓋𝖳 (𝓴𝓋𝓋)ିଵ𝓴𝓊𝓋  ( 𝑖 =1,2). Also, have 

 𝕣ଶᇱ = 𝕣ଵ𝕣ଶ𝕣ଵ − 𝕣ଶ, (9a)

 𝒯ଶᇱ = 𝒯ଵ𝒯ଶ + 𝒯ଶ𝒯ଵ − 𝒯ଵ𝒯ଵ − 𝜔ଶଶ𝒯ଵ𝒯ଶ𝒯ଵ𝕔ଵ(𝒯ଵ − 𝒯ଶ)൫1 − 𝜔ଶଶ𝒯ଵ𝕔ଵ൯ . (9b)

 
 

4. Aeroelectromechanical model 
 
The dimensionless mean induced velocity, 𝐰ே, is given 

by 𝐰ே = 𝓪𝐈𝓬ିଵ𝛥𝐜𝐩 , where 𝓪𝐈𝓬  is the aerodynamic 
influence coefficient matrix and 𝛥𝐜𝐩  is the vector of 

nondimensional pressure differences. Integration of the 
aerodynamic and structural domains is achieved by aligning 
their computational meshes, as shown in Fig. 3. For further 
details, refer to 

 𝓶𝓺ሷ + 𝓴𝓺 = 𝑞ஶ𝓠𝐚(𝑖𝑘௥)𝓺. (10)
 
In this analytical model, 𝓶 and 𝓴 represent the modal 

mass and stiffness matrices, while 𝑞ஶ denotes the dynamic 
pressure of the free-stream flow, and 𝓠𝐚(𝑖𝑘௥)  is the 
generalized aerodynamic matrix (GAM) dependent on the 
reduced frequency 𝑘௥ = 𝜔𝑏/𝑉. To predict flutter onset, the 
coupled aeroelastic equations are solved through eigenvalue 
analysis, with the PK method offering higher accuracy than 
the classical 𝐾 method due to its assumption of dominant 
harmonic oscillations. 

 ൤𝑝ଶ𝓶 − 12 𝑏𝑘௥ 𝜌𝑉ℑ(𝓠𝐚)𝑝 + 𝓴 − 12 𝜌𝑉ଶℜ(𝓠𝐚)൨ 𝓺 = 𝟎. (11)

 
Eq. (11) presents a state-space representation of the 

aeroelastic system, integrating structural dynamics, 
aerodynamic forces, and electromechanical interactions. 

 

 
4.1 Vibration energy harvesting 
 
For aerodynamic loading 𝓠𝐚𝓕  and electrical voltage 

per unit force, the expressions are as follows 
 

 
where 𝓪𝓪 = ቂ𝓴𝓊𝓊 − ఘ௏మଶ ℜ(𝓠𝐚ி) − 𝑖𝜔 ఘ௏ଶ ℑ(𝓠𝐚ி) −𝜔ଶ𝓶𝓊𝓊ቃ. Also, have 

 𝐏଴(𝜔) = 𝐕଴(𝜔)ଶ2|𝑍(𝜔)|. (14)

 
 

5. Computational modeling 
 
The schematic shown in Fig. 3 represents a piezoelectric 

plate with specified dimensions with a thickness of 1 mm, a 
width of 160 mm, and a length of :320 mm. This was used 
as a physical model of the system in which the multimodal 
shunt-circuit is implemented. The structure is a rectangular 
block form which has dimensions of 160 mm by 320 mm in 
the plane of the material and a height of only 1 𝑚𝑚 makes 
this a thin flat object. The axes are labeled 𝑥, 𝑦, and 𝑧 with 
the ‘z’ axis located in the vertical position (position of 
motion or vibration). The arrows labeled ‘𝑦’ show the 
direction of vibration describing that the system aims to 
capture vibrational energy in the 𝑧 direction, typically the 
vertical direction. This model might represent a thin flexible 

 𝓪 = ൥ 𝟎 𝐈−𝓶ିଵ ൬𝓴 − 12 𝜌𝑉ଶℜ(𝓠𝐚)൰ 𝓶ିଵ ൬12 𝑏𝑘௥ 𝜌𝑉ℑ(𝓠𝐚)൰൩. (12)

 𝝋଴(𝜔)𝓕଴(𝜔) = ቈ𝓴𝓋𝓊𝓪𝓪ଵ𝓴𝓊𝓋 − 𝓴𝓋𝓋 + 𝐙ିଵ(𝜔)𝑖𝜔 ቉ିଵ 𝓴𝓊𝓋𝓪𝓪ଵ = 𝐕଴(𝜔). (13)
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Fig. 3 A diagram illustrating the configuration of the 

piezoelectric plate subjected to airflow 
 
 

plate or panel or a thin plate material often used in energy-
harvesting and/or vibration juddering contexts. The 
dimensions indicate that this may be part of a system related 
to aerospace or automotive applications, with the significant 
control of flutter and vibrations to maintain performance 
and safety. The resonant shunt circuit was implemented in 
this model to harvest energy from the vibrational modes, 
while simultaneously suppressing vibrations. Hence this 
design can work in applications that require the suppression 
of vibrations with energy recovery. This exercise 
demonstrates a clear real-world application of multimodal 
damping and energy scavenging. 

Ref. (Su et al. 2018) provides a summary of the 
mechanical, electromechanical, and electrical properties of 
the PZT-5H piezoelectric material used in this study. 
Additionally, the material properties of the composite layers 
are outlined in Ref. (Kulkarni and Kapuria 2008). 

 
5.1 Verification of the results 
 
Table 1 includes a comparison of the dimensionless 

fundamental (transverse) natural frequencies, for both 
isotropic thick and moderately thick plates, focusing on 
different method to calculate the frequencies. The results 
discuss the various dimensionless natural frequencies for 
the ratio 𝑎/ℎ (𝑎  is the plate length and ℎ  is the 
thickness). The comparisons used Exact 3D analysis, Quasi-
3D analysis, and our method with 𝓔𝔃𝔃 = 0, where 𝓔𝔃𝔃 
refers to the normal stiffness value, accounting for normal 
stress in 𝑧-direction. Normal stress in the z-direction 
represents stress of the out-of-plane direction, and can have 
serious impact on the global response of the plate, 
especially when the plate is thick or moderately thick. The 
Exact 3D analysis (cited as (Jin et al. 2014)) is taken as 
solution of reference, and this represents the results from 
the Quasi-3D method and our current method. The results 
for 𝑎/ℎ = 2 indicate that the Exact 3D method produces a 
frequency of 1.8470; the Quasi-3D method predicts a 
frequency of 1.8528; and the present method, which 
includes 𝓔𝔃𝔃, produces a frequency of 1.8510. When 𝑎/ℎ 
increases (i.e., at 𝑎/ℎ = 10) the natural frequencies 
converge (see last rows where the natural frequency is 
0.1135 for all methods). This also indicates that the 
influence of 𝓔𝔃𝔃lessens as the plate thickens. The present 
method provides a very accurate approximation of the Exact 
3D solution by including the normal stress along the z-
direction; therefore, the present method has demonstrated 
the ability to model the complexity in vibrational 

Table 1 The dimensionless fundamental (transverse) natural 
frequency of isotropic thick and moderately thick 
plates is provided, with the dimensionless 
parameters detailed in Ref. (Jin et al. 2014) 

a/h  

2 
Exact (3D) (Jin et al. 2014) 1.8470 

Quasi-3D (Farzam-Rad et al. 2017) 1.8528 
Present (𝓔𝔃𝔃 ്  0) 1.8510 

5 
Exact (3D) (Jin et al. 2014) 0.4169 

Quasi-3D (Farzam-Rad et al. 2017) 0.4170 
Present (𝓔𝔃𝔃 ്  0) 0.4169 

10 
Exact (3D) (Jin et al. 2014) 0.1135 

Quasi-3D (Farzam-Rad et al. 2017) 0.1136 
Present (𝓔𝔃𝔃 ്  0) 0.1135 

 
 

characteristics of thick and moderately thick plates, while 
also decreasing the number of computations. Overall, the 
table suggests that in modeling thick plates it is imperative 
to include normal stress effects especially when comparing 
computational methods which utilize accuracy and 
efficiency. 

The multi-objective robust optimization problem, with 
the circuit parameters as the design variables, is formulated 
as follows 

 𝑟ଵ = −𝑉௙, 𝑟ଶ = −𝑃଴௙,     𝑠ଵ = 𝜎ଵ𝜇ଵ ,     𝑠ଶ = 𝜎ଶ𝜇ଶ. (15)
 
5.2 Results and discussion 
 
Fig. 4 shows the distribution of SEs experienced by a 

composite structure that was excited in torsional mode. The 
matrix format indicates SEs across a 12×12 grid. Each 
element of the grid refers to the SE at that specific location 
in the structure as denoted by the row and column number. 
Color grading was used (from yellow to purple), the where 
the values of SE increases from low in yellow to high in 
purple. The locations with high values of SE were 
conducted in certain areas of the structure, namely; 143.68 
located at (11,12). Understanding the SE distribution will 
help further our knowledge on how the multimodal shunt 
circuit architecture works to interact with the structure 
subjected to vibration. Particularly, the locations with the 
highest values of SE will provide the best approximate 
locations for the piezoelements embedded in the structure as 
these locations are where the most amount of energy can be 
harvested from the structure, and the best vibrations will be 
damped. Analyzing the SE distribution allows us to evaluate 
the degree to which the resonant shunt circuit is fully 
insulative of all of the energy absorbed and dissipated from 
the mass and structure overall (more specifically, where the 
intensity of the torsional mode is highest). The SE 
distribution profile is extremely valuable when attempting 
to optimize the performance of the circuit for controlling 
subsonic flutter in conjunction with maximizing energy 
scavenging. The SE distribution and finite element model 
characterizations provide additional information about the 
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Fig. 4 The distribution of strain energy across a composite 
structure subjected to a torsional mode of vibration

 
 

 
Fig. 5 The relationship between the natural frequency and 

airflow speed for two distinct modes of vibration, 𝑟ଵ
and 𝑟ଶ, under both shunted and open circuit 
conditions 

 
 

system when subject to dynamic variation where only the 
resonant shunt circuit is engaged. 

Fig. 5 shows the relationship between natural frequency 
and airflow speed (𝑉) for two different modes of vibration, 𝑟ଵ and 𝑟ଶ in shunted and open circuit. The shapes of the 
curves indicate that as airflow speed increases the natural 
frequency of both modes decreases. There is a pronounced 
decrease in frequency under open circuit conditions (red 
lines) compared to shunted conditions (blue lines). This 
indicates that the response in the shunted system is better at 
providing damping of vibrations over a large range of 
airflow speeds. The two modes 𝑟ଵ  and 𝑟ଶare both 
considered separately, with the difference in frequency 
response indicating the system is operating in modes of 
vibration. The shift in the frequencies with airflow 
conditions is relevant to energy harvesting and flutter 
control respectively for aerodynamic systems, since this 
behavior indicates a dynamic response of the system to the 
external airflow which will impact the energy conversion 
efficiency and maximization, and controlling undesirable 
vibration behaviors like flutter. These findings will 

Fig. 6 The relationship between growth rate and airflow 
speed for the system, exploring the vibration modes 
under both shunted and open circuit conditions

 
 

contribute to the design process of piezoelectric-based 
energy harvesting systems for aerospace considerations. 

Fig. 6 shows the relationship between growth rate and 
airflow speed for the system, exploring the vibration modes 
under both shunted and open circuit conditions. The growth 
rate is an important indicator of the system’s stability and 
demonstrates the transition from stable to unstable behavior 
as airflow speeds increase. The growth rate, shown in Fig. 6 
initially remains negative, which indicates a stable 
condition at low speeds, then as airflow speeds are 
increased, the growth rate begins to increase and eventually 
becomes positive indicating the onset of flutter. Two critical 
points are indicated showing the flutter speed for the 
shunted and the open condition respectively. The critical 
points show the flow speeds which the system starts to 
move into the instable flutter regime. The open condition 
shows a greater increase in growth rates and as such, it 
would appear that the shunted configuration of the system 
does a better job of suppressing the flutter. Overall results 
are critical to understanding the systems stability in 
different airflow conditions and provide a better insight into 
how to design systems which must balance flutter control 
and energy harvesting applications, particularly in 
aerodynamics and energy harvesting applications. 

Fig. 7 presents harvested power (𝑊) plotted against 
flutter speed (𝑚/𝑠). The figure provides evidence of the 
relationship between flutter speed and harvested power. 
There is a clear trend of increasing harvest power with 
increasing flutter speed. Furthermore, the system is clearly 
capable of harvesting energy even at higher flutter speeds. 
At low flutter speeds, harvested power was low, but once 
the system was in the flutter regime, the harvested power 
subsequently increased significantly. This figure also 
includes the Pareto front, represented by the red line, which 
demonstrates the trade-off between harvested power and 
flutter speed, identifying the optimal conditions for energy 
harvesting. Each design point (blue dots) represents the 
modelling configurations for the system with various 
combinations of harvested power and flutter speed. This 
figure exemplifies the necessary trade-off of having high 
energy characteristics while not allowing too much flutter, 
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Fig. 7 The relationship between harvested power (W) and 

flutter speed (m/s) for the system 
 
 

 
Fig. 8 The relationship between flutter speed and harvested 

power, with the aim of optimizing both variables for 
efficient operation 

 
 

which would lead to an unstable system. The results have 
demonstrated that not only is it necessary to optimize the 
individual system to maximize energy harvesting, but it is 
also equally important to fine-tune the control of flutter 
which increases our understanding of piezoelectric energy 
harvesting systems in subsonic flows. These results will be 
beneficial for the field of adaptive structures in aerospace 
and mechanical engineering applications. 

Fig. 8 depicts the relationship between flutter speed and 
harvested power while trying to maximize both traits for 
effective operation. The contour line in the figure shows 
that as flutter speeds increased, harvested power also 
increased, then plateaued, indicating diminishing returns at 
higher flutter speeds. The green line indicates the Pareto 
front, which denotes the best tradeoff between flutter speed 
and harvested power; this aspect can aid designs, or better 
designs, while incorporating flutter suppression for energy 
harvesting. The blue dots indicate the design points for 
different operational options of the system; they also 
represent as a visual depiction of changing system designs 
parameters, and what it does to the produced loads in our 
case, collecting power. Keeping in mind design goals to 
maximize energy harvesting while effectively suppressing 
flutter to avoid excessive flutter that could create a system 
failure was part of the challenge. These results describe the 
need to balance energy harvesting and flutter suppression, 

Fig. 9 The variation of the damping coefficient with airflow 
speed. The plot includes the minimum and maximum 
damping coefficients for two configurations: 
deterministic and robust 

 
 

and may show how we could tune the aerodynamic 
properties of the system, or the structural properties for 
detrimental vibrations to improve system performance in 
energy harvesting applications, e.g., aerospace and 
mechanical systems. The information we gathered with this 
study may help over the design of adaptive structures that 
can also simultaneously harvest energy and control 
structural vibration or apply different dampening systems 
based on vibration conditions. 

Fig. 9 presents the relationship between damping 
coefficient and airflow speed. The plots exhibit both the 
minimum and maximum damping coefficients for both 
configurations: deterministic and robust. The damping 
coefficient is vital to the analysis of the energy dissipation 
ability of any system, while vibration control and energy 
harvesting ability depend on the behavior of the damping 
coefficient (or damping ratio). For airflow speeds increasing 
from 0 to 20 m/s, the damping coefficient of the system 
increases to a maximum value of 0.041 before it begins to 
decrease. This is clearly shown in the differences of the 
damping coefficient of the structure and the corresponding 
power harvester and there is summary energy dissipation 
capacity of the system, which increases and then 
subsequently falls away. The differences in response 
between the two cases, deterministic and robust cases 
indicate the difference in the impact circuit parameter 
variabilities and the resulting forces on the damping 
behavior of the configuration. The robust configuration 
(dashed lines) damping coefficients have more variation 
than the deterministic case, amounting a more factored 
response to consistent increases in the airflow speed. The 
study has practical implications for energy harvesting 
systems as the behavior of the damping has been shown to 
influence vibration control meaning higher or better power 
generation. The results of this study could assist in the 
design of more efficient energy harvesting systems that 
require control of the system’s dynamic response and 
energy harvesting performance as found with aerospace and 
mechanical systems that deal with varying fueling 
conditions pertaining to increased airflow conditions. 

Fig. 10 depicts how damping varies with airflow speed 
where the variation envelope and mean response are 
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Fig. 10 The variation of damping with airflow speed, 

showcasing both the variation envelope and mean 
response 

 
 

evident. The variation envelope (orange) demonstrates the 
maximum amount of variation, or fluctuation, in damping 
while the mean response (green) illustrates the average 
damping behavior across the full speed range. As the 
airflow speed increases, it is clear there is a major trend of 
fluctuation in the damping response with a decreasing trend 
in the mean response. This suggests that the system can 
dampen vibrations; however, it is prone to variability with 
airflow speed, which is part of the complex dynamics of 
airflow-induced forces and structural response. The wide 
variation in damping suggests a robust control mechanism 
is needed to manage the performance variability to enable 
consistent energy harvesting and vibration control with the 
maximum damping reduction possible across fluctuations. 
The variation envelope indicates uncertainties associated 
with damping behavior change that need to be incorporated 
in a adaptive system that can accommodate fluctuation. The 
implications of this study are important for energy 
harvesting (EH) and vibration control systems for aerospace 
and automotive applications where flow speeds may be 
variable and factor into the performance expectations 
achievable with precise damping control for stability and 
energy efficiency. 

In Fig. 11, we examine damping as a function of airflow 
speed considering the variation envelope (orange) and mean 
response (green). The mean response represents the average 
operation of the system exhibiting a dynamic damping 
coefficient under airflow, whereby the mean damping value 
reduces with a rise in airspeed. The variation envelope 
represents the variation around the mean response, and 
together the significant variation in damping reinforces the 
impact that aerodynamic forces have on the vibration 
behavior of the system. More importantly the variation 
provides for energy harvestable or management systems, as 
this will determine the energy conversion efficiency from 
the exciting forces will occur at different air speeds. The 
overall message from this figure illustrates that the system 
can achieve a wide variation of damping response as a 
result of the airflow speed, furthermore any deviation in 
damping will have a significant impact on stability and 
operation of the energy harvesting system. Variability with 
system damping and performance indicates that adaptive or 

Fig. 11 Damping with respect to airflow speed, focusing 
on the variation envelope (orange) and the mean 
response (green)

 
 

robust approaches to control will be needed to ensure the 
system can react to variations in damping. The relationship 
between variation envelope and mean response could be 
indicative for the potential to optimize damping for energy 
harvesting and/or energy management systems subjected to 
variable flow conditions such as aerospace systems 
subjected various wind speeds. Insights like this from the 
project work will have use in systems engineering methods 
that related and produced reliable and effective systems 
fitted for safe operational environments. 

Fig. 12 examines the system’s reaction to alterations in 
circuit parameters as the flutter speed and power output 
characteristics are engaged. The plot presented examines 
the interplay between circuit parameter alterations and 
operational characteristics. In the plot, the red line depicted 
the change to flutter speed, while the blue line depicted the 
change in power output. It was determined higher circuit 
parameters decreased flutter speed, while power output 
increased, thus demonstrating a trade-off between these two 
significant operational characteristics. The examination of 
the system’s changes in flutter speed and produced power 
indicates the need for consideration when optimizing the 
parameters of the system. Specifically, the outputs had an 
inverse relationship. Circuits required optimization on each 
side to achieve the necessary balance for system stability. 
However, it was important to note that the power outcome 
required consideration of each parameter’s impact on the 
flutter characteristics. The system’s engagement with each 
of these parameters is significant in the design of energy 
harvesting systems, as both vibration suppression (flutter 
control), and, ultimately effective energy conversion take 
place through circuit compliance through parameters 
selected. In conclusion, according to the completion of this 
evaluation, it will be important to focus on circuit 
parameters to ease the balance between stability and power 
production. For circuit designers, embodiment of systems in 
aerospace and automotive applications will ultimately 
benefit from derived insights investigate the extent to which 
circuits function to the achievement of operational 
objectives, in this case both, harvest energy sustainably 
while engaging in vibration control operations. The 
researcher can engage derive additional studies to optimize 
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Fig. 12 The system’s response to changes in circuit 
parameters, specifically focusing on flutter speed 
and power output 

 
 

existing adaptive systems that include routes for energy 
production, while performing objectives related to vibration 
control; which is generally a sideline when one is engaged 
in energy generation optimization. 

 
 

6. Conclusions 
 
In this work, we introduced a combined multimodal 

shunt circuit design to simultaneously control subsonic 
flutter while harvesting energy. By using a finite element 
electromechanical modeling approach, we studied a multi-
layer composite plate with an embedded piezoelectric 
element. This method facilitated the understanding of the 
complex electromechanical coupling between the structural 
dynamics of the plate and the piezoelectric behavior, clearly 
showing the feasibility of an effective vibration control and 
energy scavenging system. The operation of resonant shunt 
circuits traditionally consists of parallel circuits for each 
mode at their corresponding frequencies, damps two modes 
of vibration in a single structure, and provides more control 
over flutter and energy harvesting performance. We have 
shown that the proposed combined multimodal resonant 
shunt circuit has the advantages of conventional designs in 
that we are able to achieve vibration suppression while 
harvesting energy. The dual functionality feature was most 
suitable for applications wherein both structural health and 
energy efficiency are important attributes of design, such as 
in aerospace and automotive systems. Additionally, the 
parallel implementation of the resonant shunt circuit and 
activity over multiple frequencies, has helped the system 
adapt to different vibration modes and work scenarios better 
than a typical single frequency system. It was also shown 
that airflow significantly impacted the system’s 
performance, suggesting the need to incorporate external 
dynamic conditions into the model. The figure of the 
piezoelectric plate in airflow depicted our clear example of 
how the system worked in a real-world scenario and can be 
utilized in applications in the future. In this work, our goal 
has been to lay a foundation for understanding how 
adaptive, self-sustaining systems that can control vibrations 
and harness energy at the same time might be developed 
over time. The multimodal shunt circuit configuration put 

forth here represents a unique approach to solving the 
problem of flutter control and energy harvesting, with real 
possibilities for design within the future of smart structures. 
Future work will focus on optimizing the system for wider 
applications and enhanced efficiencies across a wider 
amplitude of frequencies and varying external conditions. 
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