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Abstract

The dielectric elastomer is a category of electroactive polymer capable of having large deformation
under electric excitation and vice versa. They show great potential for proper maneuvering of small-
scale aerial vehicles due to low density and fast actuation, and the successful design demands proper
prediction of their overall dynamic characteristics. However, these characteristics cannot be
accurately predicted from lower-order material approximation and/or one specific elastomer shape
under a specific flow velocity, pretension, and relaxation. In this research, a comprehensive modal
and aerodynamic analysis for VHB 4910 dielectric elastomer membrane of three different shapes are
computationally investigated under different electric excitations, pretensions, and flow velocities
using higher-order Ogden model. A finite element model and a two-way, fully coupled, fluid-
structure interaction model are developed to obtain vibration and aerodynamic characteristics,
respectively, for different membrane shapes. It is found that the variation of electric excitation,
pretension, and air velocity is influential to alter the overall dynamics of the membrane and is unique
to specific shapes. The rectangular membrane shows higher vibration frequency for the fundamental
mode whereas the circular membrane provides higher frequencies in higher modes. Increased
relaxation for a membrane prestretch higher than the moderate range of stretch ratio (1= 3)
demonstrates slight increase in lift coefficient within a small range of angle of attack followed by a
decrease after exceeding that range. Both the rectangular and elliptical membranes show more
flexibility to delay the stall compared to the circular membrane. The circular membrane is observed
to have more potential for enhancing the aerodynamic performance and altering the flow field within
a certain range of electric excitation and pretension. Computational results are compared with
published experimental results to validate the corresponding models.

Keywords: aerodynamics; finite element; fluid-structure interaction; vibration; membrane; dielectric
elastomer

1. Introduction

Among various types of smart materials, dielectric elastomers (DEs) fall into the category of
electroactive polymers which can change their shapes in response to applied electric excitation.
Conversely, when subjected to electric stimulation, DEs react to providing mechanical deformation.
This built-in electromechanical characteristics of DEs have made them unique for various
applications including energy conversion, artificial anatomical systems, control of small-scale aerial
structures, actuation of mechanisms, shape memory alloys, artificial/biological insect wings, and
many more [1-4]. For such an application regarding small aerial structures, in majority of cases, the
surrounding aerodynamic environment is unpredictable, requiring proper control of
maneuverability. The small size of the vehicles makes packaging separate control mechanisms
challenging, resulting in lower aerodynamic performance. To assist this challenge, DEs are found to
be promising for rapid adaptation to changes in environmental conditions due to their unique
electromechanical characteristics. The deformation of the aerial structures composed of DEs due to
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aerodynamic loading and the deformation of the surrounding fluid domain due to the change in
shape of the structure affect each other resulting in the change of overall aeroelastic characteristics
[5,6]. Hence, comprehensive understanding of the coupled interaction between the flexible structure
and the aerodynamic environment is crucial to explore the associated dynamic behavior of DEs for
the robust and reliable design of small-scale aerial structures with enhanced safety and agility.

To explore the characteristics of DE materials under dynamic loading deeply, proper
identification of important parameters that can play a significant role in influencing the mutual
interaction between the structure and the aerodynamic environment is necessary. Membrane
pretension is one such parameter which affects both the vibration and aerodynamic characteristics of
the pliant structure and needs to be regulated precisely for specific applications. The pretension can
be altered by changing the stretch ratio and from the relaxation induced by electric excitation [7,8].
In general, for pliant DE membranes, the plane stress condition is considered [7] to evaluate the net
stress state of the membrane in presence of both pretension and electric excitation. Usually, the ideal
aerodynamic environment considered for small-scale aerial structures is associated with low
Reynolds number (Re) [9] flow which, in combination with an electric voltage influences the overall
aerodynamic efficiency of such structures [5]. The material of the pliant wing needs to be carefully
considered for effective lift generation and power consumption and requires sufficient flexibility to
enhance aerodynamic efficiency with proper regulation. Lang et al. [10] experimentally investigated
the aerodynamic characteristics of flapping wings composed of different materials and found that lift
can be improved for wings composed of higher elastic modulus, however, at the cost of increased
power.

In search of suitable DE materials to use for pliant wing structures, VHB 4910 membrane is
proposed by several researchers [4,5,11,12] due to its properties well aligned with the flexible nature
of pliant wings. However, reliability of a selected material model to accurately reflect the dynamic
characteristics of the VHB 4910 membrane depends on the types of experiments used to obtain the
corresponding properties. VHB 4910 material characteristics can be captured with reasonable
accuracy by comparing its behavior to a hyperelastic material [13-15] due to its capability of
undergoing large strain. However, the use of lower-order models often cannot predict the dynamic
characteristics of the membrane properly, especially if the pretension is relatively high. The simplest
but a lower-order model is the Neo-Hookean hyperelastic model [13] which is unable to predict the
large-strain behavior of the membrane with reasonable accuracy when the strain ranges more than
20%. An alternative and more accurate model is the higher order Ogden model [14,16] for large strain
applications which is versatile and at the same time, a good fit to use with relevant constitutive
relationships for hyperelastic materials. One of the greatest benefits of modeling the dynamics of DE
membrane using the Ogden model [14] is that it can handle the strain as large as 700% to predict
results with reasonable accuracy. With the use of Ogden model, DE membrane behavior can be
approximated closely by treating it as an incompressible material and ignoring the effect of
viscoelasticity [17].

When correlated with wind-tunnel experiments [6,18], computational simulation of vibration
and aerodynamic behavior of a pliant wing can be of significant advantage to provide wider range
of data and establish useful relationships between the governing parameters, which could be effective
for successful design and control of small aerial vehicles. Pulok et al. [6] investigated the modal and
aerodynamic characteristics of a circular DE membrane for different Re by conducting vibration and
wind-tunnel tests, however, the latter did not consider the effect of electric excitation. This left a gap
to properly predict the actual dynamic behavior of the membrane in presence of electric excitation
which is important for proper regulation of structures composed of DE materials in a certain
aerodynamic environment. This demands the necessity of conducting robust, two-way, coupled
fluid-structure interaction (FSI) [9,19,20] simulations which can lead to comprehensive
understanding of the mechanism of interaction between the structure and the fluid. Geng et al. [21]
conducted an experimental study on FSI analysis for flexible membrane wings over a range of angles
of attack (AoAs) for various Re. They noticed that for flexible wings with higher aspect ratio, higher
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vibration modes were characterized and as the Re and aspect ratio increased, the maximum
deformation of the membrane also increased. Liang et al. [22] investigated the dynamic behavior of
a hollow fiber membrane for different lengths and air velocities by developing a two-way FSI model
and analyzed the relevant flow characteristics under air-induced condition. They verified the
numerical study by experiments and found that the natural frequencies of the membrane were more
sensitive to change in length of the membrane compared to the change in air velocities. These studies
indicate that a successful FSI analysis can provide valuable insight in proper prediction of the
dynamic behavior of pliant wings.

The aeroelastic characteristics of the wing material play an important role in determining the
overall performance of the wing structure subjected to fluid flows, especially if the wing structure is
pliant [5,23,24]. The maneuverability and stability of the wing structure can be influenced to a greater
extent if the aeroelastic properties of the pliant wing are tunable. Yeh and Chiang [25] developed a
bat-inspired, two degrees-of-freedom (DOFs) flapping mechanism capable of capturing fundamental
wing folding motions to investigate the effect of wing elasticity on aerodynamics. They fabricated
polydimethylsiloxane membranes by properly adjusting the ratio of the curing agent exhibiting the
greatest extensibility and the lowest Young’s modulus in their study. This ensured reliable motion
transmission and allowed systematic investigation of wing flexibility regarding the aerodynamic
performance.

Majority of the existing studies conducted so far regarding the investigation of dynamic
characteristics of DE wing structures either involve one specific shape and/or without any electric
excitation, have evaluated the membrane dynamics subjected to only one velocity under a single
pretension, or have used a lower-order model. This motivated the authors to explore the dynamics
of DE membranes further for different variations of parameters. Therefore, in this study, a
comprehensive dynamic analysis of three different shapes of DE membranes subjected to different
air flow velocities, electric excitations, and pretensions is performed in terms of vibration
characteristic, aerodynamic behavior, and aeroelastic nature through computational simulations
using a higher-order model. A finite element (FE) analysis is performed to evaluate the modal
characteristics of DE membranes subjected to mechanical pretension and electric excitation. For the
aerodynamic and aeroelastic analysis, a two-way, fully coupled FSI simulation is conducted for three
shapes of the membranes under varying air flow velocities, electric excitation, and membrane
pretension. Computational results are compared with experimental results published in literature to
validate the FE and FSI models and the convergence study is also performed to demonstrate the mesh
independence of the computational model.

2. Materials and Methods

In this analysis, VHB 4910 [4,5,11,12] DE membranes are used to obtain their vibration,
aerodynamic, and aeroelastic characteristics from computational simulation. Three different shapes
of DE membranes—rectangular, elliptical, and circular shapes are considered as shown in Figure 1.
Each of the VHB 4910 membrane has an initial thickness of 1 mm [6,26,27] before pretension and
maintains same surface area under all pretension conditions. The pretension is applied to the
membrane by stretching it biaxially maintaining a uniform stretch ratio A, defined specifically as A,
and 4, along in-plane X and Y directions, respectively, as shown in Figure 1. The Z axis is defined
as normal to the membrane surface and the stretch ratio in that direction is specified as A;.
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Figure 1. Different geometric shapes of VHB 4910 membranes, (a) rectangle; (b) ellipse; (c) circle.

For the vibration analysis, an FE model is developed in the commercially available software
package, COMSOL Multiphysics, version 6.2, which is solved for obtaining the natural frequencies
of free vibration for the first four modes of the prestressed membranes of various shapes under
different electric excitations. For the aerodynamic and aeroelastic analysis, the fully coupled FSI
model is developed in COMSOL Multiphysics which is solved for lift and drag coefficients,
aerodynamic efficiency, and aerodynamic load-induced deformations of the membranes for different
fluid flow velocities, electric excitations and stretch ratios.

2.1. Material Model for DE Membranes

Due to the capability of undergoing large strains, the DE membrane is modeled by. using a
hyperelastic material model [13-15]. The Ogden hyperelastic model [14-16] is used for both vibration,
aerodynamic and aeroelastic analysis to overcome the limitation of the Neo-Hookean hyperelastic
model [6,13] which is based only on the uniaxial tension test data. The strain energy density function
W for the Ogden [14-16] hyperelastic material model is defined as,

N
W= Z%(zg‘f + 2% 4 2% — 3) (1)
=1 '

where 4;, 4,, and A; are stretch ratios along X, Y, and Z directions, respectively, with reference to
Figure 1, and p; and «a; are the material constants determined empirically from uniaxial and
constrained tension test for the Ogden model. Nearly incompressible behavior is considered for the
VHB 4910 membrane defined by the Ogden model in the FE and FSI models and the effect of
viscoelasticity is ignored. The shear modulus of the membrane, u; defined by the Ogden model, is
represented by the following equation:

N
2pus = Z mia; (2)
i=1

In Equation (2), when i = 1 and a; = 2, it recovers the simplest Neo-Hookean model [6,14].
When electric excitation is applied on the membrane in addition to mechanical stretch, the membrane
undergoes relaxation, a softening effect induced from the compressive stress generated by the electric
excitation, also known as the Maxwell stress [26]. In the reported experimental studies, electric
excitation can be implemented by using conductive electrodes on upper and lower surfaces of the
membrane in the form of carbon grease [5,28]. The net stresses on the membrane, o, and o), in X
and Y directions, respectively, are combinations of the tensile stress from mechanical pretension and
compressive Maxwell stress from electric excitation and are estimated from Equations (3) and (4) [7]:

Ox = Aus(/112 - /11_2/12_2) —eE* (3)
Oy = ﬂs()tzz - /12_211_2) —eE* (4)
where ¢ is the permittivity and E is the true electric field defined as the ratio of the electric voltage
and the thickness of the membrane after the pretension is applied. The thickness of the membrane
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after the pretension can be expressed as t,/(4,4;) [7] where t, is the thickness of the membrane in
the undeformed state. The parameters of the Ogden hyperelastic model mentioned in Equation (2)
are listed in Table 1 [29]. Table 2 represents the numerical values of o, and g, for stretch ratios 2, 3,
4.5, and 4.9 for electric excitations of 0 kV, 3.6 kV, and 4.5 kV for &£ = 4.02866x10-!! F/m; and Table 3
lists the physical properties of the VHB 4910 membrane [6] considered in this analysis.

Table 1. Ogden model parameters [29] for the VHB 4910 DE membrane.

Parameters of the Ogden Model

Uy = 54.8e3 Pa U, = 910 Pa Us = —6.30 Pa
a, = 0.70 a, = 3.25 as; = -3.70

Table 2. Membrane stresses at different voltages based on the Ogden model.

Stretch ratio Voltage, kV o, Pa o, Pa
0 8.15e4 8.15e4
MN=2
3.6 7.31e4 7.31e4
A, =2
4.5 6.84e4 6.84e4
0 1.86e5 1.86e5
M=3
3.6 1.43e5 1.43e5
4.5 1.99¢5 1.99¢5
N . 0 4.19e5 4.19e5
;=45
A = 4.5 3.6 2.05e5 2.05e5
4.5 8.45e4 8.45e4
N 49 0 4.97e5 4.97e5
1= *
. 1. 1.
A = 49 3.6 96e5 96e5
45 2.66e4 2.66e4

Table 3. Properties of the VHB 4910 DE membrane.

Properties
Density 1411.03 kg/m?
Modulus of Elasticity 139,800 Pa
Poisson’s Ratio 0.499

2.2. Vibration Analysis

A computational 3D FE model of free vibration for each shape of the membrane in COMSOL
Multiphysics 6.2 is developed by using the eigenfrequency solver from the structural mechanics
module. Each shape of the membrane is modeled as a 3D pliant structure with the appropriate stress
values mentioned in Table 2 for various electric excitations given by Equations (3) and (4) based on
the Ogden model. The nonlinear geometry effect is considered to solve the FE model of vibration for
the first four modes. For all shapes of the membranes, fixed boundary conditions (BCs) are used in
the membrane edges as listed in Table 4 below.

Table 4. Boundary conditions for the FE model of vibration of VHB 4910 membranes.

Boundary Conditions
dy d, d, 0y 6y 0,
0 0 0 0 0 0

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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In Table 4, d,, d,, and d, represent the linear displacements of the membrane along the X, Y,
and Z axes, respectively, and 6,, 6,, and 6, are the rotational displacements about the X, Y, and Z
axes, respectively; with reference to Figure 1.

2.3. Aerodynamic and Aeroelastic Analysis

2.3.1. Development of the Fluid-Structure Interaction Model

For the aerodynamic and aeroelastic analysis, a two-way, fully coupled, 3D FSI model is
developed in COMSOL Multiphysics, version 6.2, composed of the solid DE membrane used as the
structural FE model; and the air surrounding the membrane, used as the computational fluid
dynamics (CFD) model [30]. Both the FE and the CFD domains are described in Figure 2 with the FE
domain embedded into the CFD domain. Three different air flow velocities, 5 m/s, 10 m/s, and 13.4
m/s are used as the input velocities for the membrane corresponding to low-Re condition [31],
suitable for small scale-aerial structures. For all the membrane shapes, the 3D air domain has a length,
width, and height of 7 m, 5 m, and 5 m, respectively, where the largest dimension is aligned with the
flow direction along the X axis. It is to note that the fluid domain size is chosen to be large enough
compared to the solid membrane to capture the proper flow physics [32]. Due to the low-Re condition,
a laminar flow model is considered. The Re is calculated based on the characteristic length of each
geometric shape of the membrane as Re = p,VL./uy, where L. is the characteristic length of the
membrane aligned parallel to the airflow velocity, V is the air flow velocity, p, is the density of air,
and p, is the dynamic viscosity of air.

. Membrane

Figure 2. The air domain enclosing the membrane in the fluid-structure interaction model.
Figure 3 shows the 2D orientation of the DE membrane in the fluid domain with the direction of

V related to the AoA, a,. The physical properties of air constituting the CFD domain are listed in
Table 5 by considering atmospheric condition surrounding the membrane [6].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Direction of airflow velocity over the membrane.

Table 5. Properties of the air domain.

Properties

Density 1.226 kg/m?

Dynamic viscosity 1.81e-5 Pas

2.3.2. Boundary Conditions

The BCs are assigned appropriately for both the FE and the CFD domain. For the FE model of
the solid membrane enclosed by the CFD domain, same BCs listed in Table 4 are used. For the CFD
model, both velocity and pressure BCs are applied according to the flow physics corresponding to
the external flow over the membrane and are listed in Table 6. In Table 6, u, v, and w represent the
velocity components of air along the X, Y, and Z directions respectively, in relation to Figures 2 and
3. The inlet BC is assigned as a velocity BC normal to the ADHLIEA plane in Figure 2 and pressure
BC is assigned in the downstream direction of the flow for the plane BCGKJFB of the CFD domain.
The side BCs are assigned by considering the CFD domain far enough from the enclosed membrane
and hence, the velocities along the side boundaries of the CFD domain are considered unaffected by
the fluid-solid interaction. Therefore, the inlet BCs are also used as the side BCs for the CFD domain
surfaces parallel to XY and XZ planes as shown in Figure 2 and listed in Table 6. For the inner wall,
which is the membrane surface at the mid-plane of the CFD domain parallel to XY plane in Figure 2,
the no-slip BC is applied.

Table 6. Boundary conditions for the fluid domain.

Boundary Conditions
Velocity, m/s Pressure, Pa
Name Parameter u v w P
Inlet (ADHLIEA) Velocity Vcosa, 0 Vsina, -
Outlet (BCGKJFB) Pressure - - - 0

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Side 1 (ABCDA) Velocity Vcosa, 0 Vsina, -
Side 2 (IJKLI) Velocity Vcosa, 0 Vsina,
Side 3 (DCGKLHD) Velocity Vcosa, 0 Vsina,
Side 4 (ABFJIEA) Velocity Vcosa, 0 Vsina,
Inner wall (membrane surface)  Velocity 0 0 0 -

2.3.3. Mesh Formation

To mesh the computational model of the membrane for both vibration and aerodynamic
analysis, similar meshing technique is used. For the FE model of vibration of the membrane, user-
controlled mesh configuration is used in COMSOL Multiphysics. 2D, free triangular elements are
used for meshing the membrane domain due to their versatility and capability of handling curved

geometry, with the maximum element size of 0.004 m. Figure 4 shows the meshed FE domain of the
circular membrane.
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Figure 4. The converged mesh of the circular membrane (solid domain).

For the FSI analysis, user-controlled mesh is used again for the entire domain combining the FE
and CFD domain which is calibrated for fluid dynamics. Aside from the aforementioned meshing
technique of the FE domain comprising the membrane, the maximum element size considered for the
free triangular element for the CFD domain is 0.2 m and the minimum element size was 0.003 m. The
maximum element growth rate considered is 1.05 to ensure a gradual transition from the smallest to
the largest element in the entire domain. After using the free triangular elements in the mid-plane of
the CFD domain (EFGHE plane in Figure 2), the 2D surface mesh was swept through the entire CFD
domain and distributed symmetrically with respect to the mid-plane maintaining an element ratio of
200. The number of boundary layers for the FSI analysis is determined by the automatic mesh
algorithm. The meshed CFD domain in its finest element size is depicted in Figure 5.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. The converged mesh of the air (fluid) domain.

2.4. Governing Equations for the Computational FSI Model

The FSI model couples the fluid domain with the solid domain where the fluid is represented by
the air and the solid domain is represented by the membrane submerged within the air. The
corresponding governing equations for the computational model are discussed in the subsequent
sections.

2.4.1. Solid Domain

The solid membrane domain is governed by Newton’s second law as below [22]:
pmas = V.o +£5 (5)
where p,, is the density of the membrane, ay is the acceleration vector, 65 is the stress tensor, and
fs is the force vector per unit volume.

2.4.2. Fluid Domain

For the fluid domain, the air is considered as an incompressible, Newtonian fluid and
corresponding field variables of the air domain are associated with the continuity equation and the
momentum equations given by Equations (6) and (7), respectively, as below:

ou OJdv Jw
axtayta, - 0®

ou ou ou ou opP 2u  9%*u 0%*u
Pa(&*“a”@”a)=‘a+pa9x+“d<@+m+ﬁ><7“)

ov ov ov ov oP 0%’v 9*v 9%
polGEtua Vs a)*@”a%*“d(ﬁ*a—yﬁ@) 7)

6w+ 6W+ 6w+ awy 6P+ N 62W+62W+62W ;
p“(at “ax TV ay Waz)_ o7 T Pad: tha\ Gt gur T 5 | 7O

where x, y, and z are independent displacement variables along the global X, Y, and Z directions,
respectively; u, v, and w are velocity components of air along X, Y, and Z directions, respectively;
t is time, P is pressure; and g,, g,, and g, are the accelerations due to gravity along X, Y, and Z
directions, respectively.

2.5. Experimental Research from Literature

2.5.1. Vibration Testing Setup

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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According to the literature survey, some experimental studies are conducted to investigate the
structural dynamics of flexible membranes of specific geometric shapes. For the free vibration
analysis, the experimental setup used by Pulok and Chakravarty [6] is described in Figure 6. They
used a closed loop vibration testing system composed of a Data Physics GW-V20 PA 100E SignalForce
shaker which induced a suitable vibratory force to the membrane contained by a rigid frame securely
attached to the top of the vibrating shaker head. The shaker is used together with the ABAQUS
Vibration Controller from Data Physics, a Data Physics signal amplifier, and a Dytran Instruments
accelerometer with a precision of sensing 19.69 mV/g. The electric excitation on the membrane is
applied by a separate transformer capable of providing high voltage with low current. A digital
image correlation system composed of two high-speed cameras from Photron along with the relevant
data acquisition system are utilized to capture the images of the vibrating membrane. These images
are processed further to measure the out-of-plane displacements using the VIC-3D software and
ultimately, the vibration frequencies were obtained from Fast Fourier Transform of the membrane
displacements.

SignalForce Shaker System

R

LAN
connected

Amplifier Abaqus Controller Computer System

Figure 6. Experimental setup for free vibration analysis of the membrane.

2.5.2. Wind-Tunnel Experimental Research

A wind-tunnel experiment was conducted by [6] where they investigated the dynamic
performance of the circular membrane under aerodynamic loading. A schematic of such a wind-
tunnel is described in Figure 7 composed of a variable-speed fan drawing air into the wind tunnel.
To ensure the characteristics of laminar airflow through the test section, a honeycomb flow
straightener is used in the wind-tunnel. A detailed internal view of the test section of the wind tunnel
including the model positioning system and pistol-grip sting balance is depicted in Figure 7. The
purpose of using the sting balance and the model positioning system is to evaluate the aerodynamic
forces on the membrane and to regulate the AoA, respectively. It is to note that the effect of electric
excitation on the aerodynamic performance of the DE membrane was not studied by [6] in their wind-
tunnel experiment due to some limitations in the system restricting the high voltage application
inside the test section. This limitation of the wind tunnel in conducting such experiments is also one
of the inspirations for the authors to explore the membrane dynamics further by conducting a robust,
two-way, fully coupled FSI simulation.
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Internal view of Sting balance
the test section :

Model positioning
system

Figure 7. A schematic of the wind-tunnel system used by Pulok and Chakravarty [6] in their experimental study
including the model positing system and the sting balance.

3. Model Validation

3.1. Experimental Validation of the Finite Element Model

To validate the FE model of free vibration analysis, the computational results are compared with
the experimental results. Figure 8(a) shows a comparison of the fundamental natural frequencies (first
mode frequency) of free vibration of an elliptical DE membrane obtained from the FE analysis and
that from the experimental research conducted by Hays et al. [28] for 0 kV electric excitation and
stretch ratio of 3. The elliptical DE membrane has 1 mm initial thickness having a semi-major axis of
0.1 m and a semi-minor axis of 0.05 m where the membrane was secured within a rigid frame
maintaining a fixed (BC) at the edge. From Figure 8(a), the FE frequency based on the Ogden model
closely approximates the experimental finding maintaining a percentage deviation of 3.74% and
thereby justifying that the computational FE model of vibration provides results with reasonable
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Figure 8. Comparison of the natural frequency obtained from experiment and from finite element analysis for
(a) elliptical DE membrane with A = 3 and 0 kV electric excitation; (b) circular DE membrane with 4; = 2, 1, =
2.02, and 0 kV electric excitation.

Figure 8(b) represents the FE and experimental frequencies of free vibration of a circular DE
membrane having a radius of 0.05 m and initial thickness of 1 mm with 4; = 2, 4, = 2.02, and 0 kV
electric excitation for the first three modes. The experimental research was conducted by Ojo et al.
[18] by securing the tensed circular membrane within a rigid frame so that the fixed BC at the edge
can be used similar to the experimental study conducted by Hays et al. [28]. From Figure 8(b), the
frequencies obtained from the Ogden model assumption match closely again with the corresponding
experimental frequencies. The maximum percent deviation between the experimental frequency and
the Ogden model frequency is found to be 8.69% indicating that the computational frequencies are
in reasonable agreement with the experimental frequencies.

3.2. Experimental Validation of the Fluid-Structure Interaction Model

A comparison between the aerodynamic coefficients obtained from the wind-tunnel experiment
conducted by Pulok and Chakravarty [6] and a two-way, coupled FSI simulation for a circular
membrane of radius 0.05 m with A4; = 1.35 and A, = 2.01 for a Re of 91,367 without any applied
voltage is depicted in Figure 9. Figure 9(a) compares the experimental coefficient of lift for the circular
membrane to that obtained from the FSI simulation varying with the AoA. From Figure 9(a), a good
agreement is observed between the experimental and simulated results where the maximum
deviation was found as 10.8% for 15° AoA. Figure 9(b) on the other hand shows how the
experimental coefficient of drag aligns with the simulated coefficient of drag leaving the maximum
deviation of 7.69% for 10° AoA.
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Figure 9. Variation of the (a) coefficient of lift; (b) coefficient of drag with angle of attack for a circular membrane
having 4; = 1.35, 4, = 2.01, and 0 kV electric excitation obtained from experimental research and fluid-

structure interaction simulation for a Re of 91,367.

It is to note that, for estimating the experimental coefficients of lift and drag, the total area
considered by [6] in the corresponding analysis included both the membrane area and the area of the
rigid ring in touch with the membrane near its edge. This might influence the deviation between the
experimental and simulated coefficients of lift and drag because the steady lift and drag coefficients
are also governed by the deformation of the membrane due to aerodynamic loading, also known as
the aeroelastic deformation. In the experimental setup, part of the area of the membrane close to its
boundary was securely attached to the rigid ring limiting its aeroelastic deformation around that part
of the area, hereby affecting the experimental lift and drag coefficients accordingly. It is also to note
that, for the coefficients of both lift and drag in the experimental research, the maximum AoA
considered was 30° due to the limitation of the wind-tunnel setup used by Pulok and Chakravarty
[6]. Moreover, in that experiment, the effect of relaxation on the membrane induced by the electric
excitation was also not considered.
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4. Results and Discussion
4.1. Vibration Analysis

4.1.1. Mesh Convergence Study

To ensure that the computational results are reliable, a study of convergence for free vibration
analysis of the membrane is performed to see how the results fluctuate with the increase of the solved
numbers of DOFs associated with the increased number of mesh elements. Figure 10(a) indicates a
variation of the natural frequency of free vibration for the rectangular DE membrane obtained from
the FE analysis based on the Ogden model for A = 4.5 for 4.5 kV with the number of DOFs. From
Figure 10(a), the frequencies for the first three modes do not show that fluctuation with the increase
in the number of DOFs and eventually, have been leveled indicating that the solutions have been

converged.
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Figure 10. Variation of the natural frequencies with the numbers of degrees-of-freedom for (a) the rectangular
membrane having a stretch ratio of 4.5 and an electric excitation of 4.5 kV for the first three modes; (b) for all the
three shapes of the membranes having a stretch ratio of 3 and an electric excitation of 3.6 kV for the first mode.

Similar trend is found for Figure 10(b), where the variations of the fundamental frequencies (first
mode frequencies) with increased numbers of DOFs for all the three shapes of the membranes are
depicted for 1 = 3 and an electric voltage of 3.6 kV. Thus, both Figures 10(a) and 10(b) show that the
frequencies are converged for free vibration of the membranes of various shapes at different modes.

4.1.2. Natural Frequencies and Mode Shapes

Tables 7 and 8 represent the fundamental natural frequencies, i.e., frequencies for the first mode
and frequencies of the subsequent three modes, respectively, for free vibration of all the three shapes
of the membranes with A ranging from 2 to 4.5 with different electric excitations obtained from the
FE analysis. From both Tables 7 and 8, for a specific value of the stretch ratio, as the voltage increases,
the natural frequency decreases. This is expected because with increasing applied voltage, the effect
of relaxation becomes more dominating resulting in the decrease of the overall tension of the
membrane, or in other words, reduced stiffness of the membrane, thus decreasing the frequencies.
On the other hand, for a certain electric excitation, as the stretch ratio increases, the frequency of
vibration also increases; since in that way the overall tension also increases as relaxation remains
constant.

Table 7. Fundamental frequencies of free vibration of the membranes at different stretch ratios and electric

excitations.
Mod Frequency, Hz
e A=2 A=3 A=45
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0kVv 0kVv 0kVv
Rectangl Ellips  Circl Rectangl  Ellips  Circl Rectangl  Ellips Circle
1 51.05 4747  45.36 77.12 7171  68.52 115.76 107.64 102.8
3.6kV 3.6kV 3.6kV
Rectangl Ellips  Circl Rectangl  Ellips  Circl Rectangl  Ellips Circle
e e e e e e e e
1 48.37 4496 4296 67.63 62.88  60.08 80.97 7529 7194
45kV 45kV 45kV
Rectangl Ellips  Circl Rectangl  Ellips  Circl Rectangl  Ellips Circle
e e e e e e e e
1 46.79 4349 4155 61.72 57.36  54.81 51.98 48.33  46.18

Table 8. Second, third, and fourth mode frequencies of free vibration of the membranes at different stretch ratios

and electric excitations.

Frequency, Hz
A=2 A=3 A= 45
Mod 0kV okv okv
e Rectangl Ellips Circle Rectangl Ellips Circle Rectangl Ellips Circle
2 67.08 6713 7227 101.35 10141 109.1 152.11 15221 163.8
3 87.50 83.11 96.86 132.19 12555 146.3 198.41  188.44 219.6
4 92.37 87.96 104.1 139.54  132.88 157.2 209.44  199.44 236.0
3.6kV 3.6kV 3.6kV
Rectangl  Ellips Circle Rectangl  Ellips Circle Rectangl  Ellips Circle
e e e e e e
63.53 63.57  68.48 88.86 88.92 95.73 10640  106.47 114.6
82.87 7870 91.74 11591  110.09 128.3 138.78  131.81 153.6
87.47 83.30 98.61 12235  116.51 1379 14649  139.50 165.1
45kV 45kV 45kV
Rectangl  Ellips Circle Rectangl  Ellips Circle Rectangl  Ellips Circle
e e e e e e
2 61.45 61.50 66.21 81.06 81.11 87.33 68.30 68.35  73.59
3 80.16 76.14  88.74 105.74  100.42 117.0 89.10 84.62  98.63
4 84.62 80.58  95.39 111.61 10629 125.8 94.05 89.56  106.0

However, an interesting phenomenon is observed for the fundamental frequencies listed in
Table 7 where, for a specific prestretch and relaxation, the rectangular membrane demonstrates the
highest frequency of vibration, and the circular membrane shows the lowest frequency. However, for
higher modes, the frequencies mentioned in Table 8 show that the circular membrane provides higher
values of frequencies compared to rectangular and elliptical membranes. Hence, it can be concluded
that the rectangular membrane has a potential to remain stiffer in the lowest mode of vibration with
broader scopes to delay the resonance and greater resistance to aeroelastic instability. The mode
shapes for the first four modes of free vibration for all the three shapes of the membranes are depicted
in Figure 11.

Rectangular membrane
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Mode 1 Mode 2 Mode 3 Mode 4
Elliptical membrane

Mode 1 Mode 2 Mode 3 Mode 4
Circular membrane

® S

Mode 1 Mode 2 Mode 3 Mode 4

Figure 11. Mode shapes for the first four modes of free vibration for different shapes of membranes.
4.2. Aerodynamic Analysis

4.2.1. Effect of Prestretch

One of the important parameters that can regulate the dynamic characteristics of pliant
membrane wings within its aerodynamic environment is the stretch ratio. The effect of prestretch on
the coefficient of lift with varying AoA is explained in Figure 12(a) for a circular membrane subjected
to an electric excitation of 4.5 kV and an airflow velocity of 13.4 m/s. Four different stretch ratios are
considered to correlate the corresponding variations of the coefficient of lift with the AoA. From
Figure 12(a), with constant relaxation induced by the 4.5 kV electric excitation for all the stretch ratios,
the lift decreases as the stretch ratio increases. Similar characteristics are observed for the rectangular
and the elliptical membranes as well. The reason behind this behavior can be attributed to the
continuous reduction in membrane elasticity with the increase in the stretch. Two different physics
to note here governing the mechanics of the membrane at the same time; one is the induced tensile
stress on the membrane due to prestretch, and the other is the compressive stress created by the
electric excitation. The combination of these stresses acting in opposite directions provides a net
tension in the membrane. This net membrane tension increases with the increased values of
prestretch, i.e., 4 and with that, the membrane continues to lose its flexibility. From Figure 12(a), the
notable difference in the coefficient of lift is observed once the stretch ratio reaches a value of 3 and
higher and AoA approximates around 8° or higher. This behavior is identified as similar to the
experimental study conducted by Maqsood and Go [8] for latex square membranes of various sizes
for an air velocity of 15 m/s justifying that the effect of stretching can play a crucial role in altering
the aerodynamic characteristics for pliant wings. In addition, it can be conjectured that a stretch ratio
of 3 or higher can provide notable tension in the membrane after which significant change in
aerodynamic characteristics in the membrane can be expected, and hence, 4 = 3 or higher can be
categorized as moderate to large stretch ratio.
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Figure 12. Variation of the coefficient of lift with angle of attack for (a) the circular membrane for air velocity of
13.4 m/s with 4.5 kV of electric excitation and stretch ratios 2, 3, 4.5, and 4.9; (b) three shapes of the membranes
for an air velocity of 10 m/s with 0 kV electric excitation and stretch ratio 4.5.

Figure 12(b) signifies the effect of prestretch as well as the individual aerodynamic
characteristics of the membranes of various shapes without any electric excitation for an air velocity
of 10 m/s with a stretch ratio of 4.5. From Figure 12(b), the lift force for the circular membrane is
associated approximately with a stall angle of 39°. However, that characteristic is different for the
other two shapes of the membranes. For both rectangular and elliptical membranes, the stall is
delayed to some extent unlike the circular membrane and is not apparent, thereby providing slightly
more leeway to regulate the corresponding aerodynamic behaviors.

4.2.2. Effect of Relaxation

The effect of electric excitation on the tensed membrane is reflected in its relaxation which
reduces the overall tension in the membrane. This is due to the compressive Maxwell stress along the
thickness direction of the membrane resulting in an expansion of the membrane thereby reducing the
overall tension. The higher the electric excitation for the membrane at a specific stretch ratio, the
greater the relaxation is. Figure 13(a) presents the variation of the coefficient of lift with the AoA for
the circular membrane for three different voltages, 0 kV, 3.6 kV, and 4.5 kV for a stretch ratio of 3 and
an air flow velocity of 13.4 m/s. From Figure 13(a), the variation of the electric voltage does not reveal
significant changes in the aerodynamic behavior of the membrane. However, if the stretch ratio is
increased to 4.5 from 3, a significant change is observed in the aerodynamic performance as can be
seen in Figure 13(b). From Figure 13(b), the 4.5 kV case provides slightly higher values of coefficient
of lift until the AoA reaches 7° compared to 0kV and 3.6 kV cases, and after that, decreased coefficient
of lift is observed for the 4.5 kV case compared to the 0 kV and 3.6 kV cases. Before reaching the AoA
of 7°, the 4.5 kV case shows approximately 25% increase in the coefficient of lift compared to the 0 kV
case. The stall angles can be approximated as 40° for both the 0 kV and 3.6 kV cases, however, for the
4.5 kV case, the stall is not apparent or more precisely, it reflects a benign pattern in the vicinity of
stall. This behavior is well aligned with the experimental study conducted by Magsood and Go [8],
where they estimated the coefficient of lift for a tensed square-shaped, Nylon membrane of
dimensions 15 cm by 15 cm exposed to a flow velocity of 15 m/s subjected to a 1 cm relaxation.
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(a) (b)

Figure 13. Variation of the coefficient of lift with angle of attack for the circular membrane with different electric

excitations at a flow velocity of 13.4 m/s for (a) stretch ratio 3; (b) stretch ratio 4.5.

The behavior observed for the circular membrane under relaxation for a stretch ratio of 4.5 at
13.4 m/s with 0, 3.6, and 4.5 kV electric excitations is similarly observed for the rectangular and
elliptical membranes. However, for the rectangular membrane, the increase in the coefficient of lift
before 7° AoA for the 4.5 kV case is found to be 15% unlike the circular membrane, which is observed
as 4% for the elliptical membrane at an AoA of approximately 15°. Thus, a summary can be concluded
that the elliptical shape is more suitable to maintain the enhanced lift characteristics for a broader
range of AoA compared to the rectangular and circular membranes.

The characteristic of the coefficient of drag for the circular membrane is described in Figures
14(a) and 14(b) for different voltages and 13.4 m/s flow velocity for A = 3 and 4 = 4.5, respectively.
Similar to Figure 13(a), Figure 14(a) shows that the coefficient of drag does not vary significantly with
change in voltages for 1 = 3; however, for 1 = 4.5, notable difference in the coefficient of drag is
observed between 0 kV case and the 4.5 kV case. For 1 = 4.5, the coefficient of drag shows higher
values for the 4.5 kV case compared to the 0 kV case up to around 6° AoA; and after that the
coefficient of drag for the 4.5 kV case shows a decrease for the remaining range of AoA. With
increased relaxation for 4.5 kV, the circular membrane shows up to 16% increase in the coefficient of
drag before 6° AoA.
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Figure 14. Variation of coefficient of drag with angle of attack for the circular membrane with different electric
excitations at a flow velocity of 13.4 m/s for (a) stretch ratio 3; (b) stretch ratio 4.5.

Similar trend of variation of the coefficient of drag with AoA for different electric excitations is
found for the rectangular and the elliptical membranes. However, for the elliptical membrane, the
coefficient of drag shows an increased value for the 4.5 kV case compared to the 3.6 kV case for the
entire range of the AoA. This finding is very well aligned with the experimental results obtained by
Hays et al. [28] for a VHB 4910 elliptical membrane having an initial thickness of 1 mm subjected to
3.6 kV electric excitation, air flow velocity of 10 m/s, and a stretch ratio of 3.

Table 9 shows the peak coefficients of lift and drag as well as the stall characteristics for all the
three shapes of the membranes for an air velocity of 13.4 m/s subjected to the stretch ratio varying
from 3 to 4.9 and electric excitation varying from 0 kV to 4.5 kV. Relaxation increases as the electric
excitation for a specific stretch ratio increases from 0 kV to 4.5 kV from top to bottom of Table 9
affecting the stall characteristics. For the rectangular and elliptical membranes, the stall angle is not
apparent for all three electric excitations for all stretch ratios; or in other words, it is delayed. Slightly
different than that, the circular membrane shows an increasing trend of the stall angle with the
increase of the electric excitation, and once the stretch ratio reaches 4.5 and higher, then with 4.5 kV
excitation, the stall pattern shows the same trend as the rectangular and elliptical membranes. This
indicates that a higher relaxation after a moderate stretch ratio can help provide a delayed stall for
flexible membranes. These characteristics are well aligned with the experimental findings observed
by Hays et al. [5,28] in their research as mentioned earlier.
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Table 9. Peak coefficient of lift, peak coefficient of drag, and stall characteristics at different stretch ratios and
electric excitations for different shapes of the membranes subjected to an air velocity of 13.4 m/s (NA-Not

apparent).
0kVv
A=3 A= 45 A=49
Membrane C, Cp Stall C, Cp Stall C, Cp Stall
Rectangle 058 051 NA 058 051 NA 058 051 NA
Ellipse 0.61 053 NA 0.61 053 NA 062 054 NA
Circle 054 042 41° 0.64 055 40° 0.64 055 38°
3.6kV
A=3 A= 45 A=49
Membrane c, Cp Stall C, Cp Stall c, Cp Stall
Rectangle 058 051 NA 059 050 NA 059 049 NA
Ellipse 062 053 NA 0.61 051 NA 0.60  0.50 NA
Circle 0.63 054 41° 062 055 40° 0.60  0.50 40°
45kV
A=3 A= 45 A=49
Membrane C, Cp Stall C, Cp Stall C, Cp Stall
Rectangle 059 050 NA 057 040 NA 038 0.33 NA
Ellipse 062 052 NA 0.61 054 NA 035 0.33 NA
Circle 063  0.53 42° 054 042 NA 0.33 0.31 NA

In the analysis of Table 9 from left to right, an interesting phenomenon is observed. As the stretch
ratio increases from 3 to 4.9 along the row, it is generally assumed that the membrane gets
increasingly tensed. However, there is an optimum point depending on the applied relaxation after
which even if the stretch ratio increases, the membrane gets increasingly relaxed. This is because,
with the increase in relaxation due to higher electric voltage, the value of the second term on the
right-hand side of Equations (3) and (4) also becomes higher for a certain stretch ratio which reduces
the overall tension in the membrane. In Table 9, for all the membranes with A ranging from 3 to 4.9,
the 0 kV case provides increased tension in the membrane from left to right. However, for the 4.5 kV
electric excitation with A4 ranging from 3 to 4.9 from left to right of the table, decreased tension is
noticed meaning increased relaxation. Hence, even though the stall angle is initially found as 42° for
A = 3 with 4.5 kV electric voltage for the circular membrane, eventually, the stall is delayed as A
increases from 3 because of having continued increase in relaxation. Thus, with higher relaxation for
a certain stretch ratio, the rectangular and elliptical membranes can provide slightly more control to
delay the stall; however, all the shapes behave identically if both the relaxation effect and stretch ratio
are enhanced simultaneously.

4.2.3. Aerodynamic Efficiency

Although, for some specific applications, more lift force is desired for pliant wings operated
within low-Re environments; usually, in majority of the cases, the aerodynamic efficiency [33] has
relatively more importance than the lift force itself from the design point of view. For any flight, the
lift force plays a critical role; however, enhancing the lift-to-drag ratio, alternatively known as
aerodynamic efficiency, is the primary goal for efficient design of small-scale aerial structures
composed of flexible wings. Hence, a comparison of the aerodynamic efficiency for all the shapes of

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1712.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 March 2026 d0i:10.20944/preprints202603.1712.v1

19 of 25

the membranes for different air velocities, electric excitations, and stretch ratios are analyzed in the
subsequent sections.

Figure 15 describes the variation of aerodynamic efficiency with AoA for the rectangular
membrane with 1 = 3 for three different air flow velocities where Figure 15(a) is for 0 kV electric
excitation and Figure 15(b) is for 4.5 kV electric excitation. From both figures, the aerodynamic
efficiency is enhanced significantly approximately until 11° AoA as the air flow velocity is increased,
and the peak efficiency is recorded at an AoA of around 2.5°. Compared to Figure 15(a), Figure 15(b)
shows that an increase to 4.5 kV electric voltage from 0 kV enhances the aerodynamic efficiency by
around 4.3%. This trend is also observed by Hays et al. [5,28] in their experimental study of a stressed
elliptical membrane of 1 mm initial thickness for A = 3 for an airflow velocity of 10 m/s as the voltage
increased from 0 kV to 3.6 kV. From the computational analysis, out of the three membrane shapes,
the elliptical membrane is found to show the highest aerodynamic efficiency, and the circular
membrane is observed to have the lowest aerodynamic efficiency for all the conditions used in Figure

15.
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Figure 15. Variation of the aerodynamic efficiency of the rectangular membrane with the AoA at 1 = 3 for 5
m/s, 10 m/s, and 13.4 m/s for (a) 0 kV; (b) 4.5 kV.

Instead of A = 3, use of a higher stretch ratio, A = 4.5 in Figure 16(a) reveals an interesting
characteristic regarding the aerodynamic efficiency of the rectangular membrane for the three
velocities with 4.5 kV electric excitation compared to Figure 15(b). Unlike Figure 15(b), a decreased
peak aerodynamic efficiency near the AoA of 2.5° for 13.4 m/s air velocity is observed in Figure 16(a).
This is because, for a 50% increase in A from 3 to 4.5 with airflow velocity of 13.4 m/s, the peak lift
coefficient is increased by around 12%, however, the drag is also enhanced by more than 28%
reducing the overall aerodynamic efficiency compared to 4 = 3. Although, with high stretch ratio,
the tensile stress in the membrane increases; the compressive Maxwell stress ¢E? in Equations (3)
and (4) at the same time also increases with increased voltage enhancing the relaxation and
counterbalances a relatively large portion of the tensile stress in the membrane resulting in a lower
overall membrane tension. Hence, the camber effect of the membrane due to aerodynamic loading at
higher stretch ratio becomes more dominating resulting in more membrane deformation and forming
a thicker shape of the membrane which ultimately creates larger drag and reduced aerodynamic
efficiency. Compared to A = 3, for A = 4.5, the circular membrane is found to show the highest
aerodynamic efficiency, and the rectangular membrane is found to show the lowest aerodynamic
efficiency for the same electric excitation.
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Figure 16. Variation of the aerodynamic efficiency of the rectangular membrane with the AoA at A = 4.5 for (a)
5m/s, 10 m/s, and 13.4 m/s for 4.5 kV; (b) 13.4 m/s for 0kV, 3.6 kV, and 4.5 kV.

The aerodynamic efficiency varying with the AoA for the rectangular membrane for an air
velocity of 13.4 m/s at A = 4.5is shown in Figure 16(b) for different electric excitations. From Figure
16(b), the peak aerodynamic efficiency corresponds to 3.6 kV compared to 0 kV and 4.5 kV. This
indicates that the aerodynamic efficiency for a pliant membrane does not necessarily increase with
higher relaxation within a low-Re environment. This phenomenon is characterized and reported by
Hays et al. [5,28] in their experimental study of aerodynamic response of a VHB 4910 elliptical
membrane for A = 3 subjected to the same three electric excitations used in Figure 16(b) for a Re of
63,000 which justifies the simulated behavior of the flexible membranes in term of the aerodynamic
efficiency under different electric excitations from moderate to higher stretch ratios.

Table 10 provides a summary of the percent change of the peak aerodynamic efficiency of
different shapes of the membranes with change in electric excitations for different air flow velocities
for stretch ratios 3 and 4.5. From Table 10, the circular membrane shows no negative percentage
change in aerodynamic efficiency compared to the rectangular and elliptical membranes for both A =
3 and A = 4.5, indicating a tendency of offering an enhancement in aerodynamic efficiency with
certain increase in electric voltage and air flow velocity. Similar behavior is found for the elliptical
membrane for 4 = 3; however, when the stretch ratio increases from 3 to 4.5, the percent change in
peak aerodynamic efficiency shows a gradual reduction with change in electric excitations from 0 kV
to 4.5 kV for all the air flow velocities. The rectangular membrane shows the highest decrease in
aerodynamic efficiency for A = 4.5 and air flow velocity of 13.4 m/s for a change in electric excitation
from 0 kV to 4.5 kV. From Table 10, the circular membrane provides nearly steady change in
aerodynamic efficiency with changes in electric excitation, velocity, and pretension and thus, can be
considered as more suitable for achieving better aerodynamic performance within a specified range
of pretension and relaxation.

Table 10. Percentage change in peak aerodynamic efficiency for different air flow velocities and stretch ratios for
different shapes of the membranes with change in electric excitations.

Change in peak aerodynamic efficiency (%)

V =5m/s V = 10m/s V =134m/s
0-3.6kV  0-45kV  0-36kV 0-45kV 0-36kV 0-45kV
Rectangle 0.20 0.41 1.23 2.31 2.24 4.00
A=3 Ellipse 0.26 0.52 1.53 2.84 1.76 481
Circle 0.21 0.42 1.19 2.25 2.20 4.05
P Rectangle 0.74 2.63 4.20 11.67 6.54 -9.40
Ellipse 0.91 -0.46 5.21 -2.70 8.28 -4.86

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.1712.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 March 2026 d0i:10.20944/preprints202603.1712.v1

21 of 25

Circle 0.99 3.17 418 13.38 6.97 5.48

4.2.4. Aeroelastic Analysis

The aeroelastic behavior of three shapes of the DE membranes is investigated for different air
flow velocities and electric excitations. Table 11 shows the aeroelastic characteristics of the
membranes in terms of the peak out-of-plane deformations for different air flow velocities and electric
excitations for a stretch ratio of 3. From Table 11, as expected, with the increase in relaxation for a
certain air flow velocity, the peak deformation of the membrane increases. This is because, with
higher voltage or increased relaxation, the overall tension in the membrane is reduced, making the
membrane increasingly flexible. The deformation becomes higher with increased air flow velocity
because of the enhanced lift force due to increased velocity. From Table 11, it is apparent that the
rectangular membrane is subjected to the least deformation and the circular membrane undergoes
the largest deformation for a certain air flow velocity and relaxation. From this analysis, the circular
membrane is observed to have more potential to change its shape under aerodynamic loading due to
its increased flexibility and thus, can have more impact in altering the flow field and/or affecting the
passive flow control. Figure 17 shows the contour plots of out-of-plane deformations for all the
membranes for an air flow velocity of 13.4 m/s, 40° AoA, and for 2 = 3 with an electric excitation of
4.5 kV showing that the peak out-of-plane deformation occurs near the center for all the shapes of the
membranes.

Table 11. Maximum out-of-plane deformation for different shapes of the membranes with different electric

excitations and air velocities at a stretch ratio of 3.

Maximum out-of-plane deformation, mm

A=3
v 0kV 3.6kV 45kV
m/s Rectangle Ellipse Circle Rectangle Ellipse Circle  Rectangle Ellipse Circle
5 0.45 0.60 0.66 0.60 0.75 0.86 0.72 0.91 1.04
10 1.86 2.34 2.70 2.45 3.05 3.49 2.95 3.66 4.16
13.4 3.35 421 474 4.40 497 6.01 5.24 6.37 7.04
V¥ -2.43x107%, T —ee— x 10 A 5.06x10° m
0 1 2 3 4 5
(@)
V -2.46x107* === —oeeees— x 107 A 6.13x107° m
0 5 6

1 2 3 4

(b)

V—1.81><10'19(|) — ] z *?xm'3 A 683%x10° m
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Figure 17. Contour plot of out-of-plane deformation of the (a) rectangular; (b) elliptical; (¢) circular membrane,
for a stretch ratio of 3, 4.5 kV electric voltage, 40° AoA, and 13.4 m/s air flow velocity.

5. Conclusions

In this research, the structural dynamic and aerodynamic characteristics of the VHB 4910
membrane of three different geometric shapes with same surface areas are computationally
investigated for different air flow velocities, stretch ratios, and electric excitations. For the structural
dynamic analysis, a computational finite element model is developed to estimate the natural
frequencies of vibration using the Ogden hyperelastic model approximation. Following that, for the
aerodynamic analysis, a two-way, fully coupled computational fluid-structure interaction model is
developed to analyze the effect of stretch ratios, relaxation, aerodynamic efficiency, and elastic
deformation. The simulation results are compared with experimental results published in literature
for validating the computational models. The following conclusions can be drawn from this research:

1. The Ogden hyperelastic model captures the natural frequency of free vibration of all shapes
of the membranes in a consistent manner for various pretensions and relaxations. The rectangular
membrane shows higher frequency in the fundamental mode of vibration offering more leeway to
delay the resonance and has a potential to offer greater resistance to aeroelastic instability. This
characteristic is observed in the circular membrane in higher modes.

2. A stretch ratio of three or higher can generally be defined as a moderate stretch ratio in the
perspective of this research as significant changes in structural and aerodynamic characteristics are
observed at or above a stretch ratio of three.

3. Increased relaxation applied to a flexible membrane for a stretch ratio higher than the
moderate range can enhance the coefficient of lift up to a narrow range of angle of attack, however,
provides decreased coefficient of lift after that.

4. An elliptical membrane offers a broader range of angle of attack compared to the rectangular
and circular shapes of membranes within which enhanced lift coefficients are observed for increased
relaxation. However, an increased coefficient of drag is also found for the elliptical membrane for
higher relaxation compared to other shapes of the wings.

5. The rectangular and elliptical membranes provide a little more flexibility to regulate the stall
compared to the circular membrane with higher relaxation at a certain stretch ratio.

6. For moderate stretch ratio (A = 3) with different velocities and increased relaxation, the
elliptical membrane shows the highest aerodynamic efficiency. However, when the stretch ratio
increases beyond this moderate level (4 > 3), the circular membrane exhibits superior aerodynamic
efficiency compared to the rectangular and elliptical membranes. Also, the circular membrane is
found to provide better aerodynamic performance within a certain range of electric excitation and
pretension.

7. The circular membrane can have more influence in altering the flow field and/or affecting the
passive flow control due to its more flexibility in changing its shape.
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Nomenclature

The following symbols are used in this manuscript:

C, lift coefficient
Cp Drag coefficient
E true electric field
L¢ chord length of the membrane aligned parallel to the airflow velocity
N number of terms to be used in the hyperelastic model
P pressure
4 air flow velocity
w strain energy density function
ag acceleration vector
d distance between the neutral axis and centroidal axis
dy, dy, d, linear displacement along X axis, Y axis, Z axis
f natural frequency in Hz
fs force vector per unit volume
9xr yr 9z acceleration due to gravity along X axis, Y axis, Z axis
i Index representing integer
t time
ty thickness of the membrane in the undeformed state
u v, w velocity component along X axis, Y axis, Z axis
X, ¥, z independent displacement variables along X axis, Y axis, Z axis
a; material constant for hyperelastic model
Qg angle of attack
permittivity
0y, 0y, 6, angular displacement about X axis, Y axis, Z axis

stretch ratio

I material constant for hyperelastic model

Us shear modulus of dielectric elastomer

U dynamic viscosity of air

Par Pm density of air, membrane

Oy, Oy stress on the membrane along X axis, Y axis
Oy stress tensor
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