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ABSTRACT

Introduction of smart materials as actuators in flapping wing micro aerial vehicles (MAVs) eliminates the need
for the traditional rotary power delivery mechanisms, allowing for lighter, smaller and more energy efficient
designs. General kinematics of insect flight is investigated to relate the independent variable wing length to two
dependent variables wingbeat frequency and stroke amplitude, to establish a benchmark of characteristics the
smart material must possess. Dielectric Elastomers due to their high actuation strain, high actuation speed, low
density, compliant nature and silent operation were evaluated to be suitable for flapping wing actuation. Through
an experimental reference design study, corresponding finite element validation and extrapolation of the model to
a unimorph bender actuator representative of an insect wing, a path is laid to achieving the kinematic parameters
required for flight. Further modelling and analysis of the high voltage custom waveform generator and sensing
circuit used in the experiments is done using a SPICE simulator.
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NOMENCLATURE

C(V) capacitance as a function of voltage

C10, C20, C30  Yeoh hyperelastic model material constants

C, capacitance prior to deformation

Cs high voltage bypass capacitor

E electric field

P maxwell stress

Ri leakage resistance of the elastomer

Ro output impedance of the secondary transformer
s(V) straining of the active region as a function of voltage
\% applied voltage

Vin stepped down voltage

Vou high voltage output

z film thickness

B stroke plane angle

n wingbeat frequency

3 relative dielectric constant

& permittivity of free space (8.85¢™'* F/m)

Q@ sweep angle or stroke angle

P pitch angle

¢ stroke amplitude

0 stroke deviation angle

1.0 INTRODUCTION

Unmanned Aerial Vehicle (UAV) research has been one of the more active fields in the twenty first century with
new and innovative designs coming out every year. Applications for these UAVs are vast both in the military and
commercial sectors. Over the past two decades the trend has been towards the development of smaller and smaller
UAVs [1]. Two major classes of UAVs have emerged from this trend: Micro Aerial Vehicles (MAVs) and Nano
Aerial Vehicles (NAVs). According to DARPA, UAVs with a maximum dimension of 15 cm and weight 200 g
may be classified as MAVs, whereas UAVs with dimensions much less than 15 cm and weight less than 20 g may
be classified as NAVs [2]. A number of fixed wing aircrafts and multi-rotors have been designed at the micro
scale, but researchers are faced with a number of unique challenges when moving to the nano scale, given the
sensitive Reynolds number regime these vehicles have to operate in.

Nature has produced numerous flying machines in the form of insects that have perfected flying in this low
Reynolds number regime by evolution over millions of years. Research has established that at this scale, aerial
vehicles adopting flapping wings rather than conventional propeller systems presents a number of advantages in
terms of lift generation, hovering capability, manoeuvrability, power requirement, silent operation and high
payload [3-6]. Studying the aerodynamics and kinematics behind the flight capabilities of insects helps in solving
some of the unique challenges thrown up by the low Reynolds number regime. Insect wing kinematics study
reveals that flapping involves simultaneous bending and twisting action of the wings to generate the aerodynamic



forces required for flight [7]. Conventional flapping wing mechanisms rely on either pneumatic or electric motor
driven flapping actuators leading to heavy, bulky and complex systems. This makes it difficult to mimic insect
wing kinematics.

Development in the field of smart materials such as piezoelectric fibre composites and electro active polymers
(EAPs) have proven their potential to serve as actuators. Introduction of these materials into the flapping wing
mechanisms eliminates the need for conventional actuators and transmission systems [3], [6-7]. They also open
up a possibility of achieving the efficiency, manoeuvrability and autonomous operation found in nature, to which
conventional power delivery mechanisms have always been a limiting factor. Hence arises a need to examine the
current state of the art of these smart materials and evaluate if they can serve as flapping wing actuators.

The present work aims to investigate the underlying motions that generate lift in insects and the potential of
available smart materials for flapping wing actuation. Through an experimental reference design study, the
influence of physical parameters such the material, actuation frequency and stimulus shapes on the strain produced
in dielectric elastomers is investigated. A finite element model is developed based on the experimental observation
to model a unimorph bender actuator analogous to a flapping wing of an insect. Further the high voltage generator
and sensing circuit used in the experiments, along with the dielectric elastomer is modelled and analysed using a
SPICE simulator

2.0 FLAPPING WING ACTUATION
2.1 BIOMIMETIC STUDY OF KINEMATICS

A number of studies have been carried out to analyse the underlying motions that generate the required lift forces
in insects. Most of these studies follow the conventions and terminologies laid out by C.P Ellington’s work on the
aerodynamics of hovering insect flight and this paper adopts the same [10]. Insect flight in general involves 3
degrees of freedom (two components of translation and one component of rotation): the main flapping motion,
out of plane flapping motion and active wing rotation. These motions are engaged in a set sequence by insects,
inducing minor variations to carry out the various manoeuvres required during flight. These motions can be broken
down to four sequential phases as listed below [11]:

a) Down-stroke — Forwards and downwards

b) Stroke Reversal — Backwards rotation (Supination)
¢) Up-stroke — Backwards and upwards

d) Stroke Reversal — Forwards rotation (Pronation)

In order to compare the finer motions of different species of insects a number of parameters are tracked. The
critical ones are listed below [10-11]:

a) Stroke plane angle, 5: Angle of inclination of the stroke plane — measured relative to the horizontal about
which the main flapping motion takes place.

b) Sweep angle or stroke angle, ¢: Tracks the main flapping motion of the wing, measured about an axis
perpendicular to the stroke plane.

c) Pitch angle, ¥: Tracks the rotation/ twisting motion of the wing.

d) Stroke deviation angle, 8: Describes the out of plane flapping motion. The wingtip trajectory can be
mapped using a combination of sweep angle and stroke deviation angle.

e) Stroke amplitude, ¢p: Range of the sweep angle ¢ over an entire wingbeat. Increase in ¢ leads to an
increase in aerodynamic forces generated.

f) Wingbeat frequency, n: Number of pronation’s per second. Most insects tend to match their wingbeat
frequencies with the resonant frequency of their wings. Increase in 7 also leads to an increase in the
aerodynamic forces generated.

2.2 CASE STUDIES

A truly biomimetic approach replicating all aspects of insect flight to design a flapping wing MAV would neither
be optimal nor feasible. This is augmented by the fact that different insect species of different sizes have evolved
to have different kinematic parameters for flight. Instead it would be more prudent to isolate some broader
kinematic parameters which will help in narrowing down on an optimal actuator material. Some of these
parameters have been compiled in Table 1 for a range of species [12—-18].



Table I: Key kinematic parameters of insect flight

Wing Wingbeat Stroke
Order Species Length Frequency Amplitude
(mm) (Hz) )
Vegetable Leaf-miner 1.4 265 180
Dipterans Fruit Fly 3 240 150
Drone Fly 11 170 110
Honey Bee 9.7 226 86
Hymenopterans
Bumble Bee 14 155 115
Lepidopterans Hawk Moth 48.5 25 105
Odonatans Dragonfly 40 32 70

Given that the ultimate goal is to generate the unsteady aerodynamic forces needed for flying, replicating these
key kinematic parameters will give a baseline to start. It is evident from Table 1 that the wing kinematics of
insects have considerable variations from species to species. Hence some generalized parameters are arrived at
for larger insect species as they are the least demanding in terms of wingbeat frequency. These generalized
parameters will serve as goalposts when smart materials are evaluated in sections to follow.

e Target wing length: 50 mm
e Target wingbeat frequency: 30 Hz
e  Target stroke amplitude: 70°

3.0 SMART MATERIALS
3.1 MATERIAL SELECTION

Smart materials also referred to as intelligent materials are engineered to have one or more properties that can be
modified using external stimuli such as mechanical stress, temperature and electric fields among others [21]. For
flapping wing actuation, the most suitable materials would be ones that output linear mechanical strain when
subject to electrical field stimulus. This narrows down the materials of interest to piezoelectric fibre composites
(PFCs) and electro active polymers (EAPs). Further electro active polymers can be categorized into Ionic EAPs
and Electronic EAPs based on their activation mechanisms. Ionic Polymer Metal Composites(IPMC) and
Dielectric Elastomers (DE) are the leading materials from each category respectively [22]. Some key material and
actuation properties of each of these materials has been compiled in Table 2 [11], [20-29].

Table 2: Key material and actuation properties of PFCs & EAPs

Properties Macro Fibre Ionic Polyme.r Metal Dielectric
Composites Composites Elastomers
Actuation Voltage High (2 kV) Low (4-7 V) Very high (3-7 kV)
Motion Fibre elongation Bending Elastomer elongation
Density 5.44 g/em’ 1-2.5g/em’ 1-12g/em’
Strain 0.15 % NA 60 % - 380 %
Actuation Force High Low High
Efficiency 16 % NA 60 % - 90 %
Speed of Actuation Fast Slow Medium
ézg;e;irnit;tlve bigi;‘;fﬁ;?ﬁ?:;éh Bending cantilevers Linear extender

From the table, it can be observed that dielectric elastomers exhibit superiority in terms of low density, high strain,
high actuation force, reasonable efficiency and actuation speeds. It also permits good flexibility in design as the



elastomer’s linear motion can be hijacked to produce a variety of configurations such as unimorphs, bimorphs,
extenders, diaphragms, rolls and tubes to name a few [25]. Only drawback presented by dielectric elastomers is
the requirement of a high voltage source to power the actuation. Given the progress made by electronics
manufacturers in the recent years on ultra-miniature high voltage DC-DC converters this is no longer a major
issue [32].

3.2 DIELECTRIC ELASTOMER

Dielectric elastomers are compliant variable capacitors, consisting of a thin elastomeric film coated on both sides
with compliant electrodes. Upon application of an electric field across the electrodes, the electrostatic attraction
between opposing charges on the compliant capacitor electrodes and the repulsion between like charges within
the compliant electrodes generate stress on the elastomer causing it to contract in thickness and expand in area
[31-32]. This is shown in Figure 1.

Electrode Voltage On
Elastomer

Figure 1: Dielectric elastomer actuation

Operating voltages can vary from 500 V to 10 kV depending on the strains required and the thickness of the
elastomer. The area expansion that takes place upon voltage application can be readily measured if the films are
pre-strained, as the non-active areas in tension surrounding the complaint electrodes pulls the active area while
keeping it flat. Prior research indicates that the driving currents are extremely low, and power is only consumed
when active electrode expansion takes place [35]. No power is consumed to hold and maintain the dielectric
elastomer in a stable actuated state. Though in practice there may be small leakages through the dielectric, these
are negligible.

The output stress, referred to as Maxwell stress varies quadratically with the electric field and can be summarized
to the following expression:

P = EEWE* = EE(V/z) (D

where, £ is the relative dielectric constant, £, is the permittivity of free space (8.85¢™? F/m), E is the applied
electric field, V is the applied voltage, and z is the film thickness [36].

A number of acrylic and silicone elastomer materials have been experimented with and both present their own
pros and cons. One of the most popular ones is the commercially available 3M VHB 4905/10 acrylic elastomers.
They have exhibited high efficiencies and good strain performance, with strains in excess of 380% for highly pre-
strained films [37]. Silicone elastomers have lower viscoelasticity than acrylic elastomer and can hence be
operated at higher frequencies with lower losses. Given that silicone elastomers are not readily available in the
market and the fact that their lower dielectric constant will require higher actuation voltages, preference is given
to acrylic elastomers for preliminary experimental studies.

4.0 EXPERIMENTAL MODEL

The schematic of the entire setup is shown in Figure 2. The following sections examine each block of the figure
in detail.

Micro HV Device Video
Controller }:){ Interface Generator)r:> under Test| | Camera ‘

Input Control
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Network mage
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Measurement
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Figure 2: Experimental setup schematic



4.1 TEST SAMPLE SPECIFICATIONS

The sample preparation process begins with a circular stencil of 4 cm inner diameter and 5 cm outer diameter.
This stencil is used to cut out 3M VHB 4910 [38] elastomer in a circular shape. This elastomer is stretched over
the frame having an inner diameter of 11 cm and an outer diameter of 12 cm. The elastomer is securely bound to
the frame using cable ties. Then small strips of copper tape is attached to both sides of the elastomer. Following
this both sides of the elastomer are precisely coated with the compliant electrode, conductive carbon grease [39].
The region coated with carbon grease is refered to as the active region and amounts to 4 cm in diameter. The
thickness of this coating is 0.08+0.01 mm. The capacitance of these samples are measured to be between 440-
600 pF. The prestrain is three times the original diameter of the elastomer i.e at a ratio of 3:1. This ratio of prestrain
is used as repeatablility in experimental results are quite good [40]. The thickness of the film was measured using
a digimatic micrometer (Mitutoyo — Series 293) before (1 mm) and after (0.093+0.001 mm) prestraining. The
sample is shown in Figure 3 and the parameters listed above are kept constant throughout the experiments that
follow.

~

Figure 3: Dielectric elastomer test sample

4.2 HIGH VOLTAGE GENERATION AND CONTROL

The high voltage generator used to actuate the dielectric elastomer was procured off the shelf [41]. It is capable
of maintaining a potential difference between 1000 V to 10 kV. The generator is powered by a 10 V DC input.
The variable potentiometer integrated in the circuit can be used to vary the output of the generator. Using a Digital
Storage Oscilloscope (DSO) it is determined that the wiper/output voltage of the potentiometer is between 0-1.4
V. The corresponding high voltage output is depicted in Figure 4.
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Figure 4. HV generator output with changing potentiometer output

It can be observed that the relation is fairly linear up to 6000 V, which is the upper limit for all experiments that
follow. The variable potentiometer that is used to vary the output of the high voltage generator is replaced with a
microcontroller and an interface as shown in Figure 5. Using this various actuation patterns in terms of both
varying voltage and frequency can be programmed for the desired output patterns.
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Figure 5. Microcontroller and interface

4.3 VOLTAGE MEASUREMENT

Though a relation between microcontroller input and high voltage generator output is available, a real-time
measurement of the potential difference across the device under test is necessary. This measurement is done by
first stepping down the voltage using a high impedance resistor network as shown in Figure 6.

Vou = Vin*(Ri+Ry+R3+R4)/R4 ...(2)

Where, Vo is the high voltage output and Vj, is the stepped down voltage measured across R4 using a DSO. R1,
R2 are 100 MQ resistors, R3 is a 10 M) resistor and R4 is an 810 k() resistor. All five capacitors have a voltage
rating of 3 kV.

smmmsmmm High Voltage Output mmmxmx

C1 c2 C3 C4 Cc5

I SRR SRR R

R1 R2 R3 R4

To Oscilloscope
or Multimeter

Figure 6. High impedance resistor network

A series of capacitors are also connected to this circuit to minimize the signal noise present in the output high
voltage. Experimental data measured this way is exported as a CSV file to carry out post processing in MATLAB.

4.4 STRAIN MEASUREMENT

Given that the sample comprises of an elastomer with an adhesive surface and conductive grease, contact based
strain measurement devices cannot be used. Non-contact strain measurement was done using a technique called
Digital Image Correlation (DIC) [42]. DIC tracks the movement of pixels in a specified region of the video on a
frame by frame basis. The active region of the sample was set as the region of interest using grid markers for the
DIC process as shown in Figure 7.



Figure 7. Grid markers

The grayscale video was recorded with a frame size of 1920x1080 at 30 fps, providing 30 frames worth of data
for each second of recording.

5.0 COMPUTER MODELLING & SIMULATION

Finite element modelling of dielectric elastomers is carried out using a commercial engineering simulation
software, ANSYS Parametric Design Language (APDL) [43]. The high voltage generator and sensing circuitry is
modelled using LTspice, a high-performance simulation software, schematic capture and waveform viewer for
analog circuits.

5.1 DISC ACTUATOR

The disc actuator is designed to serve as a finite element counterpart of the experimental model. In this regard a
disc is designed with a diameter of 12 cm and thickness of 0.093 mm. Solid226 is the chosen element type, as it
is capable of both static and transient electro-mechanical coupled field analysis and has structural capabilities to
handle hyperelasticity and large strains [44]. Literature suggests Yeoh hyperelastic materials models once
optimized to the electromechanical experimental values, are stable under high loads and can serve as a good
benchmark for further experiments [38-39]. Strain data procured numerically is juxtaposed against the
experimental data and an optimization process is carried out to reduce the error between the two. Viscoelastic
effects are neglected, as the focus here is not on a cyclic charge-discharge study. The relative electrical permittivity
value of 4.7 for VHB 4910 is supplied to the software in accordance with contemporary literature [40]. Mapped
meshing is carried out on the 3D model using hexahedral-shaped elements.

A fixed constraint is applied to the curved surface area constraining all degrees of freedom, simulating the role of
the frame and cable ties in the experimental sample. Further, movement in the normal direction is constrained at
the bottom surface of the disc, replicating the role prestrain plays in the experimental samples. At the top and
bottom surfaces of the disc for a region 4 cm in diameter, electrical loads are specified. The bottom region is set
to ground and the top region is set to a variable voltage parameter. These electrode regions are indicated by the
black region in Figure 8.

Figure 8. Disc actuator finite element model

The physical effects induced by carbon grease in the experimental model is ignored for the time being. The
evaluation is carried out for voltage parameter values ranging between 1500 V to 5000 V.



5.2 UNIMORPH BENDER ACTUATOR

The bender actuator is designed keeping in mind the target wing length of 50 mm. Hence it comprises of two
layers, the elastomer layer and the chosen substrate, polymethylsiloxane (PDMS). PDMS is preferred given the
lower modulus of elasticity (kPa range) when compared with substrate options such as Mylar (GPa range) to aid
in the bending motion. Both the elastomer and substrate have identical dimensions lengthwise (50 mm) and
widthwise (12 mm). The thickness of the elastomer is as per the experimental observation, 0.093 mm. The
thickness of the substrate is taken to be 0.12 mm. Solid226 is chosen as the element type for the elastomer, while
a compatible solid185 is chosen for the electrically inactive substrate. The optimized hyperelastic material model
is carried forward from the disc actuator for the elastomer. The material properties for the substrate is incorporated
as is from relevant literature [47]. Mapped meshing is carried out for the entire model.

One end of the bender is constrained to emulate the fixed end of a cantilever beam. Further the movement in the
lateral direction is constrained to accentuate the bending motion. At the top and bottom surfaces of the elastomer,
ground and voltage loads are applied at a base region of length 30 mm, similar to the disc actuator setup. These
regions are indicated in orange in Figure 9. The evaluation is carried out for multiple voltage loads to assess the
bending.

Figure 9. Unimorph bender actuator finite element model

5.3 HIGH VOLTAGE STIMULUS APPARATUS

The dielectric electric elastomer is a nonlinear charge storage device. The capacitance of the structure varies as
the material deforms on voltage application. A programmable high voltage generator and sensing circuit was put
together to simulate the prepared elastomer sample over a voltage range of 0 - 10KV DC with a peak output
current of SmA making it capable of delivering a maximum of 50W of power. The modelled circuit is shown in
Figure 10.

Figure 10. High voltage stimulus apparatus

The circuit was fitted with diodes to protect the generator and sensor against reverse current flows. A 1.62nF high
voltage bypass capacitor(Cs) was added to minimise the generators output ripple, in replica to the experimental
setup. Ro indicates the output impedance of the secondary transformer and Ri indicates the leakage resistance of
the elastomer. A competent voltmeter was used to safely measure the voltage developed across the device.
Terminals C1 and C2 represent the points across which the dielectric elastomer is connected.

The capacitance of the incompressible poly-acrylate elastomer is modelled as a relation between strain, potential
difference and capacitance prior to the deformation as described by the expression below:

C(V) = Co*(1+s(V))* .3



Where, V is the potential difference across the device, C, is capacitance prior to deformation and s(V) is the
straining of the active region as a function of V.

6.0 RESULTS
6.1 STRAIN RESPONSE TO VOLTAGE

The first set of experiments performed on the sample is to gauge the strain response to increasing voltage. The
microcontroller is programmed to increase the voltage in a stepwise fashion, in order to afford the elastomer time
to reach a stable state. The data obtained through the DSO and the camera is processed as described in the sections
above. This data is synchronised with respect to time based on additional audio and visual indicators setup during
the experiment. This is repeated over several fresh samples to iron out any abnormalities that may arise due to
material defects. The outcome of these experimental runs are accumulated and a 3 order polynomial curve fitting
is done to arrive at a reasonable prediction methodology for future experiments where either the operating voltage
or observed strain value is known as shown in Figure 11.
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Figure 11. Strain response to increasing voltage, with error bars indicating standard deviation

The measurement range is restricted to under 6000V as dielectric breakdowns become prevalent beyond that
point. Screenshots of the elastomer sample prior and after actuation are shown in Figure 12.

Figure 12. Strain response of the DE sample

Since Yeoh hyperelastic material model is a phenomenological model, the material constants have to be optimized
to represent the phenomenon under study, which in this case is electromechanical actuation of an elastomer
membrane. The optimized material constants are listed in Table 3.

Table 3: Yeoh material constants
C10 (Pa) 7.3E+4
C20 (Pa) 0

C30 (Pa) 3.2E+5
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The strain response values for these material constants are evaluated up to 5500 V in multiple load steps and the
results are plotted in Figure 13.
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Figure 13. Finite element estimation of strain response to voltage, with error bars indicating standard deviation
from experimental data

A contour plot of the element level strain intensity varying from 4.3% at the edge to 36.6% in the active region
while actuated with an electric potential of 5000 V is shown in Figure 14.
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Figure 14. Strain intensity contour plot

6.2 UNIMORPH BENDER ACTUATOR

The unimorph bender actuator is iteratively evaluated for a range of electrical loads from 1500 V to 5000 V. At
an electrical load of 4260 V the unimorph bender actuator is able to reach an angle of 35°, as depicted in Figure
15.

Figure 15. Side view of the deformed bender actuator and the un-deformed edge
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6.3 VOLTAGE RESPONSE TO FREQUENCY

Next the sample is subjected to varying electric loads at varying frequencies. The real-time measurement of the
charge and discharge time of the dielectric elastomer sample is shown in Figure 16. The microcontroller is
programmed to consistently ramp up the upper limit of the voltage parameter every 5 cycles from a fixed lower
limit of 1800V. This process is carried out for 0.5 Hz, 1 Hz, 2 Hz, 4 Hz, 8 Hz and 16 Hz. It may be noted that in
all these cases the polarity is not alternating.

5500
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Figure 16. Voltage response to frequency

7.0 DISCUSSION

The curve fitting done to generalize the strain response to voltage for the current setup can be used to predict the
strain response when incorporated into different applications. The analysis to explore the response of the elastomer
to a pulsed waveform was carried forward, without adding any additional lossy circuital elements. It can be
observed from voltage response obtained at higher frequencies, that due to the charge-discharge time inherent to
the material and the system, the voltage values are unable to reach their programmed lower limit of 1800 V and
get prematurely attenuated. The analysis was simulated to validate our SPICE capacitor modelling and produced
similar results with a mean average voltage error calculated to be 314V (~ 10%). Using the strain prediction
methodology, the mean average strain error can be estimated to be about 3%. This attenuation was reduced by
minimizing discharging time when a resistive bleeder network was added in parallel with the elastomer
(simulation) in order to achieve the target wingbeat frequency. However, this implied the bleeder contributed to
a power loss during every discharge cycle of the elastomer. This can be averted if a high voltage AC circuit is
implemented as the discharge will be both faster due to the negative polarity and efficient as the source will sink
current instead of the bleeder. This proposed circuit is shown in Figure 17.
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Figure 17. High voltage AC circuit

These approaches will help reach the target wingbeat frequency of 30 Hz with both DC & AC sources. Further,
the validated finite element model parameters can be used to model different types of actuators driven by dielectric
elastomers. This is used to design a unimorph bender actuator, to derive predictive values of stroke amplitude.
Extrapolation of this unimorph structure into a bimorph, with suitable adjustments let to the model achieving the
target stroke amplitude of 70°. Comfortable bending is observed both above and below the x-y plane when the
dielectric elastomers sandwiching the substrate are actuated alternatively.
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6.0 CONCLUSION

The underlying kinematic motions involved in flapping wing actuation was analysed and certain key target
parameters governing them were isolated to evaluate the available smart materials. The evaluation resulted in the
theoretical superiority of dielectric elastomers and their practicality was analysed through a series of experiments.
Multiple sample of acrylic elastomers coated with compliant electrodes were subjected to a variety of electrical
stimuli. Methodologies were developed to enable and complement this experimentation, by measuring the high
voltage supplied and corresponding strain response observed in the elastomer. A finite element model was
developed to capture the electromechanical coupling observed and extend the same for various actuator
configurations. A predictive bender actuator model was developed with a length analogues to our target wing
length and its ability to achieve the target stroke amplitude was tested. Further an electrical SPICE model was
derived to analyse and optimize the frequency response of the system, so that the target wingbeat frequency is
also achievable.
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