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This article is concerned with the resonant property which is exhibited in insect ight, and
analyzes how resonant propulsion works when implemented ipowering a apping wing
micro aerial vehicle. This article is divided into three parts. In the rst part, information
regarding to insect ight, the resonant property, and appi ng wing micro aerial vehicles
are described. In the second part, mathematical models regsenting the micro aerial vehicle
(basing on the model developed by Bolsman) are applied, sinped and built into simulation

in MATLAB. Some interesting properties from the simulation s are presented.
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1. Introduction

Everything in nature is nite with regard to energy and space. Especially, all living creatures
are optimized in their own way through nature selection. Today, with well-developed theory of
aerodynamics, advanced computing, we still do not fully unerstand the nature of ying beings
and subtle things which enhance their ight. We are continuously studying the nature, looking
for more inspirations in order to improve our own ying machines.

Birds and insects, for example, can be very small in size and @ight, yet they possess all the
essential systems to y. Each part of their body is essentidly developed to y consistently and
to consume as little energy as possible. And these properteare crucial for the development of
small autonomous air vehicles with all systems calling for ptimization.

With the development of micro batteries and processors, ineasingly smaller aircraft can
be developed. The design of micro air vehicles or MAV startedaround 1990s, from studying
insect body structures, organisms and y patterns. Throughout the years, many projects were
made, many steps were taken, yet an exact biological replicdrom an insect is still far beyond
our reach; many things in this eld are still waiting to be stu died.

A micro aerial vehicle or MAV, as de ned by DAPRA, is a type of an autonomous aircraft
with the size limitation of 150 mm in any linear dimensions, designed for environments and
situations with strict size restrictions. They can be small, yet very capable. MAVs can be divided
into three types by their means of lift generation: xed-wing, rotorcrafts and apping-wing
(FWMAV). The rst two types are well developed and commercially very successful. Fixed
wing MAVs exhibit clean aerodynamic properties, rotorcrafts the hovering ability, MAVs with
apping wing lift generation appear to be most natural, however, very few projects have been
carried out.

Some researchers focused on size minimization, e.g. the Ward Fly project, with the wing-
span of 30 mm and total mass of 60g. The wing apping motion is powered by a piezoelectric
actuator and ampli ed by the compliant mechanism. Others concentrated on replicating the
real insect apping motion, like in the mechanism proposed h [4], to investigate kinematics
and aerodynamic properties. Engineers also tried to nd alernative ways to realize the apping
motion. The Vanderbilt FWMAV applied the resonant property for actuation used in such a
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way that the left and right wing could be apping at di erent f requencies. The Bolsman project
applied the resonant property as well. His model is implemeted in this article, and more details
are described in latter Sections.

2. Biological inspiration

In apping ights, whether mechanical or biological, wings take the major part of the total
inertia, which means that most of the energy is consumed by g@ping motion. Minimization of
the energy cost while realizing this apping motion is the starting point of research.

Unlike birds and bats, insect wings are passive structuresywhich means that the wing shape
does not actively change during ight, thus no active actuation system is needed on the wing
platform. Also, the ight control and lift generation are re alized together only by wing motions.
Insects do not require tails in order to stabilize motion, which makes them truly inspirational
when it comes to the FWMAV design.

The ight muscles are usually the best developed in the insetcbody and occupy most of the
space in thorax. The total ight muscle mass must be greater han 12% of the body mass in
order to support the weight of an insect in ight.

Insect wings are driven by thorax which connects the wings ad muscles in an elastic way.
Thorax-wing connection or mechanism can be categorized iattwo types, Direct Driving Mecha-
nism (DDM), and Indirect Driving Mechanism (IDM). In the DDM , the wings are connected to
thorax muscles at di erent points on the wing root. The wings are driven directly by elevation
and depression of thorax muscles. When the thorax muscles elate, the wings are lifted, and
as thorax muscles depress, the wings are then deriven back the previous position. This type
of mechanism allows achieving a huge apping angle and di eential wing motion and control

(Fig. 1).
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Rys. 1. Diagrammatic cross-section of insect Direct Drivig Mechanism (DDM). Thorax mechanisms of
direct muscles: (a) the wing is stroked up by contracting theelevator muscles, (b) the wing is stroked
down by shortening the depressor muscles [8]

In the IDM (Fig. 2), the wing roots are linked to the upper and | ower thorax shells, muscles
are also connected to the muscle shells. As muscles elevatadadepress, the thorax is moved
up and down, the wing roots are connected to the thorax shell fidi erent points, so as the
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thorax shell oscillates, the wings ap up and down, consequetly, forming a type of a compliant
mechanism. This type of the mechanism enables huge appingréquency.
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Rys. 2. (a) Cross-section of a generalized insect thorax. Hirect ight muscles change the shape of the
thoracic box. Direct ight muscles are connectd directly to the wing insertion [6]; (b) transverse section
of the thorax of a y in rear view showing some elements of the omplex wing hinge of the y consisting

of ridges and protrusions on the thorax and a number of hardead plates of cuticle (sclerites) between
the body (thorax) and the wing root. The basalare sclerite (not shown) is positioned anterior of the rst

axillary sclerite (Ax1). The indicated structures are the dorso-ventral power muscle (DVM), pleural
wing process (PWP), post-medial notal process (PMNP), paracutal shelf (PSS), axial wing sclerites
(Ax1, Ax2, Ax3) and radial stop (RS). Redrawn and modi ed fro m [13]
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Rys. 3. The mechanism of wing movement: (a) the indirect doral longitudinal muscles attach to the
phragmata at either end of the segment causing it to shorten ad move the wings downwards. The
indirect dorsoventral muscles move the tergum downward wih contraction causing the wings to move
upwards; (b) wing movements as a result of changes in thoraciconformation [6]

There are three general categories of muscles that power iest ight: direct, indirect, and
accessory. Direct ight muscles, consisting of the basalaand subalar muscles, are inserted di-
rectly at the base of the wing and provide power for the downstoke in more primitive insects,
and also a ect wing pronation and supination (Fig. 4). Anoth er direct muscle, the third axillary
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muscle, is inserted in the third axillary sclerite. It a ect s wing supination and is also responsible
for wing exion against the body wall when the wings are at reqd. In contrast, the indirect ight
muscles move the wings indirectly by changing the conformaon of the thorax. These muscles
include the dorsoventral group that extends from the tergum to the sternum. Because of the
structural relationships among the sclerites that make up he thorax, in all insects, when the
muscles pull the tergum down they indirectly cause the winggo raise and produce the upstroke
(Fig. 4). Another indirect group, the dorsal longitudinal m uscles, are attached longitudinally
between the two phragmata of each wing-bearing segment. Whrethey contract, they shorten
the segment and cause the tergum to elevate. In more advanceadsects, this deformation of the
notum by the dorsal longitudinal muscles produces the powerstroke by depressing the wing.
These muscles are reduced in more primitive insects which esinstead the direct muscles for the
downstroke (Fig. 5).
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Rys. 4. Di erences between more primitive wing control by direct ight muscles (left) and more
advanced wing control by indirect ight muscles (right) [6]
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Rys. 5. Pleurosternal and pleurotergal muscles are accegyomuscles that change the shape of the
thorax and modulate the output of indirect ight muscles [6]

There are also accessory muscles that are inserted into thé@orax and in uence its mechanical
conformation. For example, the pleurosternal and pleurotegal muscles modulate the power
output and the nature of the wing beat by changing the orientation of the thoracic plates and
resonance of the thorax (Fig. 5).

From the engineering point of view, in IDM, the thorax shell acts as an elastic element
between the actuator and wings. When this elastic element isntroduced, some energy can be
stored from the wing movement, so less energy is required toriye the subsequent wing motion,
consequently, smaller muscles are needed. This is the resat property in insect ight, or more
specially, in insect ight with the IDM.
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To introduce this resonant property in a mechanical structure does not necessarily mean
that the system will work in the natural frequency. However, as the vibrating frequency tends to
the natural frequency, due to the storage of elastic energyn the structure, small periodic forces
will be able to provide large oscillations. So, with a careflly designed compliant mechanism,
the resonant property can amplify motion or achieve full propulsion.

3. Aerodynamics and kinematics

Insect ight aerodynamics diers hugely from normal aerodynamic analysis. In insect ights,
the Reynolds number can be as little as 10, the beating frequey can go as high as 200 Hz,
the standard terminology does not come into play. The quasi &ady method proposed in [1] is
applied in this paper in order to understand the unsteady aeodynamics of the insect ight and
formulate it properly. Three aerodynamic mechanisms are tobe explained shortly.

First of all, the leading edge vortex, LEV, develops on the tanslating wing as a result of
the increasing angle of attack or AOA. As the AOA increases, he incoming ow over the wing
does not follow the wing chord path as it should be, instead,tisheds away from the wing at the
leading edge. And as it sheds away, the ow becomes a vortex a@hcreates a separation zone.
Then, the vortex goes back and reattaches to the wing beforeeaching the trailing edge, The
LEV shown in Fig. 6 has an velocity vector in the span-wise diection, so the LEV spirals down
from the root to tip, attaches to a major part of the wing, and t he Kutta-Jukowski condition
holds in this case.

Rys. 6. Leading edge vortex spirals to the wing tip [3]

At the end of every stroke, a change in phase happens as to refmapositive angles of attack
during both upstroke and downstroke. In [3], the author found that the phase shift had signi cant
aerodynamic importance to the total creation of lift. Durin g the phase shift, the wing rotates
about a span-wise axis, the ow around the wing deviates fromthe Kutta-Jukowski condition,
which causes a dynamic gradient at the trailing edge of the wig, leading to shear. However,
uid viscosity is resistant to shear, so circulation is geneated around the wing to counteract the
rotational e ect and re-establish the Kutta-Jukowski cond ition.

This can be explained by another way, by assuming the ow unde complete inviscid condi-
tion. Under such a condition, the ow has the minimum de ecti on at the leading and trailing
edge, so the rear stagnation point is shifted from the tip to the upper trailing edge, making the
ow to behave like in Fig. 7. However, in order to maintain thi s shape, a huge velocity gradient
turns the ow very sharply at the tip.

The ow over the wing is shed into the LEV and trailing edge vortex, and the vortices detach
from the wing at the end of the stroke. The vortices are with a \elocity component normal to
the wing. After the phase shift, wing AOA changes back to podiive in the subsequent stroke,
and \capture" the vortices. The vortices have an enhanced viocity and acceleration eld, thus
the pick of lift generation appears immediately after the reverse stroke. And this is the third
mechanism, the wing-wake reaction.
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Rys. 7. Rotational circulation [11]

There are still other mechanisms which may explain lift geneation and enhancement in
insect ight. These three mechanisms are later to be used folift computation. After explaining
the aerodynamic phenomenon, the wing modeling can be done.

The rigid wing motion can be described by three angles, the mia apping angle , the wing
pitching angle , and the out of plane angle (Fig. 8).

z
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7

Rys. 8. Insect wing motion. Schematic and aerodynamics (I¢f, upstroke and downstroke (right)

As the insect wing aps up and down, it leaves a trace of a planebehind, called the stroke
plane, shown in Fig. 8. It can be compared with the helicopterotor plane from blades rotation. In
the stroke plane, the angle between the wing and the axis is the main apping angle which is
limited by the maximum apping angle . The apping angle is the most characteristic motion
of the insect ight. The pitching angle is de ned as the angle between the wing and the stroke
plane, it is not the angle of attack, it is in uenced by the phase shift and in ow angle, some
0 set needs to be introduced to obtain the AOA. Last but not le ast, the out of plane angle ,
or heaving motion, describes deviation of the wing from the soke plane. In the right part of
Fig. 8, the upstroke, downstroke and two phase shifts and illistrated.

4. Model of micro aerial vehicle with apping wings

Before simulation, a short test was done. Several importanfeatures of the FWMAV design
from [2] are stated here for the analysis. First of all, to degn a thorax like structure, a bearing
element in order to e ectively store the potential energy and, at the same time, withstand
oscillation in form of a unidirectional carbon ber ring was chosen. Then, to connect the wings
and achieve the passive wing pitching, elastic hinges betvem wing and the ring were designed,
which can be seen in Fig. 9.

After acknowledging basic concepts, building a practical nathematical model is the next
step. The general problem now can be treated as a vibration mblem. This Section is strongly
based on the method used in [2].



Analysis of resonant propulsion apping wing micro aerial vehicle

333

- Carbon rod
- Polystyrene
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Rys. 9. FMAV design by Bolsman (left), layout and material (c enter), deformation of the center elastic
ring structure (right) [2]

To simplify the model, an abstraction of the thorax-wing system is used and shown in Fig. 10.
A half view is presented there. The intersection of the horinntal line and the dashed line is the
rotation point of the wing. It represents the wing root. On it s left side there is the body, on
right one, the wing. The system is viewed as having only one dgee of freedom represented by
the wing sweeping angle . There are only two points of massesmy, and m,, which represent
the total inertial properties of the system. The spring congant k shows the overall stiness
properties of the system and is seen as a torsional spring. Ehaerodynamic force attached to
the wing is F4 and is always acting in the opposite direction to the motion.L is length between
the wing attachment point and the aerodynamic center.

Body Wing

-
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Rys. 10. Concept and linear dimensions of resonant apping \wgs propulsion (right) and a schematic
representation of the wing-thorax system (left) [2]

As a spring-mass damping system, the equation of motion candwritten as

I*+k =Maet(9) Mad()

where | stands for the equivalent inertia of the whole system includng the body and both
wings, k represents the spring constant of the generalized sti nessf the system, M 4t ( 9 is the
applied moment acting on the root of the wing, M 4q( ) shows the moment produced by the
aerodynamic force, —is the velocity term of sweeping motion , ° is the acceleration term of
sweeping motion .

A simple hormonic motion is assumed based on the simple harnmic sweeping motion which
takes place in real insects with apping wings, so the equatns of the apping motion and its
derivatives can be written as

= Asinlt _= Al coslt *= Al Zsinlt

The cycle of this harmonic motion is T, which can be computed from:T = 2 =! | and the
maximum amplitude of the wing sweeping motionA, or the harmonic term, is restricted by the
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FWMAV setup or apping properties of the real insect. It is un known at this point, because the
motion is not taken from anywhere, it will be a result of vibrational motion to be computed and
analyzed in subsequent Sections.

The body massm,, and the wing massmy, represent the generalized inertia of the system.
The body massmy, is much greater than the wing massmy,, so the body is assumed as stationary,
then the inertial of the whole system| can be treated asl = m,,L2. The wing inertia dominates
the total e ective inertia.

Now, the equation of motion can be simpli ed

Mact() = 1"+ k + Mgg()= Asinlt (k  my! ’L?) + Mag( )

At this point, in order to highlight the resonance propertie s of the system, the sti ness termk
can be computed fromk = m,L?! 3, simplifying the equation again

Mact(D) = Asin('t )myL2(1 3 12)+ Mag()

At this point, the aerodynamic forces are calculated, and acording to [3], they can be approxi-
mated as

Madg( 9 = Cd;cl—?)—2 Fi = CI;c|-2—2

where Cq.¢ is the corrected drag coe cient and can be written as Cy.c = CpS =2, C is the
corrected lift coe cient and can be written as C.. = C.S =2, S is the wing surface area, is
density of the air, Cp is the dimensionless drag coe cient of the wing, C._ is the dimensionless
lift coe cient of the wing. While introducing the lift force into the equation, because a large
portion of the energy is consumed by wing apping motion, al® a limitation is to be de ned:
F| = mitg, where my is the total weight, my; = my, + my,. To keep the system hovering

1 27 1
E = = - TC. 2721 2
Fi T F, dt 2CLCL A<l
t
And in the nal form

Mact(D = AmyL2(12 1 ?)sinlt + (éd?c

| L(my + mp)g(1 + cos2't )

,C

So, the total problem breaks down to one equation. On the righ hand side of the nal form,
the inertial and sti ness properties are expressed in the rst term. The second term presents
aerodynamic properties. On the left hand side, the requiredactuator moment is presented as a
function of the apping velocity —

To start simulation, linear sizing is the rst step as explained in the previous Section. The
linear sizing data of concept 1 is directly taken, and then there will be minor changes only. A
schematic representation of the model of resonant apping vngs propulsion is shown in Fig. 10.
All major components, including the wing, struts, hinges are shown in the graph. The dashed
line at the sides of the spring represent the elastic ring. Tiis schematic presentation can be
compared with Fig. 7 for better understanding.

Looking at Fig. 10, L, is the ring diameter, L is the hinge length, L3 is the half wingspan,
L 4 indicates where the struts are connected to the wing, and_s is the ring width. Additionally,
h;, which is the ring thickness, is also added. Additionally,T stands for the mean chord length,
hy, for wing thickness and, nally, b the ring width.

In order to further investigate and exploit the resonant property, the general sti ness term
and the frequency of the system need to be determined. In Figll, there is a presentation about
how the ring structure behave under such loads.
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Rys. 11. A representation of how the ring structure is used as spring [2]

The transmission ratio can be de ned as the sensitivity of the design through the input-
-output relation, which is also a way to check the sizing corectness. The formula is presented
below

T= -
u
where represents the apping motion output, in degrees,u stands for the actuator linear input
or de ection of the ring in the radial direction, expressed in millimeters.
According to the schematics in Fig. 10, the transmission fuiction can be expressed as

u=(Ls Ly)cos then =cos L1

Ls Lo

This is a simplied relationship between the input and the output without considering the
in uence of elasticity, so the relation will be rather linear. The original [2] and other values of
L4 and L, are chosen, calculated and compared.

First of all, the ring volume is calculated to be 175.84 mni. Then, for the ring, several
standard materials which exhibit both good elastic and strength properties are chosen. They
are from a typical stainless steel to the unidirectional cabon ber. The equation for calculating
the ring sti ness has the following form

_ El,
©0:149.3

where E stands for Young's modulus of the selected materiall; is the moment of inertia of the
elastic ring. The inertia of the ring can be simply calculated from the equation: I, = m; (L 1=2)?
and the ring sti ness equation can be simpli ed to [2]

Em,
K =0: 1761
0:00581761055 596,

The ring resonant frequencyk can be calculated as
k = mtot! (2)

According to [2], the desired frequency is between 20 to 30 Hzo the desired value of ring
sti ness should be from 200 N/m to 400 N/m. In this case, the orly option for the material
choice here is the unidirectional carbon ber.

5. Response analysis

In order to examine numerical data, the transmission ratio and applicability of the model, also
to investigate how the selected materials behave, severahalyses have been made with the help
of MATLAB program.
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The equation of simple harmonic motion has been establishedn this equation, F (t) repre-
sents the external force which in this case is only the aerodyamic force

Cy.
4 ot g(1 + cos 2!t )
Cl;c

F(t) =
Introducing an equation
Mt Al 2sinlt + kA sin!t = %mtmg(l +cos 2!t )
,C
thus, the harmonic simple responseA can be calculated

Cd;c
cI;c

© ksin!t  my! 2sin't

Mot 9(1 + cos 2!t )

After obtaining the value of A, the motion = Asin!t and the aerodynamic forceF (t) can be
simply calculated with the help of MATLAB, and the results ar e quite promising. Two frequen-
cies were chosen with the resultant output motion , and aerodynamic forces are compared.
As the desired apping frequency is around 20 Hz and 30 Hz, sohe time step was set as
0.001, from 0O to 0.06s, in order to have a better view of the ful apping cycle (Figs. 12-15).
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Rys. 12. System response at natural frequency 20 Hz
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Aerodynamic force

Due to the simplied equation and inaccurate values of paraneters, the specic output
value of displacements and aerodynamic forces can also becirrect. However, the catachrestic
sinusoidal property holds and it provides quantitative information. The decrease of frequency by
10 Hz can result in a response decrement by one order. In the s@nd comparison one observes
the in uence of sti ness. As the sti ness changes, the natural frequency of the system changes as
well. Two tests were made and two sti ness values were inveggated. The frequency however, was
set to be at 98% of the natural frequency, making the responseasier to compare (Figs. 16-19).
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Rys. 15. Aerodynamic force at natural frequency 30 Hz
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Rys. 19. Aerodynamic force atk = 400 N/m

The purpose of the frequency response is to nd a steady stateesponse for the sinusuodal
input, which helps one to verify the frequency of the input signal over a certain range, and the
resulting response can be studied.

For this system, speci cally, the frequency response is a sgctrum of vibration. To measure
the frequency response, one needs the input force and the v#ttion response. However, at this
point, the system is seen as vibrating freely, only in uencel by aerodynamic forces with the
acting force unknown.

The other thing is that the frequency response function is a hree dimensional quantity.
It is hard to represent generally, so a Bode diagram will be ued, as shown in Fig. 20. The
lower graph represents dynamic exibility to frequency, and the upper one shows how the phase
changes with respect to frequency. The frequency responsaalysis by the FRF analyzer gives
really promising results.

Dynamic Flexibility: Magnitude and Phase
Coherence

1 1 1 1 |
0 10 20 30 40 50 60 70 80 90
Frequency (Hz)

Rys. 20. Frequency response for the system using FRF analyze

Looking from the results, it is clear that the system has a chage of phase near the natural
frequency 30Hz, however the change is rather sti due to thatthe system is not damped. If
the system is su ciently damped, the phase change will appea much smoother. The transfer
function for the system can be calculated. And with the help d Laplace transformation tables,
the following are calculated

Cd;c

I = myL Mag=2
w ad Cl;c

LwMiotg Mact(t) = Lwroot Fasin!t
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Then, using the Laplace transformation, assuming that the nitial condition are (0) = 0 and
—-0) =0, the transfer function can be calculated as

G(S) - _ = LWfOOt _ LWI‘OOt

u Fasinlt 21 + Mg)+ kg2 mwL +2(é7—;f|-2mtotg + K

Taking the numerical data, the nal version can be written as

0:01
0:0012362042 + 381:1

G(s) =

With the help of MATLAB, we can generate the Bode plot for this transfer function, see Fig. 21.

Rys. 21. Bode diagram of the transfer function

Comparing Fig. 20 and Fig. 21 with little calculation between rad/s and Hz, the phase shift
takes place around the same value.

6. Simulation

After the analysis in the frequency domain, simulation in the time domain is then conducted
with the help of MATLAB program. The simulation time is set fo r one full stroke, and the time
step for this simulation is 5 10 ® at this point. The time functions for three Euler angles
and are taken from [1] and the step component is taken away, simpkd in this model to

)= msin(2ft ) ()= mcos(2Nft + )+ o
)= msin@ft + )+ ¢

where m, m, m are the maximum value for all three angles. o and o are the o set with
respect to the main apping motion, and are the o set with respect to the heaving motion

(Fig. 8).
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Using the auxiliary coordinate, the velocity and acceleraton term can be determined as

Vyo= r(—C0S cos + _sin ) Vyo = r(—cos + —cos sin )
ao=r[*cos + (_  _sin )]Jcos +(°* __cos sin )
apo=r[{_ -—sin) *cos]sin +(* _-_cos cos)

where vyo, vyo are velocity components of the wing,ayo, ayo are acceleration components.

As can be seen in Figs. 8, 22 and 23, the wing motion starts frorthe middle of the up-stroke
and continues till the subsequent upstroke. The phase shift can be clearly seen at around 0.01 s,
where the velocity terms on both the x° and y® axes tend to zero. The acceleration components
are nearly their highest.

Rys. 22. Euler angles of wing motion and their velocity and aceleration terms

In Fig. 24, it can be seen that the apping angle and are sinusoidal, the maximum value
is determined by max and max and the velocity and acceleration components are very high
in value. , however, is constant zero, indicating that no out-of-plare motion is presented or
considered. The e ective angle of attack is modi ed from pitching motion , set to be starting
from 30 . The dynamic model used in the simulation is based on the worl1]. According to it,
the coordinate is changed back to a cartesian coordinate, tin the velocity componentsvy, vy
and the accelerationay, ay can determined from , and

Once again, for simpli cation, the wing cross-section areaalong the chord is seen as elliptical,
wing thickness is constant and the chord length is calculatd on the assumption from [5]. The
chord length ¢(r) is given as

s
4T r2
c(r)=— 1 R?
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Rys. 23. Velocity and acceleration components, simulatiorresults

Rys. 24. The auxiliary coordinate (left) and wing strips, half view (right)

The wing is divided into 10 strips from the wing tip too the win g root in the span-wise direction,
as shown in Fig. 24. It is described by width coordinates and rass of each strip. Subsequently,
the inertia of the wing 1,, | is obtained.

The aerodynamic forces are calculated in each strip. The qua-two-dimensional force model
made in [1] is applied. Direct calculation of the force and manent in each strip is carried out by
the following equations

h c(r) ! v
dFyo = ﬁmW + Mo Vo aVyo mMmpyao dr  dFo

o) ! y
dFyo = C—me + My Vxo_  aVxo Mgay dr  dFjpo

d2ere = [( mqsq mzz)VXoVyo Ia-]dr dV

where my;, my, and |, are the added mass terms, is the circulation around the wing, dFo,
dF)‘,’o and d VY represent the viscous force and moment in each segment, in gecular

=  ZCro(r)jvjsin2 + %CRcz(r)_

NR o)

ac(r) Cp (0)cos +CD(§)sin2 jVjhvyo; vyl dr
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0= o ac (4 + 2 1dh
m11=% al? fnzz:%1 aC(r) |a=l—]2-8 alc?(r) + PP

whereCt and Cg are, respectively, translational and rotational lift coe cients, is the e ective
angle of attack, Cp( ) is the drag coe cient of the whole wing as a function of the angle od
attack , 1 and , are non-directional coe cients of uid viscosity.

The circulation and viscosity terms around each strip through time are calculated and pre-
sented in Fig. 25.

Rys. 25. Circulation and viscosity terms in each strip during one full stroke

After obtaining all essential components for the aerodynanic force and combining them all,
the resulting dFyo and dFyo can be shown in Figs. 26 and 27.

Rys. 26. Aerodynamic force for each strip in thex® and y° auxiliary coordinates
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Rys. 27. Total aerodynamic force in strip No. 5 and the aerodypamic moment in each strip

From the aerodynamic force component onx® and y° axis, it can be seen that shape of
the aerodynamic force through time is similar to the wing vebcity component. Also, the total
aerodynamic force and moment are also shown in Fig. 28.

Rys. 28. Aerodynamic forces for each strip in thex® (left) and y° (right) auxiliary coordinates

With the obtained aerodynamic forces in each strip, the totd forces and moments can be
calculated as well converting all the forces and moments b&cto the x and y axes. They are
presented in Fig. 29.

Rys. 29. Total lift and drag

The power requirement and the actuator torque are shown in Fg. 30. In these two simula-
tions, two conditions are compared. The red line shows the tiiation where the sti ness term is
taken out from the equation, and the blue line with it taken into account.
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Rys. 30. Actuator torque and power requirement for including and excluding the sti ness term

For the actuator torque, from the comparisons, it can be seerthat after including the stif-
fness term, the torque has a tendency to a sinusoidal shape dnat the same time, the torque
requirement is increased. The total power consumption linds not continuous because all values
lower than zero, which are not physical, are corrected to zar. The total power consumption
along the red line with sti ness taken into consideration is 3% less than that without sti ness
taken into consideration.

7. Conclusions

In conclusion, the aerodynamic forces are found to be reallgimilar to the pattern of the pit-
ching and apping angle. The added mass terms, LEV and rotatonal circulation, dominate lift
generation. By adding the sti ness term into the total equation, the power is reduced, however
the actuating force requirement increases.

In future studies, the actuation and compliance are recommeded to be investigated. In this
paper, these aspects are not concerned for simplicity. Wheronsidering the real model, the
power consumption necessary for the mechanism is really sihabut the power required for the
actuator to work under such a frequency can be huge.
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