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ABSTRACT

There is a description since several decades agsetlinsects have evolved
that an extra lift is obtained due to the rotatibraend translational mechanism
especially during stroke reversals. Nonethelegs,iglsue is strongly depending on
the consequences of the wing stroke kinematichioesl. Another issue to be
concerned is the inertial force created due to ftrepid acceleration or
deceleration by its own distributed mass. Most peépund that the force exerted
to the insect’s wing mostly comes from the inefoate but no one has been able
to list down all the reacted forces including aeyndmic force, Magnus force and
added mass effect. Subsequently, a simulation malidde made to integrate all
the relevant forces in term of magnitude and dicecto find a clean single force
named as a resultant force. Several years ago, niajof the wing deformation
analysis discussed are base on the certain foroglsr@ne of them analyze it by
considering all the forces which possibly involvadherefore, the deformation
characteristics will be calculated based on tharedatal stiffness data depends on
the pattern of supporting three dimensional inseating architecture that will be
subjected to all the forces which perhaps involvéithe resultant force will be
accurately dispersed in spanwise direction accaydin chord length and the
wing mass distribution in order to obtain an accerawing deformation
characteristic depending on local wing'’s flexurtffaess.

Keywords: Calliphora Vicina, wing deformation, inertia, adflenass, Magnus
force, wing stiffness.
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1.0 INTRODUCTION

Since a couple of years, biologists are trying & @ better insight and
understanding of the locomotors system of the flagpjinsect by using unsteady
guasi-aerodynamic. As the scientific community @ased, engineers start to
realize that the flapping wing insect inspire te tthevelopment of Micro Aerial
Vehicles at low Reynolds numbers as well as thevimgosity environment. As a
result, there are several new ideas and observatathod to study the flapping
behavior such as robotic model, Computational Fidyghamics (CFD) computer
simulations, high speed camera, and Digital Partislage Velocimetry (DPIV)
technique. These sophisticated methods and tedmigre used to increase the
understanding of the flapping flight and these mmwvelopment has significantly
help the biologists to carry out their research.

Most of the researchers estimate the real or geflapping wing by using
experiments and computational simulations. Theegfdhe present study is
performed in order to validate and to compare la significant effects from
various different methods and variables involveat thay produce forces towards
flapping wings. This has lead to the following giimss of how significant of all
the forces reacted on the flapping wing in termpabrity (ranking) and how
critical they are at certain period of time depagdon the operating condition. In
order to answer these questions, the following esagmnd objectives have to be
defined. Several MATLAB models have been impliesider to calculate all the
reacted forces and show the role of each varidgéhey act simultaneously, then
all the acting forces subjected will be plotted armhked to verify their
significance.

Lately, the common analysis and observation ofwrggy deformation of the
flapping insect are based on the certain forcel sscEnnos [1] in term of wing
inertial force, Dickinsonet. al [2] in term of aerodynamic force and so on.
Possibly, it can be a good stepping point for theeovation of the flapping wing
deformation but it is not fully accurate becaudetla forces explained before
such as aerodynamic forces, inertia forces, Madoree and added mass effect
are acting simultaneously because they will newand alone. Therefore, a
simulation models using the Walker model [3] wilienate the forces acting on a
blowfly (Calliphora Vicina)wing and also associate all the relevant forceerim
of magnitude and direction named as resultant fohgeaddition, this is an
appropriate way to observe the effect of the emwvirtent variation especially in
term of force interface because every single fateeeloped may be affected by
the change of surroundings for instance, air densit

20 EXPERIMENT, MEASUREMENT AND IMPLEMENTATION

An insect wing consists of a three-dimensional efleblnetwork of relatively hard
veins, which are interconnected through thin memiwa areas called cells [4].
These structures consist of cuticle, a biologigaious composite material [5]
whose mechanical properties range from very stiffléxible [6]. The leading

edge of the wing is comprised of a very stiff stmue with three dimensional
reliefs in order to provide high rigidity to theapof the wing. The serial elastic
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elements of the wing may act as dampers of an geandic force subjected to the
wings, which are responsible for gradual twisting tbe leading edge [3].
Presumably this mechanism is an essential adapt@atiahe highly maneuverable
flight, especially in the condition, when unstablied pulses act on flying insect.
For instance, the Ultralight airfoils (generallylp®.5-5 percent of body mass)
will be able to withstand the forces subjected ughem by the surrounding air, as
well as the inertial forces caused by accelerating decelerating mass up to
several hundred times per second [7].

The Figure 1 shows the microscopic view of the Wblpwing that will be
used later to obtain the stiffness along the wipgns The wing is divided into
seven strips from wing root based on venation pateSince biological system
are considerably scattered, ten freshly killed nidtav flies are used for each
measurement.

Figure 1: Magnified view of a blowfly wing (Gangut. al, 2008)

Performing measurements of flexural stiffness @i¢raged over the whole
wing is relatively straight forward [7, 8], but nseaing spatial variation in
flexural stiffness throughout a wing is more chadjemg. Therefore, the study
begins with the experiment and the analysis of meidal properties of the wing
(Figure 1). The experiment to determine the stéfeariation along the wing of
the blowfly was performed by Ganguli [10]. The sgriconstant of each insect is
unique and it is depending on the size, specia$,eanironmental effect and so
on. Therefore during the experiment, several sasnpéed to be tested and the
average value calculated in order to determinartban value and to understand
the ordinary scenario.

Next, the kinematics behavior of the wing will baudied in detail and
visualized by modeling codes. The real behaviahefdynamic flapping wing in
term of aerodynamic force generation and all thatuies involved will be
calculated. In the modeling code, the wing willhedeled as a dynamic object
with a translating and rotating trajectory in orderdetermine the aerodynamic
force of the flapping flight. Furthermore, the vaty and the acceleration of the
wing translation will be plotted because these attaristics are vital for the
inertial effect and so on. The most essential tépice talked about is the location
of where those characteristics hit the maximum {goim time trace because they
can help us to locate the exact location of thear&able wing deformationlhe
Unsteady Blade Element (USBE) method introducedWslker [11] will be
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implied in order to compute the presence of theadyin force of the lift and drag
force. The aerodynamic force of the flapping flighll be plotted in time domain
and also the important of the wing rotational effedl be evaluated in detall
together with the force scaling method.

Afterward, the inertial force of horizontal and ftreal direction
simultaneously with the secondary forces whichudel the Magnus force and
added mass effect will be calculated in order tdfywé's significant with respect
to each other. By inspiring from Ennos [1] ideaatttie inertial force is the most
dominant aspect that may cause the wing deformagieweral investigations will
be carried out. The formulas and algorithms involi be listed simultaneously
with the mass distribution in spanwise directioonfrthe wing root up to the tip.
Even though some people may assume that the segdiodees are not vital, but
for this study, this issue also had been codetiemmodeling for the verification.
Accordingly, the inertial forces and the secondanges will be plotted in time
trace to clarify the forces distribution in timendain and specify the moment
where they turn out to be very important especidllsing wing stroke reversal.

Finally, all the forces will be plotted in a sant@jph in order to rank them and
to observe the significant with respect to thatipalar situation. Then, they will
be integrated or associated and the relationshipdas them will be analyzed.
Most of the previous researchers calculated allrétevant forces but no one is
willing to figure out the correlation between dllet subjected reacted forces. By
using an accurate resultant force, we will be dblealculate an accurate wing
deformation by considering relevant aspects of aipey conditions. The potential
energy due to the wing deformation will be expldime detail and it's important
towards the wing performance.
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Figure 2: Variation of wing mass in spanwise diatt

21 Flexural stiffnessanalysis

Since biological system are considerably scatteted, freshly killed male
blowflies are used for each measurement. The agdodgl body weight of the fly
is approximately 59.0867 mg. The weight of the $prcies may vary as low as
from 44.0523 mg to as high as 76.2182 mg with adsted deviation of 10.2097
mg. The mass measurement was performed by usingd2Uweight scale
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manufactured by Mettler Toledo and capable of m@&agwp to 0.1 pg. Both

wings of ten flies are considered resulting twentggs in total. The calculated
average weight of the wing is 238.7 ug (approximya@e4 percent of the total

body weight). According to the measurement highsymagstly concentrated at the
region near the wing root where the distributiorveiih and join is high as shown
in Figure 2. The next step is to define the totmigkth of the wing and also the
location for every single section from wing rootMitutoyo precision microscope
was used to measure the length of all the sevdiossased in order to quantify
them as an engineering beam. Based on the measureareied out the wing

length ranged from a minimum of 7.46 mm to a maxmmof 9.30 mm and the

average length is 8.42 mm. The width ranges fromirimum of 3.07 mm to a

maximum of 4.038 mm with an average width 3.61 mm.

2.2 Flapping wing kinematics

In this chapter, we will consider a dynamic modéiick be able to describe the
wing as rotating and translating object insteaplisf rigid at certain given location
in the coordinate grid according to the kinematiespribed. Besides, Shvets et. al
[15] classify insect flapping flight according tioet flight trajectory and recognized
three main flight types, forward flight, hoveringnd flitting (the mixture of the
first two).

Name Calliphora Vicina
Wing length, R 0.00842m
Average wing chord, ¢ 0.00361m
Average wing area, S 6.079245CH5
Aspect ratio, B's 4.6648

Figure 3: The wing data and characteristic of tloevily

As a first approximation, wings can be consideredranslate in a plane
containing the wing hinge called stroke plane. Naliyn it is perpendicular to the
longitudinal body axis and is inclined to the bads to the angle from 30 degree
to 60 degree. While hovering, the stroke plane neagh approximately close to
the horizontal axis [6]. The stroke begins at thartsof the downward wing
movement from the highest point of the wing trajegt

Stroke cycle asymmetric in several aspects anddardo adjust the angle of
attack, the wing have to rotate about their lordjital axis. Moreover, an incline
stroke plane appears as a second features for ins@gt because it strengthens
the stroke symmetric especially during straighghti where the generated force
are significantly during down stroke and will dinghed in the upstroke.
Basically, there are three different angles tharasenting the wing kinematics
which are stroke angle, angle of attacke and heaving anglé. Later, we will be

able to adjust these features in the modeling codeder to see the significant of
each variables with respect to the wing kinemasedu The Robofly kinematic
style will be used in the modeling because thishis only data accessible by
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researcher even though the flexural stiffness pbthibefore is belonging to
Calliphora Vicina However, it is not a vital issue because our rhizdeot related
with any specific species and it can be modifigdrlaccording to specific case
and situation.

The Figure 4(A) explains the stroke angle wheremnfaximum value of the
angle is approximately 90 degrees upward and 7fedsedackward. According to
the first graph it is clearly describes that thegvstart its trajectory approximately
near the maximum angle at the back and graduallyentioe wing forward to the
front position before it does the downstroke amd tuack to the original position.
For further clarification especially during the olte reversal transition, the
modeling performs the upstroke and downstroke gdbttwice especially to
observe the transition region between the two gingkes. The Figure 4(B) is the
wing stroke velocity where it clearly shows that thtroke velocity turns to
maximum point near the mid stroke position meansvkigure 4(C) describes the
wing stroke acceleration where the maximum accederdocated exactly at the
end of the wing stroke just before it change thedtion on the opposite site
called wing stroke reversal. The vertical line @dtin this graph described the
exact location of the stroke reversal occur at highest point of the wing
trajectory.
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Figure 4: (A) Wing stroke ang{e, (B) Wing stroke angular veIociW and
(C) Wing stroke, angular acceleratign
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The term of wing rotation is generally refers te thange of angle of attack
around a chordwise axis. This scenario might ocalong the stroke plane;
however it will be tremendously happened duringlstr reversal as the wing
stroke trajectory change the direction. During thmvnstroke - to - upstroke
transition, the wing supinates quickly and a rotativill bring the ventral surface
of the wing upwards. The wing will pronate quickly the end of upstroke
bringing the ventral surface to face downwards.

Figure 5(A) explains about the wing rotation anglgich plays an important
role in order to define the correct lift and dragefficient at certain angle of attack
according to the equation given by the plotteddittg curve. The trend of the
graph is looked saw tooth likeshape. There are two different colors used to
distinguish the way between the rotation angle webpect to the vertical axis
(blue) and the rotation angle with respect to lenial axis (green). The wing
rotation angle with respect to vertical axis isaviio describe the stroke angle of
real insect whereas the wing rotation angle witbpeet to horizontal axis is
significant to determine the aerodynamic coeffitieift and drag force.
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Figure 5: Wing rotation angt&, Wing rotation angular velocity and Wing
rotation angular acceleratiaf
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The Figure 5(B) shows the wing rotation angulaogiy which the maximum
velocity again occurs near the wing stroke revemsaboth side (upward and
downward). The Figure 5(C) describes the wing a&e#ibn for wing
acceleration. Here, the acceleration turns to mawinjust after and before
perform the stroke reversal. However, in betweamthhe acceleration rapidly
turns to zero and jump back to hit the maximum paoiear the wing stroke
reversal. The vertical line plotted in this graprsdribed the exact location of the
stroke reversal occur at the highest point of thgvrajectory.

2.3 Aerodynamic forces

The main principle of the force generation has maatommon in all the flapping
creatures for instances flying and swimming animalsey were considered in
several literatures of animal aerial and aquattotaotion [7, 12]. Even though
this theory is not being able to describe all therppmena observed in nature but
it is clearly facilitates research and suggestiagous mechanism that might be
helpful to explain the force generation especiadigarding to aerodynamic force
that will be explained in further detail in thisagter. The flight force are further
enhanced with respect to the ordinary fixed wing tluthe involvement of other
mechanism acting during their rotation (changengle of attack) especially at the
stroke reversal and also the wing-weight interac(ib3). In this study, we will
investigate the involvement of all the enhancenedfact especially during the
wing stroke reversal by using the Unsteady Bladentnt (USBE) method
invented by Walker [11] that will be broadly usedour models.

Furthermore the effect of rotational circulatiosaill be plot in the graph in
order to see it's significant. Dickinson et al. fisinly believed that the present of
two rotational force peaks occurred due to thisaffThe wing rotation believed
as one of the source circulation that provide thevard force that can be part of
enhancement in aerodynamic lift performance.

The Unsteady Blade Elements, USBE model is a gosttiod to define all the
forces reacted and a good measurement to companeGemputational Fluid
Dynamic (CFD) modeling and the experimental robotiwdeling result.
According to Walker [16], the theoretical forceiagton the flapping wing, per
unit span on a thin airfoil at certain angle ofaekt is the function of the four
circulatory component (translational circulationedtio wing attached to a
translating body, heaving circulation due to thegvactive or passive oscillation,
rotational circulation around the spanwise axis &magnus circulation) plus
added mass effect which is normally small for losnsity ambient air. As usual,
the USBE model starts with some description onfldygping wing kinematics as
described. Therefore, the developed models wilabke to cope with any given
wing kinematics and wing positions during the wimgvements at certain time
domain.

The polar graph [14] plotted represents the lifeftioient versus the drag
coefficient at various different rotation angldsisia good guidance to explain the
generation of the aerodynamic force as the wingtestin a spanwise axis. This
semi circle polar graph is not similar to the oedtynpolar graph of a fixed wing
because in this case the angle of attack beyondsttieangle also takes into
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account. It happens because in a flapping flightilitnever stall forever unless it
inclined below the stroke axis (negative anglettd#ick). As further analysis done,
this trend shown in a polar graph can be summaramed simplified by the
mathematical equation it is very useful to be puhie analysis.

2.4 Inertial forces

Most of the previous research assumed the wingsakéng in simple harmonic
motion [1]. However, not every single insect canldyy simple harmonic motion
because some of them have their own natural flgpkiimematics. For instance, in
time domain, several insects have a quick and g ghen of wing stroke reversal
that may cause inertia whilst others might be gctlifferently and take a longer
period of time. Numerous researchers for instanugok [1] believed that inertial
forces for instance are more significant than agrachic force (lift and drag) and
secondary force (Magnus force and added mass effect

During flapping flight, animal invest power to mowe the air in order to
produce the aerodynamic forces to keep them ahoftnaoved the wing due to the
inertial forces. The moment of inertial is smallemhthe mass is low and would
concentrate near the axis rotation (wing root}his study, the moment of inertial
will be determined by using the wing strip analysisich is the continuation of
Walker's [11] USBE method explained. The inertifeef is crucial due to the
rapid acceleration and deceleration especiallyndusiroke reversal. Therefore, if
this effect combined together with the aerodynaimice, they will generate more
accurate combination force that will involve in gideformation. Be aware, the
rapid acceleration and deceleration are not onigpmsed of wing stroke motion
but it also includes the wing rotation simultandgugherefore, in this case these
two wing motions will produce two different kind afiertial force that will be
acting in different axis (vertical and horizontals).

In this analysis, the wing does not only flap ie stroke direction but it can
also rotate with respect to the rotational axiser€fore, the inertial force will be
isolated into two different components which ardigal and horizontal axis. The
contribution of inertial effect towards the wingfdenation may be varied along
the wing. Consequently, prior the calculation tierbution of mass with respect
to the distance of wing based have to be deterndipart of the investigation of
the magnitude of the inertial force, the distribatbf the mass also will be defined
prior the analysis in order to ensure the massimmdadafrom the strip analysis can
be distribute accurately.

Let's us investigate the moment set up in an aritwing strip located at
distance r from the wing base. Each wing stripdasass ofimwith a distance
from the wing base when the wing subjected to ajulan acceleration either due
to the wing stroke or due to the wing rotation. éating to Ellington [7], the
inertial forces during the flapping flight in hooiatal direction are proportioned to
the integration of the first moment of wing massne¢nt in each strip,

th*(t) = Ixn¢ dmwn (1
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During the wing movement, it does not only exertthe inertial force in
horizontal direction due to the wing movement aldimg stroke plane but also to
the inertial force due to the change of wing ratat{angle of attack) in vertical
axis. Inertial force associated to acceleratiorthia vertical plane due to wing
rotation;

dF,(t) =1, &d cosadm, (2
The inertial force produced during the wing rotatin the horizontal plane;
dF, (t) = dF () + |, & sinadm,, (3

25 Magnusforce and added mass effect
Magnus effect is described as a physical event gpianing object that would
produce a whirlpool of rotating air about itselfcaddrding to Bernoulli's principle,
the pressure is lower on the side where the vglaxigreater. Consequently, there
is an unbalanced force at right angle to the wirds is what we called Magnus
force. In the case of flapping wing, as the ingetates its wing during the wing
stroke, it also will subject to the Magnus efferh@taneously. In addition, the
modeling simulation also concern about the densibange that strongly
influences the Magnus effect calculation. Therefthe model will indicate the
variation Magnus force amount as several variabesld change depending on
the working environment.

The following equation demonstrates the maniputatimf characteristic
needed to determine the Magnus force by Walker. [11]

dF, (1,0 =7 o (L RIAR @

In addition, the effect of added mass is usuallysignificant when compared
to the aerodynamic force and inertial force espigcia a low density operating
condition. Added mass is the inertia added to atesysbecause a rapid
acceleration and deceleration, a body has to momee srolume of neighboring
fluid as it travels through it. Furthermore, it paps because the object and the
fluid cannot occupy the same physical space asdhge time. In a simpler way of
explanation, it can be modeled as some volumeuid finoving with the object,
tough in reality, it will be accelerated to variadegrees.

Walker (2002) described the added mass force inUSBE method as an
acceleration reaction normal to the wing element,

dF, (1,0 =3 (V0L DBER (5

2.6 Forcesintegration

Majority of the analysis and observation of the gviteformation are based on the
certain forces such as Ennos [15] in term of wimgrtial force, Dickinsoret. al
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[2] in term of aerodynamic force and so on. Pogsiiblcan be good preliminary
studies for the observation of the flapping windodmation but it is not fully
accurate because all the forces are acting sinadtasty because they will never
stand alone. The simulation model will continue #malysis in how to associate
all the relevant forces in term of magnitude armgation and find a clean single
force named as resultant force. All the relatectdsracting in the horizontal
direction will be compiled and further judgementharizontal direction will be
made. Basically, there are two forces acting is thiection which are horizontal
inertial force and drag force. Surprisingly, attagr moment they are acting
simultaneously in the same direction or vice vefdeerefore, in this section, not
only the magnitude of the forces will be taken iataount, but the direction also
will be considered accurately during the upstrake @ownstroke as well.

During the downstroke position, the wing moves fward while the drag
always acts on the opposite direction of motionckiaard). However, the
horizontal inertia is totally different becausesitdepending on the acceleration or
deceleration of the wing stroke as stated in tlewipus graph. Acceleration starts
from zero and will turn to maximum point at theog® reversal before it
eventually decreases reach approximately to oragithe middle of the wing
stroke. Accordingly, the horizontal inertial alstars to react on the similar
direction of the drag and rapidly change the dioecto the opposite direction just
after passing the mid-stroke point.

Horizontal Horizontal
inertia inertia
-1"--S-------d---".:"------.F.F...S{......-.
ECOL ir
Upstroke &= = S5 half ™ Downstroke

L3

Dirag
Figure 6: Schematic diagram of wing downstroke

The following equation is the formula that can ksed to exact value of
resultant force in horizontal direction based amgthuation and the location of the
wing stroke as explained before.

For the first half of wing stroke,

dF, (t) = dF,(t) + dD(?) (6
For the second half of wing stroke,

dF;, (t) = dD(t) - dF,(?) (7

Similarly, during the upstroke position, the wingwes backward while the
drag always acts on the opposite direction of mmofffsontward). Again, the
horizontal inertia is acting depending on the am@ion or deceleration of the
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wing stroke. Basically, the idea to calculate tbguitant force is almost the same
as the downstroke motion where the drag always@atpposite of the wing
motion (frontward). Therefore, the horizontal im&rtalso start to react on the
direction of the drag and rapidly changes the timacto the opposite direction
just after passing the mid-stroke as the wing sttatceleration steadily reduce.
According to the Figure 7, let assume the wingeatacn angle of attacly
move in the horizontal direction. As usual, lift,vill acts perpendicular to the
oncoming flow direction whereas drag, D always @gothe relative motion and
they cause the aerodynamic forcg a8 the resultant force as shown in equation 9.
The aerodynamic force has some angle with respetiiex-axis denoted a8.
Furthermore, with the appropriate values of angdlatack, angle of aerodynamic
force and its magnitude, we can simply calculagevirtical force, | due to the
aerodynamic effect which acting perpendicular ®wling as shown in Figure 7.

6 = tan‘ld—L (¢
dD
dF, (1) = /(dL(D)’ +(dD()’ ©

Darectionof
stroke

Figure 7: Schematic diagram of aerodynamic foroéis@in vertical direction
dF, (1) = dF, () tan(6 +a) (10

During the wing rotation, the trailing edge winglwotate with respect to the
leading edge as the rotational axis. Accordinghg tkeading edge stays for few
seconds at the most forward or the most backwastipo along the stroke axis
while the trailing edge rotates with respect to tb&tional axis. Therefore, the
distribution of the inertial force is more concextérd at the leading edge or in a
simple assumption in this case the resultant \artreertia force only reacted at
the leading edge.

In this case, the wing rotates anticlockwise wigspect to leading edge
rotational axis. In the first half of the rotatiothe resultant inertia force will
reacted upward in the direction of lift force whils the second half of the rotation
the resultant inertial force will also reacted lre tsame direction of the lift force.
This is happened because the angular accelerdtibe aing rotation is gradually
increases and consequently changes the directiomgdiine second half rotation.
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Bear in mind that Magnus force acting in the sainection of lift force whereas
added mass effect is always stand normal to thg element [16].

Furthermore, all the related forces acting in tedigal direction will compile
and further judgement in vertical direction will dene. Astonishingly, at certain
moment they are acting simultaneously in the sainectibn or vice versa.
Meanwhile, in this section, not only the magnitudé the forces will be
emphasized, but the direction also will be considemnccurately during the
upstroke and back stroke as well. Neverthelesse thee another two forces that
might be acting in the same direction (verticalediion) which are in Magnus
force and added mass effect.

dr, (1) = dF, () + dF()+ dF(9 (11

Finally, the resultant of the total force is,

dr, (0 =J(dR,(0) +(dR(0)"  (12)

2.7 Wingdeformation

The resultant force obtained is the most accuraligevof force that can be implied
for the wing deformation by using Hooke's Law. histsection, wing will be
modeled as a beam that is completely fixed at oweamd completely free at the
other. The deflection characteristics of the beathhe calculated based on the
elemental stiffness data calculated in the prevahapter. Moreover, the resultant
force will be accurately dispersed in spanwisedtioa according to chord length
and the wing mass distribution in order to get ecusate answer.

Deflection is a term used to explain the degreetich a structural element is
displaced under a certain amount of load. The aiahelastic deflection of a
cantilever beam (free at one end), can be calailamg:

a5 = 9 -
dk,

The elemental angle of deflection of a cantilevesirh (free at one end), can
be calculated using:

ds, . (1

dg, = tan‘l% (1

Xn

2.8 Elemental dastic potential energy

Elastic potential energy is potential energy stasd result of deformation of an
elastic object. It exists when there is a forcet teads to pull an object back
towards some original position when the objectispldced. It is called potential
energy because it has the potential to be convémtedother forms of energy,

69



Jurnal Mekanikal, June 2009

such as kinetic energy, and to do work in the mec@&he standard (SI) unit of
measure for potential energy is Joule, the sanfieragork or energy in general. It
is equal to the work done to deflect the beam, Wwiscdepends upon the spring
constant, k as well as the beam arm length,

The following equation explains the way to calcailtte elementary elastic
potential energy, E

dE, :%dlg @, (15

3.0 RESULTS

3.1 Flexural stiffness

The Figure 8 shows the distribution of the sprilmgstant along the span. The
graph proved that the assumption made by Combedanet! [9, 14] that the

stiffness distributions in spanwise direction axpanential trend is true. Clearly
from the graph we can say that the high spring temsconcentrated near the

wing root region up to 42.84N/m due to the highrdisition and thicker vein near
certain particular location.
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Figure 8: The distribution graph of spring constargpanwise direction of
Calliphorawing

The flexural stiffness foManduca Sextand Aeshna Multicolorobtained
from the Finite Element Model by Combes and Daffiel3] are approximately
varies from 1 x10%(near wing root) to 1xI0 (near wing tip). The flexural
stiffness that we defined from Figure 9 varies fra®x10° (near wing root) to
3.86x10° (near wing tip). However, bear in mind that thexfiral stiffness is
unique for every single insect but its trend isiitEal within the acceptable range.
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Figure 9: The distribution of flexural stiffnesstbe actual wing (EI) in
spanwise direction

3.2 Aerodynamic forces

The Figure 10 is extremely important because thesciibe the aerodynamic
forces (lift and drag) development depending onstheation with or without wing
rotational circulation effect after the integratioh the elementary forces. The
aerodynamic forces have to be corrected and soaldd the body (isolated
equally to both of the wing) because it also effettte development of total
aerodynamic force indirectly particularly for howey operation where the
production of the total force is more obvious. Apected before, the lift and the
drag force would jump to the maximum values jusiole and after the wing
stroke reversal and turn to the minimum pointsmythe mid stroke or even more
during the stroke reversal. The maximum valuesiffférce range between
3.75<10*N up to 4.410*N whereas the drag force varies betweer18*N and
6.5<10"N.

The Figure 11 explains about the resultant aeradiméorce obtained due to
lift and drag force after the integration of therakntary forces. The resultant
force is defined as the summation of square lift drag and in this case the force
enhancement effect is vital especially a coupldisaitonds before and after the
stroke reversal. They contribute to the resultarte growth up to ¥10*N.

3.3 Inertial forces

According to the Figure 12, the maximum values afizontal inertial force peak
are approximately equal to210° N. The horizontal inertial force jumps to the
maximum value during the stroke reversal when tirg\vactively accelerates or
decelerates in arbitrary directions. Another isha¢ can be greatly discussed here
is the peak force values during the front and Isakke reversal. Even though the
range of the stroke reversal is different, butdheunt of acceleration applied is
almost the same. Therefore, the maximum amounoraefdeveloped during the
front and back wing stroke reversal can be constabtained.
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On the other hand, the maximum values of vertinaltial force peak are
approximately 75x10° N. Again, it clearly shows that the wing actively
accelerate and decelerate a couple milliseconddefad after the stroke reversal.
Meanwhile, the difference between the maximum dred rhinimum amount of
peak force developed for each stroke is approximét@x10°N where the front
stroke reversal contributes a greater amount dicegiinertial force than the back
stroke reversal. The other peak forces generatatlisnmodeling execution are
1.19<10°N, 1.29x10°N and 159x 10°N.

0 0,004 0,003 0oz
Time (s}

0 0.004 0.008 001z
Time (z)

Figure 10: (A) Lift force in time domain for twoimg strokes. (B) Drag force in
time domain for two wing strokes
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Figure 11: The resultant aerodynamic force in tdamain for two wing strokes
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Figure 12: (A) Inertia force in horizontal diremti. (B) Inertia force in
vertical direction

73



Jurnal Mekanikal, June 2009

3.4 Secondary forces

The Figure 13 explains all the operating secondlarges which are added mass
and Magnus force. The highest peak of the Magnieefis approximately about
6.5x10° N and it clearly shows that the amount of force dpied is not
significant compared to the rest of forces listeflobe. Again, the vertical dash
line will indicate the location of wing stroke ragal occurred. Accordingly, the
peak of Magnus force formed during the back wingk&t reversal is a little bit
lower than the front wing stroke reversal in apjmaately 1x10 N of increment.
This situation since the range of wing rotationlanmn both side of wing stroke
reversal is different respectively. Likewise, tldelad mass effect produce several
peaks to indicate the amount of force developede@dly, the peaks of added
mass effect vary between 0.6%10 to 2.1x10"N.
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Tz10" | - '
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G0’ |
N
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2 3xl0T /
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0 0004 000g 0012
Titme (z)

izlle
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0 0.004 0.00s o1z
Titne (s

Figure 13: The Magnus force (A) and added masse(B) produced by the
Calliphoraoperating in ambient air.
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Figure 14 presented above is a compilation ofhal forces obtain from the
previous analysis. Horizontal inertial force is tbee that will dominate with
respect with others at maximum value 025 10° N. Next, it follows by the
vertical inertial force which mostly cause by thimgvrotation at maximum value
of approximately 1.210°N. Up to this stage, it is clearly stated that fiaéforce
is the most influence force that later will plays inportant role in the wing
deformation. Furthermore, aerodynamic force staythé third place in term of
priority at the peak values of &Z0° N which are more or less 6 times smaller
than the inertial effect. Added mass effect stayganking four, respectively.
However, it may change depending on the ambienir@mwment and certain
situation. According to the graph, conclusion canrbade that Magnus force
effect is not significant and relevant in this ation and can simply be ignored.
Last but not least, bear in mind that this stanaviignever be the same especially
when the environment change as explained before.

A1 0 '
310
5
5 210
(e, .
1zl 0 :
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i 0.004 0.00% g0l
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Figure 14: A clear view of all the reacted forces the flapping insect of
Calliphora affected by the change of surroundings for instaadae
density. (Aerodynamic force noted by blue line, ibmntal inertial
force noted by dark green line, vertical inerti@ice noted by red line,
Magnus force noted by light green line, added nedfiect noted by
pink line

35 Forcesintegration

The following Figure 15 describes the result olgdion the compilation of the
force in the horizontal direction. The maximum \eduof horizontal resultant
force peak are approximately equal t6x41.0°N. As a whole, horizontal resultant
effect is strongly rely upon the rapid acceleratiord deceleration of the wing
stroke before it settle down during the midstrokesl turn almost to minimum
amount of force (almost zero) as the wing steaditye at constant velocity.

The following Figure 16 describes the amount @ul@nt force in vertical
direction given by the listed formula. There ararfdifferent peaks produced near
the wing stroke reversal. The backstroke reversaldyced approximately
2.1x10%N at the peak point while the lowest peak rougtipu 16x10°N. On
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the other hand, the resultant force in verticagction at front stroke reversal is
slightly higher than the previous backstroke reaker§hose peak forces near the
front stroke reversal are.25x10° N of the highest point and.75x10° N
respectively. In addition, during the mid strokengviproduce approximately about
0.25x10° N vertical resultant force. However, it is goodeimphasize that all the
peak of those forces are not exactly located atmMihg stroke reversal line but it
stands closer to that particular indication line.
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Figure 15: Resultant force in the horizontal diiett
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Figure 16: Resultant force in the vertical direatio
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Figure 17: Total resultant force

76



Jurnal Mekanikal, June 2009

The following Figure 17 explain about the amounttatfal resultant force
produced from the given formula or in simpler med#his total resultant force is
generated from the resultant force in horizontal aertical direction. This is the
most accurate and precise force that we can usaltolate the degree of wing
deformation in further chapters.

According to Figure 17, the peak point of resultimte is located exactly at
wing stroke reversal line which is aroundsx10° N and the force produced
during mid stroke is only about3x10°N. There are several peaks scattered just
before and after that point.

3.6  Wingdeformation

Figure 18 displays below describe the deflectioaratteristic of the wing at wing
tip subjected to various different forces. The wiwgflection calculated based on
effect of the aerodynamic force, inertial force ambst the important one,
resultant force. According to the graph, the peakunt of deflection of the wing

at tip due to aerodynamic force is approximatell®*m. Besides, the peak
amount of deflection of the wing at tip due to irarforce is approximately

6.4x10" m. Furthermore, the peak amount of deflection efwing at tip due to

resultant force is approximately36x10°® m and. It is clearly shows that, the
resultant force will be able to cause approximateEfo deflection at tip with

respect to the wing length where the maximum deflecoccurs at the wing

stroke reversal. Bear in mind that the calculatiohsghe wing deflection are

strongly rely upon the location and also the fatistribution.

Furthermore, in Figure 19 displays the wing angifletttioncalculated based
on effect of the aerodynamic force, inertial foeced most the vital one, resultant
force. According to the graph, the peak amounteffedtion angle of the wing at
tip due to aerodynamic force is approximately 2efrde. Besides, the peak
amount of deflection angle of the wing at tip doertertial force is approximately
about 4.5 degree and the peak amount of defleatigie of the wing at tip due to
resultant force is approximately 9.5 degree.

Subsequently, the Figure 20 describes the elastitenpal energy
characteristic of the wing exerted to various ddfé forces. The wing elastic
potential energy calculated based on the effe¢ch@faerodynamic force, inertial
force and most important one, resultant force. Adiog to the graph, the highest
peak of elastic potential energy of the wing atdipe to aerodynamic force is
approximately about .55x10° J. Besides, the highest peak of elastic potential
energy of the wing at tip due to inertial forcajsroximately about.6x10%J and
the peak amount of elastic potential energy atdig to resultant force is
approximately about.3x10° J. Again, bear in mind that the calculations of the
elastic potential energy are strongly rely upon libeation and also the force
distribution.
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Figure 18: Wing tip deflection due to various fa¢é), due to aerodynamic
force, (B) due to inertial force. (C) due to rigant force.
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Figure 19: Wing tip deflection angle due to varidmses (A), due to aerodynamic
force, (B) due to inertial force. (C) due to reauattforce.
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Figure 20: Elastic potential energy of the wingdaflection due to various forces
(A), due to aerodynamic force, (B) due to iiforce.
(C) due to resultant force.

4.0 DISCUSSION

4.1 Flexural stiffness

For the system that obeys Hooke's Law the extenpimuuced is directly
proportional to the load exerted or deforming fortiader this condition, the
object returns to the original shape and size dfterload is removed. From the
Figure 8, the trend line of the spring constant #reddistribution of stiffness can

be specified by approximating the relevant equafidre spring constant obtained
is;

k =90.45°8% (16

The Figure 9 shows the distribution of the flexusdiffness in spanwise
direction for Calliphora's wing obtained from the displacement of the wing
localized for each section. Moreover, the grapipldised an evidence to validate
the flexural stiffness data observed before by Gzsnand Daniel [8, 9] even
though the flapping insects used are not in theesspecies, still they can be a

good guidance to ensure our observation are heathimgirds appropriate
direction.
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4.2 Aerodynamic forces

The rotation circulation effect is a unique phenoorethat can only happen in
flapping and rotating object which encourages bogsaip the aerodynamic force
generation during the stroke reversal. The locatiostroke reversal can be easily
defined as the vertical line plotted in both graphsrthermore the vertical line
plotted in the total lift force graph described thean lift produced during each
stroke. According to the results, the wings activatcelerate and decelerate a
couple milliseconds before and after the strokenrsal. Nevertheless, obviously
during the mid stroke and the stroke reversallithend the drag force jump to
the minimum value. This result is extremely supetgosupport the idea presented
by the previous researchers that the rotationacefénhance the aerodynamic
performance near the wing stroke reversal

In other words, rotational circulation occurs dgrithe transition of the
pronation and supination because we can see thpdaks located near the wing
stroke reversal where starting peak is less tharstlibsequent peak. But bear in
mind, this percentage only relevant at certainasitn, wing frequency and its
shape. The difference of these two effects can beemignificant for higher
frequency and bigger wing size.

4.3 Inertial forces

The inertial force proves its value is approximgatél4 times higher than the
aerodynamic force during stroke reversal. As a ehbbrizontal inertial effect is
strongly rely upon the rapid acceleration and dwedbn of the wing stroke
reversal before it settle down during the midstso&ad turn almost to minimum
amount of force (almost zero) as the wing steaditywe at constant velocity.

On the other hand, the vertical inertial force glsups to maximum value just
before and after the stroke reversal and turn t@mim point exactly during the
stroke reversal. However, it is clearly that durthg mid stroke and the stroke
reversal, the vertical inertial force is approxigigtequal to zero. During the
stroke reversal, the wing rotates steadily at zerxceleration whereas during the
mid stroke, the wing moves without any speeding@mtrarily, with respect to
the horizontal inertial force, the magnitudes & treak vertical inertial force are
inconsistent but it is still symmetry in shape éaich stroke.

In the spanwise direction, the inertial effect éase rapidly towards the wing
tip and this can be predicted prior the analyssetaon the information given by
the graph of mass distribution because it concetranear the wing root.
However, it is not fully guaranty because the strifistance from the root also
proportional to the inertial force. Unsurprisinglihis might be one of the
appropriate reasons to explain why the insect'gusnthicker at the wing root.
The mass concentrated at the wing root to the highading moment while the
outer parts are lighter to reduce the stress dudgto inertial affect at the wing
base and to reduce the energy expenditure in teaxating wing.

4.4 Secondary forces

According to the graph, the Magnus force is onlpamant during the wing stroke
reversal but it is still insignificant comparedth® rest of forces involved because
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the value is very small. It happens because thg Vgiractively rotate during the
wing stroke reversal. As explained before that @ogiting mechanisms will be a
reason why the Magnus force established. Indeedthis type of operating
environment, the Magnus force is not significanitaran simply be ignored due
to the normal air operating condition. As usualthitg happen during the
midstroke where amount of Magnus force producedods little force to be

considered and acknowledged.

Furthermore, several peaks scattered show the afgweht of added mass
effect but most of them concentrated before angk dlfte wing stroke reversal in
both side. Even tough, they are not as high as¢énedynamic force and inertial
force but they are still significant in this kind working environment. As usual,
nothing happen during the midstroke where amountdded mass effect are
almost disappeared and insignificant.

45 Wing deformation

The degree and the significance of the wing ddfiacare strongly relying upon
the way that we distribute the elemental forcessiMuf the wing deformations
occur during the wing stroke reversal and approtetgathere is nothing happen
during mid stroke because most of the forces oecuperform as the wing
changes the stroke direction. Possibly, small adedftion can be obtained during
the mid stroke but the magnitude is too small arsignhificant compared to the
situation during the wing stroke reversal. Nonethg| from the previous result
displayed, we noticed that the inertial force ig thost significant cause that
produced wing deformation with respect to aerodynaforce. Moreover, this
characteristic of the wing deformation will nevee the same because of the
changes in operating environment, wing size anstitfess, kinematics used and
so on will be able to contribute to changes. Tieukition model is certainly an
aid tool that can determine the effect of the clesngeans previously.

4.6 Concluding of remarks

A MATLAB modeling simulation is performed on theaflping wing of hovering
namely blowfly Calliphora Vicing. The forces around its body have to be
understood especially on the influence of sevema¢rkatics variables such as
frequency, mode of kinematic, stroke and rotatiopléude and so on. Then, all
the forces obtained will be compiled in term of midigde and direction in a single
total force namely resultant force. This resultdmice is beneficial for the
computation of the characteristics of the wing defation in several aspects of
aerodynamic force, inertial force, Magnus force added mass effect. As a final
point, the vital issue has to be answered is hatical is the wing deformation
due to these forces.

Prior the analysis of the characteristics of thagnuieformation, the primary
structural properties of the wing called flexurdiffsess has to be observed
experimentally by modeling the wing as a cantiledveam. The flexural stiffness
of the wing is relying upon the topology of thengand the joints because both of
them will influence the wing rigidity and elastigiby performing as potential
elastic energy storage. The most important outcoofgined are the equation
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that described the distribution of the wing stifeein spanwise direction is
exponentially decayed towards the wing tips. Thengwiflexural stiffness
concentrated near the wing root and it describatsrttost of the forces exerted are
damp by the region near the wing base. Finally distribution of the wing
flexural stiffness varies uniquely from 2.3%%(hear wing root) to 3.86x10(near
wing tip).

Another variable that may influence the wing defation is the kinematics
used. All the kinematics stated before are featimedhe stroke angle, rotation
angle and heaving angle. From this matter, the lasion drawn is the angular
velocity and acceleration of the wing stroke oatian caused by a sharp or blunt
wing turn is vital issues that influence the forgaeduction. Furthermore, the
angular acceleration is also crucial for the analg$ wing inertial effect in both
direction of horizontal and vertical axis.

The next subject that has been discussed is thputation and formulation of
the aerodynamic force which involve the lift anc ttirag force. As the wing
modeled as a dynamic object, the involvement of Ki&ta condition, Kramer
effect due to wing rotation and also the Magnusatfhad been elaborated. The
aerodynamic force then can be distributed in séwdeanents from the wing root
to the wing tip according to the distribution ofetlthord length in spanwise
direction.

As a conclusion, several statements have been ggddiuch as most of the forces
hit the maximum point at the wing stroke revershllst plunge to minimum level
during the mid stroke. The wing stroke reversahesmost important features that
enhance the performance of flapping flight of theeict. The rotational circulation
effect enhance the generation of aerodynamic fat@pproximately 20% greater
than it's absent at maximum affect.

The other issue that has been conferred in thdystuthe contribution of the
inertial forces and the secondary forces whichimckide the Magnus force and
added mass effect. The distribution of the wing sn&gsconcentrated near the
region of the wing root where the allocation ofngeand joints are high caused a
tremendous effect on the inertial force. Accordimghhe computation of the
inertial force is directly proportional upon the gn#tude of angular acceleration
the wing stroke (horizontal inertial force) and #egular wing rotation (vertical
inertial force). The conclusions that can be madenfthis concern is both of
horizontal inertial force and Magnus force genematmaximum impact exactly
during wing stroke reversal whereas the verticaftial force and added mass
effect hit the maximum contribution of force dispernear the wing stroke
reversal. Besides, the amount of the horizontaldaturing the both wing stroke
reversal is constantly in magnitude because itnly aepending on the wing
stroke amplitude.

Majority of the analysis that have been done asedan the certain amount
of forces but it is not fully accurate because thély never act alone with any
interaction with one another. For that reasongtal forces involved have to be
integrated and associated in term of direction magdnitude as a single resultant
force namely resultant force that will be use fbe tcalculation of the wing
deformation. Furthermore, the wing deflection wglused the subjected structure
to deform and store some sort of potential eneadled elastic potential energy
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that will be able to bring back the wing to thegimal configuration. According to
this analysis, several conclusions have been de8neh as the horizontal inertial
force is the highest force that will involved iretiwving deformation, follows with
the vertical inertial force, aerodynamic force, adidnass effect and lastly the
Magnus force. According to the analysis, the wipgatill be able to deflect up to
17% with respect to the wing length, at 9.5 degmaes stored approximately at
3.2x10°J of the elastic potential energy.
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LIST OF SYMBOLS

Wing rotation angle

Wing rotation angular velocity
Wing rotation angular acceleration
Added mass coefficient

Wing chord
Elementary drag force
Elementary wing deflection

Elementary wing potential energy
Elementary aerodynamic force

Elementary aerodynamic force in vertical direction
Elementary added mass effect

Elementary inertial force in the horizontal diven
Elementary total force in the horizontal direction
Elementary total force in the vertical direction
Elementary resultant force of the total force
Elementary Magnus force

Elementary inertial force in the vertical directi

Elementary wing spring constant
Elementary lift force

Elementary mass of the strip
Arm lengthx-axis
Non-dimensional radial position along wing span

Arm length iny-axis
Number of strip (element)
Wing stroke angle

Wing stroke angular acceleration
Air density
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Wing length
Time
First derivative of normal velocity of wing element
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