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Abstract. Recent years have seen an increasing interestcito merial vehicles
(MAVs) and flapping flight in connection to that.h& Delft University of
Technology has developed a flapping wing MAV, “DglR”, which relies on a
flapping bi-plane wing configuration for thrust ahff. The ultimate aim of the
present research is to improve the flight perforoeanf the DelFly 1l from both an
aerodynamic and constructional perspective. Thiisued by a parametric wing
geometry study in combination with a detailed agnashic and aeroelastic
investigation. In the geometry study an improvedgvigeometry was found,
where stiffeners are placed more outboard for aennigjid in-flight wing shape.
The improved wing shows a 10% increase in the thoipower ratio.
Investigations into the swirling strength around DelFly wing in hovering flight
show a leading edge vortex (LEV) during the in- anttstroke. The LEV appears
to be less stable than in insect flight, since sehexiding of LEV is present.

Nomenclature

Symbol Description Unit
f Wing flapping frequency Hz
P Power W
R DelFly wing length (semi-span) mm
T Thrust N
i Positive imaginary part of eigenvalue -

Dimensionless time -

Abbreviations

LEV Leading Edge Vortex
MAV Micro Aerial Vehicle
UAV Unmanned Aerial Vehicle

1. Introduction

For the last couple of decades there is an ingrgasterest in the field of Micro aerial vehicles
(MAV'’s). These MAV’s are small unmanned aerial vabs (UAV'’s) that find market in both the
military and the civil field. These vehicles may@oy three different flight concepts: fixed wings,
rotary wings or flapping wings. Especially thistlage of MAV, the flapping wing type, has very
attractive characteristics for flight inside comfthspaces. Such an indoor flight capability reguire
a broad flight envelope. The flyer needs to possesdities like for example the ability to fly at
low speeds, or to hover, high manoeuvrability, lnvise emissions and of course it has to be small
in size. As demonstrated in previous reseédfthflapping flight enables this kind of flight
envelope and it has proven to be a potential swiuti order to meet the requirements described
above.

During the EMAV '05 competition in the summer of ) a student design group of Delft
University of Technology (DUT) impressed both tleyjand the public with the first version of
DelFly, the first flapping MAV with vision-based tyol. DelFly won the price for “Most exotic

design”. Since that moment, the interest and rekdato flapping MAV’s has increased at DUT.
New research led to an improved version of DelBiglFly 1. The aim of this development was to



decrease the size while maintaining the flight @enance. The wings were optimized based on a
trial-and-error approach. DelFly Il was smallesine, more stable and more controllable. In 2008,
a third generation of DelFly emerged, DelFly Miciihis version of the flapper with a 100 mm
span is even smaller than the previous one, wiillecarrying a camera on board. Although this
flapper is able to fly, it is not yet possible tover as DelFly Il. This is the reason why DelFiyad

a proven and well-tested configuration is usedhasstibject for the current study and not DelFly
Micro.

In this study, a detailed research is presentdchpsove and gain a better understanding of the
flight characteristics of DelFly Il. In this sensepresents a continuation of a previous study on
DelFly 1I® in which the flow field around the wings was azalg by Particle Image Velocimetry
(PIV) with simultaneous force measurements perfartoendicate the relative contribution of the
visualized flow structures to the lift generatidihe present study will address the enhanced flow
visualization of DelFly by means of phase-lockeW ,Ris well as the improvement of the DelFly Il
design. The latter is achieved by improving theodgnamics and flight characteristics by
modifying the wing and changing the stiffeners taoa and orientation by means of an
experimental approach.

1.1.Insect-like flapping flight

As the research is focusing on the hover conditmmy the important flow features of this
condition will be briefly discussed here. The flawgime under consideration is that of an
incompressible, unsteady flow at low Reynolds numf@#e relatively large forces that are
generated during flapping flight cannot be expldimath conventional fixed-wing aerodynamic
theory. Therefore these forces need to be expldiyetthe presence of the unsteady flow effects
and the presence of strong vertical structurelerflow.

Insects use a reciprocating movement of the wingdlifjht. In figure 1, one can see a schematic
approach of one flap cycle. In this movement ttpkases can be distinguished: the translational
phase (moving the wing fore and aft), the rotatigotaase (when the pitch angle of the wing is
changing substantially) and the heaving and plunginase (upwards and downwards movement
of the leading edges). The two half-strokes thatan#p the flap cycle are called: the down-stroke
and the up-stroke. These two strokes are predomynimanslational movements. The change in
pitch angle during these movements is rather smalthe end of a half-stroke, the rotational
phase takes place, during this phase stroke révesars and the wing pitches rapidly.
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Figure 1. Schematic representation 6f half strokes durirggén flapping. Adapted
from Ansariet al'.
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A detailed description of flapping-flight aerodyniasis outside the scope of the present paper.
The mechanics and aerodynamics of insect flapdigbtfare discussed extensively in reference
[5]-[7]. Of the aerodynamic mechanisms that makeedn flight possible, the two mechanisms



which are of greatest importance in this studytheeoccurrence déading edge vortice@ EV’s)

and theclap-and-fling(or in the case of the DelFly tlotap-and-pe€lmechanism. The LEV is the
result of flow separation at the wing leading ediige to the thin airfoil and high angles of attack
of the wing. Instead of stalling completely, thengistall is delayed and the flow is able to redttac
further downstream. A LEV is created in the sepatgpart, which adds extra vorticity to the
bound circulation of the wing, producing therefareincrease in lift (and also drag, depending on
the wing orientatiodJ. Another mechanism that contributes to the lificarction is the clap-and-
fling mechanism (or Weis-Fogh mechan®@mn It has been discovered that certain insects and
birds make use of the clap-and-fling mechanism,etones for a limited time in order to generate
higher lift during for example the take-off ph&5eThey do so by increasing the wing stroke to
such an extent that the wings touch each othengluhe dorsal stroke reversal. During the clap
the leading edges of the wings touch before thénigeedges do so. When the gap between the
wings is closed progressively, the circulation afttb wings cancels each other out. The air
between the wings is expelled down in the form af@mentum jet enhancing Hft, see figure 2
A-C. When the leading edges move away from eacdrpih the fling phase, air is sucked into the
gap that is created. Due to this suction an ineréascirculation is generated which means an
increase in lift, see figure 2 D-E.
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Figure 2. Schematic illustration of the clap-and-fling mecisan; streamlines are
illustrated in black, light blue vectors are netcis and dark blue vectors represent
the induced velocities. Adapted from S&he

1.2.DelFly flapping mechanism

DelFly does not use the aerodynamic mechanismednsame manner as most insects do. The
mechanics explained in the previous section ardieapfp a two-winged insect. DelFly is instead
inspired by dragonflies, which have four wings é&ast of two. The essential difference between
the dragonfly’s wing configuration and that of DigiFhowever, is that DelFly uses a biplane wing
configuration with the wings on top of each othdvlesthe wings of a dragonfly are behind each
other (tandem configuration). Another differencehwéommon insect flight is the heaving and
plunging movement that accompanies the flappingindact does this actively, whereas this is not
the case for DelFly. From high speed camera imagegver it can be seen that this motion is
also present while DelFly is flapping, but it ocgim a passive way. Due to aerodynamic, elastic
and inertial forces acting on the wings, the legdidges travel in a “horizontal figure of eight”
during one cycle. Finally, the clap-and-peel medarthat benefits the aerodynamics of DelFly is
present in every stroke because of the biplane wamfiguration. Clap-and-peel is a variation on
the clap-and-fling. Instead of flinging apart moigidly the wings peel apart due to fluid-structure
interaction between the air and the flexible membrevings. This gives a more gradual build-up
of the circulation, which can prevent an unstatii&/lfrom shedding into the wak&.

Some characteristics of DelFly are presented itethbAs all DelFly’s are built by hand, no two
of them are exactly the same so the weight alderditlightly. With the weight, the wing flapping



frequency required for sustained hovering fliglgoatliffers. When a DelFly is hovering, all the
energy has to be put in lifting the whole weighttué DelFly. A lower wing flapping frequency is
needed in forward flight because of aerodynamicefitnanalogous to rotor aircrafts. Under
hovering conditions, the Reynolds number basedhenmean wing tip velocity and the mean
chord is typically of the order of 15,000.

The fuselage frame of DelFly is primarily built coft carbon and balsa wddd These materials
are used because they are light, strong and camabéulated well. The wings are made from a
Mylar foil of 5 m thickness. This foil is reinforced by carbonfstiers .28 mm) which are
responsible, together with the aerodynamic forfmshe wing shape during flapping. The leading
edges are D-shaped carbon rods (0.7 x 1.4 mm).DelEly uses a brushless motor for low
resistance. Measurements to a brushed motor woeledpt accurate measurements due to heating
and fast ageing of this type of motor.

Table 1. DelFly Parameters

Parameter | value
Mass| 16 —17 g
Wing flapping frequency 10 — 14 Hz
Flapping anglg 48°
Wing lengthR | 140 mm
Wing span| 280 mm
Wing area (one half wing) 1195 mnd
Aspect ratio| 3.5
Mean chord length 80.0 mm
Mean wing tip velocity at 13 Hz2.73 m/s
Reynolds numbé&f at 13 Hz| 15,000

2. Experimental set-up

An experimental campaign has been conducted toahigiter understanding of the aerodynamic
mechanisms during flapping flight and to test vasicets of modified wings. In the experimental
set-up the upward force generated by the DelFlydls determined as well as the power
consumption required for flapping. For a selectidnwing configurations additional flow filed
measurements were carried out using stereoscogicl®amage Velocimetry (PIV).

In continuation of the research performed by Der@fd, again the choice was made for the
hovering flight regime. Since all thrust generabgdflapping is needed to stay airborn, hovering
flight is the most demanding flight mode within tfigght envelope. In comparison to forward
flight, unsteady flow features like vortices argegted to be more dominant within the flow in the
proximity of the wings. The experimental set-updésigned such that a full-scale DelFly can be
fixed to the construction and can be exchangedivelg easy with another model. The set-up has
two perpendicularly placed force sensors to medsuces both in the thrust and normal direction,
making the set-up also suited for future forwaighfi measurements.

The first set of experiments focussed on findingpptimized wing geometry. Using a systematic
approach new wing geometries were created whiclplaeed on a tailless DelFly Il model. The
model was mounted on the set-up to measure thngstpawer consumption. In this study an
optimized wing geometry was found, in terms of maiging the thrust-to-power ratio. The second
experimental campaign focussed on the aerodynamnidsaeroelasticity, where PIV was used to
study the flow field and the shape of the DelFlwihg.

2.1.Force measurements and DelFly control

For the force measurements and DelFly control, sioon made micro controller board is used.
The micro controller board is used to guaranteegh bnd constant sampling frequency and is
connected to a PC with a serial connection. Therolber board has a PID-controller which



operates the DelFly motor controller and contrbis wing flapping frequency. The wing flapping
frequency is measured by counting the motor pulEsery motor revolution has three motor
pulses and given a gear ratio of 1:20 a total opél@es per flap cycle are recorded. The DelFly
model is also equipped with a Hall sensor whictegia pulse once every flap cycle to prevent
drift. These measurements are used by the conttmdi@rd to generate a triggering pulse for the
PIV system.

Zemic load cells were used to measure the fordes.sEnsors are of the type Q70x5x9-H with a
capacity of 200 g and use strain gauges as seangnt. The sensors are connected to a PICAS
amplifier system from Peekel Instruments. This haglburacy measurement system amplifies the
measurement signal by approximately a factor of020the PICAS analog output provides the
controller board with a -5 V to 5 V signal for a asered range of -0.981 N to 0.981 N. The
controller board has a 10 bit A/D-converter whiegings the measurement accuracy to 1.92 mN.
The same controller board also measures the Deliply voltage and current provided by a
separate power supply. All measurements are castiedith a sampling frequency of 1860 Hz.

2.2.PIV measurements

Using PI1V, the flow around the DelFly Il wings iseasured by following tracer particles that are
illuminated with a laser sheet. The velocity fieldbund the wings is calculated by taking image-
pairs of the particles at a small time separatidme experiments are conducted on the original
DelFly 1l wings and on the improved wings from theometry study. The position of the image
plane is varied along the span of the wing, fromoaition at 60 mm from the wing root to the

wing tip at 140 mm. The wing flapping frequencyasied from 9 Hz to 13 Hz, see table 2.

Table 2. Test parameters for the PIV measurements

wings Original wing
Improved wing
Wing flapping frequency 9 Hz
11 Hz
13 Hz
Spanwise distance from root 60 mm
80 mm
100 mm
120 mm
140 mm

The PIV measurements were performed in a phasedbakanner. The pulses from the DelFly
motor are used by the controller board to triggper RIV system every time the DelFly wings are
at a certain selected location within the flap eydlhis location can be set in an interface program
for the controller board. The PIV measurementsdmee at intervals of 4% of the flap cycle
during the rotational phase of the wing and atruatls of 2% of the flap cycle during the
translational phase, producing a total of 34 d#feérdocations. For every location 50 phase-locked
images are taken, where the final velocity fieldmsaverage of these.

To minimize laser light directly reflecting from éhwing surface to the cameras, which
significantly perturbs the PIV measurement, theraheet is oriented perpendicular to the wing
surface and the camera viewing directions are glaparallel to the leading edge. The
measurements are done on the DelFly upper wingul®esom previous researchshowed the
velocity field around the bi-plane wing configuratito be symmetrical, which justifies to do the
PIV measurements on only one wing. For measurenardiéferent phases in the flap cycle, the
DelFly model is rotated around its body to keepupper wing leading edge perpendicular to the
laser sheet. With this set-up the leading edgeexadevelopment is visible without any optical



blockage from the wing itself. Another advantagéhes fact that the measurements can be done at
a constant spanwise location.

Figure 3. Experimental set-up, with highlighted the taill@&eFly Il model

The PIV experiments are conducted on a taillessIRdl model, see figure 3. The set-up is
placed in an enclosed space which is filled withdigg. The seeding is provided by a SAFEX fog
generator. The fog generator produces a non-tostembased fog with droplets with a mean
diameter of 1 m. A Quantel Twins CFR-400 laser illuminates thedeldrom below. The laser
system is a double pulsed Nd:YAG laser. The lassdyxes infrared light at a wavelength of 1064
nm. A harmonic generator halves the wavelength3® mm, which is green light in the visible
spectrum. The maximum power is 200 mJ per pulsefamgulse duration is 7 ns. The time delay
between pulses is set to 2580

The flow region of interest is imaged by two LaVdisi Imager Intense CCD cameras. The
LaVision Imager Intense is a high dynamic 12bitledoCCD camera with a progressive scan
sensor. The CCD chip is 1376 x 1040 pixels withxalsize of 6.45 m x 6.45 m, the total size

of the CCD chip is 8.9 mm x 6.7 mm. The cameraahdeuble shutter feature, with an interframe
time of minimal 500ns to enable PIV measurementsh Bameras are equipped with a lens with a
focal length of 35 mm and a daylight filter. Theedpre setting for the top camera is different
from that of the bottom camera. Since the lasdntligcatters from the particles primarily in
forward direction, the diaphragm of the top camsnaore closed to have equal light intensity for
both cameras. The final camera and laser settisgs for the experiments can be found in table 3.

All image recording and image post processing isedaith the software DaVis 7.2 of LaVision.
The program triggers the camera and laser whenviegean external pulse form the DelFly
controller board and makes it possible to contifious settings like laser power and the time
between two subsequent images. The post procefssiotion of the program uses correlation to
calculate the velocity field from the stereo PIVages. Using images from the two cameras two 2-
dimensional velocity fields can be calculated armihg stereoscopic PIV all three velocity
components in the measurement plane can be detmifelocity field data is exported to
MATLAB for creating velocity plots and further pgstocessing.



Table 3. Settings for the PIV measurements

camera 1 camera 2
size CCD sensor (pixels)1376 x 1040 1376 x 1040
pixel size 6.7 m 6.7 m
field of view 145 x 110 mi 145 x 110 mrh
Camera settings magnification, M 0.061 0.061
optical resolution 105m/pix 105 m/pix
lens focal length 35 mm 35 mm
aperture number; f 11 8
pulse duration 7ns
. pulse separation 256G
Laser settings wave length 532 nm
laser sheet thickness 2.5+0.5 mm
interrogation window 32 x 32 pixels
Post processing overlap 50%
velocity vector spacing 1.7 mm

3. Wing geometry

Little previous work has been published about thin@zation of the flight performance of such a
flapping MAV. Computational approaches for the ge&l of a flexible biplane flapping wing
configuration are restricted by the difficultiesdarrectly modelling and simulating the wing-wake
interactions. The only way to test the influence cefitain parameters is by conducting an
experimental study on a real scale DelFly Il modéis model was selected in order to reduce the
assumptions one has to make if using a non-reathwiDelFly II. If only one wing is tested for
instance, the influence of clap-and-fling is ndteia into account, or if a scaled model is used,
Reynolds effects have to be account for, etc.

The different wing parameters are all connecteghith other and therefore it is difficult to relate
certain change in performance with a certain sipgleameter. It can be assumed that the wing
area, wing shape, stiffness of the leading edgéess of the stiffeners, Reynolds number, aspect
ratio, chord length, wing flapping frequency areadligreat influence on the performance in terms
of thrust generation and power consumption. To ble & know the influence of a certain
parameter, other parameters have to stay fixedhitnresearch, the influence of the stiffness,
orientation and therefore the location of the stiffrs is investigated, while all other parameters
are kept constant. Various tests are done withwiimg shape and aspect ratio as the changing
parameter. Finally the influence of the clap-andgflon the thrust and power is investigated by
looking at a single wing instead of a pair of wings

3.1. Manufacturing method

In order to have similar results between two notthmigentical sets of wings, a well-controled
manufacturing method for constructing and assembthre wings is needed. In many MAV
designs, a practical cut-and-glue method is applidich is simple and cheap. The disadvantage
however is that it is not an accurate and repeatai@thod. Everything is done by hand and
therefore there are many uncertainties due to thmah factor: the foil tension is different,
stiffeners and leading edges are not glued exaxtlthe same place and this method is time
consuming.

Another method is described in reference [13]-[d4dl makes use of a Micro-Electro-Mechanical
Systems (MEMS) technology. With this technologyitanium substrate is laminated, patterned
under UV-light and etched. The result is a “skeiétof leading edges and stiffeners. The skeleton
is now sprayed with parylene-C, the membrane ofatimg. This method is very accurate but not
suitable for this study at this moment, since thiastructure for this technology is not yet

available and setting up a project like this wdigddoeyond the scope of this research.



Because of the drawbacks of the previous two methadother method was developed. This
method uses a CNC machine which mills the contofithe wing and location of the stiffeners

into a wooden plate. After that, the plate is pthoe a vacuum table and Mylar foil is placed on
the plate. Because of the vacuum, the Mylar is esti@nto the plate with no extra tension in the
foil. The carbon leading edges and stiffeners cam he glued to the Mylar with great precision

into the grooves. When everything is glued, the Ghthine cuts the wing contour. This method
is much faster than the normal cut-and-glue metmatithe wing is manufactured with much more
control.

3.2.Influence of stiffener position

The focus of this test lies on the influence dffetier orientation. The orientation of the stiffese
was systematically approached, while the shapeassal of the wing was not changed. First, the
two stiffeners were positioned parallel to eachepthnder five different angles with the trailing
edge (TE): § 31°, 63, 77, 9¢°. The location and wing shape can been seen inefiguEach wing

is tested for 20 seconds at different frequencié®e quoted experimental values of thrust and
power are the average values over that time inteffa@ results of these tests can be seen in figure
5. Wing31 and wing63 (respectively with the stiffem under an angle of 3and 63 with the TE)
give the best thrust-to-power ratio. The higher tieist-to-power ratioT/P), the more thrust
generation for a lower power consumption. The wivithout stiffeners (Wing Clean) has poor
characteristics. For frequencies higher than 11, 8htzsystem failed. The same is true for wing77.
The reason for failure at 11.5Hz is not yet known.
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Figure 4. Schematic representation of half wing with stiferlocation of wingO
(orange), wing31 (purple), wing63 (blue), wing7#e@n), wing90 (red) and wing
standard (dotted)
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Figure 5. Performance plots of wings with parallel stiffemer



This set of wings was also tested with a rigid @mtion between the leading edges and the
stiffeners in order to increase the overall stifmef the wings. When the average values of thrust
and power versus flapping frequency were plotteginall increase in thrust could be observed for
every set of wings, but also an increase in poWee.two resulted in a decrease in thrust-to-power
ratio for every wing with a rigid connection. Natler tests are done with such rigid connections.

To improve the performance of the wing even mooelzinations of wing31 and wing63 are built,
which result in wing6331 (blue) and wing3151 (pedplsee figure 6. The first two numbers
represent the angle of the inner stiffener withTheand the last two numbers represent the angle
of the outer stiffener. The inner angle of wing3liSlincreased otherwise the stiffener could
penetrate trough the foil, this happened with wihg®lots of the performance showed that
wing6331 was the better of the two. For this withg, stiffeners converge from the trailing edge to
the leading edge of the wing. In figure 7, diffdréypes of converging stiffener configuration
(with upper and lower limit of the angles set byng6331) are illustrated. Six different
configurations are tested and the performance ea®én in figure 8.

Figure 6. Wing6332 and wing3151 Figure 7. Converging stiffener configurations
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Figure 8. Performance plots of converging stiffeners comibomes

Wing configuration 4, from figure 7, has the bdsust-to-power ratio of all configurations. The
stiffeners are converged and meet each other aed#ung edge. The thrust generation for the
fully converged wing is not as high as for wing63Buit the increase in power consumption for
wing6331 results in a lower thrust-to-power ratithe improved wing with new stiffener
configuration has an increase in thrust-to-pow&o raf 10% with respect to the original DelFly Il
wing configuration. This wing is used in the aenoayic study described in section 4.

3.3.Influence of stiffener diameter

The influence of stiffener diameter (and therefals® the influence of its stiffness) is investighte
by changing it from the standard 0.28 mm up to &imam of 1.0 mm, see table 4. The difference
in inner and outer diameter of the stiffener wabult in a different deformation during flapping.
This can be translated to a difference in thrusegation and power consumption. From figure 9 it



can be observed that the thrust and power incnedbethe increase of cross-section area of the
stiffener. The thrust-to-power ratio, however, @ases with increasing cross-sectional area. A
wing with 0.28 mm stiffeners has the best charaties. The wing with 1.0 mm diameter
stiffeners is not plotted in figure 9 because thexinanism failed at wing flapping frequencies of
10Hz and higher. This wing is relatively heavy omparison to the other wings and therefore the
motor controller was unable to control the wingfiang frequency due to high inertial forces.
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Figure 9. Performance plots of wings with different stiffemieickness

Table 4. Stiffener properties

Diameter [mm] Wing mass [g]
0.28 11
0.5 1.3
0.7 (outer) - 0.3 (inner) 1.4
1.0 (outer) - 0.3 (inner) 1.7
1.0 2.2

3.4.Clap-and-peel effect for DelFly

DelFly makes use of the clap-and-peel mechanisgaio extra thrust (lift) force. To investigate
the exact gain in thrust, a single DelFly wing wested on the model to assess the performance of
one single wing. The difference between the thgesteration of the biplane configuration and
twice the thrust generation of a single wing i®ipteted as the interaction, i.e. the “clap-and-pee
effect”. Figure 10 shows a plot of thrust verswegfrency for a single wing (blue diamonds) and a
biplane configuration (red stars). The thick sdifee (blue) represents the doubled values of the
single wing. From this figure it can be seen thatadditional 6% in thrust is gained due to the
clap-and-peel effect of DelFly Il. This is much lewthan the gain that insects get from this
aerodynamic mechanism, which is generally assdsskd around 25% on average. A study on a
10 cm MAV of 2.3 g*® showed an increase in thrust due to clap-and-flihich is strongly
related to relative wind speed. The higher thetindavind speed, the greater the clap-and-fling
benefit. This can explain the difference, becabeddsts in this study are done for hover condition
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Figure 10. Effect of clap-and-peel on DelFly

4. Aerodynamics and aeroelasticity

In order to obtain further insight into improvementflight mechanics, a detailed experimental
study is performed of the aerodynamics and aerigtgsof the DelFly 1l. Here the flow
dynamics as well as the wing deformation is studigdmeans of Particle Image Velocimetry
(PIV). At the same time thrust and power consunmpéice recorded, so these can be related to the
instantaneous flow field structures in any phagaiwithe flap cycle.

4.1.DelFly wing deformation

The wings used on DelFly Il are made from Mylar f@ith carbon stiffeners and a D-shaped
carbon rod for the leading edge. The in-flight weltape is determined by aerodynamic, elastic
and inertial forces. The aerodynamic forces araiin influenced by the wing shape, leading to a
complex fluid-structure interaction. Determinatiohnthe in-flight wing shape is important to help
explain aerodynamic effects. They can also be aseah input for numerical flow simulations of
flapping flight, such as the work of F.M. Bes al*”! or as a benchmark for future full fluid-
structure interactions simulations.

To compare the original DelFly 1l wing with the ingwved wing, the wing shape is extracted from
images taken during the PIV experiments. In figltethe wing shape of the original DelFly Il
wing at various moments during the flap cycle isvgh for the non-dimensional time,= t/T,
whereT is the flapping period. In figure 12 this is shofen the improved wing. For both figures
the cross-sections are taken at 100 mm from the(@d1R) and the wing flapping frequency is
11 Hz. From figure 11 it can be seen that the palgDelFly 1l wing is more flexible during the
rotation ( = 0.5) than the improved wing. The stiffeners B hew wing are placed more
outboard compared to the stiffeners on the origimialg. This gives the improved wings more
rigidity at locations near the wing tips.

The wing shape of both wings during the translaflmsth in-stroke as out-stroke) are comparable.
The path of the leading edge of both wings dessribBigure of eight. The cross-sections in figure
11 and figure 12 show the foil folded over the 2y3bd leading edge carbon rod. The orientation
of the carbon rod gives rigidity in the stroke difen but allows the leading edge to bend up and
down more easily. Previous research has showntthisave a positive effect on the thrust

generation.
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Figure 11. Cross-sections of the original wing during a fagle at a wing flapping
frequency 11 Hz at a spanwise location of 100 namfthe root (0.7R).
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Figure 12.Cross-sections of the improved wing during a figple at a wing flapping
frequency 11 Hz at a spanwise location of 100 nemfthe root (0.7R).

4.2.DelFly force and power measurements

In the geometry study, described in section 3,sthaind power consumption are measured for
various wings. The averaged thrust over a numbeflagiping cycles is plotted against wing
flapping frequency. Figure 10 shows a clear lirinarease in thrust with frequency. To relate the
thrust and power consumption during a flap cycleh® flow field, they have been measured
during the PIV measurements. Unfortunately the shmneasurements suffered from severe
mechanical resonance in the force measurementsys$tee high accuracy force sensors act as a
relatively soft spring. Together with the DelFly ded the natural frequency of the whole system
lies within the measurement range. Extra testsvacaum chamber have shown only the first two
modes of vibration (twice the forcing frequencynhdae ascribed with certainty to aerodynamic
forces. To eliminate the vibrations caused by rasoa of the set-up, a low pass filter has been
constructed to examine the thrust generation wighilap cycle. The passive low pass filter, based
on a Fourier transformation, has a cut-off freqyemf twice the forcing frequency. A
disadvantage of using this filter is that all agmamically related thrust fluctuations with a small
characteristic time are also filtered out.

Figure 13 shows the thrust during one flap cycle Vfarious frequencies scaled for the non-
dimensional time,. The thrust generated during the out-stroke ikdrighan during the in-stroke.
Previous resear€hhas contributed this to the fact that at the beigin of the out-stroke the peel
mechanism contributes to extra thrust. A compartsemveen the original wing and the improved
wing shows little difference in the thrust geneasati The geometry study already showed the
average thrust to vary little. The improvement lné hew wing is mainly found in the power
consumption. A comparison of the power consumpsbows the improved wing to have an
overall smaller power consumption over the wholapflcycle. This could mean an overall



improvement in drag, which is not measured for eaicty individually. Since the improved wing
also shows reduced power consumption in vacuumpthevement is also elastic-mechanical.
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Figure 13. Thrust generated during a complete flap cycle

4.3.DelFly flow field measurements

The flow field around the DelFly wings is studiesing stereoscopic PIV, which provides all three
velocity components in the plane of the laser shds in-plane velocity components are used to
investigate the vortex dynamics in the cross-seatiplane normal to the wing leading edge. The
out-of-plane velocity component represents theargl@aomponent parallel to the leading edge.

For the investigation of the vortex developmeng Welocity field is used to calculate swirling
strength instead of vorticity, since vorticity dasst only indentify vortex cores but also shearing
motion within the flow. The location of vortex cerés determined from the swirling strength,
which is calculated according to the method of Rdrian et all*®. The swirling strength of a
local swirling motion is quantified by, the positive imaginary part of the eigenvaluehef local
velocity gradient tensor.

In figure 14 the swirling strength at various motseduring the flap cycle is shown for the
improved wing at a spanwise location of 100 mm frtdme root (0.7R). A wing flapping
frequency of 13 Hz is used, since at this frequesmayugh thrust is generated to sustain hovering
flight. The corresponding phase in the flap cyslshown in figure 12. In figure 14 it is shown that
at both the in-stroke and out-stroke at the trgikiige a strong starting vortex is generated ¢hat i
sustained during the next half-stroke. Halfway dgrihe out-stroke a leading edge vortex (LEV)
is generated (B), which is (partially) shed (C) agroawn back to larger strength (D). At the
beginning of the in-stroke (E) the LEV is dissightelalfway during the in-stroke another LEV is
generated (F), which again appears to be (paitidhed (G) and grown back (H). At the
beginning of the out-stroke (A) when the leadingexitouch, the vortices interact and dissipate
when the leading edges start moving apart agagantbe seen that during the translation a LEV is
present. The LEV does not appear to be as stabiteiasect flighE"!, as some vortex shedding
is observed. This could be due to the relative Hrgynolds number. DelFly operates at a
Reynolds number of 15,000 while insects fly at Réga numbers varying from 10 to 10,000.
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Figure 14. Swirling strength at various moments during thepficycle, showing
leading edge vortices (LEV) and trailing edge \aa$i (TEV) during out-stroke (1)
and during in-stroke (2). The swirling directiorta&en from velocity field images.



Examination of the spanwise variation of the vortievelopment shows a conical growth from
spanwise locations near the root to the tip. Atwlieg tip, however, all vortices are no longer

present in the investigated flow region. Also tHeVL.shedding is shown along the span. In figure
15 the swirling strength during the in-stroke at 0.84 is shown for three spanwise locations.
Between 0.5R and 0.8® the LEV grows and a partial shedding is shown.@tRand at 0.8R.

At the wing tip no swirling is present in the planermal to the leading edge. Investigations into
the out-of-plane velocity in insect flighf, show a axial flow present within the LEV for high

Reynolds numbers. The current research also shmvpresence of axial flow in the vortex core
where the out of plane velocity component is agdaas the wing tip velocity at a spanwise
position of 0.8&.

| &L/s]
— 100C
60[ 0.5 t=0.84 60[ 0.71R 60[ 0.8R t=0.84
40 40 40 800
_. 20 o} _. 20
€ £ £ 600
E E E
w 0 o 0 w 0
3 3 3 =i 400
> .20 - > .20 . > .20 o
" s
«40 «40 +40 200
60 *l.-.._ 60 60 0
50 +30 <10 10 30 50 50 +30 <10 10 30 50 50 +30 <10 10 30 50
xeaxis [mm] xeaxis [mm] xeaxis [mm]

Figure 15. Swirling strength at various spanwise positiorrs fg 0.84

One parameter to change the Reynolds number igytitathe wing flapping frequency. In figure
16 the swirling strength is shown for wing flappifigquencies varying from 9 Hz to 13 Hz at a
spanwise location of 0.Rlat = 0.78. The LEV is present at all frequencies sathe partial
shedding halfway during the in-stroke. Not justtlus figure but for the whole flap cycle it can be
said, that for a wing flapping frequency of 13 Hmprticity is concentrated more closely to the
wing surface. Further investigations into changiRgynolds number and spanwise vortex
development are currently being conducted by shgligigh aspect ratio wings.
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Figure 16. Swirling strength at various flapping frequendes = 0.78

5. Conclusions and recommendations
An experimental campaign was conducted to impraeeflight performance of the flapping wing
MAYV DelFly Il. Also an aerodynamic and aeroelastiudy has been performed using PIV.

The cut-and-glue method for building DelFly wingassfound inefficient and inaccurate for this
study. A new method was found by augmenting theittamal cut-and-glue method with vacuum



technique and usage of a CNC-machine. This methoister, more accurate and the wings
perform better than the traditional built wings.

Changing the DelFly wing-geometry affects the ftigharacteristics and performance of DelFly.

Increasing stiffener thickness was found ineffextifklthough thrust increases, the thrust-to-power
ratio reduces. By optimizing stiffener orientati@m increase of 10% in the thrust-to-power ratio
of the system is obtained. From the PIV imagesit be seen the improved wing shows a more
rigid rotation, than the original wing. The larg@strease in performance is found in the power
consumption. The increase in thrust is smallerabse the driving parameters for the thrust (wing
area, Reynolds number, stroke angle) are kept aoinsthe power consumption is reduced over
the complete flap cycle, which could mean an imprognt in drag. Since the improved wing also
shows reduced power consumption in vacuum, thedugat wing is also an elastic-mechanical

improvement.

The influence of clap-and-peel is investigated DaeiFly. Clap-and-peel results in an increase in
thrust. When the wings clap together a momenturarjgincing lift is created and when the wings
peel apart air is sucked in between enhancing laition. The thrust generated during the out-
stroke is therefore higher than for the in-strdker. DelFly, clap-and-peel results in a 6% increase
in thrust.

Investigations into the swirling strength around BelFly wing in hovering flight show a leading
edge vortex (LEV) during the in- and out-strokeeTtEV appears to be less stable than in insect
flight, since some shedding of LEV is present. Mugtices are larger at the outboard span
locations, but no longer present at the tip.

Investigations of the out-of-plane velocity showpmanwise velocity within the vortex core. More
investigations into the 3-dimensional vortex stmuetaround the DelFly wing and the effect of
Reynolds number is being conducted. Future reseailtiiocus on forward flight of a complete
DelFly model. It is known the tail has importanfeets on performance and stability. Further
investigations are proposed for tail effects.
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