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ABSTRACT

The objective of this project is to develop a battery-
powered  ornithopter  (flappingwing) Micro  Aerid
Vehicle (MAV) with MEMS wings. In his paper, we
present a novel MEMShased wing technology that we
developed using titanium-aloy metd as wingframe and
paylene C as wing membrane.  MEMS technology
enables systematic research in terms of repeatablility,
size control, and weight minimization. We constructed
a high quaity lowspeed wind tunnd with velocity
uniformity of 05% and speeds from 1 m/s to 10 nv/s.
We have teted and have dudied the unsteedy-state
aerodynamics of various types of MEMS wings.
Findly, we built lightweight ornithopters with electric-
powered transmission system and have demongrated
successful  free flights of with flight duration ranges
from 5 to 18 seconds.

INTRODUCTION

We sarted this project with two difficult constraints.
The first constraint was that the flyer must be a MAV
and, by definition, MAV must have a total wingspan
less than 15 cm. The second constraint was that the flyer
must fly by flapping wings (an ornithopter).
Unfortunately, aerodynamics of flappingwing flight,
especidly MAV  sze, is dill na a fully-explored
subject. There have been studies of insect flights [1-3];
however, unlike fixedwing aerodynamics, there have
not been any avalable design rules for flgpping-wing
aerodynamics for MAV sze. As a rexult, we beieve
that there are two @proaches for this project. One is to
learn from natural MAV flyers and try to mimic them.
The other is to sudy flappingwing aerodynamics
oursalves and try to improve them.

From our analyss of natura MAV flyers, we find that
the MAV size fals within the range of amal birds, bats,
hummingbirds, and large insects [4]. Fgure 1 shows
some samples of natura flyers. We edimate that these
flyers of MAV size weigh about 7-10 grams and we
believe our ornithopter should weigh about the same
Shown in Figure 2 is datisticd data on the speed vs.
sze reationship from a wide range of birds [5]. The
general datidtical tendency shows that the flight speed
can be approximately given by:
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Figure1: Sizeof natural flyers
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where U is the flight speed in nvs and m is the mass in

grams. From detidtica data on wing beat rate vs. wing
length [4], and wing begt rate vs. mass [6] for birds and
insects, a relationship of wingtip speed, Uyerica, and
mass can be deived and are given by these following
relaions:
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Figure 2: Hight speed of birds[5]
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Figure 3: Flight regime of Steady-state and unsteady -state of natural flyers

Combining equations (1) to (3), a plot of wingtip speed
and flight speed vs. mass of insects and birds can be
obtained as shown in Figure 3. The flight of flyers can
be spaated into two regimes quassteady and
unsteady states.  For larger flyers, their flights can be
approximated by quas-deady -state  assumptions
because ther wings flap a lower frequency during
cruising. This means the wingtip speed is low
compared to the flight speed. Thus larger birds, such as
eagles and seagulls, tend to have a soaing flight. Their
wings behave dosdy to fixedwings. On the other
hand, smdler birds and insects fly in an unsteady-state
regime in which their wingtip speed is fagter than their
flight speed. From Figure 3, we conclude that our
MAV ornithopter (mass 7-10 grams) operates in an
unsteady-state flow regime. The arflow over the wings
is not congant in time and cannot be gpproximated by
quas-deady -state  assumptions.  During the unsteady-
gtate flight, the airflow is separated from the wing at the
leading edge and a separation “bubble” isformed during
downgtroke to generate a high lift diring flight [7]. The
vortex bubble is formed as the gSagnation dreamline
rolls over the leading edge.  This bubble continues to
grow during the downstroke and is shed a the sart of
the upstroke.

Thus, one of the most difficult and chdlenging tasks is
to design and develop a highly efficient wing that has an
unsteady-dtate aerodynamic advantage.  The wing must
be light and strong. In addition, it also has to be able to
withstand high flapping frequency without bresking and
is capable of generating enough lift and thrust to fly the
prototype vehicles.

DESIGN AND FABRICATION

Since our first approach is to learn from naturd flyers
and mimic them, we firg desgned our wings based on
bat wings and other insect wings, such as beetle and

dragonfly wings. We developed a MEMS fabrication
process udng dlicon and paylene C to make
wingframe and membrane, respectively. These
fabricated wings are shown in Figure 4. The bone width
of the bat wing is 350 mm and the membrane thickness
for both wings is 15 nm. However, slicon wingframes
were too fragilee They broke easily. Therefore, we
have developed a new process udng titanium-aloy
meta aswingframeinstead.

a) Silicon bat wing

b) Silicon dragonfly wing

Figure 4: MEM Sfabricated silicon wings
Titanium-alloy Metal Wings

We have experimented with various materids for
wingframe sructure.  For example, duminum metd is
light in weight but it is too soft. Stainless sted is strong
but its dengity is twice as high as that of titanium-alloy
metd. The etchant solution (FeCls) is dark brown in
color and is imposshle to judge when the etching is
finished. Besides, the etching process of sainless sted
must be performed & a high temperaure in order to
yield areasonable etching rate.

We have chosen titaniumdloy metd for severd
reasons.  Frgt, it is light and strong.  Second, it can be
eadly tapered to vary the thickness of wingspars. Third,
snce titanium-aloy is ductile, it can be bent to create
wing camber to improve peformance. Findly, the
etching process of titaniumaloy can be conducted at
room temperature with reasonable etching rate.  For



wing membrane, parylene C is sdected because it can
be deposited directly onto titaniumaloy at any desred
thickness.  Its adhesion to titaniumdloy is excelent.
Moreover, it is light, strong, and can withstand high
flapping frequency of more than 30 Hz without tearing.
Lastly, parylene C is deposited at room temperature and
yields a conformd coaing. Thus step corners ae
uniformly covered.  Figure 5 shows various fabricated
titaniumaloy MEMS wings, ranging from insect wings
to dmple spar wings. Table 1 shows sdected
mechanical properties of both titanium-aloy metd and
paryleneC.
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Figure5: Titanium-aloy M EMSwings

Table 1. Mechanicd Propertties of Ti6AI4V [8] and
Parylene C [9]

Properties Ti-6Al4V Parylene C
Density, g/om® 45 13
Young's Modulus, GPa 110 3
Tensile Strength, MPa 100 70
Yidld Strength, MPa 97 56
Coefficient of Therma 09 35
Expansion, x107° C

Fabrication process

We have tried to use a conventiond method, i.e usng
cabon fiber rod, mylar, and glue to meke wings
However, we found that making wings tha way is
cumbersome, Glue ds adds ggnificant weight.
Moreover, identicd wings are difficult to achieve unless
a mold is made. This is codly, timeconsuming, and
dow. This method cannot accommodate effectively the
study of the design variable changes.

For many reasons we clam the new MEMS wing
technology is necessary because MEMS wings enable
systematic research in term of repeatability, size ontrol,
weight minimization, mass production, and fast turn
around time. Moreover, complicated structures, such as
dragonfly, butterfly, and beetle wings, as shown in
Figure 5 b), ¢) and d), respectivdly, can be easly

fabricated using photolithography technology.  Figure 6
shows the fabrication process of titanium-aloy MEMS

wing.
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Figure 6: Fabrication process of titanium-
aloy MEMSwings

First, a 250mmthick titaniumalloy substrate is
deaned in ftrichloro ethylene (TCE) for 20 minutes.
Later, it is dipped in a diluted HF solution to roughen
the surface. Dry film resist is then laminated on both
sdes. The resg is paterned and hardbaked & 120 °C
for 20 minutes. The subdrate is then etched in a
solution of HFE-HNO;H,O = 52100 in volume. We
find that if the concentration is stronger, the esist will
ped off before the etching is finished. At this
concentration, the etching rate is about 25 nm/min.
Since this is an isotropic etching, the undercut rate is
about the same. Therefore, undercut must be taken into
aconsderation during the mask design.

After the etching process is finished and the wingframe
is formed, the resist is stripped from both ddes in a
diluted KOH solution. Dry film resist is relaminated on
the backsde as a plafform for parylene C polymers to
deposit on. Parylence C is then deposited. Afterwards,
dry film redst is stripped. Finaly, in order to
dgrengthen wing membrane, the second paylene C
deposition is performed.

We find that having the right maerid as a mask during
etching is important. A crucid fabrication hurdle is
rdeasng a lage aea of wing without damaging the
membrane itsdf. The photoresst chosen mugt have an
ability to withstand HF and HNO; acids and can be
dripped off without destroying the titaniumaloy metd
and the paylene membrane. We sdected negative dry
film resst and found that its adhesion to titanium-alloy
subgtrate was good. It could be stripped off easily in a
diluted KOH solution if the film was exposed under the
UV light beforehand.  Both titanium-aloy wingframe
and parylene membrane were also not attacked at al.



TESTING AND RESULTS
Mechanical Testing

The wing diffness test setup is shown in Figure 7. The
wing is clamped a its root. A blade, connected to a
loadcel and an XYZ dage, is used to probe a various
section of the wings A plot of spring vs. normdized
distance from wing’ sroot constant of abutterfly wi  ng
is shown in Figure 8. We see that MEMS wings can be
tapered to vary thickness according to naturd wing
stiffness distribution. Tapered wings' stiffness, when
normalized with weight, is aso comparable to that of
the naturd wing.
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Figure 7: Soring congtant test setup schematic
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Figure 8: Spring constant of butterfly wings

Transmission Design

We built a lightweight, lowfriction transmission
mechanism to convert the rotary motion of the driving
motor into the flagpping motion of the wings based on
smplicity, minimal weight, and flagpping symmetry.
This design redrict the flapping motion in a plane
perpendicular to the motor shaft and is shown in Figure
9. A gmdl DC motor with gearbox ratio of 22:1 was
used to drive the transmisson. MEMS wings were
mounted on the transmisson sysem and severd
flapping tests were performed. The wings could
withsand more than 30 Hz of flapping without
bresking. Therewere aso no tears on the membrane.

Wind Tunnel Test Results
The MAV aerodynamic study was conducted at UCLA

in ahigh quality low-speed wind tunndl with velocity
uniformity of 0.5% and speeds from 1 n/sto 10 m/s.

Figure9: Transmission system

The wind tunne has a 30x30x60 cm test section with a
4:1 contraction.  Force messurements were taken usng
low capacity 2D force loadcdls. The aerodynamic
performance of naural insect wings, carbon fiber wings,
and MEMS wings has been studied. As shown in
Figure 10, wind tunnd test results show that spanwise
diffness is an important factor in lift production in
flapping flight. For the same sze of wings, cicada
wings with rigid leading edge produce larger lift
coefficients compared to our previous design of metd
bat wings whose leading edgeisflexible.
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Figure 10: Spanwise gtiffness effect

The lift and thrust coefficients can be expressed as
follows:
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where L, T, U, A, r are lift, thrust, flight speed, wing
planform aea, and ar dendty, respectively. The
advance ratio J is the ratio of the flight speed to the
speed of thewingtip and is given by:

2Ffb
where F, f, b are droke angle, flapping frequency, and
wing semi-span, respectively.  Typicdly, unsteady-state
flight has an advance ratio of less than 1. For example,
natural fliers such as bumblebee, black fly, and fruit fly
have an advance raio in free flight of 0.66, 0.50, and
0.33, respectively [10].

Wind tunnd test results shows that naturemimic wings
with complicated sructure performed poorly compared
to wings with smple designs listed in Table 2. Thus,
Lift and thrust coefficients for these smple-desgned
wings are shown in Fgure 11. Fgure 12 shows the
input power required to flap these wings. Our current
MEMS wing design D (CIT7x3S20) with rigid leading
edge shows the best result in terms of lift, thrust, and
power required. It only needs 1 watt to flap at 30 Hz.

Table 2: Properties of Various Wing Designs

Wing types A B C D
Weght (each), mg 220 | 220 | 170 | 170
Frame materid C C Ti Ti
Membrane materid myl | pap | par | par
Angle of diag. 308, deg 45 [ na| 10 | 20
Planform LxW, cm ™5 | P3| B3| 3

C = carbon fiber; Ti = Titanium-dloy;
myl = mylar; pap = paper; par = paryleneC; L =
spanwise; W =chordwise

3
_- B&D
7o oy O
57 [N
5 2 A"%ﬁ A: Carbon rod
® 15 K
o %h:'j: +mylar
S, K
= .
X [l
C B: Carbon rod
0 05 1 15 2 25 3 4o

Advance Ratio, J = U/(2Ff b)

S
9 045 . O ﬂ
& 94 :
2 9% ? C: CIT7X3SI0
g O 8
R
w 0'15 % V4 A, B&C ﬂ
> - |
£ o1 qf"% e L] |
0.05 R S B
ot s D: CIT7X3520

0
00505 1 15 2 25 3
Advance Ratio, J= U/(2Ff b)

Figure11: Lift and thrust coefficients of
various types of wings

14

A B i C
12 \‘/ :
<
E 1 ) "o#/
o o 3
- 9 )bl:l
T 08 o
g o6 9. g
5 < 30
g 04 oticE
€ e
02 2l
fﬁ&gl:ﬂ“’%ﬁj

0 t_ﬂ.ﬁ H

0O 5 10 15 20 25 30 35
Flapping Frequency, f [HZ]
Figure 12: Input power

PROTOTYPE VEHICLES
Super Capacitor-Powered Ornithopter

We bhuilt a super capacitor-powered eectric motor free-
flight ornithopter, shown in Figure 13, which weighs
only 65 grams. The system is composed of an eectric
motor, a transmisson system, two I1-faad super
capacitors, MEMS wings, a carbonfiberrod fusdage,
and tail sabilizers.  On the bench tet, the flapping
duration was less than a minute before having to
recharge the capacitors. This is much shorter compared
to the NiCd battery’ s dischargetie

Figure 13: Super cgpacitor-powered ornithopter
Battery-Powered Ornithopter

Since our god is to use a batery to provide a longer
power source, we built a battery-powered ornithopter
MAV as shown in Figure 14. We redesigned the body
and replace super capacitors with a batery and a dc-to-
dc converter. The mass summary isshownin table 3.

Figure 14: Battery-powered ornithopter MAV



Table 3: Mass Summary for Battery -Powered

Ornithopter
Components Weght
@
MEMSWings 04
Motor & Transmission system 31
Battery 30
DC-to-DC Converter 19
Fusdlage, tail, switch, wires, etc. 22
Totd weight 10.6

The lightest rechargesble battery avalable we found is
Sayo NiCd N-50. It weghs about 35 grans We
timmed the casng as thin as possble to reduce the
weight to 3 grams. Since the NiCd battery produces
only 1 volt nominadly and the drive motor requires 4 to
6 volts, a DC-to-DC converter is custom-built to step up
the voltage to the necessary 4 to 6 volt level to operate
the dectric motor. It weighs only 19 grams  The
voltage output is adjustable and can be st before each
flight tet. The advantage of the converter and a NiCd
cdl power system is that it is light weight and tekes
advantage of the good specific power and specific
energy of the 50 mA-hr NiCd cdl. We canot use a
higher quantity of smaler batteries to deliver the same
power and performance due to the weight congtraint.

Figure 15: Recent flight test
Flight Test

A recent flight tes is shown in Fgure 15. We have
tested metd wings and carbon fiber wings with both
ornithopters.  Fight duretion of 5 to 18 semonds were
achieved. So far, the best flight duration for super
capacitor-powered ornithopter was 9 seconds and 18
seconds for battery-powered ornithopter.  The duration
ismainly limited by the power system and vehicle's
weight. In both cases, the meta wings did not bresk.

We find that there are severd chdlenges in order to
achieve a successful sustained flight.  First, the wind
condition must be perfect. Often during flight test, the
wind speed and direction shifted congtantly.  Second,
the trim of tal stabilizer must be crucid. Findly, each
launch motion must be the same. We ds bdieve tha
our current wings and ornithopter are not optimized,
thus we hope future flight duration can be improved.

CONCLUSION

A novd titaniumdloy wingframe technology has been
devdoped for MEMS wings  Severd MEMS wings
were fabricated with parameters, such as chord and spar
widths, membrane thickness, number of spars, and
sweep angle, varied. We bedieve that only MEMS
technology can easily and systematically accommodeate
these many variable changes with a fast turnaround
time.  Wind tunnd tests were peformed in the high
quality wind tunnd a UCLA. Wings have been tested
under cyclic conditions to assess longterm religbility.
Super capacitor-powered and battery powered
ornithopters were built. The best free flight duration of
9 and 18 seconds were achieved by super capacitor-
powered and battery-powered ornithopters, respectively.
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