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❑ UAV:  Micro Air Vehicles (MAVs) and Nano Air Vehicle (NAV)

• MAVs: small air vehicles with wingspan less than 15 cm and 

capable of operating at speeds of  about 10 m/s.

• NAVs: airborne vehicles no larger than 7.5 cm in length, width 

or height, capable of performing a useful military mission at an 

affordable cost and gross takeoff weight (GTOW) of less than 

or equal to 10 grams.

• Applications of MAVs:

– Militaristic Applications

– Surveillance

– Chemical/Radiation Detection

– Rescue and Life Detection

– Visual Inspections

– Toys

Fixed-Wing MAV design Rotary-Wing MAV design Flapping-Wing MAV design

A flying robot developed by Harvard 

University

http://www.spatialrobots.com/wp-content/uploads/2007/10/robot_fly.jpg


❑ AFRL Video about MAV



❑ Aerodynamics of Micro-Air-Vehicles (MAVs)

• “Scale-down” of conventional airfoils could not provide sufficient aerodynamic performance for 

MAV applications.

• It is very necessary and important to establish novel airfoil shape and wing planform design 

paradigms for MAVs or NAVs in order to achieve superb aerodynamic performances to improve 

their flight agility and versatility.



❑ Topic  #1:  An Experimental Study of a Bio-inspired 

Corrugated  Airfoil at Low Reynolds Numbers

b. Flat plate

a. streamlined airfoil

Which one is better for MAVs?
Why???

C. corrugated dragonfly airfoil



b. Flat plate

a. streamlined airfoil

C. corrugated dragonfly airfoil

Which one is better for MAVs?   Why???

❑ Bio-inspired Corrugated Airfoil for MAV Applications
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Profiles taken from Kesel, A. B., Journal of Experimental 

Biology, Vol. 203, 2000, pp. 3125-3135 



❑ Aerodynamic Force Measurement Results

Re=50,000
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❑ PIV  Measurement Results  ( AOA = 12.0 deg. ,   Re=58,000)

A. instantaneous results

B. ensemble-averaged results
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❑ PIV  Measurement Results ( AOA = 14.0 deg. ,   Re=58,000)

A. instantaneous results

B. ensemble-averaged results
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❑ PIV  Measurement Results ( AOA = 12.0 deg. ,   Re=58,000)
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❑ PIV  Measurement Results ( AOA = 14.0 deg. ,   Re=58,000)



Topic  #3: An Experimental Study of Membrane Wings for 

Flapping-Wing MAV Applications 



• Flapping flight is one of the most complex yet widespread modes of transportation 
found in nature .  

• Flapping flight has undoubtedly been a sophisticated realm of flight and has intrigued 
human beings for hundreds of years.   

• Flapping flight seems to be the best choice for in-door Micro-Air-Vehicle (MAV) 
applications. 

– Fixed-wing MAVs do not have the required agility for obstacle-avoidance in 
indoor flight, and are incapable of hovering.

– Rotary-wing MAVs suffer from wall-proximity effects, and are too noisy and 
usually inefficient for low Reynolds number flight.

❑ Flapping Flight:  the Best Choice for In-door Flight Applications



– To further our understanding about flapping flight for MAV design

• To assess the aerodynamic benefits of flapping flight compared to soaring flight.

• To quantify aerodynamic force generation (i.e., lift and thrust) due to flapping motion as 

functions of flapping frequency, forward flight speed, and orientation angle of the 

flapping plane with respect to the incoming flow.

– To quantify skin flexibility (rigidity) of the tested wings on their aerodynamic performances

for soaring flight and flapping flight applications. 

❑ The Objectives of the Present Study

K. Jones @ Naval Postgraduate School, USA Robert Wood @Harvard 
MicroBat developed by Aerovironment and 

Caltech 

http://www.spatialrobots.com/wp-content/uploads/2007/10/robot_fly.jpg


❑ The Tested Wings

B. Flexible membrane wing #1 - Nylon Wing

C. Flexible membrane wing #2 - Latex wing

A. Conventional rigid wing - Wood  Wing as 

the baseline for comparison

Tested

Wing

Mass 

(g)

Area of wing 

plateform 

(cm2)

Wing 

span

(cm)

Chrod at 

mid-span 

(cm)

Flapping 

angle 

(Deg.)

Rigid 

wing

60 475.1 36.8 16.5 47.4

Nylon 

wing

16 475.1 36.8 16.5 47.4

Latex 

wing

30 475.1 36.8 16.5 47.4



❑ Flapping Mechanism

• For the present study, parts from a Cybird P1 manufactured by NEUROS Corp. 

were used as the mechanism to generate the flapping motion and the wing 

configuration platform.



❖ Orientation angle, OA= -10, -5, 0, 5, 10, 15 and 20 degrees;

❖ Incoming flow speed, V∞= 0, 1.0, 2.0, 4,0, 6.0, 8,0 and 10.0 m/s.

❖ A 6-component load cell (JR3) was used to conduct force measurements.

❖ Data acquisition: 60,000 samples with data sample rate of 1,000 Hz  for each case. 

❖ Chord Reynolds numbers: Rec = 10,000 ~ 100,000.

❑ Experimental Setup 

Orientation 

angle

Incoming 

flow

AFRL Low-speed wind tunnel at UF-REEF



❑ Soaring  Flight Experiments

• During the soaring flight experiments, the rigid leading edges of the tested wings were 

positioned horizontally.  

• The test models were fixed wing MAVs.

• Incoming flow velocity in the test section (i.e., the forward flight speed) was varied from 1.0 

m/s to 10.0 m/s. 

• For soaring flight, the orientation angle (OA) is actually the angle of attack of the tested 

wings with respect to the incoming flows 

Orientatio

n angle

Incoming 

flow



❑ Measurement Results In Soaring Flight

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

D
ra

g
 C

o
e
ff

ic
ie

n
t,

 C
D

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1.0

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

L
if
t 

c
o

e
ff

ic
ie

n
t,

 C
L

0

0.05

0.10

0.15

0.20

0.25

0.30

0.35

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

D
ra

g
 C

o
e
ff

ic
ie

n
t,

 C
D

-0.4

-0.2

0

0.2

0.4

0.6

0.8

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

L
if
t 

c
o

e
ff

ic
ie

n
t,

 C
L

0

0.05

0.10

0.15

0.20

0.25

0.30

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

D
ra

g
 C

o
e
ff

ic
ie

n
t,

 C
D

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1.0

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (degrees)

L
if
t 

c
o

e
ff

ic
ie

n
t,

 C
L

Soaring velocity V=2.0 m/s, 

Rec=20,000
Soaring velocity V=4.0 m/s, 

Rec=40,000

Soaring velocity V=8.0 m/s, 

Rec=80,000



-8

-6

-4

-2

0

2

4

6

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (deg.)

L
/D

-8

-6

-4

-2

0

2

4

6

8

-10 -5 0 5 10 15 20 25

Latex Wing

Nylon Wing

Wood Wing

Orientation angle (deg.)
L

/D

Soaring velocity V=2.0 m/s, 

Rec=20,000

Soaring velocity V=4.0 m/s, 

Rec=40,000

Soaring velocity V=8.0 m/s, 

Rec=80,000

• Flexible membrane wings could provide better aerodynamic performance compared with conventional rigid 

wing for soaring flight or fixed-wing MAV applications.

• The aerodynamic benefits of using flexible membrane wings for soaring flight are highlighted for the cases 

with relatively high soaring speed and high angles of attack, where the induced deformation on the flexible 

membrane wings become more obvious.  

• The nylon wing, which is less flexible than the latex wing, was found to have the best overall aerodynamic 

performance among the three tested wings for soaring flight. 

• It is important to chose a proper flexibility (or rigidity) of the membrane skins in order to achieve improved 

aerodynamic performance by using flexible-membrane airfoils/wings for fixed-wing MAV applications.
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❑ Measurement Results In Soaring Flight



❑ Flapping  Flight Experiments
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❑ Inertial Force Corrections

B. Nylon wing – Nylon (16g)

C. Latex wings – latex (30g)

A. Rigid wings – wood (60g)
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❑ Characterization of Aerodynamic Performance of Flapping Flight
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V:   Incoming flow velocity / flight speed 

b:    wing span half length

f:     wing beating frequency

:   wing flapping angle 

S:    area of wing planform

Aerodynamic benefits of flapping flight:

Thrust and lift augmentations due to flapping motion: 

• Advance ratio, J :

J =

=

Wing tip velocity

Incoming flow velocity

2 f b

V

• J >1,    flapping flight in quasi-steady regime

• J < 1,   flapping flight in unsteady regime

• The advance ratio of the bumblebee, 

black fly and fruit fly in free flight is 

0.66, 0.50, and 0.33 respectively



❑ Flapping Measurement Results

Flexible Nylon Wing, OA =10.0 deg.
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❑ Flapping Measurement Results

Flexible Latex wing, OA=10.0 deg.
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❑ Measurement Results for Flapping Flight

Rigid Wood Wing, OA=10.0 deg.
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❑ Comparison of the tested wings
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❑ Topic  #4: Unsteady Vortex Structures in the 

Wake of a Piezoelectric Flapping Wing



❑ Flapping Mechanism for Flapping Wing MAVs and NAVs

• Piezoelectric actuator–based flapping Mechanism

• Compact in size

• Simple structure

• Much higher flapping frequency , f= 60~200Hz

• Mechanical flapping mechanism

• Bulky in size

• Structure complex

• Relatively low flapping frequency  f < 15 Hz

Piezoelectric actuator

Fruit fly @50 ~ 150Hz Dragonfly @ 30 ~ 100 Hz

a.  Side view
Total length, L = 64 mm

Piezoelectric  actuator

c =12.7mm

Piezoelectric  actuator

b. Global view

Wing span, C = 50 mm



❑ Dynamic Response of a Piezoelectric Flapping Wing
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❑ Experimental Setup for PIV Measurements

Nd:YAG Laser

CCD camera

Piezoelectric 

flapping 

wing

mirror
optics

Test Section

Laser sheet

Y

X

Z

Function generatorHigh-voltage amplifier

Digital Delay Generator

Host 

computer

Test conditions:

• Chord length: C=12.5mm

• Flapping frequency: f=60 Hz.

• Flapping amplitude:  A/C = 0 ~2.0

• Incoming flow velocity: V=0.5 ~10 m/s

• Chord Reynolds No.: Re = 500 ~ 10,000

• Angle of Attack: AOA = 0, 10, 20 deg.

mirror

10
0%

50
%

75
%

Measurement Planes



➢ von Karman Vortex 
Street or Drag 
Producing Wake causes 
momentum deficit

➢ Neutral Vortex

➢ Reverse von Karman 
Vortex Street or Thrust 
Producing Wake causes 
momentum surfeit

K=11.5

K=5.2

K=5.7

❑ Vortex Structures in the Wakes of 2-D Oscillating Airfoils

(a). drag-producing wake

(c). Thrust producing wake 

(b). Neutral wake 

(Hu et al. 2011, EXIF)



❑ Unsteady Flow Structures @ Different Wingspan Locations

At 50% span location At 75% span location At 100% span location (wingtip)
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h = A/C = 1.3; k =3.5, Str = 0.30, Re=1,400, J = 0.69 



❑ Unsteady Flow Structures @ Different Wingspan Locations

At 50% span location At 75% span location At 100% span location (wingtip)
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h = A/C = 1.3; k =3.5, Str = 0.30, Re=1,400, J = 0.69 



❑ Effects of Angle of Attack (measurements along wingtip Plane)

V=1.36 m/s, f=60Hz, A= 8.20 mm (h=0.65;  k=3.52; J=0.69)

AOA = 0 deg. AOA =10 deg. AOA =20 deg.
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Instantaneous measurement results

Ensemble-averaged measurement results



❑ Dragonfly Flight with Tandem Wings

➢ Four wings - tandem wing configurations

➢ The most agile and maneuverable insects .

➢ Top speed : 30km/h - 60km/h 

➢ Wing beat frequency 27Hz - 170Hz

➢ Capable of hovering and flying backwards

➢ 90o turns in under 3 wing beats

➢ Corrugated cross sectional wing profile -

generates higher lift and delayed stall

Low Relative Phase Difference

(In-phase flapping)

➢ Relative phase difference between

forewing and hind-wing close to 0o.

➢ Observed only in a few wing beats.

➢ Used during complex maneuvers, i.e.,

evading predators or intercepting

prey.

➢ Results in higher energy

consumption.

High Relative Phase Difference

(Out-of-phase)

➢ Relative phase difference between

forewing and hind-wing is about 180o

➢ Basic flapping mode for dragonflies.

➢ Used during forward flight, takeoff

and hovering.

➢ Better vibration suppression thereby

allowing a stable posture during

flight.



❑ Experimental Setup
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❑ Measurement Results of Flapping Wings with S=0.15C

In-Phase Flapping 

100% Span 75% Span 50% Span 

Out-of-Phase Flapping 



❑ Time Averaged Measurement Results with S=0.15C
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❑ Downstream Transverse Velocity Profiles with S= 0.15C

• Anti-phase flapping would generate more thrust in comparison with in-phase flapping.



❑ Measurement Results of In-Phase Flapping with S=2.0C

In-Phase Flapping 
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Out-of-Phase Flapping 



out-of-Phase Flapping

In-Phase Flapping

❑ Time Averaged Measurement Results with S = 2.0C

50% 75% 100%



❑ Downstream Transverse Velocity Profiles with S= 2.0C

Anti-Phase Flapping In-Phase Flapping

Time Averaged Wake Profile at X/C = 6
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• The difference in thrust generation between the anti-phase flapping and in-

phase flapping would decrease as the spacing between the tandem wings 

increasing.


	Slide 1: Lecture # 12:   Bio-inspired aerodynamics and Applications for Micro-Air-Vehicle (MAV) applications  
	Slide 2
	Slide 3
	Slide 4: UAV:   Micro Air Vehicles (MAVs) and Nano Air Vehicle (NAV)
	Slide 5: AFRL Video about MAV
	Slide 6
	Slide 7
	Slide 8: Bio-inspired Corrugated Airfoil for MAV Applications
	Slide 9: Aerodynamic Force Measurement Results
	Slide 10: PIV  Measurement Results  ( AOA = 12.0 deg. ,   Re=58,000)
	Slide 11: PIV  Measurement Results ( AOA = 14.0 deg. ,   Re=58,000)
	Slide 12: PIV  Measurement Results ( AOA = 12.0 deg. ,   Re=58,000)
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17: The Tested Wings 
	Slide 18: Flapping Mechanism
	Slide 19
	Slide 20: Soaring  Flight Experiments
	Slide 21: Measurement Results In Soaring Flight
	Slide 22
	Slide 23: Flapping  Flight Experiments
	Slide 24: Inertial Force Corrections
	Slide 25: Characterization of Aerodynamic Performance of Flapping Flight
	Slide 26: Flapping Measurement Results
	Slide 27: Flapping Measurement Results
	Slide 28: Measurement Results for Flapping Flight
	Slide 29: Comparison of the tested wings
	Slide 30: Effects of the Orientation Angle
	Slide 31
	Slide 32
	Slide 33: Dynamic Response of a Piezoelectric Flapping Wing
	Slide 34: Experimental Setup for PIV Measurements
	Slide 35: Vortex Structures in the Wakes of 2-D Oscillating Airfoils
	Slide 36
	Slide 37
	Slide 38: Effects of Angle of Attack (measurements along wingtip Plane)
	Slide 39: Dragonfly Flight with Tandem Wings
	Slide 40: Experimental Setup
	Slide 41: Measurement Results of Flapping Wings with S=0.15C
	Slide 42: Time Averaged Measurement Results with S=0.15C
	Slide 43
	Slide 44: Measurement Results of In-Phase Flapping with S=2.0C
	Slide 45
	Slide 46
	Slide 47
	Slide 48: Introduction of Unmanned Aerial System (UAS)
	Slide 49
	Slide 50: Problems to Be Solved
	Slide 51
	Slide 52: Test Model Design
	Slide 53: Quantification of Aerodynamic &  Aeroacoustic Characteristics
	Slide 54: Experimental Setup for PIV Measurements 
	Slide 55: Aerodynamic Force Measurements
	Slide 56: Measurements of Aero-acoustic Performance 
	Slide 57: “Free-run” PIV Measurement Results
	Slide 58: “Phase-locked” PIV Measurement Results
	Slide 59: Comparison of Vorticity Distribution
	Slide 60: Comparison of Vorticity at the Phase Angle = 90° 
	Slide 61
	Slide 62
	Slide 63
	Slide 64: Maple-Seed-Shaped Propeller (MSSP) Design
	Slide 65: Chord Reynolds Number and AOA Distribution
	Slide 66: Aerodynamic Force Measurement Results
	Slide 67: Sound Measurement Results
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72: Acknowledgement
	Slide 73: Thank you  Very Much for Your Time! Questions?
	Slide 74
	Slide 75: Flexible Membranes– Bats, Flying Squirrels and Sugar Gliders 
	Slide 76: Objective of the Present Study
	Slide 77: Flexible Membrane Airfoils used in the Present Study
	Slide 78: Aerodynamics Force Measurement Results
	Slide 79: Experimental Setup for PIV Measurements
	Slide 80: Rigid Airfoil vs. Membrane Airfoil at AOA=10.0 degrees
	Slide 81
	Slide 82
	Slide 83: Membrane Airfoil, FM03, at AOA=18.0 degrees
	Slide 84: Deformation of the Membrane Airfoil FM03



