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Introduction

 Biomimetics

 Study of nature to find solutions to 
design problems

 Also known as bionics, biomimic, 
bioinspired, biognosis, biorobotics, etc. 

 Human being has always been inspired by 
the efficiency of design in nature (e.g., 
Aircraft, Eifel tower design after femur, 
Velcro)

 We are in ever increasing need of efficient 
and sympathetic technologies

 We now have the science base and the 
advanced technology
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http://www.tour-eiffel.fr/teiffel/uk/documentation/dossiers/page/g_invention.html
http://www.tour-eiffel.fr/teiffel/uk/documentation/dossiers/page/g_invention.html


Applications

 Construction

 Medical

 Material science

 Sensors and detectors

 …, and

 Locomotion
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Types of Locomotion

 Terrestrial

 Legged

 Slithering

 Rolling

 Nektons

 Undulation

 Oscillation

 Avian

 Flexible wings

 Fixed wings
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Energy Cost of 

Locomotion
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Bernoulli’s Principal

 Balloons (and ships!)

 Shower curtain

 Curve ball
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Aircraft Aerodynamics 9



Vortex 10

High angle of attackSmoke

Von Karman Vortex street

A vortex is a spinning flow, or any spiral motion, with closed streamlines

Vortex created by the passage 

of an aircraft wing 

http://en.wikipedia.org/wiki/Image:Airplane_vortex_edit.jpg
http://en.wikipedia.org/wiki/Image:Airplane_vortex_edit.jpg


Some Fundamentals of Fluid 

Mechanics
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Navier Stokes Equation
 Solutions methods:

 Analytical (continuous)

 Numerical (discrete)

 Manual

 Computerized



Mesh Design 12



Dynamic Similarity

 Reynolds Number (Osborn Reynolds, 1850 -1912)

 Strouhal Number (Vincinc Strouhal (1850-1922)
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Reynolds No. vs. Size 14
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Bumble Bees Cannot Fly!

 In 1934, an analysis done by an engineer 

determined that bumblebees cannot fly! 

 “the bumblebee, according to our engineers’ 

calculations, cannot fly at all, but the 
bumblebee does not know this and it flies” 

[Gerry Sikorski]
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Insects are Different

 They can generate far greater lift with flapping 

wings than is possible for a fixed-position airfoil 

 Unique characteristics:

 Small size

 High stroke frequency

 Peculiar reciprocal flapping motion of wings
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Methods to Analyze 

Aerodynamics of Insect 

Flight Steady state

 Quasi-steady state (i.e., integration of snap shots 

in time)

 Unsteady aerodynamics
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Historical Perspective

 AF: Provide a summary of our 
understanding of insect flight from Pages 
5 and 6 of my thesis

 We did not know much about insects 
because of their relatively small size and 
high frequency wingbeat till 1the late 
1800

 High speed photography (19xx)

 Other imaging techniques (19xx)

 Computational capability (1990s)
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Dragonfly Wing Motion

 One cycle

 90 deg Phase lead/lag

 Upper surface of each 

wing is shaded 
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Von Karman Vortex Street

(a) Drag Indicative Vortex 
Street

(b) Thrust Indicative Vortex 
Street Heaving Motion 
Vortex Street
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Oscillating foils also show the same 

results provided they follow a sinusoidal 

wave format



Mechanics of Inset Flight 23

Pitch and heave motions are mathematically modeled 

as follows assuming that the pitch leads by 90

)cos()( max tt  )sin()( 0 tAyty 

……..........................................................…. (2-1)

Heave:

.........……...................................................…. (2-2)



Main Forces

 Leading-edge vortex creating lower pressure at 

the center of vortex and generating lift

 Delayed stall, which generates significant 

momentary lift immediately after stall

 Rotational lift (e.g., curve ball, basketball)

 Wake capture increasing lift only at high 

wingbeat frequencies (e.g., fruit fly)
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Leading Edge Vortex 25

• (A) The first class of LEV shows 

the hand operated flapper of 

Maxworthy

• (B) The second class of LEV for 

Red Admiral butterflies

• (C) The third class of LEV as 

described for hawkmoths

• (D) A second form of the third 

class of LEV for fruitflies 

(Drosophila).



Vortex Formation 26



Stall 27



Wake Capture 28
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GWU Research Projects

 Dragonfly flight

 Fish swimming

 US Swim Team
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Cartesian Mesh and Moving 

Boundaries
31



Pleated Dragonfly Wings 32

• Presence of vorteces reduces 

skin friction

• Lift is increased by xxxx

• Drag is increased by yyy 



Forewing Tip Spar 33

AA

Section AA



Analysis 

Results
34



Movie 35



GWU Research - Hovering

 Hovering

 90 degree phase difference
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Drag and lift increased by xxx and yyy



GWU Research – Bluegill 

Swim
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Dragonfly Wings Interaction 38

Single Wing Double Wings



Flexible Fin 39



US Swim Team 40



Swimming 41



Robofly 42

ROBOFLY FLAPPING SLOWLY in viscous mineral oil simulates the aerodynamics of fruit-fly wings

flapping rapidly in air. Laser beams illuminate air bubbles in the oil to reveal the intricate flows

produced, and sensors in the wings record the forces generated.

AF, Would 

be nice to 

include a 

video



Entomopter 43



Flying Model 44



Cal Tech Experiment 45



Robotic Eel 46
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Summary

 Better understanding of insect flight and fish 
swimming

 Physics

 Computation

 New technologies (e.g., materials, MEMS)

 Emphasis on sensory ability and autonomous 
locomotion 
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Possible Noblis’ 

Contribution

 Focus on applied research and applications to 

government and industry

 Emphasis on sensory and autonomous flying or 

swimming vehicles
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Backup Slides 50



Robotic Fish 51



Reynolds Represent Many Natural 

Phenomena

52

Von Kármán vortex 

street off the Chilean 

coast near the Juan 

Fernandez Islands 

http://en.wikipedia.org/wiki/Image:Vortex-street-1.jpg
http://en.wikipedia.org/wiki/Image:Vortex-street-1.jpg
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A. No spin
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Laminar and turbulent flow around tennis balls

http://www.fi.edu/wright/again/wings.avkids.com/wings.avkids.com/Book/Sports/Images/golf_01.gif
http://www.fi.edu/wright/again/wings.avkids.com/wings.avkids.com/Book/Sports/Images/golf_01.gif
http://www.fi.edu/wright/again/wings.avkids.com/wings.avkids.com/Book/Sports/Images/golf_02.gif
http://www.fi.edu/wright/again/wings.avkids.com/wings.avkids.com/Book/Sports/Images/golf_02.gif
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Example of Flyers

 http://www.centeye.com/pages/techres/flightco
ntrol.html on sensory vision of flyers
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http://www.centeye.com/pages/techres/flightcontrol.html
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Insect Flight 58

fuitfly mosquitos

Hummingbird

Fly

Bumblebee
Dragonfly

http://images.google.com/imgres?imgurl=http://www.news.wisc.edu/newsphotos/images/fruit_fly_mont-droso04.jpg&imgrefurl=http://www.news.wisc.edu/newsphotos/fruitfly.html&h=2238&w=1220&sz=490&hl=en&start=2&tbnid=iL_wEM517fVYLM:&tbnh=150&tbnw=82&prev=/images%3Fq%3Dfruit%2Bfly%26svnum%3D10%26hl%3Den%26sa%3DX
http://images.google.com/imgres?imgurl=http://www.news.wisc.edu/newsphotos/images/fruit_fly_mont-droso04.jpg&imgrefurl=http://www.news.wisc.edu/newsphotos/fruitfly.html&h=2238&w=1220&sz=490&hl=en&start=2&tbnid=iL_wEM517fVYLM:&tbnh=150&tbnw=82&prev=/images%3Fq%3Dfruit%2Bfly%26svnum%3D10%26hl%3Den%26sa%3DX
http://images.google.com/imgres?imgurl=http://ruina.tam.cornell.edu/Personal%2520photos/KonMin_A2_MacroSamples/originals/mosquito.JPG&imgrefurl=http://ruina.tam.cornell.edu/Personal%2520photos/KonMin_A2_MacroSamples/index.html&h=958&w=1293&sz=200&hl=en&start=1&tbnid=UTVAJ2WizLG7AM:&tbnh=111&tbnw=150&prev=/images%3Fq%3Dmosquito%26svnum%3D10%26hl%3Den
http://images.google.com/imgres?imgurl=http://ruina.tam.cornell.edu/Personal%2520photos/KonMin_A2_MacroSamples/originals/mosquito.JPG&imgrefurl=http://ruina.tam.cornell.edu/Personal%2520photos/KonMin_A2_MacroSamples/index.html&h=958&w=1293&sz=200&hl=en&start=1&tbnid=UTVAJ2WizLG7AM:&tbnh=111&tbnw=150&prev=/images%3Fq%3Dmosquito%26svnum%3D10%26hl%3Den
http://images.google.com/imgres?imgurl=http://fohn.net/hummingbird-pictures/hummingbirds-large/5rufous-hummingbird-male.jpg&imgrefurl=http://fohn.net/hummingbird-pictures/pictures-html/rufous-hummingbird4.html&h=768&w=1024&sz=79&hl=en&start=5&tbnid=BkOFecb8cVU3kM:&tbnh=113&tbnw=150&prev=/images%3Fq%3Dhummingbird%26svnum%3D10%26hl%3Den
http://images.google.com/imgres?imgurl=http://fohn.net/hummingbird-pictures/hummingbirds-large/5rufous-hummingbird-male.jpg&imgrefurl=http://fohn.net/hummingbird-pictures/pictures-html/rufous-hummingbird4.html&h=768&w=1024&sz=79&hl=en&start=5&tbnid=BkOFecb8cVU3kM:&tbnh=113&tbnw=150&prev=/images%3Fq%3Dhummingbird%26svnum%3D10%26hl%3Den
http://images.google.com/imgres?imgurl=http://www.bio.bris.ac.uk/research/insects/fly_247x250.gif&imgrefurl=http://www.bio.bris.ac.uk/research/insects/blowfly.html&h=250&w=247&sz=20&hl=en&start=5&tbnid=Qs7zBB-GGh23UM:&tbnh=111&tbnw=110&prev=/images%3Fq%3Dinsects%2Bfly%26svnum%3D10%26hl%3Den
http://images.google.com/imgres?imgurl=http://www.bio.bris.ac.uk/research/insects/fly_247x250.gif&imgrefurl=http://www.bio.bris.ac.uk/research/insects/blowfly.html&h=250&w=247&sz=20&hl=en&start=5&tbnid=Qs7zBB-GGh23UM:&tbnh=111&tbnw=110&prev=/images%3Fq%3Dinsects%2Bfly%26svnum%3D10%26hl%3Den


Walkers 59

http://www.ics.forth.gr/~tsakiris/BioRob/paulson.pdf

Cricket-inspired robot on a 2-inch grid.

The robot can both walk and jump to 

navigate terrain with features much larger 

than itself (photo courtesy of Biorobotics

Lab/Case Western Reserve).

Scorpion robot. The 60-cm, 9.5-kg robot integrates a robust network for

navigational and other rules of learning (photo courtesy of Fraunhofer AIS).

Robotic lobster. This robot prototype uses 

biomimetic control principles.

Its behavior is based on a library of action 

patterns reverse-engineered from lobster

behavior in the target operational 

environment (photo courtesy of ONR).



 Amplitude to chord ratio

 Thickness to chord ratio of the wing

 Maximum Pitch angle

 Phase angle between pitch and heave (i.e., 90)

 Reynolds and Strouhal numbers 

60



 ae =  - tan -1  - g1/2
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Lift and Drag 62

Side-force

Lift
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MIT’s Flexible Fin 64

To develop a propulsor for autonomous undersea vehicles (AUVs) using conductive polymers 

that is based on the pectoral fin of the bluegill sunfish (Lepomis macrochirus). The biorobotic fin 

will be used to give AUVs the ability to produce and control thrust like that for highly 

maneuverable fish. 



What is a Vortex 65



Aircraft Aerodynamics 66

Drag
Thrust

Weight

Lift

Add PV**2 

term and sho 

P increasing 

as V decreases



Wings

 The most accepted theory of the origin of wings suggests that 
they grew out of a gill-like apparatus present in the very 
earliest insects. Some of these gills may have grown over time, 
after they were supplanted in the adults by tracheae, to form 
little flaps. Initially, these proto-wings would have been useful 
for little more than jumping, perhaps adding a little to the 
distance over which an insect could leap. Gradually these 
wings would have grown larger, until they could be used for 
controlled diving, gliding, and then even flapping flight. The 
Megasecoptera, a very old order related to the Odonata, the 
wing span reached as much as one metre, could flap its wings 
and even soar (the most advanced flight mode, practised by 
the birds and insects with the largest wing spans, involving 
extended periods of gliding and requiring great control over 
the wings and only occasional flapping). Most modern insects 
have functional wings as adults, and every order has at least 
some winged species, so that the principal criterion for 
distinguishing insects at all hierarchical levels is the wing 
morphology. 
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Insect Eyes

 Compound Eyes

 One of the very earliest identifying features of insects is the compound eye, found only among the insects, the 
centipedes, the crustaceans, and the horseshoe crabs. The compound eye is composed a large number (generally a 
few hundred to thousands) of facets, each of which faces a slightly different direction than its neighbours. Each facet 
records a general impression of the colour and intensity of the light which comes from the direction in which it faces, 
but does not produce a complete image. Every facet is bound by is own optic nerve to the insect's brain and 
contributes one spot of light to the image, much as the pixels (picture elements) in the monitor in front of you are 
doing now or tiles do in a mosaic. The quality of the picture which an insect sees is determined by the resolution 
(number of facets) of its eyes, as is the case with a computer monitor. Shapes are much more clearly defined on a 
1024x768-pixel monitor than are equal size shapes on a 320x240-pixel monitor. Most insects can see fairly well to a few 
feet, but not much beyond that. The farther away that an object is, the fewer facets that it covers and the poorer the 
resolution of the object. The compound eye system does not require and cannot incorporate a mechanism for 
focusing. The clarity or fuzziness of the image is determined by the number of facets, which is fixed, in the eye and by 
the insects distance from the object. The sequence of bee head below show, from left to right, the way a human sees 
a bee's head, the way a bee might see the same head from a short distance away, and the way a bee might see it 
from farther away. 



 There is, however, a great advantage to the compound eye system. Image processing is so much more efficient than 
is the case with, for example, a human's eyes, that the compound eye offers a much greater flicker fusion rate. This 
means that an insect can assimilate changes in what it's seeing many times more quickly than we can. A 
prestidigitator's hand-tricks are transparent to insects, because the hand is not faster than the compound eye, and a 
Hollywood movie would look to an insect like a series of still photographs. The advantage for insects is that compound 
eyes allow them to fly at high speeds through dense woods and marshes without hitting anything and to chase other 
quick-flying insects. They are also excellent for detecting motion, essentially just recording slight changes in the image 
over short intervals. A side-effect of this, however, is that an insect cannot spot a mate from far away. It detects 
something moving, flies over hoping to find a mate, sees when it's close enough that it has found an enemy, and has 
to fly as fast as possible away.
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http://capella.colorado.edu/~laney/softgen.htm
http://capella.colorado.edu/~laney/softgen.htm

