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Quantitative Study of Organismal Behavior

from flight dynamics to neural dynamics

neural science
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visual stimulus A

visual neurons
motor neurons
muscle actuation
wing motion

body motion

physics of flight
aerodynamics
3D flight dynamics



Why Do Organisms Move the Way They Do?
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Dissecting Insect Flight

Dynamics Aerodynamics

Maneuvering Flig ergetics

Solutions
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Taking It Apart

l.  Kinematics

Il. Aerodynamics and Computational Methods
Ill. Energetics and Optimization

V.  Dynamics and Control

V. Stability and Control
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Fiz. 9, — Zootrope dans lequel sont disposces 10 images on reliee d'un godland
dans les ottitudes suceessives du vol.

Other previous work:
Weis-Fogh and Jensen (1956)
Ellington (1984)

Fry, Sane, Dickinson (2003)
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difference, that an insect allowed to take flight
after a string is tied to its leg can remain in the
air without difficulty, while a bird similarly treat-
ed will fall to the ground as soon as the string is
stretched. The apparatus of Professor Marey,
as improved by him, is sufficient to determine,
with the greatest precision, the number of beats
of the wing per minute, as well as the particular
curve of fight; and, among other observations,
he informs us that, while the sparrow makes
thirteen movements of the wing in a second, and
the wild duck nine, the buzzard (Duteo vul-
garis) beats its wings only three times in the
same interval,  As a general rule, he finds that
the time occupied in depressing the wing is al-
ways decidedly longer than that of elevation, ex-
cepting in birds of a small wing area, in which
case the two periods are almost equal. At start-
ing the bird appears to make fewer strokes, but
with a greater amplitude of stretch than subse-
quently. The rapidity of the stroke, on the other
hand, appears to diminish anew when the bird
has obtained a high degree of velocity.

The comparison of the two modes of flight may
be summed up by saying, that in the bird the
extremity of the wing describes a simple helix,
while in the insect a serics of lemniscates is
traced, The difference in the two curves will
be appreciable by an examination of the dia-
grams,

FLIGUT OF AN INSECT.

Harper Magazine
1870
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Leif Ristroph and Itai Cohen



Subtle change of wing kinematics
Lots of data

--> high accuracy & statistics
In tracking

L
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Automatic Tracking of
Wing and Body Motions
(without using markers)

Ristroph, Berman, Bergou, Wang, Cohen, J. Exp. Biol.(2009)
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Automatic Tracking of
Wing and Body Motions

1. Visual hull (maximal volume encompassing the fly)
2. Clustering Algorithm (separate body and wings)

3. Centroid (position)

4. Principal axes (orientation)

hours
reduced to

minutes
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Why the
Observed Motions?

. é fruitfly
a Head
-
S 45
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Taking It Apart

l.  Kinematics

Il. Aerodynamics and Computational Methods
lll. Energetics and Optimization

V. Dynamics and Control

V. Stability and Control
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Life in Fluids

Stokes solutions Navier-Stokes solutions

Scallop theorem Nachtigall  Flapping flight/swimming
Flagellar/Cillia swimming Gliding
Rotating helix/Helical wave/undulatory motion Airplanes
G.l.Taylor, 1951, 1952 Swimming Micro-organisms L'g.hth'”’ Leliie
. Childress, 1981
Purcell, 1977 Life at Low Reynolds numbers : -
Ellington 1984, Dickinson1999
Lauga and Powers 2009
Wang 2005
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Governing Equations

Navier-Stokes equations for incompressible flows:

%—l;+u- Vu=-Vp+-LViu

Veu=0

Boundary condition (no-slip) (wing kinematics):

Dynamics of the wing coupled to the fluid:

m? :Fﬂuid + Fext

Monday, September 30, 2013



Monday, September 30, 2013



marker based tracking 1600fps,1024x1024

mirror

L~ 1cm
Freq ~ 40Hz
Re =UL/v ~ 3000
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Wing Kinematics

stl/ Fore wing

&
Chord G
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Span (2
4 9 ”
N 3 /
Ra /
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How does an insect flap its wings

to generate enough forces to hover?
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Wang, Phys. Rev. Lett. 2000
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Comparing Against Experiments
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Wang, Birch, and Dickinson, JEB (2004)
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Passive Wing Pitching
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Bergou, Xu, Wang, J. Fluid Mech., 2007
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Computing the Navier-Stokes Equation
Which Method for Which Problem

Sharp Edges:
By conformal mapping.

x+1iy =cosh(u+1i0)
S(1,0)=cosh’1 —cos’0

V... : inviscid solution
| .- CX . =)
, VY. =0 R T
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2D NS equation (Vorticity-Stream Function
Formulation) in elliptic coordinates

I(Sw) N
ot
Sw =V*¥

\/guz—Vx‘P

(\/EMV)G) = vaw
Re

4th order in time (RK)
4th order in space (implicit scheme)
Explicit method (E & Liu 1996)

Solved in noninertial body frame in elliptic coord
with far field boundary conditions

Dynamic coupling, PDE optimization
wang (2000) , pesavento & wang 2004, 2009



An immersed interface method for
solving multiple moving objects in 2D and 3D
(hydrodynamic interactions, collective behavior, flexibility)
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Xu and Wang, SIAM J. Num. Analysis (2006), J. Comp. Phys. (2006), Comp. Meth. Appl.
Mech. and Eng. (2008)

26
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‘Birds vs. Plane’

Which is more efficient?
What do we mean by ‘efficient?’
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Energy Minimizing Hovering Wing Motion

Problem:
Given a wing and a weight, find wing motions
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that minimize the aerodynamic power to support the weight

Constrained PDE/ODE optimization
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Specific Power
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Ps
)
0.59+— sinusoidal flapping motion-a [ref. 20]
0.48 —— sinusoidal flapping motion-b [ref.20]
» 0.25—— optimal fixed wing motion (figure 1)
0.18/— optimal flapping wing motion (figure 3 & 4)




Optimal Flapping Motion

.......

Near
wing reversal:

Pesavento and Wang, PRL 2009
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Taking It Apart

l.  Kinematics

Il. Aerodynamics and Computational Methods
lll.  Energetics and Optimization

V. Dynamics and Control

V. Stability and Control
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How do fruit flies control their wings to
Turn?

X

ooooooooooooooooooooooo



sensory feedback loops

mechanical
visual

time scales

fast compared to ?
slow
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Perturbed by Magnetic Field

top view

R

’

Start

finish

Reset
orientation

Ristrohph et al, PNAS (2010)
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yaw, y (deg)

Ao (deg)
O N P~ O
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Recovering from an Aerial Stumble

top view ~ 4 wing beats ~ 4 wing beats ~ 2 wing beats

or
Before Passive Active Passive
perturbation damping recovery recovery

Symmetric @ @ @

wing motion Symmetric Asymmetric Symmetric
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How do fruit flies control their wing to
Turn?

X

ooooooooooooooooooooooo



How does the insect control its wings
to create these asymmetries?

Back and forth motion:
Driven by large indirect muscles

/ Pitching:
Controlled by steering muscles

However,
the insect cannot adjust the wing stroke
every wing beat (4ms)
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Inferring (Pitching) Torque

Measure wing kinematics
wing mass, shape, axis of rotation

Calculate aerodynamic torque
wing inertia

Deduce torque at the wing base

7Y =Tom - @ — Tb X Mylem + (Fp — 7o) X F20 — 7207
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Torsional Spring at the Wing Base

torque
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7Y = —k (3 —tho) — C

Kk~ 3 to 5 10?2 dyne cm/rad

P



Determining x,¥,,C from experimental data

P = —k (¢ — tho) — CY
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Predicts Body Trajectory

Back and forth motion: prescribed
Wing pitch: passive with one control variable

120

Body Yaw (°)

Iy + 2C.0¢y = 2C,w* Ay
damping driving

Bergou,Ristroph,Guckenheimer, Cohen, Wang, Phys. Rev. Lett. 2010
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Balancing in Air



Flapping Flight is almost always unstable
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Dynamic Stability Analysis of Free Flight

body major

Free Flight Simulation

body-wing coupling

wing span

ively fast simulations

X

Each rigid body satisfies the

I°pb= Z Ti+w® x (I°%wb)+7°
Newton-Euler Equation.

LB =(=mi)+wi x (I'wi )+

w__gb— gpre The coupling is enforced through
By —p'=p | .
b b ) , the dynamic constraints at the
ma:(zfi)ergjLF joints.

Morphological parameters based

on insects

The aerodynamics are approximated
by a quasi-steady model.

Monday, September 30, 2013



Pitching Instability

due to coupling between forward and pitching motion

A Fy

f 7@ fii A Ss
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The Stability of the Periodic States
Eigenvalues based on Poincare Map

\@)

unstable
descent

Poincare section of {u,v,0 o}
>V

Monodromy eigenvalues (real parts) [1/sec]

-20 .
'HHHﬁHHMHHHHHHFHHHHHHHHHH. —40 .'."“u
T MM 1 e W R

2 10 20 30 40 50 -60

0 -80

o 10 20 30 40 50 -100 ! x

t [wing beat] -60 -20 0
Ascending speed [cm/s]

Always unstable, unless in fast descent.

In contrast, ascending model excluding the pitching motion, the flight is stable
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Linear Stability Analysis of the Longitudinal Flight ©.6.1)

Eigenvalues:
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h <0

1
U = wv+ —F:+gsinb
m
1

v = —wu+ —F;—gcosb
m
0 = w
h
e
oy I 13

A 4+ 2a\° +2ah/L =0

h>0 =*




The pitch instability can be controlled by
adjusting the center of the stroke @,

Top View

lift

net torque

nose-down
perturbation

Adjust @,
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Designing a linear controller

: fast reaction
t Ta1+Ta2 <Ts

(=]

ion of stroke =

‘g T =T 'slow reaction
= ’ T Ts
o) !
)
3
. time
(a) (b)

|. time-delay (due to sensing and actuation time) T,
ll. discrete sampling rate Tn — Tn—1 = 1y

lll. a linear controller

interested in the effect of Td and Ts
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Predicting Sensing Rate

beat-to-beat sensing to stabilize flight

2048
1024
512
256
1128
164
32
16

AN

w

Tq, Sensory Delay (wing—beat)
No

2
1 (deg)

05 1 15 2 25 3 35 4 45 5 VX0
Ts , Sampling Interval (wing—beat)

A

Chang & Wang, submitted
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Conjecture

Fruit flies sense their state every wing-beat in order to
stabilize themselves
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Quantitative Study of Organismal Behavior

from flight dynamics to neural dynamics

neural science

Monday, September 30, 2013

visual stimulus A

visual neurons
motor neurons
muscle actuation
wing motion

body motion

physics of flight
aerodynamics
3D flight dynamics



