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Abstract

This paper preseris the design of software sim-
ulation VIFS for insect ight. In particular, it
is intended to estimate ight control algorithms
and performancefor a Micromechanical Flying In-
sect(MFI), a10-25mm (wingtip-to-wingtip) device
evertually capable of sustained autonomous igh t.
The VIFS is an end-to-endtool composedof seweral
modular blocks which model the actuators dynam-
ics, the wing aerodynamics, the body motion, the
visual and inertial sensorsthe environment percep-
tion, and cortrol algorithms. A 3D virtual environ-
ment simulation is alsodeveloped asa visualization
tool. We presert the current state of art of its im-
plemenrtation and preliminary results.

Index Terms{ MFI, insect igh t, software simula-
tor, insectaerodynamics, optical o w sensor,insect
dynamics.

1 Intro duction

The extraordinary igh t capabilities of insectshave
captured the interest of the sciertic community
since ever. The fact that they can quickly change
direction of motion, yet keeping perfect attitude
cortrol, as a result of millions years of evolution,
hasgiventhem the appellativ e of perfect ying ma-
chines. They cantake o or land vertically, hover
for sewral seconds, move laterally or backward,
and even y upside-davn. Moreover, the latest ad-
vancesboth in insect aerodynamics and in micro-
technology, have suggestedo explorethe feasibility
for the fabrication of an electromedanical device
capableof autonomous igh t and of mimicking real
ying insects. This is the challengethat the Micro-
mechanical Flying Insect project, MFI, being cur-
rently developed at UC Berkeley, has undertaken.
Figure 1 shows a conceptual view.
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Figure 1. Graphical model for the MFI for the
OpenGL 3D animation

However, very little is still known about sensors,
neural processingof external information, biome-
chanical structure, wing aerodynamics, ight con-
trol algorithms and trajectory planning in ying
insects[2] [4] [1]. Therefore, we have started devel-
oping a software tool that is meart to accurately
simulate robotic ying insectsby including models
for the actuators dynamics, the wing aerodynam-
ics, the sensors,the external ervironment and the
control algorithms. This simulator, called Virtual
Insect Flight Simulator, VIFS, will help to eval-
uate, and then improve, di erent electromedan-
ical design for the wing-torax structure, dierent
sensorsdesign and information fusion techniques,
igh t control algorithms and trajectory planning.
As a result, it will reduce time-to-fabrication and
risk factors for the MFI.

2 MFI Overview

The designof the MFI is obviously guided by real
ying insect studies, howewer, the challenging re-
quirements for a feasiblefabrication, such as small
dimensions,low power consumption, high apping
frequency and fast robust cortrol, have forced the
developmert of novel approachesand new technol-

ogy.



The goal of the MFI project is the fabrication
an electromedanical device capableof autonomous
igh t and complex behaviors, mimicking a blow y
Calliphora, which hasa massof 100mg, wing length
of 11mm, wing beat frequency of 150H z, and ac-
tuator power of 10mW . The challenging require-
mernts for the fabrication of the MFI, suc assmall
dimensions,low power consumption, high apping
frequency and fast robust cortrol, have forced the
developmert of novel approachesand technologies.
The fabrication of such a devicerequiresthe design
of seweral componerts. In particular, it is possible
to identify v e main units (Figure 2), ead of them
responsible of a distinct task: the locomotory unit,
the sensorysystemunit , the power supply unit, the
communication unit and the control unit.
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Figure 2: MFI structure
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The locomotory unit, composed by the elec-
tromechanical wings complex, is responsible for
generatingthe necessaryaerodynamic forcesfor the
igh t, and thus of the MFI dynamics. One of the
most challenging parts of this project is the design
of the medanical structure which must provide suf-
cient mobility to the wingsto generatethe desired
kinematics. We do not erter this issuein this pa-
per and we addressthe interested reader to more
detailed work [15] [16] [19].

The sensorysystem unit, composedby an iner-
tial navigation systembasedon MEMS accelerom-
eters and gyros and camera for optical ow mea-
surements, providesthe corntrol unit with the input
information necessaryto stabilize the ight and to
plan desired trajectories. Other kinds of MEMS
sensorscan be installed, suc as temperature and
chemical sensors,which can be used for detecting
particular objects or hazardouswaste areas.

The power supply unit, composedby athin sheet
of solar cells at the base of the MFI body is the
sourceof electric energy necessaryto the wing ac-
tuators and to the electronicsof all the units. This
sheetof solar cell can generateup to 20mWcm 1.

VIFS Aerodynamics

Wings module Aeordynamic
motion forces
Body Dynamics
module

Electromechanical

module

Control
signals Body*.
motion

Body state A
Control system estimation | Sensory system OpenGL
3D visualizatior

module Enviroment module

Figure 3: Virtual Insect Flight Simulator (VIFS) ar-
chitecture

The communication unit, basedon micro Corner
Cube Re ectors(CCR) [3], a novel optoelectronic
transmitter, or on ultra-low-power RF transmit-
ters, provides a MFI with the possibility to com-
municate with a ground baseor with others MFI's.

Finally, the control unit, embeddedin the MFI
computational circuitry, is responsibleboth for sta-
bilizing the ight and for planning the appropriate
tra jectory for ead desiredtask.

3 VIFS Arc hitecture

In order to evaluate the performanceof ight con-
trol algorithms, a Virtual Insect Flight Simulator
(VIFS) is being implemerted to simulate the ight
of an MFI inside a virtual environment.

The VIFS is decommsed into seweral modular
units, ead of them responsible of an independen
task, as shown in Figure 3.

The Aero dynamic Mo dule takes as input
the wings motion and the MFI body velocities,
and givesasoutput the corresponding aerodynamic
forces and torques. This module corresponds to
a mathematical model for the aerodynamics. Its
modeling is described in the next section.

The Body Dynamics Mo dule takesthe aero-
dynamics forcesand torques generatedby the wing
kinematics and integrates them along with the dy-
namical model for the MFI body, thus computing
the body's position and the attitude as a function
of time.

The Sensory System Mo dule modelsthe sen-
sors used by the MFI to recover its state and to
interact with the environment. They are typically
gyroscopes,accelerometersand optical o w sensors.
Evertually, this module will include also a model
for the ervironment, i.e. a description of the ter-
rain and the objects in it. It takesas input the
MFI body dynamics and generatesthe correspond-
ing sensoryinformation which is usedto estimate
the MFI's state, i.e. position and attitude, and
displacemen of objects and perception of the envi-



ronmert.

The Control System Mo dule takesas input
the MFI body state and eventually the perception
of the external world. Its task is to decide a con-
trol strategy to achieve a desired mission and to
generatethe cortrol signalsto the electromedani-
cal system. Its architecture has been presened in
a complemenary article [13].

The Electromec hanical System Mo dule
takes as input the electrical control signals gener-
ated by the Control System Module and generates
the corresponding wing kinematics. It consists of
the model of the electromedanical wing-torax ar-
chitecture and the aerodynamic damping on the
wings.

The traces of the motion of the wings, the corre-
sponding aerodynamic forcesacting on them, and
the trajectory motion and heading of the MFI pro-
duced by the VIFS, are combined together into
a 3D virtual ervironment simulation. This simu-
lation, generated by OpenGL graphical tool, an-
imates not only the MFI motion but also the
apping wings and the instantaneousaerodynamic
forces,which are represented asarrow xed on the
wings certer of mass(seeFigure 1)

The VIFS architecture is extremely exible since
it allows readily modi cations or improvemerts of
one single module without rewriting the whole sim-
ulator. For example,di erent combinations of con-
trol algorithms and electromedanical structure can
be tested, giving rise to the more realistic setting of
ight control with limited kinematics due to elec-
tromechanical constraints. Moreover, dimensions
and massesof wings and body can be modi ed to
analyze their e ects on ight stability, power e -
ciencyand maneuwerability. Finally, assoon asbet-
ter aerodynamic models are available, the aerody-
namic module can be updated to improve accuracy
As presert, the VIFS is not fully implemented: the
Electromechanical System Modules is under inves-
tigation [19] and the Sensory System Module in-
cludesonly optical ow sensors.The following sec-
tions presert the state of art for the VIFS. The de-
sign of the Control Module is treated thoroughly in
a complemenary article, and is not included here

[13.

3.1 Aero dynamic Mo dule
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Figure 4: Block diagram of the Aeodynamical Module

Insect igh t aerodynamicshasbeena very active
area of researt in the past decadesafter the sem-
inal work of Ellington [7]. Although, at presert,
few numerical simulations of unsteady insect igh t
aerodynamics give sensibleresults for aerodynam-
ics forces[18], sewral advanceshave beenachieved
in comprehendingqualitativ ely and quartitativ ely
unsteady state aerodynamics mechanisms thanks
to scaledmodel of apping wing [4]. This appara-
tus, known as Robo y, consistsof two-winged sys-
tem mimicking the wing motion of ying insects.
It is provided with force sensorsat the wing base,
which can measureinstantaneouswing forcesalong
a wingbeat.

Results obtained with this apparatus have iden-
tied 3 main aerodynamics mecanisms: delayel
stall,rotational circulation and wake capture. The
delayed stall is the result of the translational mo-
tion of the wing and it depends only on the wing
translational velocity and angle of attack. This
mechanism is similar to one presert on xed wing
aircrafts, but the former is stable also at high an-
gle of attack. Rotational circulation results from
the interaction of translational and rotational ve-
locity of the wing. It is analogousto the e ect of
badk or top spin on a tennis ball, which can bend
the tra jectory. However, the fact that the wing pro-
le is at and not spherical,is an important di er-
ence,sincethe force direction dependson the angle
of attack. Finally, the wake capture is the result
of the interaction of the wing, when it inverts its
motion, with the uid wake generatedin the previ-
ous stroke. This medhanism increasesthe pressure
force on the wing and therefore enhanceslift gen-
eration. The main key nding of Dickinson's work
[4] wasthat modulating a few wing kinematics pa-
rameters, such aswing timing rotation at the stroke
reversalsand angle of attack, an insect can readily
apply torqueson the body and therefore cortrol its
attitude and motion.

(@) (b)

Figure 5: Force Decomposition for Horizontal Stroke
Plane: (a) lateral view; (b) top view

The aerodynamic module is a combination of an
analytical model, basedon quasi-steadystate equa-
tions for the delayed stall and rotational circula-



tion, and an empirically matched model basedon
Robo y data. Wake capture is very complicated to
treat analytically and it is not consideredin this
work. However, this medcanism seemsto have a
small cortribution for sinusoidal-like motion for the
wings, motion that it is widely usedin our simula-
tions.

Figure 6: Aerodynamic force coe cien ts empirically
obtained from RoboFly data

A quasi-state state aerodynamic model assumes
that force equations derived for 2D thin aerofoils
translating with constart velocity and constart an-
gle of attack, hold alsofor time varying 3D apping
wings. In steady state condition the aerodynamic
force per unit length exerted on a aerofoil due to
delayed stall is given [10]:

1

Fomw = 5Cn() cu? (1)
1

Ft(r);T = ECT( ) cu? 2

whereF?.\ and F?. are, respectively, the nor-
mal and tangential componerts of the force with
respects to the aerofoil prole, cis the cord width
of the aerofoil, is the density of air, is the an-
gle of attack de ned asthe angle betweenthe wing
pro le and the wing velocity relative to the uid,
U, and Cy and Ct arethe dimensionlesgorce coef-
cients. Figure 5 shows a graphical represenation
of these forces. In the aerodynamics literature, it
is more commonto nd the lift and drag force co-
ecients, C_. and Cp. Lift, L and drag, D are
de ned, respectively, asthe normal and tangertial
componerts of the force with respect to the stroke
plane, i.e. the plane of motion of the wings with
respect to the body. Howewver, our decomposition
is more intuitiv e, since aerodynamic forces are in
generalpressureforce which act perpendicularly to
the surface. Figure 6 shows the empirical valuesfor
the force coe cien ts obtained with RoboFly. It is
clear how, for high angle of attack, the tangertial
componert, mainly due to skin friction, givesonly

a minor cortribution. Nevertheless, lift and drag
can be readily computed as:

Cncog ) Crsin() ()
Cn sin( )+ Cycoq ) (4)

C|_ =
CD =

where is the angle betweenthe stroke plane and
the wing pro le. The angles and coincidesonly
if the insect body is moving parallel to the stroke
plane.

The aerodynamic force per unit length exerted
on a aerofoil due to rotational circulation is given

by [8]:
Foin = Crot U! (5)

where C; ot = % R, is the rotational force co-
e cien ts, approximately independert of the angle
of attack, X, is the dimensionlessdistance of the
rotation axis from the leading edge,and ! is the
angular velocity of the wing with respectsto that
axis. This is a pure pressureforce and therefore
acts perpendicularly to the wing pro le.

According to the quasi-steady state approad,
the total force on a wing is computed by divid-
ing the wing into in nitesimal blades as shown in
Figure 5. First, we calculate the total force on eath
blade:

1
dFe N (BT) = ECN( (t) c(r) U(t;r)dr
1
dFyr(tr) = 5Cr( (1) o) U(tr)dr
C”:rot;N = Crot C(I’)2 U(t; I‘) _(t) dr
U(tr) = Lt)r+ Upody(t) (6)
where is the stroke angle and Upqqgy is the ve-

locity of the insect body w.r.t. an inertial system,
and the wing angular velocity, ! is approximately
_. Then we integrate the forcesin Equations (6)
along the wing, assumingthat superposition of ef-
fects holds, to get:

ACK( (1) d L)+ Upoay(t)

Fen () =

Fer® = ACH( (1) d)+ Unooy(t)

Froow = BCrot (1) dt)+ Upgy(t) (7)
where, A = 1Rc, B = 1 2 %, ¢Rc?and,

d = R, are constarts that depend on the wing
morphology. As a result of this approad, the wing
forcescan be assumedto be applied at a distance,
d, from the wing base.
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Figure 7: Lift and drag forcessimulation and measured
Roboy data

The total lift and drag forcescanbe derived from
Equations (7) through a trigonometric transforma-
tion analogousto the one usedin Equations (4).
The Aerodynamic Module, whose block diagram
shown in Figure 4, is basedon Equations (7). Fig-
ure 7 shows the simulated aerodynamic forcesfor a
typical wings motion.

3.2 Body Dynamics Mo dule
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Figure 8: Body Dynamics Block Diagram

Given the aerodynamic forces generated by the
wing kinematics, the body Dynamics Module in-
tegrates the rigid body equations of motion, and
gives the body position and attitude trajectories
w.r.t. the inertia frame. The input to the body
dynamics module is the stroke angle, lift and drag
forces. Since the lift and drag forces are gener-
ated and described in the the stroke plane frame,
we needto do a coordinate transformation before
we obtain the forcesand torques acting on the body
frame Before entering the discussion,three coor-
dinate systemsand their corresponding parameters
needto be de ned.

As seenfrom Figure 9, the xed frame is iden-
tied by the axis (x;y;z). The insect body frame
is described by the coordinate system(x% y% z9 at-
tached to the body certer of gravity. The stroke
plane frame is identied by the new axis (x;y; z),
and is attached to the wing base. The stroke plane
frame is de ned as the plane to which the wing
motion is approximately con ned during apping
igh t.

Figure 9: Coordinate Systems: (a) Front View; (b)
Lateral View; (c) Top View

As shown in [11], the rigid body motion equa-
tions subject to an external wrench F? = [f?; °]T
applied at the certer of massand specied with
respect to the body coordinate frame, are given:

ml 0 v e myP fP
0 | !b !b ||b - b

where | is the inertia matrix. Vv is the velocity
vector of the certer of massin spatial coordinates,
and ! ? is the angular velocity vector in body frame.
Giventhe lift and drag generatedby aerodynam-
ics, together with the stroke angle, the forcesand
torques in stroke plane can be calculated as

(fl+ f5) cos (ff  fHrcos
fg=4 (fy f§)sin 5 $=  (f/+f)rsin
fil+ff (fF& for

To obtain the aerodynamicsforcesand torquesin
the body frame, we do a coordinate transformation
as

fe _ Rh O fe
2 Rbps R a

where Rgp, is the rotation matrix of the body
frame relative to the stroke plane, and pg, repre-
serts the translation of the origin of the body frame
from the stroke plane.

The gravitational forces and torques in hbody
frame, are given by:

2 n #3
fo RT 0
b =4 m £

where R is the rotational matrix of the body
frame relative to the spatial ftame, and g is the
gravitational acceleration.

The viscous damping exerted by the air on the
insect body are approximately given by:

2 0 3
) %Cd 2rlvg
fd - sz 2rIVZ2
é) 1 4 0 a7 2
7Car ['14"’ (! |1)4]! pitch
%Cd r [ll + (l ll) ]! yaw



where Cy4 is the viscousdamping coe cien t, is
the density of the air, I; is the gravity acting point,
| is the body length, r is the body radius. The
total forcesand torquesin the body frame are given
by the sum of the previous three forces, i.e f? =
fa+fd+fyand P= P+ P+ p. The valuesfor the
body and wing morphological parameters, such as
lengths and massesare not xed, thusallowing the
simulation of di erent insects. The block diagram
of the Body Dynamics Module is shovn in Figure

Figure 10: Forcesand Torquesin Body Frame

For a simpler numerical implementation, we de-
ne the new variables R = vP = Rv® and NP =
RTR.

For R 2 SO(3), we parametrize R by ZY X euler
angleswith , , and about x,y,z axesrespec-
tively, and henceR = ¢ & & with x = [1L00]",
y=1[100]",z=[001]" and %;¥;2 2 so(3). By
di erentiating R with respect to time, we have the
state equations of the Euler angles, = | I,
which can be dened as — = W!P. By de ning
the state vector [P; ] 2 R® RS whereP is the
position of the certer of massw.r.t. the inertia
frame, and are the euler angleswhich we useto
parametrize the rotation matrix R, we can rewrite
the equations of motion of a rigid body as:

. (W) % wo 1wo 1TW_]
P = IRfP (8)
m

The output from the body dynamic module is the
position and body orientation of the insect. Fig-
ure 11 shows the simulation results using the lift
and drag forceswings kinematics showvn in Figure
7. The dynamics of the insect shaws an oscillatory
motion superimposedto a drifting term. The drift-
ing term is aresult of a meannon-zeroforcealonga
wingbeat, while the oscillatory motion is the result
of the time-varying nature of aerodynamic forces
for insect igh t.
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Figure 11: Insect dynamics simulation resulting from
wings kinematics shown in Figure 7

3.3 Sensory Mo dule:
Optical o w sensor

Our visual sensormodel is basedon the implemen-
tation of the Reichardt motion detectorsin VLSI
hardware developed at California Institute of Ted-
nology [9]. The Reichardt motion detector is a
correlation-basedalgorithm proposedby Reichardt
and Hassensteinin 1956. The architecture of the
Reichardt motion detector is shavn in Figure 12.
Sincethe two adjacert photoreceptorsare closeto
ead other (1:5° apart in the VLSI implemerta-
tion), they will sensethe samelight intensity. How-
ever, if the sceneis moving, the signal from one
photoreceptor will lead or lag behind the signal
from the other depending on the direction of the
scenemovemert. If the signal from the left pho-
toreceptor leadsthat from the right receptor, then
we know that the sceneis moving from left to right.
On the other hand, if the signal from the left recep-
tor lagsbehind the signal from the right signal, the
sceneis moving from right to left. One method to
determine the direction of the scenemovemert is
to delay the signal from one receptor and compare
this delayed signal with the signal from the adja-
cent receptor. If the delayed signal from the left
receptor is more strongly correlated with the sig-
nal from the right receptor than the delayed signal
from the right receptor is with the signal from the
left receptor, then the sceneis moving from left to
right. Similarly, if the opposite situation holds, the
sceneis moving from right to left.

In the hardware implementation, the photore-
ceptor is modeled as a secondorder band-pass I-
ter. The delay componert is realized as a low-pass
Iter. The correlation is achieved by multiplying
the delayed signal in one half-detector (i.e. one
photoreceptor) with the signal in the neighboring
half-detector. The directional selectivity is accom-
plished by subtracting the correlated signalsin the
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Figure 12: Reichardt motion detector architecture.
The photoreceptor sensesthe incoming light intensity.
The ltered signal in one leg of the detector is mul-
tiplied by the delayed signal in an adjacert leg. The
responsesof the two legs are subtracted in opponency
to achieve directional selectivity.

two adjacert half-detectors in opponency In our
simulation, we usedan array of 20 motion detectors
and summing their outputs to give an overall sen-
sorresponse. This spatial summation hasthe e ect
of integrating over di erent phasesof the stimulus
and hence eliminating the pattern dependert os-
cillations obsened in a single motion detector [12]

[14].
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Figure 13: The directional selectivity of the sensorto a
sinusoidal grating. The leftward motion of the stimulus
producesa positive output, while the rightward motion
of the stimulus produces a negative output. Transient
reponsesare observed at the stimulus motion onsets.

In the following experiments, we test our visual
sensormodel asan attempt for the state estimation
for the insect ight simulator. First, we expose
the sensorto a sinusoidal grating moving along the
sensoraxis. This is shawvn in Figure 13. When the
stimulus is moving to the left, the sensoroutputs
a positive response. When the stimulus is moving
to the right, the responseis negative. In addition,
a large transient responseat the onset of stimulus
motion oscillates with the temporal frequency of
the stimulus pattern. This oscillatory behavior at
the stimulus motion onsetis also obsened in the
y's visual system[5].
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Figure 14: Insect ying through a tunnel. (a) The
insectinitially ies in the certer of the tunnel. However,
the insect is shifted towards right side of the tunnel
during its ight. (b) When the insect is closer to the
right wall, its right eye seesa greater speedof the image
motion than its left eye does. Therefore, the insect
returns to the middle line in order to restore the balance
in the image speedsin its two eyes.

Next, we usetwo sensorsor our experiment. We
placed one sensoron the left hand side of an insect
and the other on the right. The insectwasassumed
to y through a tunnel and eat wall of the tun-
nel was painted with a pattern consisting of black
and white strips. Furthermore, we require that the
patterns on the two walls have the samespatial fre-
quency (see Figure 14 (a)). It has been obsened
that when an insect ies through an opening, it
tendsto y through the certer. This certering be-
havior is primarily due to the fact that the insect
tries to maintain equidistancefrom the sidesby bal-
ancing the speedsof the image motion in its eyes
[17]. As shown in Figure 14, the insect initially
followed the middle path of the tunnel. The re-
sponsesof the left and the right sensorsbalanced
and hencethe insectwould maintain a stable igh t.
However, when the insect's tra jectory was shifted
(by a gust of wind) towards one side of the tunnel
during its igh t, there would be an unequal speeds
of the image motion in its two eyes. If the insect
was closerto the left wall, its left eye sawv a greater
speed of the image motion than its right eye did,
and vice versa. In our experimert, the two sen-
sors produced a non-zerototal responsewhen the
insect's trajectory was disturbed from the middle
line. As a consequencethe insect would return to
the certer of the tunnel by trying to restore the
balancein the image speeds(balancing the sensor
outputs) in its two eyes.

3.4 Implemen tation

All the models preseried above have been imple-
mented using Matlab. In particular, the di eren tial
Equations (8) have beensimulated in Matlab using
the built-in routine ode45, an adaptive step solver



for non-sti di erential equations. At presen, the
wing motion is specied o -line and then simula-
tions are performed. We are currently extending
our software to include wing motions that are cho-
sen depending on the state of the MFI body mo-
tion. For the insect body model, we have adopted
the morphological parameters of a drosophila [6].
The ow sensorshave beenimplemented as a set
of linear systems,one for eat photodetector, con-
nected together as shown in Figure 12.

4 Conclusion

In this paper we have proposedthe designof a ac-
curate software simulation for insect igh t that in-
cludesall major componerts involved: aerodynam-
ics, MFI eledrromedanics, sensorsand external
ervironment. We have modeled and implemented
seweral of those componerts and we have obtained
simulation results that are consistert with obsena-
tions from real ying insects. Finally, we have im-
plemerted a 3D graphical visualization tool which
can animate the motion of the simulated MFI in
a 3D ernvironment. Current researt is directed
in improving some of the models considered,suc
as the sensorsand the actuators, and to take ad-
vantage of this simulator to evaluate ight control
schemes.
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