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Abstract— This paper presents the mathematical modeling of
flapping flight inch-size micro aerial vehicles (MAVS), namely 1
Micromechanical Flying Insects (MFIs). The target robotic ' Antenna
insects are electromechanical devices propelled by a pair of / = S—
independent flapping wings to achieve sustained autonomous
flight, thereby mimicking real insects. In this paper we describe Sensors
the system dynamic models which include several elements tha
are substantially different from those present in fixed or rotary
wing MAVs. These models include the wing-thorax dynamics, the
flapping flight aerodynamics at a low Reynolds number regime,
the body dynamics, and the biomimetic sensory system consisting
of ocelli, halteres, magnetic compass and optical flow sensors
The mathematical models are developed based on biologica
principles, analytical models and experimental data. They are
presented in the Virtual Insect Flight Simulator (VIFS), and
are integrated together to give a realistic simulation for MFI
and insect flight. VIFS is a software tool intended for modeling
flapping flight mechanisms and for testing and evaluating the Haltere
performance of different flight control algorithms.
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Fig. 1. MFI model based on a blow flalliphora, with a mass
Index Terms—Flapping flight, micro aerial vehicles, bio- of 100mg, wing length of11 mm, wing beat frequency of50 Hz,
mimetic, modeling, low Reynolds number, flying insects. and battery power o20mW. Each of the wing has two degrees
of freedom: flapping and rotation. (Courtesy of R. Fearing and R.J.
Wood)
. INTRODUCTION

Micro aerial vehicles (MAVS) have drawn a great deal of

interest in the past decade due to the advances in microtech-

nology. Most research groups working on MAVs today basé'aanmade vehicles, der_n_onstrate extr_aordinary_ _performance
their designs on fixed, rotary, or bird-like (ornithoptegidbing unmatched maneuverability, and hovering capability asaltre

wings [1], [2], [3], [4], [5]. [6]. Among these types fixed of their three degree of freedom wing motion. These attebut

or ornithopter MAVS are better suited for outdoor mission@re beneficial in obstacle avoidance and in navigation inlsma

which require higher speed and greater range; but due SRAces. Therefore, inspired by insects, researchers tateds

their lack of ability to hover, they can not be practicall)}JS_Ing biomimetic principles to dev_elop MAVs with f"’%pping
applied in urban or indoor environments. Although rotar ings that will be capable of sustained autonomous flight [7]

wing MAVs have the potential ability to hover, they are mor 8l In particular, the work in this paper has been developed

susceptible to environmental disturbances such as wints,gu or a Mlcrqmechamcal Flylng Insec't (MFI), an autonomous
and are slow in response. All the above MAVs depend pping wing MAY targeting the size and performance of

conventional aerodynamics and may not further scale dox%é”?al housefly [7]. Fig. 1 shows a conceptual view of the

well to miniature size vehicles. On the other hand, flappin signed robotic fly.
flying insects, such as fruit flies and house flies, besidasgbei Recently, considerable effort has been directed toward un-
at least two orders of magnitude smaller than today’s swstallélerstanding the complex structure of insect flapping flight b
examining its components, particularly its sensors [90],[1
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flight control algorithms. These models have been intedratessues are not considered in this paper, and the interested
together into a single simulator, called the Virtual Indelagght reader can find more detailed analysis in [22], [23], [24] and
Simulator (VIFS), aimed both at giving a realistic analyasigl references therein. At present, the current design previde
at improving the design of sensorial information fusion anithdependent wings both with two degrees of freedom: flapping
flight control algorithms. The mathematical models are Basand rotation.
on today’s best understanding of true insect flight, which is The sensory system unit is made up of different sensors. The
far from being complete. halteres are biomimetic gyros for angular velocity detecti
This paper is organized as follows. Section Il gives a bridthe ocelli are biomimetic photosensitive devices for pitth
overview of the MFI project. Section Il presents the modulaestimation and horizon detection. The magnetic compass is
architecture of VIFS. Sections IV through VIl describe irused for heading estimation. The optical flow detectors are
detalil, respectively, the mathematical modeling of flagpinutilized for self-motion detection and object avoidancke3e
flight in a low Reynolds number regime, the insect bodgensors provide the control unit with the input information
dynamics, the wing-thorax actuator dynamics, and the sgnsaecessary to stabilize the flight and to navigate the environ
system represented by the ocelli, the halteres, the magnetient. Other kinds of miniaturized sensors can be installed,
compass and the optical flow sensors. Finally, Section VBlch as temperature and chemical sensors, which can be used
summarizes conclusions and proposes some directions ffar search and recognition of particular objects or hazasdo
future work. chemicals.
The power supply unit, which consists of three thin sheets
1. MFI OVERVIEW of solar cells at the base of the MFI body, is the source of
lectric energy necessary to power the wing actuators and
he electronics of all the units. One sheet of solar cells can
nerate up t@0mWem 1. Underneath the solar cell, thin

The design of the MFI is guided by the studies of flyin
insects. The requirements for a successful fabricationh s

as small dimensions, low power consumption, high flappi : o i
frequency, and limited on-board computational resourges 41ms ©of high energy-density lithium-polymer batteries can
tore energy for dim-lit or night condition operation. The

challenging, and they forced the development of novel aﬁ s ,
proaches to electromechanical design and flight contrqﬂ-algcomb'nat'on of solar panels and batteries should be able to

fithms. provide up to100mW.

The goal of the MFI project is the fabrication of an inch- 'I]:Ihe communlcagon unit, b;ased oln micro Corner Cube
size electromechanical device capable of autonomous flidﬁ ectors (CCR) [25] (a nove optoe ect_ronlc transm|_ttm)
and complex behaviors, mimicking a blowfGalliphora. The ©°" ul_trg_-low-power RF_ transmitters, provides a MFI Wlth the
fabrication of such a device requires the design of sevefissibility to communicate with a ground base or with other

: o : e e MFIS.
components. In particular, it is necessary to identify fivainm ) . .
units (Fig. 2), each of them responsible for a distinct taisk: Finally, the control unit, embedded in the MFI computa-

locomotory unit, the sensory system unit, the power supply tloza: C|rc|U|try_, IS trhespon3|ble. thtT fpr tstabl]ljzmg tr;‘e%l‘g .
unit, the communication unit and thecontrol unit. and for planning the appropriate trajectory for eac sire

task.
‘ GRO“l/f":\‘Iz BASE ’ I1l. SYSTEM MODELING ARCHITECTURE
L In accordance with the major design units of the MFI, the
VIFS is decomposed into several modular units, each of them
MFI COMMUNICATION SOWER SUPPLY responsible for modeling a specific aspect of flapping flight,
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Fig. 2. MFI structure Body stat
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The locomotory unit, composed of the electromechanical Algorithms Environment  Systems
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thorax-wings system, is responsible for generating thesec
sary wing motion for the flight, and thus for the MFI dynamicsgig. 3. Simulator (VIFS) architecture

One of the most challenging parts of this project is the desig

of a mechanical structure that provides sufficient mobildy = The Aerodynamic Module takes as input the wing mo-
the wings to generate the desired wings kinematics. Theasmn and the MFI body velocities, and gives as output the



corresponding aerodynamic forces and torques. This mod{28], their implementation is unsuitable for control pusps
includes a mathematical model for the aerodynamics, whisince they require several hours of processing for sirmgati
is described in the next section. a single wingbeat, even on multiprocessor computers. How-
The Body Dynamics Module takes the aerodynamics forcesver, several advances have been achieved in comprehending
and torques generated by the wing kinematics and integratgmlitatively and quantitatively unsteady-state aereayic
them along with the dynamical model of the MFI body, thumechanisms thanks to scaled models of flapping wings [17],
computing the body’s position and the attitude as a functig@9]. In particular, the apparatus developed by Dickinsod a
of time. his group, known as Robofly [17], consists of a tdm-long
The Sensory System Module models the sensors used bywings system that mimics the wing motion of flying insects.
the MFI to stabilize flight and to navigate the environmentt is equipped with force sensors at the wing base, which can
It includes the halteres, the ocelli, the magnetic compasd, measure instantaneous wing forces along a wingbeat.
optical flow sensors. This module will also include a model Results obtained with this apparatus have identified three
for simple environments,e. a description of the terrain andmain aerodynamics mechanisms peculiar to the unsteady stat
the objects in it. It takes as input the MFI body dynamicsature of flapping flightdelayed stall, rotational lift andwake
and generates the corresponding sensory information wicltapture. Here we briefly describe these mechanisms and the
used to estimate the MFI's position and orientation. interested reader is addressed to the review paper by Sa@he [3
The Control Systems Module takes as input the signalsfor details on insect flight aerodynamics.
from the different sensors. Its task is to process the sensoiWhen a thin wing flaps at a high angle of attack, the airflow
signals and to generate the necessary control signals to skearates at the leading edge and reattaches before thytrai
electromechanical wings-thorax system to stabilize flghd edge, leading to the formation of a leading edge vortex. The
navigate the environment. presence of the attached leading edge vortex produces very
The Actuator Dynamics Module takes as input the electricalhigh lift forces. In a 2-D pure translational motion, if théng
control signals generated by the Control System Module andntinues to translate at a high angle of attack, the leading
generates the corresponding wing kinematics. It consfdteeo edge vortex grows in size until flow reattachment is no longer
model of the electromechanical wings-thorax architecauré possible and the vortex is shed in the wake [17]. When this
the aerodynamic damping on the wings. happens, there is a drop in lift and the wing is said to have
The VIFS architecture is extremely flexible since it allowstalled. Fortunately, in flapping wings the leading edgdesor
ready modifications or improvements of one single modules been observed to remain attached to the wing during the
without rewriting the whole simulator. For example, difat whole wing stroke [31], [17], [32], thus producing very high
combinations of control algorithms and electromechanichit and preventing stalling. For this reason, the phenoomen
structures can be tested, giving rise to the more realisticalso known as 'delayed stall’. Besides insect flight, deta
setting of flight control with limited kinematics due to elexz stall also plays a very important role in fish swimming [33],
mechanical constraints. Moreover, morphological paramset[34] and helicopter flight [35].
such as dimensions and masses of the wings and body camhe second mechanism is the rotational lift, also known as
be modified to analyze their effects on flight stability, powethe "Kramer effect” [30], which results from the interaatio
efficiency and maneuverability. Finally, as better flappingf translational and rotational velocities about the spdge
flight aerodynamic models become available, the aerodynaraiis of the wing at the end of the two half-strokes, when the
module can be updated to improve accuracy. The followinging decelerates and rotates. Depending on the direction of
sections present a detailed mathematical descriptionHer the rotation, the flow circulation causes rotational fortest
different modules, including simulations and compariseit  either add or subtract from the net force due to translation

experimental results. [36], [28], [37].
Finally, the wake capture is the result of the interaction of
IV. AERODYNAMICS the wing with the fluid wake generated in the previous stroke

when the wing inverts its motion. In fact, the fluid behind the

swoke angle @ (1) Aerodynamics | s F. () wing tends to maintain its velocity due to its inertia, ttfere

Angle of attack O (1) Delayed Stall LA LS when_the wing change; direction, the relative veIO(_:lty kmau.
_ Rotational Lift brag Fo (1) the wing and the fluid is larger than the absolute wing vejpcit

Body Velociy V, W) Wake capture — thus giving rise to larger force production at the beginnirfig

each half-stroke [17] [38].
Fig. 4. Block diagram of the Aerodynamical Module The mathematical aerodynamic modeling presented below
is a combination of an analytical model, based on quasi-
Insect flight aerodynamics, which belongs to the reginmteady state equations for the delayed stall and rotatidhal
of Reynolds number betweesd — 1000, has been a very and an empirically matched model with the estimation of the
active area of research in the past decades after the semawbdynamic coefficients based on experimental data. Wake
work of Ellington [26]. Although, at present, some numekicacapture cannot be easily modeled by quasi-steady state equa
simulations of unsteady insect flight aerodynamics based tions, and it has not been considered in this work. However,
the finite element solution of the Navier-Stokes equatidms g this mechanism is observed to have a small contribution for
accurate results for the estimated aerodynamics forcds [2Sinusoidal-like motion of the wings, motion that it is wiglel
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used in our simulations and flight control algorithms [39]. delayed stall is given by:
Cn(a) = 34sina

B 0.4 cos?(2a) 0 < a < 45° 2
a ] Cr(a) = { 0 otherwise

35

25) c ] which were derived using experimental results given in [17]

"o These coefficients have been obtained from Equations (1)

2 ] by experimentally measuring aerodynamic forces for diffier
LTI | angles of attack and translational velocities and thenirsglv

/o N for the aerodynamic coefficients. Fig. 6 shows the plots of
. ] Equations (2). It is clear how, for high angles of attack, the

’ tangential component, mainly due to skin friction, givesyon

y c ] a minor contribution.

- = - - =~ In the aerodynamics literature, it is more common to find
angle of attack 0l (degs) the lift and drag force coefficients;;, andCp. Lift, F, and
drag,Fp are defined, respectively, as the normal and tangential
ci:omponents of the total aerodynamic force with respectdo th
stroke plane, i.e. the plane of motion of the wings with respe
the body (see Fig. 5a). However, the force decomposition
formal and tangential components is more intuitive, sinc
aerodynamic forces are mainly a pressure force which acts
berpendicularly to the surface. Nevertheless, the lift draly
coefficients can be readily computed as:

L
0 15

Fig. 6. Aerodynamic force coefficients empirically matched t
experimental data [17].

A quasi-steady state aerodynamic model assumes that T}%
force equations derived for 2D thin aerofoils translatinighw
constant velocity and constant angle of attack, can be egpl
also to time varying 3D flapping wings. It is well known from
aerodynamics theory [40] that, in steady state condititimes,

aerodynamic force per unit length exerted on a aerofoihismi Cr(a) = COn(a)cosa—Cr(a)sina 3
y: p(a) = Cn(a)sina+ Cr(a)cosa
) ) and they are plotted in Fig. 6. Note how the maximum lift
Fon = §CN(04)PCU coefficient is achieved for angles of attack of approximatel
, 1 ) 45°, considerably different from fixed and rotary wings which
For = §CT(O‘)pCU @) produce maximum lift for angles of abow§°.

The theoretical aerodynamic force per unit length exerted

! / 1
where £y, and I, are the normal and tangential comy, 5 aerofoil due to rotational lift is given by [41]:

ponents of the force with respect to the aerofoil profie,
is the cord width of the aerofoilp is the density of air, N = lCmtp AU w (4)

« is the angle of attack defined as the angle between the ’ 2

wing profile and the wing velocityU relative to the fluid, whereC,,; = 27 (2 — 2,) is the rotational force coefficient,
andCy andCr are the dimensionless force coefficients. Thapproximately independent of the angle of attagk,is the
orientation of these forces is always opposite to the wirdimensionless distance of the longitudinal rotation arisnf
velocity. Fig. 5 shows a graphical representation of thesige leading edge, and is the angular velocity of the wing
parameters. Flapping flight is the result of unsteady-state- with respect to that axis. In most flying insedts is about?,
dynamic mechanisms, therefore the aerodynamic coefficiemthich correspond to the theoretical value of the mean cerfiter
Cy,Cr are time-dependent even for constant angle of attapkessure along the wing chord direction. This is a pure press
«. However, it has been observed that a good quasi-steddgce and therefore acts perpendicularly to the wing profile
state empirical approximation for the force coefficiente i in the opposite direction of wing velocity. In flapping flight



as for the delayed stall, the rotational force coeffici€ht, Recently, an alternative quasi-steady state model baségeon

is time-dependent, however the theoretical quasi-stetatg stip velocity ratio, defined as the ratio of the chordwise com-

modeling given above has been observed to give satisfactpgnents of flow velocity at the wing tip due to translation and

predictive capabilities [36]. revolution, has been proposed to take into account theteffec
According to the quasi-steady state approach, the toteéforinsect body translation velocity present during forwardHti

on a wing is computed by dividing the wing into infinitesima[42]. The total lift and drag forces acting on the wing can be

blades of thicknesdr, as shown in Fig. 5(c). First, the total

force is calculated on each blade: _sof —
1 g .
dFy, n(t,r) = §CN(oz(t))pc(r) Uz(t,r) dr g 0
1 " ol |
AFirr(tyr) = 5Cr(a()pe(r)UX(tr) dr B B B JR R e
1 .
dFrorn(t) = 5Crape(r)® Ut r) a(t) dr A . Y . <
. z R\ ’ 7\ ' \
Ut,r) = o(t)r (5) go.s— [s . ' [ [7 . X -
] \ 1 1Y — simulation
where¢ is the stroke angle, and the wing angular velocitys b ‘ / . ! ‘ )/ L= - robofly
approximatelyc. Then the forces are integrated in Equation  ° 2 4 6 8 10 2
(5) along the wing, i.eFy, n(t) = fOL dFy, n(t,7), to get: 2
Z 1
1 E
Fun() = 504w Cx(a(®) U2 (1) ©® s°
-1
1
Far(t) = Spdu Cr(a(t))UZ,(t) )
time(ms)
1 R .
Fron() = 5'0‘4“’ Crot Cem O‘(t)UCP(t) (8) Fig. 7. From top to bottom: stroke(solid) and rotation(dashed) angles,

. ; lift and drag forces (solid) calculated from Equation (11) compared
Up(t) = r2Lo(?) ©) with experimental data (dashed) from the Robofly during the course

where A,, is the wing area, is the wing length,U,, is of two wingbeats (Robofly data are courtesy of M. H. Dickinson).
w 1WYep

the velocity of the wing at the center of pressufg,is the
normalized center of pressure,, is maximum wing chord
width, and¢ is the normalized rotational chord. The forme

derived through a trigonometric transformation analogtuus
the one used in Equations (3) as follows:

two parameters are defined as follows: Fn(t) = Fun(t)+ Fron(t)
~ o fL c(r) r2 dr FT(t) = FtTvT(t)
e Fo(t) = Fu(t)cosa(t) — Pr(t)sina(t) D
6 = % Fr(t) = Fy(t)sina(t) + Fr(t)cosa(t)

The normalized center of pressur, and the normalized WhereFy. n, Fy,. 1, Fror, v are given in Equations (6),(7), and

rotational chord,é, depend only on the wing morphology,(8): respectively, and/., () is given in Equation (10).

and in most flying insects their range is approximataly= The aerodynamic forces used for simulation are based on

0.6 — 0.7 and & = 0.5 — 0.75 [26]. As a result of this Equations (11). Fig. 7 shows the simulated aerodynamieforc

approach, the wing forces can be assumed to be appliedta typical wing motion and the corresponding experimenta

a distancer,, = 7, L, from the wing base. According to thinresults obtained with a dynamically scaled model of insect

aerofoil theory, the center of pressurg lies about! of chord Wing (Robofly traces). Despite some small discrepancies due

length from the leading edge (see Fig. 5(b)). This has behthe undermodeling of the wake capture mechanism present

confirmed by numerical simulations of insect flight which d@t the beginning of the two half-strokes, the mathematical

not assume a quasi-steady state aerodynamic regime [27], gipdel presented here predicts the experimental data suffi-

by experiments performed with a scaled model of insect win§tently well.

[17]. The flapping flight aerodynamics module implementation is

If the velocity of the insect body is comparable with théummarized in the block diagram of Fig. 4.

mean wing velocity of the center of pressure, as during fodwa

flight, a more accurate model for estimating the aerodynamic V. BoDy DYNAMICS

forces is based on finding the absolute velocity of the centerrhe hody dynamic equations compute the evolution of the

of pressure of the wing relative to an inertial frame, whish ipgsition of the insect center of mass and the orientatiohef t

obtained by substituting Equation (9) with the following:  insect body, with respect to an inertial frame. This evolti
Uey(t) = 2L $(t) + v°(t) (10) is the result_ _of the wings’ ingrtial forces, and the_ external

) forces, specifically aerodynamic forces, body dampingesyc
wherev®(t) is the velocity of the insect body relative to theand the force of gravity. Since the mass of the wings is only
inertial frame represented in the wing frame coordinatéesys a small percentage of the insect body mass, and as they move



Stroke

}’evr']”g%h Gravty plane Body the axes of symmetry of the insect, the matrix of inertia is
/ Mass i almost diagonal in the body frame. Thioke plane frame is
Lt F .0 . L f ! pusiion p-py e coordinate system attached to the center of the thorax at
Dag Fol) | g 3| Fied "8 sy | orenaton O:’NYJY eL, , the center of the wings base, whose x-y plane is defined as
Stokeange @O | piane | 7.c Coordinate 0| Dynamics W’ "~ the plane to which the wing motion is approximately confined
Angeattack A ) | A Tensomatn (28 — " during flapping flight.

Given the lift and drag generated by aerodynamics, together
with the stroke angle, the forces and torques insthake plane
can be calculated as

Fig. 8. Body Dynamics Block Diagram

almost symmetrically, their effect on insect body dynamigs FL cos ¢y + FT cos by
likely to cancel out within a single wingbeat. In fact, evén i fé=| FLsing, — Fp sin ¢
wing inertial forces are larger than aerodynamic forcesy-no [ Fl +FF ]
holonomic rotations would be possible for frictionless atsb _FL cos FT cos
with moving links (see [43] Example 7.2), only if the links, c [ p 08 Q1+ Fj cos g

. . o . Te =L | —FLsing; — Fhsin ¢,
in our case the wings, would flap out of synchronization with [ FL— F, J
each other, an activity not observed in true insects. Thesef

based on this observation, it seems safe to disregardaherfynere it was useg, (t) = 75 L(sin ¢, cos ¢;,0) andp,(t) =
forces due to the wings, as the system model is cleat] L(sin ¢, cos ¢, 0). To obtain the aerodynamic forces and
' y i rques in thebody frame, the following coordinate transfor-

dynamic rather than kinematic. mation is performed:

As shown in [43], the equations of motion for a rigid
body subject to an external wrendf® = [f, 7|7 applied [ £ } _ { Ry, 0 } [ fe } (15)
at the center of mass and specified with respect to the body 2 —RlLpew RL Ta

coordinate frame, are given as: where R, is the rotation matrix of the body frame relative

[ ml 0 } [ o° } N { w® x my® ] _ [ f° } 1z 1O the stroke plane, ang,, represents the translation of the
0z w® wb x Tw? ° origin of the body frame from the stroke plane. This is a fixed
wherem is the mass of the insed, is the insect body inertia transformation that depends only on the morphology of the

matrix relative to the center of maskjs the 3 x 3 identity insect or MFI.. .
matrix, v* andw® are the linear and angular velocity vectors,. The gravitational forces and torques in thedy frame are

in body frame coordinates. The values for the body and wi iven by: 0

morphological parameters, such as lengths and massesnused b RT [ 0 -|

our simulations are those of a typical blowfly. However, they [ 5 } = [ mg J (16)
can be changed, thus allowing for the simulation of différen 0

species and MFI designs. _ . whereR is the rotational matrix of the body frame relative to
The total forces and torques in the body frame are given o gpatial frame, and is the gravitational acceleration.

the sum of the three external forces: the aerodynamic forcesThe viscous damping exerted by the air on the insect body
/%, the body damping forceg;;, and the gravity forcef): s approximately given by:

fro= fra g [fﬂ:[*b’”b} 17)
™ = 7 +T§—|—T§. (13) 7d 0

The aerodynamic forces and torques relative to the insd¢€reb is the viscous damping coefficient. The reason for the
center of mass, can be obtained by a sequence of fidiifarity in the velocity of the drag force is that the velgci
coordinate transformations, starting from lift and dragoés of the insect is small relative to insect size, therefore vis

and wings kinematics calculated by the aerodynamic mod@@US damping prevails over quadratic inertial drag. Eroalri
evidence for linear damping has been recently observed by

as follows: ! . :
b _ g (s the authors by analyzing the free flight dynamics of true
ff;,(t) B fal )+fla() , (14) fruit flies. Moreover, experimental data [44] indicate that
() = pu(t) x fo(t) +pr(t) x f(1) rotational damping of the insect body is negligible relativ

where the subscripts » stand for left and right wing, respec-to aerodynamic forces even during rapid body rotation and
tively, andp(t) is the position vector of the center of pressurean therefore be neglected.
of the wing relative to the body center of mass. Numerical solution of Equations (12) have been imple-
Since the lift and drag forces given by Equations (11) araented in MATLAB® using Euler's angle representation
calculated relative to thestroke plane frame, a coordinate for the rotation matrix [45]. In particular, consider thewne
transformation is necessary before obtaining the forceb avariablesP = v» = Rv® andw® = RTR. For R € SO(3), the
torques acting on théody frame. The insect body frame is matrix R is parameterized by Y X Euler's angles withp, 6,
defined as the coordinate system attached to the body cetiety) aboutz,y,z axes respectively, and henBe= e*¥ 997
of gravity and with x-axis oriented from tail to head, the ywith x = [1 0 0|7, y = [1 0 0],z = [0 0 1JT and
axis from right wing hinge to left wing hinge, and the z-axig:, g, 2 € so(3). By differentiating R with respect to time,
from ventral to dorsal side of the abdomen. Since these arés possible to show thab = Ww?, where the matriXV is



a function of the Euler's angle® = [ 6 ¢]|T. By defining phase difference between the four bar output anglesand
the state vectofP, ©] € R3 x R3 where P is the position of u, are the control input torques to the actuatoks, and
the center of mass w.r.t. the inertia frame, &dre the euler B are the inertia and damping matrices, which are assumed
angles which we use to parameterize the rotation makix to be constant. However, parameters fih and 7' matrices
we can rewrite the equations of motion of a rigid body as: include some slowly time-varying terms, and the controlitsp

- _1r b . . .. (u1,usz) are limited tol0uNm by physical constraints.

© = @W)Ir"-WOxIWe-IWe] The relationship between the state variables in Equatig (1

P = inb (18) and the wing motion variables (stroke angleand rotation

m angle o, see Fig. 5) can be approximated as= 6, and
where the body forces and torque#’, 7°) are time-varying, ¢ = 2. Based on Equation (19), with a change of variables,
nonlinear functions of the wing kinematics and body orientareglecting the nonlinear components, we can derive thadine
tion and are given by Equations (13). actuator model as
Euler angles are not the only possible representation for a é é & uy

rotation matrix. Quaternion, for example, is another wydel Mo { . ] + Bo { . ] + Ko [ ] =Tp { ] (20)
used representation for simulating rigid body dynamicg,[45 7
and it has the advantage of having no numerical singularihere My, By, Ko, and T, are constant matrices calculated
On the other, an Euler angle representation has the adeantligm the data provided in [24].
of being easily linearized about a desired configuratiomj an Equation (20) is a stable linear MIMO system and can
is more intuitive. Numerical degradation of the simulatioalso be written using a transfer function representatiothén
near the singularity configuration is avoided by switching tfrequency domain:
a different set of Euler’'s angles, such as hé& 7, any time ) ) )
the Euler's angles approach the singularity. Y(jw) = G(jw)U(jw)

The body dynamic module implementation is summarizegherey andU are the Fourier transform of the output vector

in the block diagram in Fig. 8. y = (¢,¢) and the input vector = (uy,us), respectively.
The electromechanical structure has been designed so that
VI. ACTUATOR DYNAMICS the input-output frequency response of the system is almost
decoupled at all frequencies, i.€711(jw)| ~ |Gaa(jw)| >
Flapping |G12(jw)| =~ |G21(jw)l, Yw, Where G, represents the — k
Axis entry of the matrixG, andw = 2xf. Moreover, the system
(\i{) 0, has also been designed to achieve a quality facor=

3 at the desired resonant frequency fif = 150Hz, i.e
|Gii(727 fo)| ~ |G (0)]. A low quality factor@ is necessary
to easily control the wing trajectory even when the wingbeat
frequency is the same as the resonant frequency. In fage lar
@s would practically remove all higher order harmonics from
the input signals and the wing would simply oscillate along
the same sinusoidal trajectory.

-

Wing VIl. SENSORYSYSTEM

This section briefly describes the sensory systems of the
MFI, which include the ocelli, the magnetic compass, the
halteres, and the optic flow sensors. The ocelli can be used
“Spherical to estimate the roll and pitch angles, the magnetic commass t
j estimate the yaw angle, the halteres to estimate the thore an
lar velocities, and the optic flow sensors for object avotgan
and navigation.

The development of these novel biomimetic sensors is
necessary because the sensors currently adopted for @vioni

Each wing is moved by the thorax, a complex trapezoidﬁpd transportation applications are too heavy and reqaoe t

structure actuated by two piezoelectric actuators at isgbas Much power for the target robotic fly. In fact the target fly
shown in Fig. 9. A complete nonlinear model for the thoraxshould weight about00mg and have a total power budget
developed in [24], can be written as follows of 100 mW, thus posing formidable technological challenges.

i b 0 0 w For example, the smallest commercially available rate gyro
M[ 3 }JrB[ : ]+K{ ]+[ : } :T{ ] (19)  weight around00mg, and requires abow) mWW, while the

B B &) f(8) Uz )

_ ) proposed halteres have a weight3tfmg and a power con-

where f(3) = lm;g(ﬁ)?, 0, is the leading edge flapping sumption oflmW [46]. Also, the smallest magnetic compass,

2
angle from the four bar mechanisn¥, = 6; — 65 is the which is based on magneto-resistance material, the Hitachi

Fig. 9. Wing-Thorax structure. Courtesy of [24]



1 Indoor Environment

Fig. 10. (a) Graphical rendering of ocelli present in flyingsécts. Four
photoreceptorsP;, P>, P, and Py, collect light from different regions of
the sky. The shadowed area represents such a region forrpbepbor Ps;
(b) Photo of the ocelli sensor prototype.

HM55B, consumes aboutdmW versuslmW of the piezo-
resistive proposed in [47] and reported here. Similar aeis
motivate the choice of the ocelli and the optic flow senso
over traditional sensors.

In this paper we only provide the mathematical modeling «
these sensors. Their role in flight stabilization and naioga
are presented in [46] and in the references therein. The;jse 11. Lightintensity distribution projected on unit gl using experimen-

S - Fig.
sensors are .Currently being |mplement<_—:'d, and prel'mmatﬁ‘?data collected from an ocelli prototype [46]. Small arsopoint towards
results of their prototypes are presented in [47]. the estimated position of light source.

A. Ocelli
) . o where I(P;) is the output from thei-th photodiode. The

Ocelli form a sensory system present in many flying insecigentation of the photodiodes relative to the fixed frame, i
This system comprises three wide angle photoreceptorgeglag,e |atitude and longitude of the area of sky they are paintin
on the head of the insect. They are oriented in such a way that js 5 function of the insect orientation, i.€2, — P;(R),
they collect light from different regions of the sky. The Bice \hereR is the body orientation matrix. Therefore, if the light
are believed to play an important role in attitude stabiir jntensity function,] = I(«, 3) is defined, given the orientation
in insect flight as they compare the light intensity measureg the insect bodyf, the output of the ocelli can be computed
by the different photoreceptors, which in turn act as harizqrom Equation (21). If the light intensity in the environnten
detectors [11] [48]. Inspired by the ocelli of true inseds, js 3 monotonically decreasing function of its latitude tigka
biomimetic ocelli-like system composed of four photorecegy the light source, i.e.] = I(a), then it is shown in [46]
tors has been proposed [46]. Interestingly, ocelli SeemAKW that the outputs from the ocelli can be used as an estimate
similarly to the commercial products FMA co-pilot and th&yt the orientation of the ocelli reference frame relativettte
Futaba PA-2 usually adopted for RC aircrafts (see [46] foght source. In fact, for small deviations from the vertica
a more detailed discussion). The light intensity function f 5ientation we have? ~ k,v andys ~ k, 0, wherek, is
a point on the sky spheré = I(a, () is a function of the 5 positive constant, ang), 8) are the roll and pitch body
latitude, o, and longitude3, relative to the fixed frame. This gngles, respectively. More general theoretical and engenial
modeling is sufficient to realistically describe light in#ty regyits for attitude stabilization using ocelli are given[46].
distributions fo.r different scenarios, such as indoor,doot gyen if in real environments light intensity is not exactly a
and urban environments. _ monotonically decreasing function, the ocelli can stitireate

The ocelli system is modeled as four ideal photoreceptoggpystly the orientation of the body frame relative to thuhti
Py, P, P, and Py, fixed with respect to the body frame. Theysoyrce, as shown in Fig. 11 where the light intensity fumctio

are oriented symmetrically with the same latitude, and)éirt I(a, 3) was collected using the ocelli prototype shown in Fig.
axes are drawn, one would see that the axes form a pyramish

whose top vertex is located at the center of the insect’s.head
Every photoreceptor collects light from a conic regidp in .
the sky sphere around its ideal orientatidh as shown in B. Magnetic Compass. ) .
Fig. 10a. Although the ocelli system provides a means for a flying
The measurements from the photoreceptors are simply sifiect to reorient its body towards a specific orientation,

tracted pairwise and these two signals are the output frem tf heading remains arbitrary. Since maintaining the regdi
ocelli: is fundamental for forward flight and maneuvering, is has

been proposed to use a magnetic compass for the MFI [47].
yy =I1(P) — I(P2), wys=1(Ps)—I(Py) (21) This magnetic sensor can estimate the heading based on



haltere

Fig. 13. (a) Schematic of the halteres (enlarged) of a fly; (t® of the
haltere prototype. Courtesy of [50].

Fig. 12. (a) Schematic of a magnetic compass; (b) Photo of the etiagn
sensor prototype. Courtesy of [50].

RT[00-g]7 F, w,
——— | Haltere kinematics - Demodulation —
@ @y, 0, * position * frequency w,
. . . . .. . * velocity F * phase »
the terrestrial geomagnetic field. The magnetic compass he @x®p,®, | [ eration ty| . modulation w,
13 ” H H o —’
three “U-shaped” suspended structures as shown in Fig. 12|

similarly to the design proposed in [49] for a MEMS magnetic

sensor. Electric current flows through these |OOpS, int'EETgC Fig. ;4. quck diagram of the h_altere proceBsis the insect body rotation

with the terrestrial geomagnetic field, and induces the hare matrix. Details of the demodulation scheme are presented i [50

force given byF, = 3Li x B, whereF, is the total force

at the base of the cantileved is the length of one loop of

the cantilever,i is the total current, and is the terrestrial to the insect bodyw and & are the angular velocity and

geomagnetic field. The deflection of the cantilever, which nhgular acceleration of the insect, agds the gravitational

proportional to the force perpendicular to the cantilever, constant (see Fig. 14). However, by taking the advantage of

F,. = F;-n wheren is the sensing direction of the strain gaugethe unique characteristics (frequency, modulation, araseh

is sensed at the base by strain gauges. Thus, the outputs fadnthe Coriolis signals on the left and right halteres, a de-

the strain gauges can be used to estimate the heading of miulation scheme has been proposed to decipher roll,, pitch

MFI and it is given by: and yaw angular velocities from the complex haltere forces

. . ) [50]. Fig. 15 shows the decoupled angular velocities of a

ye=ale=al(ixB) -n=kesiny =k f(R)  (22) g estimated by processing the haltere force measurements

wherea is a constant that depends on the size of the cantilevistring a steering flight mode, obtained using simulations of

and the strain gaugey is the angle between the insecinsect flight according to the body dynamics described in the

heading and the direction of the Earth magnetic field, amdevious section. It is shown in [46] that the haltere ouput

f(R) is a linear function of the body rotation matr®. The are almost equivalent to the following smoothed versiorhef t

function f(R) can be computed easily once the orientatioinsect angular velocities:

of the current vectoi® and the gauge sensing directiaf,

h _ kni [t o _
with respect to body frame, and the orientation of the Earth yz(t) - k}T 1T wa(T)dr = ‘*_’x(t)
magnetic fieldB/, relative to the fixed frame, are known. yp(t) = fth wy(T)dr = wy(t) (24)
yZ}’,L(t) = k%;; .];,T Wz (T)dT = W (t)
C. Halteres

whereT is the period of oscillation of the halterels,, k.2,
Biomechanical studies on insect ﬂlght revealed that in Drdgnd khS are positi\/e ConstantS, amfd are the mean angu|ar
to maintain stable flight, insects use structures, calldttess, yelocities of the insect during one period of oscillationtioé

to measure body rotations via gyroscopic forces [51]. Thealteres. Fig. 13b shows the prototype of the haltere sensor
halteres of a fly resemble small balls at the end of thin sticks

as shown in Fig. 13a. During flight the two halteres beat u .
and down in non-coplanar planes through an angle of neaty Optic Flow Sensors
180° anti-phase to the wings at the wingbeat frequency. ThisResearch on insects’ motion-dependent behavior congdbut
non-coplanarity of the two halteres is essential for a fly tim the characterizations of certain motion-sensing mashan
detect rotations about all three turning axes because a fity win flying insects. The correlation model of motion detection
only one haltere is unable to detect rotations about an axépresents the signal transduction pathway in a fly's visysd
perpendicular to the stroke plane of that haltere [10],.[52] tem [53], [54]. The basic element of the Reichardt correctio
As a result of insect motion and haltere kinematics, lzased motion sensor is an elementary motion detector (EMD),
complex set of forces acts on the halteres during flighs shown in Fig. 16. When a moving stimulus is detected by an
gravitational, inertial, angular acceleration, ceng#dlj and EMD, the perceived signal in one photoreceptor is compared
Coriolis forces. to the delayed signal in a neighboring photoreceptor. If the
signal in the left photoreceptor correlates more strongly t
the delayed signal in the right photoreceptor, the stimulus
where m is the mass of the haltere, v, and a are the is moving from right to left and vice versa. In the EMD
position, velocity, and acceleration of the haltere retti implementation, as in [55], the photoreceptor can be maldele

F=mg—ma—mwxr—mwX (wxXr)—2mw xv (23)
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as a bandpass filter whose transfer function is given by
K -1y-s
(TH -8+ 1)(Tphot0 -8+ ].)

P(s) = (25)
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Fig. 17. A fly follows the topography of the ground (top) basmd the
perceived optic flow (bottom) during the flight.

where x is the number of EMDs in the array. This spatial
summation has the effect of reducing oscillations in thgout
of a single EMD [56].

Image motions seen by an insect’'s eyes are encoded by the
perceived optic flow. Higher image motions result in greater
optic flow. Therefore, when an insect flies toward an objbet, t
quick expansion of that object in the insect’s visual field.do
induce large optic flow across its eyes. This kind of flow signa
can be exploited to perform tasks such as obstacle avoidance
and terrain following [57], [58]. In the simulation of a fly
following a simple topography of the ground (see top panel of
Fig. 17), optic flow measurements are estimated by simugjatin
an array of EMDs based on the configuration in Fig. 16, and
calculating the signals using Equations (25), (26), and (27
according to the fly’s elevation. The flow sensor is assumed to
face downward by60° on the head of the fly. The bottom
panel shows the accumulated optic flow perceived by the
sensor during the flight. When the fly is closer to the ground,
the patterns on the ground cause the optic flow to increase
quickly. An upper threshold for the perceived optic flow i se
such that when this value is reached, the fly would elevate in

wherey; is the time constant of the DC-blocking high-pasQrder to maintain a_safe dis_tance to t_h_e ground. On the other
filter, 7,no10 is the time constant defining the bandwidth of th8and, when the fly is at a higher position, the patterns on the
photoreceptor, ands is the constant of proportionality. Theg_round do not induce significant optic flow and hence the flow

delay operation of the EMD can be realized by a |0W_pa§ggnals decrease due to leakage over time. Accordinglyfjythe
filter with time constant-: would descend when a preset lower threshold is reached. By

selecting appropriate upper and lower threshold valuesflyh

1
can follow the topography of the ground properly.

T-5+1
The correlation is achieved by multiplying the delayed algn VIIl. CONCLUSION

in one leg of the EMD with the signal in the adjacent |, this paper a mathematical model for flapping flight inch-
leg and the signals in the two legs are subtracted, and §)8s micromechanical flying vehicles is presented. The-aero
detector output is thus the remainder. Finally, the outits gy namics, the electromechanical architecture, and theosgn
the individual units in the array are added together to Obta:-%ystem for these vehicles differ considerably from largeany
an overall sensor output: and fixed-winged aircrafts, and require specific modeling.
y! (1) ZO(“’t) Basgd on latest research Qeveloped i_n th(_a piol_ogical com-
- munity, and the understanding of physical limitations of th

D(s) = (26)

(27)
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actual device, is has been built a realistic simulationbebt [12] T. Neumann, “Modeling insect compound eyes: Space-waggherical

called Virtual Insect Flight Simulator, which captures thest

important features for this kind of flapping wing micro aéria
vehicles. Mathematical modeling and simulations have been
presented for the aerodynamics, the insect body dynarhies, 3]
electromechanical wing-thorax dynamics, and the bionmignet
sensory system including the ocelli, the halteres, the mt@gn [14]

compass, and the optical flow sensors. Comparison between

simulations and experimental results have been given, wlﬁg]
possible, to validate the modeling. This simulator has been

used extensively to test flight control architectures and al
gorithms, which are presented in a companion paper [3

6]

The modularity of the implementation is intended to eager]
the modification of the simulator as better modeling becomes
available or additional elements are included in the futurgg
such as a modeling for the wake capture in the aerodynamics
module, integration of experimental results from real MFI

robotic data, the compound-eye visual processing for objé%:g]

fixation, and recognition in the sensory system.
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